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CHAPTER - 1
AN OVERVIEW OF THE ATMOSPHERIC AEROSOLS AND THEIR RADIATIVE
IMPACTS
1.1

ATMOSPHERIC AEROSOLS
Atmospheric aerosols are tiny particles of solid, liquid or mixed phase suspended

in air [Junge, 1963]; forming colloidal system where atmosphere is the dispersion
medium and particles are in the dispersed phase [Prospero et al., 1983]. Despite the
above strict definition, the term aerosol is widely used to refer the dispersed particle
phase in atmospheric sciences and the dispersion medium is normally omitted. It is in this
sense that this term ‘aerosol’ is used throughout this thesis and means only to be
particulate phase in the atmosphere. Although they are only minor constituent of the
Earth’s atmospheric system, they have appreciable influence on the air quality,
environmental degradation, and chemistry of the troposphere and stratosphere, and above
all the Earth’s radiation budget, cloud formation, precipitation and also in the health
hazards. With the geographically dispersed and divergent sources and sinks, and the
relatively short lifetime in the atmosphere, aerosols depict high spatial and temporal inhomogeneity in Earth’s atmosphere.
The atmospheric aerosols are produced by a variety of processes both, natural and
anthropogenic [Junge, 1963; Prospero et al., 1983]. Most of them occur naturally,
originating from volcanoes, dust storms, forest and grassland fires, living vegetation, and
sea spray (Figure 1.1, source: http://www.earthobservatory.nasa.gov). The human
activities, such as the burning of fossil fuel and the alteration of natural surface cover,
industrial and agricultural practices, mining, transport etc also generate the aerosols.
Globally aerosols produced by human activities account for about 10 to 25% of the total
mass of aerosols in the Earth’s atmosphere and most of them are concentrated in the
densely populated northern hemisphere, especially downwind of industrial sites, slashand-burn agricultural regions, and overgrazed grasslands. However, regionally their
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concentration would show large variations and closer to urban and industrial areas the
anthropogenic component may dominate [Satheesh and Moorthy, 2005].

FIGURE 1.1:- Aerosol particles larger than about 1 µm in size are produced by
windblown dust and sea salt from sea spray and bursting bubbles. Aerosols smaller than 1
µm are mostly formed by condensation processes such as conversion of sulfur dioxide
(SO2) gas (released from volcanic eruptions) to sulfate particles and by formation of soot
and smoke during burning processes. After formation, the aerosols are mixed and
transported by atmospheric motions and are primarily removed by cloud and precipitation
processes (source: http://www.earthobservatory.nasa.gov).
As most of the aerosol sources are located close to the Earth’s surface, their mass
concentration (mass per unit volume) would be higher near the surface. The size of these
atmospheric particles varies in a low range from a few nanometers to ~100 µm,
depending upon the source and production mechanism. Depending on the size, aerosols
are broadly classified into three categories (1) Nucleation mode or Aitken mode (radius
~0.001 to 0.1 µm) (2) Accumulation mode (radius ~0.1 to 1.0 µm) and (3) Coarse mode
(radius >1.0 µm). The nucleation mode aerosols are produced mainly by the nucleation of
volatile gases, a process known as gas-to-particle conversion, in the atmosphere; the
2

accumulation mode by coagulation (a process in which two or more aerosols combine
together to form a single larger aerosol) and growth of nucleation mode aerosols by
condensation of water vapor and coarse mode aerosols directly by mechanical processes
(e.g., action of winds on aerosols). Aerosols of different size ranges are important for
different atmospheric processes. The nucleation mode aerosols are important in
atmospheric electricity, accumulation mode significantly influence the visible solar
radiation and coarse mode aerosol can act as cloud condensation nuclei (CCN) to forms
clouds. The phenomena which influence the particle sizes are shown in an idealized
schematic manner in Figure 1.2, which depicts the typical distribution of particles
(surface area) with respect to the particle diameter in the atmosphere. Various physical
processes responsible for the production and removal of particles in different size regimes
are indicated [Whitby and Cantrell, 1976]. Although Figure 1.2 is a plot of surface area
against particle diameter, rather than of number concentration (the parameter used in this
work), it shows some of the important sources and sinks of aerosols without reference to
location. Seinfeld and Pandis [1998] have made a strong distinction between fine and
coarse particles (the distinction is shown in Figure 1.2). The sources (along with the
three size ranges (modes) where high aerosol concentrations are often observed),
chemical and optical properties, transformation mechanisms, effects and deposition
pathways are generally very different for the two classes of particles (Figure 1.2).
1.2

WHY IS AEROSOL RESEARCH IMPORTANT?
The studies of atmospheric aerosols are important for a number of reasons.
¾ Aerosols have an important role in modifying the radiation budget of the Earth
atmosphere system. They absorb and scatter the incoming solar radiation as well
as outgoing terrestrial radiation and thus influence the radiation balance of the
Earth Atmosphere system
¾ The increasing concentration of ambient/anthropogenic aerosols causes adverse
health and environmental problems. The fine sub micron size aerosols are more
important in this aspect, because these are respirable and can penetrate deep into
the lungs. These particles alter the lung tissue, increasing the incidents of
respiratory diseases, cardiovascular stress and aggravating asthma, particularly
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for the children. The radio aerosols (e.g. Radon) in the atmosphere pose an
additional hazard of imparting radiation doses to the lungs. The carbonaceous
aerosol is an important contributor to the submicron aerosol mass and is
expected to have a large adverse impact on health [Smith and O’Dowd, 1996].
¾ Aerosols are an important part of the chemical deposition for certain chemical
species to ecosystems (for example iron enrichment of Oceans [Duce and Tindale,
1991]). They present a large surface area for chemical reactions and hence affect
the cycle of many important atmospheric trace gases.
¾ Estimation of effects of aerosols on climate is complicated by the fact that
aerosols and their chemical composition, abundance and size characteristics are
highly variable with respect to time and location. The uncertainty in aerosol
radiative forcing is therefore one of the major uncertainties in predicting climate.
¾ In satellite remote sensing applications, the knowledge of aerosol characteristics
is essential for correcting the effect of the atmosphere (since the signal received
by the satellite sensor gets modified while passing through the atmosphere by
interacting with aerosols).
1.3

COMMON AEROSOL SYSTEMS OBSERVED IN NATURE
There are several manifestations of atmospheric aerosols, which are seen, in our

day-to-day life. Some of these are given below:
SMOKE
Smoke is a cloud of particles produced by burning processes. The optical density
is presupposed. Smokes have an organic origin and are produced from coal, oil, wood or
other carbonaceous fuels as a result of burning (Figure 1.3).
HAZE
Haze is the collection of particles, which are grown to large sizes by water vapour
condensation on them. Since the haze contains larger aerosols, it can reduce the visibility.
A photograph showing the atmospheric haze observed at Nainital is shown in Figure 1.4.
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FIGURE 1.2:- Typical distribution of particles (surface area) with respect to particle
diameter in the atmosphere [Whitby and Cantrell, 1976]. Various physical processes
responsible for the production and removal of particles in different size regimes are
indicated. Principal modes, sources, and particle formation and removal mechanisms are
indicated (Reproduced from "Atmospheric Physics and Chemistry", Seinfeld and Pandis,
[1998]).
FOG
It is a collection of small liquid droplets. When these particles collide with each
other and combine together to form larger droplets (radius > 100 µm), they can appear as
drizzle or even rain.
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MIST
Aerosols produced by the disintegration of liquid or by condensation of vapor are
known as mist. Because liquid droplets are implied, the particles are spherical. They are
small enough to appear to float in the moderate air currents. When these droplets coalesce
to form larger drops of about 10 µm or so, they can appear as rain.
SMOG
It is a combination of smoke and fog, usually containing photochemical reaction
products combined with water vapor to produce an irritating aerosol. Smog particle sizes
are usually quite small ≤ 1 µm in diameter.

FIGURE 1.3:- Photograph of smoke aerosols.
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Haze

FIGURE 1.4:- Photograph showing of atmospheric haze observed at Nainital.

1.4

AEROSOL PRODUCTION MECHANISMS
It is well known that the aerosols are either natural or anthropogenic in origin.

Several estimates of aerosol source strengths are available in literature by Jaenicke,
[1980], Preining, [1990], and Duce, [1995]. The source strength estimates given by
Andreae [1995] is given in Table 1.1. Aerosols are produced basically by two processes.
One of them is mechanical disintegration or bulk to particle conversion (BPC) and the
other is gas to particle conversion (GPC) processes. The former is a direct/primary
process, where the aerosol particles are produced directly from the bulk of
particles/materials, where as the other is an indirect/secondary processes, where the
aerosols are formed as a result of chemical reactions between the various gases in the
atmosphere, followed by the nucleation and condensation. The production mechanism
determines the size spectrum and the shape of the aerosol particles. The aerosols
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produced by the primary processes (i.e. BPC) are larger in size compared to those formed
by the GPC processes, whose radii are less than ~0.1 µm [Pruppacher and Klett, 1978].
Aerosols, whether produced by the primary BPC or the secondary GPC processes can be
both natural and anthropogenic (man made) depending on the source. Some of the aerosol
sources e.g. volcanic eruptions, sea spray, and soil dust, are purely natural while the
others e.g. industrial emissions are purely anthropogenic. The source of primary aerosols
are mostly natural in origin [Jaenicke, 1984], while the secondary sources include
chemical reactions, which convert the natural and man made atmospheric gaseous species
into solid or liquid particles [Junge, 1963]. Brief descriptions of these are given in the
following.
1.4.1 MECHANICAL DISINTEGRATION/PRIMARY PROCESSES
Mechanical disintegration is a common process of aerosol production and
representative of a major component of the global aerosol system [Prospero et al., 1983].
This includes the sea-spray, sea salts, fine soil dust, sand particles, meteorites
(extraterrestrial or interplanetary dust), soil dust, biological material and volcanic dust.
The primary process tends to produce the larger particles, usually of the sizes greater than
0.1 µm. A recent estimate for the current emission of these aerosols ranges from about
100 to 200 Tg yr-1 [d’Almeida et al., 1991; Andreae, 1995; Wolf and Hidy, 1997;
Satheesh and Moorthy, 2005].
1.4.2

GAS TO PARTICLE CONVERSION/SECONDARY PROCESSES
The particles in the atmosphere can also be produced by the nucleation

(condensation) of low volatile gases mainly produced as a result of industrial operations
and forest fires. Aerosols produced by GPC cover a wide range of sizes, but a majority of
them cover the nucleation particle range (r <0.1 µm). The gas to particle conversion
includes the production of aerosols or particulate matter either in liquid or solid phase
from the gaseous precursors. In the secondary process the atmospheric gaseous can
interact with each other and also with existing particles to form new particles or to
modify the existing particles by different processes. The main processes are (1)
homogeneous homomolecular nucleation, (2) homogeneous heteromolecular nucleation
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and (3) heterogeneous heteromolecular condensation. The first process involves the
formation of new liquid or solid ultra-fine particles form a gas phase consisting of a
single gas species only, while the second process involves the formation of new particles
from a gas phase consisting of two or more gaseous species. In the third process i.e.
heterogeneous, heteromolecular condensation, growth of pre-existing particles takes
place due to the condensation of gaseous species.
The major components involved in the process of gas-to-particle conversion are
sulphur and nitrogen bearing gases, both natural and anthropogenic in origin [Schwartz et
al., 1995]. The natural origin includes those originating from the biosphere and those
injected by volcanoes, while the anthropogenic arise from the industrial (e.g. power
plants, refineries etc) and urban (automobiles, aircrafts etc) activities. In addition to the
origins, mentioned earlier there are some other substances typically involved in GPC
which are soot, tars, resins, oils, sulphuric acid and some carbonates. Most of them are
the result of industrial operations and man made or natural fires. The aerosols formed in
this manner cover a wide range of sizes but majority lie within the Aitken particle size
range. GPC may also result from chemical reaction between gaseous substances; some of
them are catalysed by UV solar radiation.
The major sulphur components in the atmosphere are SO2, H2S, CS2, OCS, and
dimethyl sulphide [d’Almeida et al., 1991]. The photochemical oxidation of these sulphur
components in the presence of solar UV radiation, leads to more volatile compounds, which
nucleate, into tiny particles. This is quite important in the stratosphere due to the ample
availability of UV radiation. In the troposphere these are oxidised mainly by OH radical
possibly within the clouds [Fitzgerald, 1991]. Apart from the anthropogenic activities,
nitrogen bearing gases in the atmosphere are produced mainly by the microbiological
possesses in the soil and natural water [Jaenicke, 1993]. The major nitrogen compounds in
the atmosphere is nitrous oxide (N2O), which decomposes into nitrogen, and nitric oxide
(NO), which is quickly oxidised to nitrogen dioxide (NO2) by reacting with ozone [Crutzen
et al., 1988]. NO2 reacts with OH and form HNO3.
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TABLE- 1.1: Source strength of various natural and anthropogenic aerosol species
(source: Andreae [1995]).
Source
Soil dust
Sea-salt
Volcanic dust
Biological debris
Sulphates
Organic matter
Nitrates
Total Natural

Emission Tg yr-1
Natural Primary
1500
1300
33
50
Natural Secondary
102
55
22
3060

Anthropogenic Primary
100
20
Anthropogenic Secondary
Sulphates
140
Biomass burning
80
Nitrates
40
Organic matter
10
Total Anthropogenic
390
Industrial dust
Black carbon

1.5

Global burden (Tg)
16.4
3.6
0.4
0.5
1.4
1.1
0.24
24
1.1
0.6
1.9
1.8
0.4
0.19
6

Total

3450

30

Anthropogenic
fraction

11%

20%

TYPES, COMPOSITION AND PHYSICAL PROPERTIES OF AEROSOLS

1.5.1 NATURAL
On a global scale the natural sources of aerosols are higher than the anthropogenic
sources and it accounts for ~70% of the total sources. These sources are, the wind blown
dust, sea-spray, sea-salts, non sea-salts, volcanic effluvia, forest fires, pollens and
vegetation, meteoric debris, biological aerosols, gas-to-particle conversions and reaction
products of natural gaseous emissions from forests, oceans and marshlands. A brief
description of these natural aerosols is given below.
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FOREST FIRE
Forest fire emits the huge amount of gases and aerosols in the Earth’s atmosphere.
These gases and aerosols travel thousands of kilometers. The type of aerosols produced in
the forest/biomass fire depends on the combustion characteristics and type of vegetation.
However, soot (black carbon, BC) is the essential component of any kind of fire. A
photograph of the forest fire observed at the observational site Nainital on 23rd May 2005
is shown in Figure 1.5.

FIGURE 1.5:- Photograph of a forest fire observed from the observational site Nainital on
23rd May 2005.
VOLCANOES
Explosive volcanic eruptions inject large amounts of aerosols (like dust and ash)

and gases into the atmosphere in a short period of time. The volcanic materials ejected
into lower atmosphere are removed within a few days by rainfall and gravity/dry
sedimentation [Robock et al., 1995]; while if the ejecta enter into the stratosphere then
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they remain their for several years. The most important climatic effect of explosive
volcanic eruption is through their emission of sulfur species into the stratosphere
primarily in the form of SO2 [Pollack et al., 1976] and H2S and the subsequent nucleation
and accumulation of particles and droplets. These sulfur species react with OH and H2O
and convert into optically active long-lived sulphate aerosols, which are distributed
globally and perturb the radiative balance of the climate system. A photograph of Mt. St.
Helene’s volcanic eruption in USA is shown in Figure 1.6. There are number of volcanic
eruptions reported in the literature. The first recognized and observed volcanic
atmospheric dust veils after the eruption of Krakatau, Indonesia, in 1883. It was then
thought that fine-grained silicate dust was the cause of the atmospheric perturbations.

FIGURE 1.6:- Photograph of volcanic eruption of Mt. St. Helenes in USA (added from
USGS/Cascades Volcano Observatory). Volcanic eruptions inject about 0.6 megatons of
SO2 into stratosphere which after chemical reactions form sulphuric acid aerosols.
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However, since the discovery of the stratospheric sulfate aerosol layer in 1960s, it
has become evident that this layer in the atmosphere, which plays a large role in
modulating the net incoming radiation, is strongly influenced by volcanogenic sulfide
released from the magma. Several recent eruptions have improved our understanding
among the volcanism, aerosols and climate change. Two eruptions of sulfur rich magma
at El Chichon, Mexico, in April 1982 and Mount Pinatubo, in Luzon, Philippines, in June
1991 have been well documented in terms of the stratospheric aerosol produced, their
spread, atmospheric lifetime, and their climatic effects. El Chichón (17.3o N; 93.2o E) in
Mexico erupted on 4th April 1982 injecting about 20 Tg of aerosols into the stratosphere
[Hoffmann and Rosen, 1983], which includes ~10 megatons of SO2 [Hoffmann, 1987].
The eruption of Pinatubo (15.14o N; 120.35o E) in Philippines on 15th June 1991, which
injected ~30 million tones of H2SO4 (or ~20 megatons of SO2) aerosols into the
stratosphere [Bluth et al., 1992], which indicates the large increase in aerosol optical
depth and extinction [Hansen et al., 1992; Jayaraman et al., 1995; Moorthy et al., 1996].
Several reports are available in the literature on the globally dispersed aerosols due to the
Pinatubo volcanic eruption using airborne lidar [Winker and Osborn, 1992], particle
counters [Deshler et al., 1993], ship-borne and stationary lidars in the northern
hemisphere [Avdyushin et al., 1993; Nardi et al., 1993]. Features of Mt. Pinatubo
volcanic aerosols have been investigated elsewhere [Ramachandran et al., 1994a, 1994b;
Jayaraman et al., 1995; Ramachandran, 1995].They showed that during the initial phase
of the Mt. Pinatubo volcanic eruption the aerosol optical depth showed peaks and then
decreased with an e-folding time of about 15 months. Similar features of aerosol optical
depth characteristics during Mt. Pinatubo volcanic eruption was also reported by Moorthy
et al., [1996] for Trivandrum.
SOIL/MINERAL DERIVED AEROSOLS
Any kind of land is the source of dust particles. The soil dust is one of the major
sources of natural aerosols [Tegen and Fung, 1994; Alfaro et al., 1997] and the particles
originating from the soil are usually mineral aerosols. These are formed mainly by the
action of winds (mostly in the arid region) over the dry soils where the vegetation cover
is low and sparse [Gillete, 1974, 1978; Tegen and Fung, 1994; Schwartz et al., 1995;
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Prospero et al., 2002; Ginoux et al., 2004.]. They are also formed by weathering of soil
[Jaenicke, 1980, 1993; Prospero et al., 1983, 2002; d’Almeida, 1986; Zender et al., 2003;
Ginoux et al., 2004; Miller et al., 2004; Tegen et al., 2004]. The long range transport of
continental derived aerosols by the combined action of convection currents and general
circulation system makes these aerosol particles a significant constituent even at locations
far from their source [Prospero et al., 1970, 1981; Tegen and Fung, 1994; Arimoto et al.,
1995, 1997; Moorthy and Satheesh, 2000; Arimoto et al., 2001; Ginoux et al., 2004]. The
mineral or soil derived aerosols are among the largest aerosols with sizes varying
between 0.1 to 100 µm. The particles with r >5 µm are present only at the source regions,
but the particles in the range 0.1 to 5 µm are transported to a long distance ~5000 kms
[Arimoto et al., 2001; Prospero et al., 2002; Gong et al., 2003; Maring et al., 2003].
Various investigators have reported the Sahara dust, even at remote locations of the
Atlantic and Pacific Oceans [Carlson and Prospero, 1972; Junge, 1972; Prospero and
Carlson, 1972; prospero et al., 1979; Uematsu et al., 1983; d’Almeida, 1986; d’Almeida
et al., 1991]. The measurements of aerosol size distribution and the chemical analysis
over the Antarctica region have also found the mineral dust particles with radii greater
than 2 µm of Australian origin [Shaw, 1980]. Transport of mineral dust from Arabia and
Africa is found to cause significant changes in the aerosol properties over Arabian Sea [Li
and Ramanathan, 2002]. A significant amount of dust transport is also reported over the
Indo-Gangetic basin [Dey et al., 2004; Singh et al., 2004; Jethva et al., 2005; Chinnam et
al., 2006] and Hegde et al., [2007] has found the long-range transport of dust over high
altitude station Nainital, a satellite photograph of the same is shown in Figure 1.7
(source: http://visibleearth.nasa.gov/view_rec.php?id=20752).
SEA SALT AEROSOLS
Ocean is the largest natural source of primary sea salt particles in the atmosphere,
with a production rate of about 1000-10,000 Tg yr-1 [Winter and Chylek, 1997], and this
is about ~30-75% (depending on the region) of all natural aerosols [Blanchard and
Woodcock, 1980]. Sea salt aerosols are produced at the ocean surface by the bursting of
air bubbles resulting from entrainment of air as wave overturn. The air trapped by these
waves produces a number of air bubbles near the sea surface.
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FIGURE 1.7:- Satellite photograph of dust storm observed over Nainital on 12th June 2006
(source http://visibleearth.nasa.gov/view_rec.php?id=20752).
The bubble of air reaching the air-sea interface burst and produces a jet of water
that rises rapidly from the bottom of the collapsing cavity to become unstable and breaks
into a number of drops [Kientzler et al., 1954]. The production of sea salt aerosols and its
distribution is very sensitive to the wind speed, and many other factors [Monahan, 1968;
Monahan et al., 1983]. An example of aerosol production from sea spray is shown in
Figure 1.8. Sea salt aerosol is one of the major sources of global aerosol population.
These aerosols play an important role in modifying the planetary clear sky albedo [Winter
and Chylek, 1997]. It is a dominant contributor to both the light scattering particles and
cloud forming nuclei in those regions of marine atmosphere, where wind speeds are very
high or other aerosol sources are weak [Quinn et al., 1996; O’Dowd et al., 1997].
Because of their hygroscopicity, sea salt aerosol particles are highly efficient cloud
15

condensation nuclei (CCN) and hence characterization of their surface production is of
major importance for aerosol indirect effect [Feingold et al., 1999]. Sea salt particles
cover a wide size range (~0.05 to 5 µm), and have correspondingly wide range of
atmospheric life time [Fitzgerald, 1991]. The production of sea salt aerosols, their
transport, size distribution and wind speed dependence all have been extensively reported
by several investigators [Woodcock, 1953; Monahan, 1968; Monahan et al., 1983;
Hoppel et al., 1990; Parameswaran et al., 1995; Moorthy et al., 1997, 1998; Moorthy
and Satheesh, 2000; Satheesh et al., 2002; Vinoj and Satheesh, 2003].

FIGURE 1.8:- The aerosol production from sea spray at high wind speed.
1.5.2

ANTHROPOGENIC/MAN MADE
Anthropogenic aerosols contribute ~10 to 30% to the global aerosol burden

[Andreae, 1995]. Human activities constitute an important source of atmospheric
aerosols. They include primary (traffic) and secondary products (sulfate, nitrate and
carbon). Gaseous precursors, such as sulfur dioxide, nitrogen oxides and volatile organic
compounds are released into the atmosphere through fossil fuel combustion and then
oxidized to form sulfate, nitrate and carbonaceous particles.
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SULPHATES AND NITRATES
The major source of industrial sulfate and nitrate aerosol is industrial activities
[Charlson et al., 1992; Schwartz et al., 1995]. Being hydrophilic in nature they can act as
cloud condensation nuclei (CCN), and can indirectly perturb the atmospheric radiation
balance by influencing the microphysical properties of clouds [Takemura et al., 2000].
The principal anthropogenic sources of sulphate are the coal and oil combustion; oil
refining and smelting process. Sulphate aerosol consists predominantly of submicron
particles [Winchester and Bi, 1984] and can be transported to long distances from their
sources of origin [Rodhe and Grandell., 1981]. In addition, volcanic eruptions inject large
amounts of dust and gaseous materials such as sulphur dioxide into the stratosphere
where sulphur dioxide is gradually converted into sulphuric acid aerosols [Moorthy et al.,
1996]. Since the removal mechanisms such as rain do not affect stratosphere, these
aerosols remain there for several years.
The anthropogenic activities produce nitrogen-bearing gases. The major nitrogen
compound in the atmosphere is nitrous oxide (N2O), which decompose into nitrogen and
nitric oxide (NO). Nitric oxide quickly gets oxidized to nitrogen dioxide (NO2) by
reacting with ozone. NO2 reacts with OH and forms HNO3 [Fitzgerald, 1991]. The major
anthropogenic sources of NO2 are combustion and vehicular exhaust and the major
natural sources are fertilizers, bacterial action in soil, fixation by lightning and biomass
burning [Logan, 1983]. The most common nitrate present in the atmosphere is the
ammonium nitrate (NH4NO3) [Pruppacher and Klett, 1978].
CARBONACEOUS AEROSOLS
Carbonaceous aerosols are among the most complex aerosol mixture of elemental
carbon and organic carbon (organic compounds). They have environmental importance
due to their impact on the visibility and toxicity as well as the climate system. The
carbonaceous aerosols are produced mainly by the incomplete combustion of
carbonaceous materials, biomass burning as well as fossil fuel burning. The major
component of carbonaceous aerosols are organic carbon (OC) and black carbon (BC) also
known as soot. The black carbon is the most absorbing aerosol species with strong and
wide absorption in the visible and IR spectral range. Besides contributing to the
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greenhouse effect through atmospheric absorption, carbonaceous aerosols are known to
be major health hazards and some of the species are known carcinogenic.
BLACK CARBON (BC)
The black carbon (also called soot) aerosols are mainly of the absorbing type
[Schwartz et al., 1995]. These are among the most complex aerosol types. They are
produced mainly from burning, vehicular emissions and transportation. Their radiative
effects vary depending on the production mechanism. Soot has a significant role in
climate modification because of its absorption characteristics [Chylek and Coakley, 1974;
Haywood and Shine, 1995; Jacobson, 2000, 2001; Ramanathan et al., 2001; Satheesh
and Ramanathan, 2000; Babu and Moorthy, 2002; Babu et al., 2002, 2004]. Its
absorption properties depend on the amount of graphitic carbon present. The atmospheric
life time of BC is of the order of days to weeks [Reddy and Venkataraman, 1999; Babu
and Moorthy, 2001, 2002]. Being in fine size and chemically inert, black carbon particles
can be transported from the source region to longer distances [Wolff, 1984]. Due to the
large absorption over a wide range of wavelength, black carbon could offset significantly
or even reverse the “white house” effect (brightening of the atmosphere) due to aerosol
scattering [Schwartz, 1996; Haywood and Shine, 1997]. All the recent filed campaign has
ascertained the importance of BC in climate change [Ramanathan et al., 2001; Babu et
al., 2002]. Significant amount of BC if the present in rain clouds can lead to increased
absorption of solar radiation resulting in heating and eventually “burn off” of the clouds
[Ackerman et al., 2000]. Being mostly in the submicron size range, black carbon is easily
inhaled and can be a health hazard [Horvath, 1993]. Due to its environmental and climate
significances as well as anthropogenic nature of its origin, characterization of black
carbon is attracting considerable amount of interest in the recent years [Haywood and
Ramaswamy, 1998; Hansen et al., 2000; Jacobson, 2001]. Further, the high altitude
locations have a special significance in this context because they are far away from
potential sources and represent a free atmosphere for most of the time.
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ORGANIC CARBON (OC)
The Organic aerosols are produced mainly by gas-to-particle conversion
processes [Schwartz et al., 1995]. Organic aerosol, unlike the other species, is a collective
term, which refers to a large number of individual compounds. Each individual
compound has a different behavior in terms of their interaction with radiation and hence
radiative effects. As they are volatile, their sampling is difficult compared to other
species and they are one of the least understood aerosol species. Trepen, tar and
vegetations are some of the most important examples of organic aerosols.
1.5.3. SHAPE
The shape of the aerosol particle depends on the production mechanism as well as
the nature of the parent material. The particles formed by the condensation of vapour
molecules are in general spherical, especially if they go through the liquid phase during
the condensation process. The aerosols formed by the breaking or grinding larger
particles are in general non spherical in shape. These atmospheric aerosols occur with
different shapes. Nevertheless, broadly they can be classified as [Reist, 1984, 1993], (1)
Isometric particles are those for which all three dimensions are roughly the same. One
common example is spherical particles. (2) Platelets are particles that have two long
dimensions and one small third dimension. Leaves or leaf fragments are examples of this
type of aerosols. (3) Fibers are particles with great length in one dimension compared too
much smaller lengths in the other two. Threads or mineral fibers are examples of this type
of aerosol. Aerosols may occur in many other complex shapes. However, in most of the
theoretical formulations the particles are considered spherical.
1.5.4 STRUCTURE
Aerosol particles may occur by themselves or may be formed into chains of
spheres or cubes. Particles also form as hollow shells with air inside. The condensation of
volatile gases over already existing aerosols often form coated spheres with an inner core
and an outer shell both having different properties. Hollow shells and coated spheres are
very difficult to treat in estimation of aerosol optical properties. Usually the aerosols are
either treated as externally mixed or internally mixed. In external mixture, it is assumed
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that individual particles of different properties exits separately and in internal mixture it
is assumed that each particle is a mixture of all kinds of aerosol constituents.
1.5.5

MONO-DISPERSED, POLY-DISPERSED AND HOMOGENEOUS
The aerosol system with all the particles having the same size is known as mono

dispersed. In the real atmosphere the aerosols are never mono dispersed. Mono dispersed
aerosols can be found only very close to a source. The aerosol system in which the
particles of different sizes co-exist is known as poly dispersed. In the real atmosphere
aerosols are ploy dispersed.
A homogeneous aerosol is one in which all particles are chemically identical. In
an inhomogeneous aerosol different particles have different chemical compositions.

1.5.6 SIZE
Aerosols are polydisperse in nature. They are generally assumed to be spherical or
nearly spherical and either the particle radius or the diameter is used to describe the
particle size. In a mono-dispersed aerosol system, one size is sufficient to describe the
complete system. But in the case of poly-dispersed system, a size distribution function
(described in later section) is required to describe how the number of different sized
particles is distributed. In real cases the particles are very often not spherical. The two
commonly used definitions of diameter of non spherical particles are Ferret’s diameter
and Martin’s diameter. The Ferret’s diameter is the maximum distance from edge to edge
of each particles while as the Martin’s diameter is the length of the line that separates
each particles into two equal portions. The main disadvantage with these definitions is
that these measures could vary depending on the orientation of the particle. These
definitions are valid approximately when averaged over a number of randomly oriented
particles. As already pointed that, the aerosol sizes cover about the five orders of
magnitude from about 0.001 µm to 100 µm size (It should be noted that this is the size
range of importance when we discuss aerosol-radiation interaction and its environmental
effects). Particles greater than 100 µm do not normally remain suspended in the air for
long time due to the gravity. The electron microscope pictures of different type of
aerosols are shown in Figure 1.9.
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FIGURE 1.9:- (a) The electron microscope picture of different type (Quartz and Red Clay)
of aerosol (Source: http://www.nat.vu.nl/vakgroepen/ster/english/research/res1.html). (b)
Transmission Electron Microscope (TEM) images of aerosols [Ramanathan et al.,
2001a].

1.5.7

DIAMETER
In theoretical discussion of particle properties, radius (diameter) is the most

commonly used property, whereas in the practical application such as environmental
regulation the aerodynamic diameter is generally used. All the particles having similar
settling velocities are considered to be of the same size, regardless of their actual size,
composition or shape. Two such definitions, which are most common are aerodynamic
and Stoke’s diameter.
Aerodynamic diameter (da) is the diameter of a unit density sphere (density = 1 g
cm-3), which has the same settling velocity as that of the particle. The aerodynamic
diameter (da) is related to the particle diameter (dp) through the relation
dp =
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da

ρp
ρ0

(1.1)

where ρp is the density of particle, ρ0 = 103 km m-3 is the density of the sphere of
unit density.
Stoke’s diameter (dp) is the diameter of a sphere of the same density as the
particles and having the same settling velocity as that particle.
1.6

AEROSOL SIZE DISTRIBUTIONS
Atmospheric aerosols being produced by the variety of natural and man made

processes described above are poly disperse in nature. Depending on the source and
production mechanism and subjected to a variety of microphysical transformation processes
(such as coagulation, condensation growth, precipitating and non-precipitating cloud
cycling, impaction and sedimentation); aerosol size varies from about 10-3 to 102 µm. The
size distribution function of poly dispersed aerosol system indicates how the properties
(such as the number density, mass, area or volume) of aerosol system are distributed as a
function of size (r). Almost all the atmospheric and environmental effects as well as
radiation impacts of aerosols strongly depend on the size distribution function [Charlson
et al., 1987; Russell et al., 1994; Penner et al., 2001]. The chemical and physical
processes, which transform the aerosol particles, are size dependent, such as their optical
properties and lifetimes. The aerosol size distribution can be expressed in different ways
of which the simplest way is the number size distribution, and expressed as [Junge, 1963;
McCartney, 1976]

n( r ) =

dN
dr

(1.2)

where n(r) is the number density of aerosol particles at a given radius r; which is the
number of aerosol particles per unit volume per unit radius interval, dN being the number
density of particles in a small radius range dr centered at r. Since the aerosol sizes vary over
several orders of magnitude the particle radius is usually expressed in logarithmic scale.

n* ( r ) =

dN *
d ln(r )

(1.3)

where n*(r) is the number of particles per unit logarithmic radius interval d(logr)
centered at r.
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1
dr
r

(1.4)

dN
dN
=r
d ln(r )
dr

(1.5)

d ln(r ) =

This type of size distribution function represents radius-number or log(radius)
number distribution. The number density distributions in terms of surface area, S(r) or
volume V(r) or mass M(r) are given as

S (r ) = 4πr 2 n(r )
V (r ) =

4 3
πr n(r )
3

M (r ) = ρ pV (r )

(1.6)
(1.7)
(1.8)

where ρp is the density of aerosol in the particular radius range r. The values of ρp
are ranges between 1 to 2 gm cm-3 for most of the natural aerosols, depending on the
relative humidity [Junge, 1963]. The surface area-radius distribution has significance,
since surface of aerosols provides centers for various chemical reaction as well as they
offer cross section for scattering. The volume and mass number density distribution gives
the information on the spectral extinction properties of different sizes [Whitby and Husar,
1970] as well as provides the information for assessing aerosol loading in environmental
studies. Generally, the number size distribution has its maximum in the Aitken particle
size range (r < 0.1 µm), the surface distribution in the accumulation range (0.1 < r < 1
µm) and the volume (mass) distribution in the giant size range (r >1 µm) [Whitby, 1978].
Thus the number size distributions are quite important inputs in the study of effect of
aerosols on the atmospheric processes and in the estimating the radiative forcing [Penner
et al., 2001]. It is convenient to represent the aerosol size distribution by mathematical
expression with a few adjustable parameters. There are several size distributions available
in the literature. Other distribution includes the mass, area, volume etc.
1.6.1

JUNGE POWER LAW DISTRIBUTION
The simplest and most widely used way of representing an aerosol size distribution

is by the inverse power low (also known as the Junge power law), which was first put
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forward by Junge, [1963] to represent analytically, the continental aerosol size distribution.
It is expressed as

n( r ) =

dN
= Cr −υ
d ln(r )

(1.9)

where C is a constant, depending on the total number of particles and ν is the power
law index (known as size index), which indicates the relative dominance of large aerosols
over smaller ones. Large size index indicates the relative dominance of small particles over
the larger ones. According to the power law, the number density of aerosol decreases
monotonically with an increase in the size with an accumulation in the small particle size
range.
1.6.2

MODIFIED POWER LAW DISTRIBUTION
A modified power law distribution was suggested by McClatchey et al., [1972],

according to which the number of particles within the radius interval dr is given by
for 0.02 µm < r < 0.1 µm

(1.10)

n(r ) = A1r -ν

for 0.1 µm < r < 10 µm

(1.11)

n( r ) = 0

for all other values of r

(1.12)

n(r ) = A1

where A1 is a constant and ν is the size index, which is usually, assumes values
between 2 and 5. The total number of particles is obtained by integrating n(r) over 0.02 to
10 µm size range.
1.6.3

MODIFIED GAMMA DISTRIBUTION

Another form of aerosol size distribution function, which is widely used for
modeling the particles in the haze and clouds, is the modified gamma distribution, which
is given by Diermendjian [1969] and he proposed an exponential type of aerosol size
distribution of the form
n(r ) = a1r a2 exp(−a3 r a4 )

(1.13)

where, a1, a2, a3, and a4 are the positive constants. When a4 = 1, the function
reduces to the gamma distribution function and hence this type of function is also called
modified gamma distribution function. Diermendjian [1969] widely used this type of size
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distribution function to fit analytically various models of haze and cloud particles. By
using the different values of these four adjustable parameters (a1, a2, a3, and a4)
Diermendjian has defined three haze models, which are characterized by different haze
conditions named as Haze-H, Haze-L and Haze-M.
1.6.4

LOG NORMAL DISTRIBUTION

Though the power law is the simplest way of expressing the aerosol size distribution
function, the observations have shown deviation from power law especially in marine
locations [Hoppel et al., 1990; Moorthy et al., 1997, 1998]. Aerosol size distribution at any
location influenced by a number of sources is represented by a combination of number of
log normal distribution functions, each of which represents a particular aerosol source. The
analytical form of this type of distribution function can be represented as [Shettle and Fenn,
1979; d’Almeida 1991; Hess et al., 1998],
N
 - (lnr - lnr mi )2 
N oi
dN

exp
=∑
0.5
2

dlnr
2
(
)
2
π
σ mi
σ mi
1



(1.14)

where, rmi is the mode radius, σmi is the standard deviation (which gives the width of
the size distribution), and Noi is the total number density for the ith mode. This form of
distribution function represents the multi-modal nature of the aerosols and is used to
represent aerosol size distribution near the source regions where i represents a source. In the
above equation, is summed for I = 1 to 3, it represents a tri-modal distribution, which will
have, in general, three values of Noi, rmi and σmi. When i=1 to 2, the resulting nature of the
distribution will be bi-modal and when i=1, the resulting distribution will be a mono-modal
(unimodal) size distribution. This is more general case of size distribution and in real case
size distribution of atmospheric aerosol can be approximated to a combination of two
distributions having a different mode radius- one on the large particle mode and other in
small particle mode (or in some case it is not apparent clearly). The mode radius depends on
the aerosol production mechanism [Shettle and Fenn, 1979].
1.7

AEROSOL TRANSFORMATION PROCESSES
There are number of transformation processes, by which particles of one size

range transform to another size range. The aerosol transformation processes are very
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important aerosol microphysical processes, through which the aerosol number size
distribution and their optical, radiative and environmental effects continuously changes
without changing the total aerosol mass. The major aerosol transformation processes are
coagulation, condensation (of water vapour on existing particles) growth and the nonprecipitating cloud cycles.
1.7.1

COAGULATION

At high aerosol concentrations, individual aerosol particles combine together to
form larger aerosol particles. This process is called coagulation. It is mainly caused by
the random movements and subsequent collisions and coalescence of aerosol particles.
For very small particles (Aitken range), the Brownian motion produces random
movements and subsequent collisions where as for larger particles random movements
are caused by small-scale turbulence. Coagulation is mainly controlled by the diffusion
coefficient (D) and is thus important for smaller particles. Coagulation controls the
smaller particles end of the size distribution whereas sedimentation (described in next
section) controls the larger particle end. The diffusion coefficient (D) of particles, in turn
is related to the particle mobility (B) through the relation,
D = BK BT

(1.15)

where, KB is the Boltzman’s constant and T is the absolute temperature. The
particle mobility (which is the average drift velocity of the particle per unit driving force)
is given by [Pruppacher and Klett, 1978].

B=

(1 + XN kn )
6πη a r

(1.16)

where
X = b1 + b2 exp(

b3
)
N kn

(1.17)

In the above two equations, Nkn is the Knudsen number defined as the ratio of the
mean free path length of air molecules (λa) to particle radius r, ηa is the coefficient of
viscosity of air and b1, b2 and b3 are the constants equal to 1.257, 0.400 and –1.10
respectively. The term (1+XNkn) is the Cunningham slip correction factor to account for
the slippage of the particle by air molecules while in motion. When the size of the

26

particle becomes comparable to or less than mean free path of air molecules, this term
assumes significance.
The rate of coagulation between particles of radii r1 and r2 within a population n
(r) (n (r) is the number concentration of particles) and is given by

dn(r1.2 )
= −4π ( D1 + D2 )(r1 + r2 )n(r1 )n(r2 )dr1dr2
dt

(1.18)

Where D= (BKBT) is the diffusion coefficient and n(r) is the concentration of the
particles. The resultant particle radius (r) formed by coagulation of two particles of radii
r1 and r2 respectively is written, from the volume conservation as,

r = (r13 + r23 )

1

3

(1.19)

The rate of coagulation is minimum when two coagulating particles are of the
same size and hence the rate of coagulation increases with the degree of polydispersion
[McCartney, 1976; Pruppacher and Klett, 1978; d’Almeida et al., 1991]. The rate of
coagulation increases rapidly as the size difference increases. The time required for the
aerosol concentration to reduce to half the initial value is given by [Pruppacher and
Klett, 1978],
t1 =
2

3n0
4 K BTna (1 + XN kn )

(1.20)

where na is the concentration of aerosols, and n0 is concentration of air molecules.
The coagulation time t1/2 decreases with decreasing size, increasing concentration of
aerosols and increasing temperature. Thus from above equation, it is clear that the factors
favorable for coagulation are higher concentration and smaller particle sizes. In the actual
situation with atmospheric aerosols, coagulation is an important process by which the
large abundance of particles in the nucleation/transition nuclei mode is transferred to
large particles giving rise to an accumulation mode in the size range ~0.08 to 0.1 µm
[Pruppacher and Klett, 1978; Hoppel et al., 1986; d’Almeida et al., 1991]. Coagulation is
the most important process in setting a limit to the small particle end of the aerosol size
spectrum [Pruppacher and Klett, 1978]. It becomes of lesser significance at larger sizes
due to decrease in the rate of coagulation and number density with increase in r.
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1.8

AEROSOL REMOVAL/SINK PROCESSES
The residence time of atmospheric aerosols ranges from a few days to a few weeks

in the lower troposphere or few months to a few years in the stratosphere depending on the
particle size, altitude as well as prevailing atmospheric conditions. The removal of aerosols
from the atmosphere can be broadly classified into two general categories: (1) dry
deposition or sedimentation (fall under gravity) and (2) wet removal, which includes rain out
(precipitation) and wash out by clouds [Pruppacher and Klett, 1978]. Though the
coagulation is the transformation process of aerosols sometimes it is also considered as a
removal process of aerosols, particularly when the aerosol number size distribution is
concerned.
1.8.1

DRY DEPOSITION/SEDIMENTATION PROCESSES

The dry deposition is the transport of aerosol particles from the atmosphere to the
surface, primarily due to gravity in the absence of precipitation. It is caused by the turbulent
diffusion, gravitational sedimentation or impaction on vegetation. In all these the
gravitational sedimentation is more significant and well studied. The falling particles are
disturbed by the atmospheric circulation systems. In calm/equilibrium atmospheric
conditions, the falling particles attain a constant velocity (known as terminal velocity) Vt
when the opposing force due to viscous drag by air balances gravitational force. The
terminal velocity of aerosol particles under gravity is given by Pruppacher and Klett, [1978]
as follows,

2(1 + XK B )r 2 g ( ρ p − ρ a )
Vt =
9η a

(1.21)

where g is the acceleration due to gravity, ρp is the density of particles, ρa is the
density of air, ηa is the coefficient of viscosity of air, KB is the Boltzman constant and
parameter X is the Cunningham correction factor. From the above equation (1.21), the
terminal velocity increases with increase in the particle size [Jaenicke, 1980]. Sedimentation
is more effective with the larger/coarse (>1 µm) particles [Friedlander, 1977], due to their
higher mass.
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1.8.2

WET REMOVAL PROCESSES
Wet removal is the main processes, which limits the residence time of particles in

size range of 0.05 to 3 µm [Radke et al., 1980; Jaenicke, 1984] in the lower troposphere.
There are mainly two types of wet removal processes, rainout (the process taking place in
the clouds) and washout (process taking place beneath the cloud base). The removal of
aerosols from the atmosphere by the falling raindrops is called rain out [Pruppacher and
Klett, 1978]. In the rain out, particles are incorporated in the precipitation nuclei during
processes occurring within the clouds and as such this is called “in-cloud scavenging” or
“nucleation scavenging”. Whereas the washout involves incorporation of a material into
precipitation as a consequence of processes occurring below the cloud and known as “below
cloud scavenging” or “precipitation scavenging”. These removal processes are highly size
dependent. In the presence of water vapour, aerosol particles are capable of acting as
condensation nuclei for the formation of clouds. In this process of cloud formation, the
aerosol particles are removed from the atmosphere [Hoppel et al., 1990]. This process is so
called rain out by clouds. Very small particles are not capable of acting as condensation
nuclei but remain inside the cloud as interstitial particles. The minimum size of the aerosol
which can act as cloud condensation nuclei depends on the degree of super saturation of air.
Precipitation and impaction scavenging is a major removal processes of aerosols in the size
range r>0.1 µm [Flossmann et al., 1985], while gravitational settling becomes important for
size exceeding ~1 µm. The basic difference between rain out and wash out processes is the
required pre-existence of a collecting drop for washout. Wet removal of aerosol particles
depends on the altitude profile and size distribution of aerosols, the rainfall rate and rain
drop size distribution [Junge, 1963; Radke et al., 1980; Flossmann et al., 1985; Andronache
et al., 2002; Andronache, 2003; Goncalves et al., 2002, 2003]. The extensive studies have
been reported on the in-cloud and below-cloud scavenging of aerosols by many
investigators [Wang et al., 1978; Flossmann et al., 1985; Andronache et al., 2002;
Andronache, 2003; Goncalves et al., 2002, 2003].
1.9

TRANSPORT OF AEROSOLS
Aerosols are transported by the airflows, during the time they spend in the

atmosphere and produce the effects at locations very far from the sources of origin. The
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transport can be on regional, intercontinental and even on global scales. If the aerosols
are produced by the gas-to-particle conversion, long-range transport is likely because the
larger time taken for the gas to particle conversion and has relatively smaller in the size
lead to longer life time in the atmosphere. The long-range transport of continental air or
aerosols over the oceans has been documented by many investigators [Prospero et al.,
1981; Uematsu et al., 1983; Arimoto et al., 1996; Moorthy et al., 2003]. Prospero et al.,
[1981] showed the transport of Saharan dust to Caribbean islands across the Atlantic
Ocean. A significant transport of Australian dust over the eastern part of Indian Ocean
during December to February has been reported by Tegen and Miller, [1998]. Transport
of aerosols from Africa to regions over Atlantic and Indian Ocean is also reported by
[Tyson et al., 1996]. Mineral aerosols from continental (and arid) regions are found to be
transported by winds to remote oceanic regions and significantly influence the aerosol
characteristics over there [e.g. Prospero, 1979; Hoppel et al., 1990]. Jha and
Krishnamurti [1998, 1999] have reported the significant role of long-range transport of
air parcels originating at lower and mid troposphere over the continental areas reach
thousands of kilometers into the deep ocean in less than 10 days. Transport of airmass of
Sahara dust from the North Africa over a long distance into the north east Atlantic and in
Europe has been reported by Diouri et al., [1998].
1.10

RESIDENCE TIME OF AEROSOLS
The residence time of aerosols is a measure of the time an aerosol particle spends

in the atmosphere. The residence time of aerosols depends on their size, chemistry and
height in the atmosphere as well as the geographical locations. The controlling factors for
the residence time of aerosols are production, coagulation, removal and growth of
aerosols [Junge, 1972]. The aerosols residence times range from minutes to hundreds of
days in the atmosphere. Aerosols between 0.1 - 1.0 µm (the accumulation mode) remain
in the atmosphere longer than the other two size categories. Aerosols smaller than this
(the nucleation mode) are subject to Brownian motion; a higher rate of particle collision
and coagulation increases the size of individual particles and removes them from the
nucleation mode. The coarser particles (>1 µm radius) have higher sedimentation rates
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than the other two size ranges. Jaenicke, [1984] developed a semi-empirical relationship
for the estimation of aerosol residence time. It is expressed as,
−2

2

1
1 r
1 r
1
  +   +
=
Tres C g  rs  Cs  rs 
Twet

(1.22)

where Tres is the residence time of the aerosol, r is the particles radius in µm, rs is
the standard radius (0.3 µm). Cg and Cs (in seconds) are the constant associated with
coagulation and sedimentation processes respectively. Twet is the time constant controlled
by wet removal processes (6.9×105 sec). Generally Twet = 8 days in the lower troposphere
and Twet = 3 weeks in the middle to upper atmosphere. The value of Cg and Cs are equal
and it is 1.28×108 sec, as assigned by Jaenicke, [1984]. The residence time of aerosol
particles in the atmosphere are depend on the altitude at which they are located. The
residence time of aerosols at different altitudes are give in Table 1.2 [Purppacher and
klett, 1978].
1.11

COMPLEX REFRACTIVE INDEX
The chemical composition of aerosols determines their complex (contain real and

imaginary parts) refractive index. Particle refractive index is an important parameter
while determines the radiative effects [d’Almeida et al., 1991; Schwartz et al., 1995]. The
source characteristics are significant in determining the chemical nature of aerosols
[Jaenicke, 1993]. The complex refractive index of a particle is defined as m=n+ik, both
the real part, n, and the imaginary part, k, of the refractive index are function of λ. The
real and imaginary parts of the refractive index represent the scattering and absorbing
components respectively. Aerosol produced from different natural and man-made
activities/sources are mixed together and atmospheric aerosol system is a composite of
different chemical constituents. The real part of the particle refractive index usually lies
in the range 1.3 to 1.6 and imaginary part varies over several orders of magnitude from
about 5×10-9 to 5×10-1 [McCartney, 1976]. The particles originating from combustion
processes usually have high absorption properties and hence high imaginary part of the
refractive index [Horvath, 1993; Schwartz et al., 1995]. The refractive indices of soot and
Ammonium sulphate (NH4)2SO4 indices at λ= 0.53 µm are 1.90-0.66i and 1.53-0i
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respectively. The refractive indices of different particles at 0.589 µm are given in Table
1.3.

TABLE 1.2: - Residence time of atmospheric aerosol particles at various altitudes (Source:
Purppacher and klett, [1978]).
Residence Time
Level in the atmosphere

Based on the evidence prior to

Based on the evidence after

1970

1970

Below about 1.5 km

---

0.5 to 2 days

Lower Troposphere

6 days to 2 weeks

2 days to 1 week

2 weeks to 1 month

1 to 2 weeks

---

3 weeks to 1 month

Lower Stratosphere

6 months to 2 years

1 to 2 months

Upper Stratosphere

2 years to 5 years

1 to 2 years

Lower Mesosphere

5 to 10 years

4 to 20 years

Middle and upper
Troposphere
Tropopause level

TABLE 1.3:- Refractive Indices of Atmospheric Substance at λ=0.589 µm, (source:
Senfield and Pandis [1998]).
. Substance
Water
Water (ice)
NaCl
H2SO4
NH4HSO4
(NH4)2SO4
SiO2
Carbon
Mineral dust

m=n +ik
k
0

n
1.333
1.309
1.544
1.426
1.473
1.521
1.55
1.96
1.56

0
0
0
0
0
(λ=0.550 µm)
0.66 (λ=0.550 µm)
0.006 (λ=0.550 µm)
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1.12

VERTICAL DISTRIBUTIONS OF AEROSOLS
Aerosols produced mainly close to the Earth’s surface, are transported to higher

altitudes/upwards in the atmosphere by convective eddies, eddy diffusion and dispersion
mechanism. The vertical eddy transport can either be the result of increased thermal
convection caused by the solar heating of the Earth’s surface, or by the vertical shear of
the horizontal winds. As the day advances, the surface is heated up by the solar radiation
and the convective processes are initiated. These convective eddies, which play a
significant role in the vertical transport of heat and momentum, also carry the aerosols
produced at the Earth’s surface to the higher altitudes. In the higher altitude region, these
aerosols are distributed to a larger horizontal distance by the prevailing winds. The
vertical distribution of aerosols depends on the several factors, which are mainly
convection, turbulent diffusion, and gravitational fall.
The convection depends on the vertical stability of the air. Turbulent diffusion is a
random motion of the air parcels of different sizes and is due to the wind shear which
together with the inertia of the air causes instabilities in the air stream leading to the
formation of eddies, which moves in all directions relative to the mean wind speed. These
eddies cause rapid transport of heat and momentum vertically and result in a vertical
transport of particles with them. Under the steady state conditions, the aerosol
concentration at a given altitude depends on the prevailing production, removal and
transport mechanisms relevant to that region. Therefore the altitude structure of aerosols
depends on these factors. The concentration of aerosols at any altitude can be determined
by solving the aerosol continuity equations [Junge, 1963]. The flux of particle vertically
can be expressed by the following equation:

F = −K

∂n
+V n
t ∂z
t

(1.23)

At the steady state conditions, F = 0

−K

∂n
+V n = 0
t ∂z
t

(1.24)

By solving the above equation (1.24)

Vz
n = n exp(− t )
0
K
t
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(1.25)

where n is the number concentration/number density (number of particles per unit
area) at altitude z, n0 is the concentration near the surface (at altitude z = 0), V is the
settling velocity and Kt is the turbulent diffusion coefficient. Thus in the free atmosphere,
the aerosol number concentration decreases exponentially with increasing altitude. There
are several reports available in the literature of the vertical distribution of aerosols over
the globe [Reiter and Jäger, 1986; Jäger and Carnets, 1994; Devara, 1995; Jayaraman et

al., 1995; Ansmann et al., 1997; Parameswaran et al., 1998, Ansmann et al., 2000;
Devara, 2000; Müller et al., 2001a, b; Ramanchandran and Jayaraman, 2003; Ramana et
al., 2004; Moorthy et al., 2004; Tripathi et al., 2005a; Gadhavi and Jayaraman, 2006;
Ganguly et al., 2006; Ganguly and Jayaraman, 2006; Satheesh et al., 2006; Niranjan et
al., 2007].

1.13

INTERACTION OF AEROSOL WITH SOLAR RADIATION
Atmospheric aerosols produce significant radiative effects by interacting with the

down welling solar radiation and upwelling terrestrial radiation, through scattering and
absorption. The interaction of solar radiation with aerosols can be determined from the
scattering/absorption/extinction coefficients (βsc, βab, βext), optical depth (τ), single
scattering albedo (ω), scattering phase function P(θ), and the asymmetry parameter (g);
all of these vary independently with wavelength (λ). All these parameters depend on the
aerosol size distributions, vertical distributions, complex refractive index and state of
mixing of aerosols i.e. weather the aerosols are internal or external mixtures.
1.13.1 SCATTERING/ABSORPTION/EXTINCTION

A light wave passing through atmospheric particles is attenuated because the
refractive index of the particles is denser than that of the surrounding medium or air. If
the particle does not absorb any of the flux, then only scattering occurs and the
attenuation is expressed in terms of total scattering coefficient (βsc). If the particle
absorbs significant amount of flux, then the two (scattering & absorption) processes are
additive and hence produce and extinction coefficient (βext), which is defined as the sum
of the scattering coefficient (βsc) and absorption coefficient (βab).
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β

ext

=β

sc

+β

ab

(1.26)

1.13.2 ANGULAR SCATTERING CROSS SECTION

The concept of the scattering cross section is widely used in dealing with the
interaction of radiation with matter. The angular scattering cross section (σsc(θ)) of a
particle is defined as that cross section of an incident wave, acted on by the particle,
having an area such that the power flowing across it at angle θ is equal to scattered power
per steradian at the same observation angle θ by the particle. The total scattering cross
section (σsc) is defined as that cross section of an incident wave, acted on by the particle
having an area such that the power flowing across it is equal to the total power scattered
in all directions [McCartney, 1976]. The total scattering cross section is the integral over
the solid angle (dω). Since the scattered radiation proceeds into the entire 4π radians
surrounding the particle,

σ

4π
= ∫ σ sc (θ )dω
sc
0

(1.27)

The values of total scattering cross section cover a wide range greater than the
corresponding range of geometric cross sections. These two are related by the efficiency
factor.
The scattering efficiency factor (Qsc) is defined as the ratio of scattering cross
section to the geometric cross sectional area (πr2) and it is a function of size parameter
(x), the complex refractive index (m) and the scattering angle (θ). Similarly the
absorption efficiency factor (Qab) is defined as the ratio of absorption cross section to the
geometric cross section and extinction efficiency factor is the sum of the scattering and
absorption efficiencies.

σ

sc, ab
=
Q
sc, ab
πr 2

(1.28)

Hence the extinction efficiency is

+Q
Q =Q
ext
sca
abs
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(1.29)

For a very small value of size parameter, Qsc is much-much lower than the unity,
which indicates that the particle scatter much less flux than that intercepted by its
geometrical area. As the size parameter increases, Qsc increase sharply and then converge
by exhibiting oscillatory variations [Van de Hulst, 1957].
The scattering/absorption/extinction coefficient (βsc,

ab, ext)

of aerosols is the

fraction of radiant flux lost from a collimated beam per unit thickness of aerosol due to
scattering/absorption/extinction, and is given in units of reciprocal of length. For a monodisperse aerosols consisting of N spherical particles per unit volume, the scattering/
absorption/extinction coefficient is given by

β sc , ab , ext = N πr 2Qsc , ab , ext (m, λ , r )
where Qsc,

ab, ext

(1.30)

scattering/absorption/extinction efficiency factor, m is the

refractive index of the particle, λ is the wavelength of the incident radiation and r is the
radius of the particle. In the case of poly disperse aerosol having a number size
distribution n(r), within the radius r1 and r2, the scattering/absorption/extinction
coefficient is given by
r
2
= ∫ πr 2Q
β
(m, λ , r )n(r )dr
sc, ab, ext
sc, ab, ext
r
1

(1.31)

The extinction coefficient (βext) is the fraction of energy removed, per unit path
length, from an incident wave with energy flux density one, by a collection of particles in
suspension characterized by the particle size distribution and unit path length.
1.13.3 SINGLE SCATTERING ALBEDO (SSA;ω)

The relative importance of scattering and absorption is characterized by the single
scattering albedo (SSA; represented by the variable ω). It is defined as the ratio of
scattering coefficient to the extinction coefficient, and it is very important characteristic
of aerosols. It is a dimensionless quantity given as,

ω=
ω =

Scattering Coefficients
Extinction Coefficients

β

β

sc =
sc
β
β +β
ext
sc
abs
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(1.32)

(1.33)

The SSA varies between 0 and 1. It is 0 for perfectly absorbing aerosol, and 1 for
a pure scatterer. The value of ω for BC at visible wavelengths is about 0.2, whereas it is
~1 for a sulphate aerosol.
1.13.4 SCATTERING PHASE FUNCTION P(θ)

The scattering phase function P(θ) describes the angular distribution of the
scattered radiation with respect to the incident radiation. It is defined as the ratio of the
energy scattered per unit solid angle in a given direction (θ) with respect to the incident
radiation. The integral of the phase function is normalized to unity, so that
1
P(θ )dω = 1
4π ∫

and P(θ ) =

β sc (θ )

1
4π

4π

∫β

sc

(1.34)
(1.35)

(θ )dω

0

The phase function for the isotropically scattering medium is 1.
1.13.5 ASYMMETRY FACTOR

The asymmetry factor g(λ) describes the amount of forward or backward
scattering by an aerosol particle and is primarily a function of particle size distribution
[Wenny et al., 1998]. The asymmetry factor g(λ) is the mean value of Cos(θ) (where θ is
the scattering angle) over the total solid angle weighted by the phase function.
4π
∫ cos(θ ) P(λ ,θ )d (cos(θ )
0
g (λ ) =
4π
∫ P(λ ,θ )d (cos(θ )
0

(1.36)

It is a measure of the deviation of the scatterer from being isotropic and describes
how much forward/backward scattering dominates. Asymmetry factor gives the overall
directionality of the phase function. Theoretically, the asymmetry factor varies between 1 to +1. For the particles with isotropic scattering properties (e.g. Rayleigh scattering),
the average intensity in the forward and backward directions are equal and hence the g(λ)
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is 0. The more the particles scatter in the forward direction, the higher is the asymmetry
factor, i.e. g(λ) >1, and for a purely backscattering g(λ) is -1.
1.13.6 AEROSOL OPTICAL DEPTH (τp)

The aerosol optical depth (AOD, τp) is the integration of the aerosol extinction
coefficient (βext) over the total path length of unit cross section traversed by the radiation
of wavelength λ, through the atmosphere. Or in other words it describes attenuation of
radiation by the column of aerosol having unit cross sectional area. It is written as

z

τ p = ∫ β ext (λ , z )dz
0

(1.37)

where z is the altitude to which the integration is carried. It is a measure of the
combined effect of scattering and absorption in a vertical column. It tells us about the
optical state of the atmosphere and it is a parameter of importance in atmospheric
radiation budgeting, atmospheric corrections to satellite imaginaries and for the
estimating the aerosol radiative forcing.
1.13.7 LAMBERT BEER’S LAW

It is a fundamental law of extinction, which states that the extinction process is
linear in the intensity of the radiation and amount of matter provided that the physical
state (temperature, pressure and composition) is held constant. The attenuation of
radiation by a medium such as atmosphere containing aerosols is given by the Lambert
Beer law. The particles suspended in air will both scatter and absorb the radiation passing
through it. The attenuation (both by scattering and absorption) in the medium is directly
proportional to the incident flux Foλ and the length of the medium dl

dF α - F dl
λ
oλ

(1.38)

dFλ = − β ext F0 λ dl

(1.39)

where, βext is a constant called the attenuation coefficient. By integration of the
above equation along the total length (l) of the medium gives

Fλ = Foλ exp(- β ext l )
38

(1.40)

1.14

INTERACTION OF AEROSOLS WITH RADIATION
The process through which aerosols alter the radiative balance of Earth’s

atmospheric climate system is known as “radiative forcing” [Ramanathan et al., 1989;
Charlson et al., 1991, 1992; Hansen et al., 1997, 1998]. The change in the radiation flux
due to the presence of aerosols (both natural and anthropogenic) is referred as “aerosol
radiative forcing”. The effect of aerosols on top of the atmosphere (TOA) radiation

fluxes is TOA radiative forcing. In the similar way, the effect of aerosols on the surface
(S) radiation fluxes is surface radiative forcing. The difference between TOA radiative
forcing and surface radiative forcing is the atmospheric radiative forcing. In all cases the
aerosol radiative forcing is defined as the difference in the change in radiation flux with
the presence of aerosols to that of the aerosol free atmosphere and thus:

− Flux
Aerosol Forcing , ∆F = Flux
noaerosols
aerosol
Forcing Efficiency =

∆F
∆τ

(1.41)
(1.42)

The actual forcing is the product of forcing efficiency and AOD. Although
making up only one part in a billion of the mass of the atmosphere, aerosols have
potential to significantly influence the climate [Coakley and Cess, 1983; Charlson et al.,
1992; Hansen et al., 1998]. The global impact of aerosol is assessed as the change
imposed on planetary radiation measured in W m-2, which alters the global temperature
[IPCC, 2001; 2007]. The presence of aerosol in the atmosphere decreases the surface
reaching solar radiation (due to scattering and absorption). Presence of aerosols increases
or decreases the outgoing reflected radiation (in the case of visible radiation) depending
upon the composition [Satheesh, 2002]. The interaction of aerosols with solar and
terrestrial radiation directly [Charlson et al, 1992] and indirectly [Twomey et al., 1977]
affects the Earth’s radiation balance and hence is believed to produce climate
perturbation on regional and global scales. The direct effect of aerosols is due to the
scattering and absorption of incoming solar and out going terrestrial radiation while the
indirect effect by changing the radiative properties and life time of clouds [Russell et al.,
1979; Albrecht, 1989; Charlson et al, 1991, 1992; Kiehl and Briegleb, 1993; Twomey,
1997; Rosenfeld, 2000, Ramanathan et al., 2001a; Christopher and Zhang, 2004;
Satheesh and Moorthy, 2005].
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1.14.1 DIRECT RADIATIVE EFFECT

The interaction of radiation with aerosols falls into (1) scattering and (2)
absorption. The scattering of visible radiation by aerosols produce climate forcing by
changing the planetary albedo/reflectance of the planet [Schwartz et al., 1995].
Absorption and re-radiation of infrared radiation by aerosols enhances the atmospheric
greenhouse warming. These two effects are called direct forcing of aerosols on radiation
and climate. The presence of aerosol in the atmosphere decreases (due to scattering and
absorption) the surface reaching solar radiation and increases or decreases the outgoing
radiation depending on composition. In infrared region, the presence of aerosol increases
the surface reaching radiation and decreases the outgoing infrared radiation.
The globally and annually averaged anthropogenic radiative forcing (in W m-2)
due to the changes in the concentration of greenhouse gases and aerosols from the preindustrial times to the present day of understanding is shown in Figure 1.10 [IPCC,
2007]. Natural changes in solar output from 1750 to the present time along with the
current level of scientific understanding of each source are also shown in the same figure.
Figure 1.10, summarizes the state of scientific understanding of the effects of various

external factors on the global climate as reported by the Intergovernmental Panel on
Climate Change [IPCC, 2007]. The width of the rectangular bars indicates the central or
the best estimates of the forcing and the line through them indicates the uncertainty range
in the estimations of forcing. The uncertainty range in the estimation of forcing is larger
than the actual forcing itself, except for greenhouse gases (Figure 1.10). This is clearly
indicates that the large amount of uncertainties is associated with these estimates. On an
average the radiative forcing of anthropogenic aerosols are comparable to that of the
carbon dioxide (CO2) [source: http:// www.ipcc.ch; IPCC, 2007].
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FIGURE 1.10:- Summary of the principal components of the radiative forcing of climate
change [IPCC, 2007]. The values represent the forcings in 2005 relative to the start of the
industrial era (about 1750). Human activities cause significant changes in long-lived
gases, ozone, water vapour, surface albedo, aerosols and contrails. The only increase in
natural forcing of any significance between 1750 and 2005 occurred in solar irradiance.
The thin black line attached to each colored bar represents the range of uncertainty for the
respective value [source: http:// www.ipcc.ch; IPCC, 2007].
1.14.2 INDIRECT RADIATIVE EFFECT

Aerosols also have an “indirect” effect on climate by altering the properties of
clouds, resulting in a change of their scattering properties and longevity [Penner et al.,
2001]. Indeed, if there were no aerosols in the atmosphere, clouds would be much less
common. It is very difficult to form cloud droplets without small aerosol particles acting
as “seeds” to start the formation of cloud droplets. According to theory [Twomey, 1974;
Twomey, 1977], as aerosol concentration increases within a cloud, the water in the cloud
gets spread over many more droplets, each of which is correspondingly smaller. This has
two consequences: clouds with smaller droplets reflect more sunlight, and such clouds
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last longer, because it takes more time for small droplets to coalesce into droplets that are
large enough to fall to the ground. The latter effect has been supported by certain
observations indicating that aerosols from forest fires and urban pollution can suppress
rain and snow fall [Rosenfeld, 1999, 2000]. In this way, changing aerosol in the
atmosphere can change the frequency of cloud occurrence, cloud thickness, and rainfall
amounts. These changes in cloud droplets number concentration and size and their
longevity are, respectively, known as the “first” and “second” indirect effects of aerosol
on climate and they are both believed to increase the amount of sunlight that is reflected
into space without reaching the Earth’s surface, resulting in a cooling effect. In addition,
the solar heating by absorbing aerosols can evaporate low clouds and resulting decrease
in cloud cover and albedo to a net warming known as semi-direct effect.

1.15 AEROSOL RESEARCH: INTERNATIONAL AND NATIONAL EFFORTS
INTERNATIONAL EFFORTS

The exhaustive overview of the aerosols discussed in the above sections clearly
indicates that aerosols are one of the most important components of the Earth’s
atmosphere of immense scientific interest. The aerosol properties show high
heterogeneity both spatially and temporally. In the light of above, several field campaigns
were undertaken both international and national level in the recent years to improve our
understanding on the optical, physical and chemical properties of aerosols and their
radiative impacts. These include the TARFOX (Tropospheric Aerosols Radiative Forcing
Observational Experiment [Russell et al., 1999a]) ACE-I [Bates et al., 1998] and ACE-II
[Raes et al., 2000] (Aerosol Characterization Experiment I and II), BIOFOR (Biogenic
Aerosol Formation in the Boreal Forest), AEROCE (Atmospheric/Ocean Chemistry
Experiment), SCAR-A (Sulphate Clouds And Radiation-Atlantic), SCAR-B (Smoke,
Clouds and Radiation-Brazil [Kaufman, 1998]), SEAREX (Sea/Air Exchange Program),
CEPEX (Central Equatorial Pacific Experiment), INDOEX (Indian Ocean Experiment
[Ramanathan et al., 1996]), SAFARI 2000 (Southern African Regional Science Initiative
[Eck et al., 2003]) and ACE-Asia (Aerosol Characterization Experiment-Asia, [Huebert
et al., 2003]). In addition, long-term monitoring networks such as IGBP (International
Geosphere Biosphere Program), AERONET (Aerosol Robotic Network) are also
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pursued, essentially to understand the complex chemical, optical and physical properties
of atmospheric aerosols [e.g. Novakov et al., 1997; Hegg et al., 1997; Hobbs et al., 1997;
Ross et al., 1998; Murphy et al., 1998; Moorthy et al., 1999; Kulmala et al., 2001]. The
brief descriptions are given below.
In 1986, ICSU (International Council of Scientific Unions) launched the IGBP
program to describe and understand the physical, chemical and biological processes of
the Earths atmospheric system. The objective of the IGBP is to establish the scientific
basis for the quantitative assessment of changes in the Earth’s bio-geo chemical cycles,
including those changes that control the concentration of carbon dioxide (CO2; a major
greenhouse gas) and other chemicals in the atmosphere. It includes the different fields in
the atmospheric science such as atmospheric chemistry, terrestrial eco systems, biological
drivers of the water cycle, coastal land ocean interaction, ocean circulation and the global
changes.
To characterize the temporal and aerial distribution of marine dust and number of
other species over the open ocean, a network of aerosol sampling was established under
the SEAREX [Uematsu et al., 1983; Prospero et al., 1985]. The CEPEX provided
observational database on the radiative microphysical properties of clouds and aerosols. It
provided observational evidence of the thermostat hypothesis [Ramanathan and Collins,
1991].
The SCAR-A experiment was conducted in the mid-Atlantic region of the eastern
United States in July 1993. It provides a comprehensive database on the optical and
physical properties of urban/industrial aerosols [Kaufman and Holben, 1996; Remer et
al., 1996, 1997] using the airborne in-situ measurements and the ground based remote
sensing measurements. The observation showed that the aerosols are typically composed
of sulphates, sea salt, nitrate and organics [Hegg et al., 1995].
The ACE was designed to increase the understanding of how the aerosol particles
affect the Earth’s climate system [Bates, 1999; Seinfeld et al., 2004]. The main goal of
ACE was to determine and understand the properties and controlling processes of the
aerosol in globally representative range of natural and anthropogenically perturb
atmosphere. ACE-I was conducted over southern hemispheric mid-latitudes in the remote
marine atmosphere, south of Australia [Bates et al., 1998] and ACE-II was conducted
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during July 1997 in the anthropogenically modified atmosphere of Atlantic. ACE-II
provides large information on the physical characteristics of aerosol over eastern Atlantic
[Raes et al., 2000]. The overall goals of the Aerosol Characterization Experiment (ACE
1) [Bates et al., 1998] and (ACE 2) [Raes et al., 2000] are to reduce the uncertainty in the
calculation of climate forcing by aerosols and to understand the multiphase atmospheric
chemical system sufficiently to be able to provide a prognostic analysis of future
radiative forcing and climate response [Bates et al., 1998]. ACE-I took place in the
minimally polluted Southern Hemisphere marine atmosphere, and ACE-II took place
over the subtropical northeast Atlantic [Raes et al., 2000].
The TARFOX [Russell et al., 1999a] was designed to reduce the uncertainty in
predicting climate change due to aerosol effects and took place over the United States
eastern seaboard during 1996 [Hobbs, 1999; Russell et al., 1999a]. Its main goal to
achieve the effects of aerosol on climate by determining the direct radiative impacts as
well as the chemical, physical, and optical properties, of the aerosols carried over the
western Atlantic Ocean from the United States [Hegg et al., 1997; Novakov et al., 1997;
Russell et al., 1999a]. It helped to validate current treatment of radiative transfer by
comparing in situ radiance and irradiance with the predicted by radiation codes using insitu measurements of aerosol chemical composition and morphology and atmospheric
concentration [Russell et al., 1999b]
The AEROCE was a comprehensive multi-disciplinary and multi-institutional
research program that focused on a variety of aspects of the atmospheric and marine
chemistry over the North Atlantic Ocean region. The main focus of AEROCE was to
understand the role of anthropogenic emissions and natural processes in the ozone budget
and the oxidizing capacity of the troposphere over the North Atlantic Ocean region and to
characterize the chemical and physical properties of aerosols important to the radiative
properties of the atmosphere and climate; to study the processes that affect these
properties; and to assess the relative importance of natural vs. human sources [Prados et
al, 1999].
The SCAR-B [Kaufman et al., 1998], a comprehensive field experiment to study
biomass burning, smoke, aerosols and trace gases and their climate effects, took place in
the Brazilian Amazon and cerrado regions during 1995. It included aircraft and ground-

44

based in situ measurements of smoke emission factors and the compositions, sizes, and
optical properties of the smoke particles; studies of the formation of ozone; the transport
and evolution of smoke; and smoke interactions with water vapor and clouds. SCAR-B
studied the biomass burning aerosols over Brazil and it provides the information on
refractive indices [Yamasoe et al., 1998], size parameters [Remer et al., 1998], optical
properties [Dubovik et al., 1998], relative humidity growth factors [Ross et al., 1998] and
radiative effect [Eck et al., 1998; Ross et al., 1998] of biomass aerosols.
BIOFOR was a European project and measurements were carried out at Boreal
site in the southern Finland in 1998 and 1999, which is mainly focused in the
determination of the formation mechanism of aerosols in the Boreal forest. BIOFOR
gives important understanding on the formation of new aerosol particles in the
atmosphere [Kulmala et al., 2001].
The INDOEX [Ramanathan et al., 1996] was a major international field
experiment and research programme, which involves the concerted efforts of many
scientists from various multi-disciplinary organizations from India, France, USA,
Germany, Netherlands and island countries like Maldives, Mauritius and Reunion. An
integrated observations and measurements of aerosols, radiation and trace gases as well
as meteorological parameters were made simultaneously from various platforms like
ground-based, ship cruise, aircraft, balloons and satellites over the Indian Ocean
[Ramanathan et al., 1996; 2001a]. More details on INDOEX are given in Ramanathan et
al., [1995, 1996, 2001a] and Mitra [1999, 2000, 2001]. The INDOEX was conducted
during January to April months (i.e. northern winter) of 1998 and 1999. The important
findings of the INDOEX are a comprehensive aerosol model [Satheesh et al., 1999;
Ramanathan et al., 2001a], role of absorbing nature of aerosols [Satheesh and
Ramanathan, 2000] and its implications in hydrological cycle [Ramanathan et al.,
2001b], role of aerosol black carbon [Ackerman et al., 2000], potential role of long range
transport of in producing the spatial heterogeneity in aerosol properties over Oceans
[Krishnamurti et al., 1998; Jha and Krishnamurti, 1999; Moorthy and Saha, 2000;
Kamra et al., 2001, 2003; Lobert and Harris, 2002] and the role of ITCZ (Inter-Tropical
Convergence Zone) and its dynamics in controlling the inter hemisphere transport of

45

AODs and modulating the spatial distribution [Moorthy et al., 2001; Nair et al., 2003] are
the important outcomes.
SAFARI 2000 was an international science initiative aimed to developing a better
understanding of the southern African Earth-atmosphere-human system [Eck et al., 2003;
Swap et al., 2003]. The goal of the SAFARI 2000 was to identify and understand the
relationship between the physical, chemical, biological and anthropogenic processes that
underlie the bio-geochemical systems of Southern Africa and also the characterisation
and quantification of regional emission sources from savanna burning using surface,
aircraft, and remote sensing measurements of aerosol chemical, vertical distributions,
refractive indices and particle size distributions [Matichuk et al., 2007].
AERONET is a network of Sun/Sky radiometers, which perform a dual role of
spectral sun photometry as well as spectral sky scanning radiometers [Holben et al.,
1998; 2001]. It provides two type of vertical integrated optical information: aerosol
optical depth and the product of aerosol optical depth with the scattering phase function.
The former parameter is the vertically integrated aerosol number density or concentration
while its spectral dependency gives the aerosol size information.
ACE-Asia was conducted off the coast of East China, Korea, Japan in 2001, with
a view to understanding the anthropogenically modified aerosol environments of East
Asia and their impact on regional radiative forcing [Huebert et al., 2003]. It reports the
transport of dust aerosols from Takla Makan and Gobi deserts in the northwest China to
Korea [Chun et al., 2001a, b], Japan [Murayama et al., 2001] and across the Pacific to the
United States [Herman et al., 1997; Husar et al., 2001] and Canada [McKendry et al.,
2001].
NATIONAL EFFORTS

In India systematic investigation of the physico-chemical properties of aerosol,
their temporal heterogeneities, spectral characteristic, size distribution and modulation of
their properties by regional mesoscale and synoptic meteorological processes have been
investigated extensively since 1980’s at different distinct geographical region as part of
the different national programs such as I-MAP (Indian Middle Atmosphere Programme),
and ISRO-GBP (Indian Space Research Organization’s, Geosphere Biosphere Program).
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During the I-MAP program, a project was initiated to monitor the aerosol characteristics
over the Indian region at a few selected locations [Moorthy et al., 1999; Subbaraya et al.,
2000]. It becomes operational in the late eighties and has been continued after I-MAP as
a part of ACE (Aerosol Climatology and Effects) project of ISRO-GBP [Moorthy et al.,
1999; Subbaraya et al., 2000].
As a part of I-MAP a grouped of scientists joined to develop experimental
programme to measure and characterize the spatial and temporal changes in the optical
and physical properties of aerosols using sun photometers, lidars, and balloon/rocket born
measurements. Initially a network of MWRs has been deployed over the country based
on their geographic locations that could make distinct signatures on aerosol properties.
These locations are Space Physical Laboratory (SPL), Trivandrum (8.5oN), Andhra
University, Visakhapatnam (17.7oN), Mysore University, Mysore (12.3oN), Indian
meteorological department (IMD), Jodhpur (26.3oN), and National Physical Laboratory
(NPL), New Delhi (28.6oN) [Moorthy et al., 1999; Subbaraya et al., 2000]. Coordinated
and long term observations have been carried out from these stations. All these efforts
during the I-MAP brought out the large heterogeneity of aerosol properties over India on
the one hand and other hand the need to develop a comprehensive and climatological
database for modeling the aerosol properties and to assess their impact on radiation
budget. Due to the large heterogeneity over the Indian landmass and large gap areas over
the land were identified; vast ocean areas around the Indian peninsula remained
unexplored.
A national level attempt to characterize aerosol properties over distinctive
environments (e.g. coastal, continental, arid, urban, rural, and industrial [Moorthy et al.,
1999; Subbaraya et a., 2000]) to understand their microphysics, seasonal and spatial
distinctiveness with a view to estimate the regional radiative forcing was undertaken in
the nineties under ACE (Aerosol Climatology and Effects) project of ISRO-GBP. A
national network, of MWRs was setup under the ACE project of ISRO-GBP, to facilitate
the long-term observations of aerosols over the distinct geographical environments
[Moorthy et al., 1999; Subbaraya et al., 2000; Satheesh et al., 2004]. For the first time in
India, systematic and long-term observations over the ocean were initiated from the tiny
island location Minicoy in the Arabian Sea and the four year data from this location is
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still the only database of its kind over the ocean [Satheesh, 1997; Moorthy and Satheesh,
2000; Smirnov et al., 2003]. In addition, the use of satellite data to retrieve the aerosol
optical depth over the ocean and landmass was also initiated. Then came to the Indian
component of Indian Ocean experiment (INDOEX-I). The INDOEX-I was conducted in
two phase; first field phase (FFP) took place during February and March 1998, and the
intensive field phase (IFP) took place from January through March 1999. INDOEX-I was
formed to consolidate the Indian experiment to make well formed investigations of
aerosols and other trace species over the ocean and to assess their impacts. Several
research institutes and Universities participated in this programme. The details of the
INDOEX-I are given in Mitra [1999, 2000, 2001]. The major findings of the Indian
achievements are given in two special issues of Current Science in 1999 (Vol.76) and
2001 (Vol.80), besides two special INDOEX sections of Journal of Geophysical Research
in 2001 (Vol.106, No.22) and 2002 (Vol.107, No.D19) detailing the international
achievements. In addition, several national campaigns were organized under ISRO-GBP
to study the spatial distribution of aerosols and their impact on radiation budget and
climate. The brief overviews of these campaigns are given below.
Under the ISRO-GBP, a road/land campaign (LC-I) was conducted during
February to March 2004, to understand the spatial distribution of aerosol and trace gases
over the Central/peninsular India. It was a teamed work, where the simultaneous
measurements were made over spatially separated locations, using the identical
instruments. These measurements covered more than a million square kilometers over the
course of a month, and generated a wealth of information on important aerosol
parameters including size, mass concentration, optical depth, and scattering and
absorption coefficients using state of art instruments. The details of these campaigns and
the major findings have been reported in literature [Moorthy et al., 2004, 2005; Gadhavi,
2005; Ganguly et al., 2005; Jayaraman et al., 2006; Gadhavi and Jayaraman, 2006; S.
Singh et al., 2006; Moorthy et al., 2007].
LC-II was an intensive land campaign II (LC-II) was organized by the Indian
Space Research Organization under its ISRO-GBP during December 2004, for
characterizing the regional aerosol properties and trace gases across the entire IndoGangetic belt. The campaign provide a comprehensive database on the optical, physical
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and chemical properties over Indo-Gangetic belt, ranges from 21.75oN; 74.25oE to
31.0oN; 91.5o E [Tripathi et al., 2005a, 2005b, 2006; Dumka et al., 2006; Tare et al.,
2006; Ganguly et al., 2006; Pant et al., 2006; Ramanchandran et al., 2006; Srivastava et
al., 2006; Niranjan et al., 2006, 2007; Dey and Tripathi, 2007; Nair et al., 2007;
Rengarajan et al., 2007]. All these studies showed the persistence of high aerosol optical
depth and large aerosol concentration near surface as well as in the vertical column. In
addition, based on the satellite measurements [DiGirolamo et al., 2004; Jethva et al.,
2005] have reported that the AOD values over the Indo-Gangetic belt are generally
higher than those over the other Indian regions for all seasons.
ICARB (Integrated Campaign for Aerosols, gases and Radiation Budget) was a
multi-institutional, multi-instrumental, multi-platform filed campaign, where integrated
observation and measurements of aerosols, radiation and trace gases along with other
complimentary measurements on boundary layer and meteorological parameters were
made simultaneously. The main goal of ICARB is to assess the regional radiative impact
of aerosols and trace gases, and to quantify the effect of long-range transport of aerosols
and trace gases, involving the Indian mainland, Arabian Sea, Bay of Bengal, and tropical
Indian Ocean during February-May period of 2006. The ICARB was conceived as an
integrated campaign [Moorthy et al., 2006], comprising of three segments namely the
land, ocean, and aircraft segments. In each one of these segments, collocated
measurements of the optical, physical and chemical properties of atmospheric aerosols
were carried out. The land segment comprised of a network of ground-based
observatories, representing distinct geographical features of India, providing a time series
observation during the period when spatially resolved measurements are made using the
moving platforms in the other two segments. The major findings of the ICARB
campaigns are given in ISRO Geosphere Biosphere Programme (I-GBP) First PostCampaign Meeting of ICARB & Meeting of the WG-II (Working Group) of ISRO-GBP
in 2006, and a special issue of Journal of Earth System Science in 2008 (in press).
Even though all these international and national field experiment and campaigns
and long-term programs provide the vital information on the optical, physical as well as
chemical properties of aerosols, but most of them has certain limitation due to their short
period and focused objectives. Though all these have helped a lot to evolve the region
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specific characteristics of aerosols and their impact on the radiation balance and climate
change; these are focused to either urban/semi urban landmass or Oceans adjacent to the
densely populated coastal belt and also the area near by the Indo-Gangetic plains. The
vast expansions of the Himalayan regions have not been covered. Investigations from
remote, sparsely inhabited regions have the importance of providing a sort of background
against which the urban impacts can be compared [Pant et al., 2006; Dumka et al.,
2007a]. In this perspective, observations from high altitude stations are of prime
importance. The aerosols in high altitude regions provide a “far-field picture”, quite away
from potential sources and are more representative of free troposphere conditions. In
addition, the systematic and long term observations of aerosol properties from high
altitude (~2 km AMSL) station are very important, for understanding the global change,
as they are essential in assessing the impact of human activities on free tropospheric
aerosols and also in modeling boundary layer to free troposphere mass exchanges. Such
systematic measurements are lacking over the northern part of Indo-Gangetic plains,
particularly in the Himalayan region.
In the backdrop of all the above and realizing the important of characterizations of
aerosols over the northern part of Indo-Gangetic plain particularly including the
Himalayas the author has undertaken this research activity. A part of this, collocated and
long term extensive measurements of various aerosol properties were carried out using
state-of-the-art of aerosol instruments to characterize the physical properties of aerosols
for the high altitude Central Himalayas station Nainital, a first time attempt from this
part. As a part of this, a multi-wavelength solar radiometer (MWR), designed and

developed by Space Physics Laboratory (SPL), Vikaram Sarabhai Space Center, of
Indian Space Research Organisation at Thiruvananthapuram, has been set up at Nainital
under ACE project of ISRO-GBP, for the spectral extinction measurements of directly
transmitted solar radiation that reaches the ground [Sagar et al., 2004; Dumka et al.,
2007a]. It has successfully been used for spectral AODs measurements since January
2002. The data collected during the four year periods January 2002 to December 2005
have been used to characterize the aerosols in the Central Himalayas. The author was
involved in establish the station, collecting the data and use these to investigation and
characterize the high altitude aerosols.
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1.16

OBJECTIVE OF THE PRESENT THESIS
The aerosol data from the Central Himalayas has been used for studying the

climatological features of aerosol optical properties and also for evolving models for
various regions/seasons suitable for radiation budget calculations or in the atmospheric
correction algorithms. Besides, this data has also been used for examining the similarities
and distinctiveness in aerosol properties over their distinct environments and their
association with regional scale as well as synoptic scale processes. Further, the database
of more than a decade facilitates examination of global scale changes in the aerosol
loading as well as long-term trends. The main objective of the present study is to
characterize optical and physical properties of atmospheric aerosols over Manora Peak
Nainital, a high altitude station (~ 2 km AMSL) located in the Central Himalayas. The
main objectives of the present study are:
1. Aerosol spectral Optical Depths (AODs) from a high altitude station in the

Central Himalayas to facilitate monitoring of changes in background aerosol
characteristics, which act as an indicator of Global Scale Changes, potentially
due to anthropogenic activities.
2. To study the role of boundary layer dynamics in producing changes in aerosol

properties in the free troposphere.
3. Measurements of AODs during both day and nighttimes by suitably combining the

expertise of the astronomical Observations with that of the Sun photometry.
4. Use of nighttime total optical depth (TODs) measurements for understanding the

long-term behavior of aerosol contents in Central Himalayas.
5. The observations will facilitate in monitoring the environmental pollution of

Kumaun region.
6. To estimate the size distributions of boundary layer aerosols from measurements

and this to investigate the association of boundary layer aerosols with those in
vertical column which determines the spectral AOD?

1.17

ORGANISATION OF THE THESIS
The present thesis is divided in six chapters. A brief summary of the work

presented in these chapters is as follows.
51

In the present chapter (i.e. chapter one), we have introduced the term aerosols in
the context to this work. The chapter covers our present day understanding in the field of
aerosol research.
Chapter two contains the description of the state of art of aerosol instruments,

methodology of the observations and details of data analysis technique used in this thesis.
The general characteristics of aerosol optical depth (AOD) over a high altitude
station, Nainital, their temporal and spectral variations and the role of synoptic
meteorology in producing the observed changes are investigated in Chapter three.
Chapter four presents the method of the retrieving the columnar aerosol size

distributions from the columnar AODs by applying the constrained numerical inversion
techniques. The size distributions are parameterized in terms of physically meaningful
parameters of aerosol and the changes in their association with changes seen in chapter
three are delineated.
Being a high altitude location situated close to densely populated plains,
mesoscale dynamics significantly influence the aerosol properties here and produce shortterm changes. These are examined in Chapter five.
Chapter six summarizes the important findings from the present work along with

the outlines of the future research plans in this area.

-----*-----
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CHAPTER-2
EXPERIMENTAL TECHNIQUES, OBSERVATIONS, DATA BASE AND
DATA ANALYSIS
2.1

INTRODUCTION: TECHNIQUES OF INVESTIGATIONS OF AEROSOLS
The overview of atmospheric aerosol system, presented in the previous Chapter

has revealed that the aerosol particles are highly heterogeneous and polydisperse in
nature. The wide size range (spanning from few nm to few 10s of µm), the complexity in
their optical, physical as well as chemical properties, and the highly varying abundance,
all make the experimental observations on their parameters a challenge. No single
technique or instrument is capable of providing the complete information of these aerosol
particles. As such, a variety of techniques, each focusing on certain specific parameters of
aerosols, is to be employed. In this Chapter, the details of some of the experimental
techniques used to infer on the aerosol properties are described. The instruments, data
acquisition, database generated and data analysis techniques used in the present study are
described with a discussion on the error budget.

2.2

EXPERIMENTAL TECHNIQUES
The basic observational techniques for the studying the aerosols can be broadly

classified under two categories: (1) In-situ and (2) Remote sensing. In the present study
both of these techniques have been used.

2.2.1 IN-SITU TECHNIQUES
In-situ measurements or direct measurements give the information about aerosol
parameters at the place and time of measurement. In-situ observations are performed in a
small volume or geographical area. It involves the direct measurement of the parameters
of interest. The parameter commonly measured by the in-situ techniques are
concentration (mass/number), size distribution (mass or number), surface area and
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chemical composition of aerosols. The mass/number concentration of aerosols is defined
as the amount of aerosol mass/number of particles present in unit volume of air. These
techniques have the advantage of direct measurements, devoid of the uncertainties arising
from the inversion methods. However, they have some disadvantage that the process of
making the direct measurements itself may change some of the aerosol properties, which
are the aimed at measuring. Moreover, it is very difficult and complicated to make such
measurements at remote terrains and higher altitude regions. In-situ techniques include a
number of instruments such as aerosol cascade impactors, aerosol bulk samplers, particle
counters and mass spectrometers.

2.2.2 REMOTE SENSING TECHNIQUES
The remote sensing techniques provide the information on the properties of
aerosols in their natural surroundings without having any physical contact. Most of the
remote sensing techniques involve the measurements of the modification of some
properties like amplitude, phase, intensity, angular distribution of intensity and spectral
attenuation (scattering as well as absorption) of electromagnetic radiation, which is
characteristic to some of the physical properties of the aerosol particles. There are two
types of remote sensing techniques; active and passive. In the active remote sensing
technique, the remote sensing instrument transmits the electromagnetic radiation to
illuminate the species (atmospheric particles) and records the signal (containing an
imprint of the particle properties) using a suitable detector. Some typical examples are
LIDAR (Light Detection and Ranging) and SODAR (Sound Detection and Ranging). The
active remote sensing technique can be used from ground-based, ship-borne, space-borne,
as well as air-borne platform.
Passive remote sensing techniques make use of natural sources of electromagnetic
radiation, such as the Sun or Moon. It is also carried out from ground-based, ship-borne,
air-borne, and space-borne platform. In the present investigation, sun photometry is one
of the extensively used passive remote sensing techniques to measure the columnar
spectral aerosol optical depths (AODs). This has been extensively used in the present
study and as such a description of it is given in the following sub sections.
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2.3

SUN PHOTOMETRY
The sun photometry (solar radiometry) has been a subject of interest in the

atmospheric science for about two and a half centuries. It makes use of the Sun as a
source of electromagnetic radiation. Generally the radiations from near UV (ultraviolet)
to near IR (infra red) are used. The change in the intensity as a function of wavelength of
the radiation as it travels through the atmosphere is used to deduce the columnar
properties of aerosol system.

PRINCIPLE
The solar radiation, passing through the Earth’s atmosphere, gets modified due to
the scattering and absorption (known as extinction), both by air molecules and aerosol
particles. The technique of sun photometry involves the measurement of directly
transmitted, ground reaching solar flux at narrow wavelength bands as a function of solar
zenith angle. For a nearly monochromatic radiation of wavelength λ, which lies outside
any major absorption band, the ground reaching direct solar flux Fλ is related to the extraterrestrial flux F0λ (at the top of the atmosphere) through the Bougure Lambert-Beer’s
Law in the following manner:
2
R 
F = F  0  exp(−τ m)
λ
0λ  R 
λ



(2.1)

where R0 and R are the mean and instantaneous Sun-Earth distances, τλ is the
columnar total optical depth (TOD) of the atmosphere at the particular wavelength (λ),
and m is the relative airmass. The relative airmass is a geometrical term accounting for
the relative increase in the optical path length of the radiation with increase in the solar
zenith angle. The spectral distribution of F0λ for the range 0.2 to 5 µm is shown in Figure
2.1 [Iqbal, 1983]. It shows that more than 90% of the solar energy is distributed in the

wavelength range 0.35 to 2 µm and these regions are rather free from major absorption.
Therefore the solar radiometry makes the use of wavelengths in this region for aerosol
studies. For the solar radiometer like Multi-wavelength Solar Radiometer (MWR) used in
this study, designed to give an electrical output voltage Vλ, which is directly proportional
to the Fλ, equation (2.1) can be re-written as follows,
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FIGURE 2.1:- The spectral distribution of extra-terrestrial solar irradiance [Iqbal, 1983].

2
 R0 


V =V
exp( −τ m )
0λ  R 
λ
λ



(2.2)

where the V0λ is the radiometric output signal voltage, corresponding to F0λ. This
equation, can be re-written in logarithmic form as,

 R 
log(V ) = log(V ) + 2 log  0  − τ m
0λ
 R  λ
λ 




(2.3)

Equation (2.3) represents a linear relation between log(Vλ) and m, provided τλ
remains constant during the period of measurements. This is because the F0λ (i.e. V0λ)
and R0 are constant, while the value of R is nearly constant for the day and can be known
from the ephemeris or simple relation [Iqbal, 1983]. The value of m depends on the solar
zenith angle. It can be estimated from the knowledge of the time of observation, the solar
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declination angle, the ephemeris transit time (or equation of time) and the geographic coordinates (latitude & longitude) of the observational site. Thus, if continuous
measurements of Vλ are made as a function of solar zenith angle during a day, a plot of
log(Vλ) versus m will show the points lying either on or very close to a straight line. The
slope of this straight line (estimated by linear regression analysis) gives the TOD (τλ).
The intercept extrapolated to meet the ordinate at m = 0, corresponds to [log(V0λ) +
2log(R0/R)] will be representative of F0λ (modified by variation in Sun-Earth distance).
This value of F0λ can be used as a self-calibration for the radiometer. This method is well
known as the Langley technique in the literature [Shaw et al., 1973a]. The Langley
technique yields the value of τλ of the atmosphere in a vertical column of unit cross
section. This is the combination of the optical depths due to the molecular extinction
(absorption and scattering due to molecular) and extinction due to the aerosol particles.
By subtracting the contribution of the molecular absorption and scattering, the aerosol
optical depths (AOD, τpλ) can be estimated. More details regarding on this method and its
application to the present work will be described in the section 2.5.

2.4

THE MULTI-WAVELENGTH SOLAR RADIOMETER (MWR)
The Multi-Wavelength solar Radiometer (MWR) used in the present study was

designed and developed by Space Physics Laboratory (SPL), of Vikram Space Centre
(VSSC), Trivanthapuram, following the principles of filter wheel radiometers [Shaw et
al., 1973b] and the details are provided in several earlier papers [Moorthy et al., 1988;
1989, 1997, 1999, 2001; Sagar et al., 2004; Dumka et al., 2007a]. It makes continuous
spectral extinction measurements of ground reaching, directly transmitted solar flux at 10
discrete, narrow wavelength bands in the visible and near IR region, continuously in a
programmed manner. The photograph of the MWR (field unit) system used in the present
study is shown in Figure 2.2. It consists of three major units; the Optics Unit, the
Mechanical Unit and the Control & Data Acquisition Unit. Each of these units and their
constituents are described in the following section:
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FIGURE 2.2:- Photograph of the MWR system.

2.4.1 OPTICS UNIT
The optics unit is the most important part of the MWR system where the desired
radiation is band-selected and measured. The main functions of the optics unit are
¾ To receive the direct solar radiation and select the desired wavelengths in a

desired sequence.
¾ To limit the field of view (FOV) in order to minimize the effects of diffuse

radiation.
¾ To focus the radiation on the detector.
¾ To obtain an electrical output proportional to the incident radiation flux.

The schematic block diagram of the MWR optics unit is shown in Figure 2.3. The
main components of the optics unit are Metallic Shutter, Quartz window, Filter wheel,
Neutral density filter, Interference filter, Filter wheel drive motor assembly, optical
channel with a condensing lens, filed stop, photo detector, and a metallic housing. The
entire setup (excluding the control system) is enclosed in a metallic housing, which is
surface treated for preventing it from weathering.
The metallic shutter is used to close the optics unit, when the MWR is not in
operation. This is basically a protective element for the internal components from the
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environment. The quartz window is a circular disk of 25 mm diameter and 5 mm
thickness. It protects the optical components from the environment without affecting the
spectral characteristics of the incoming solar radiation, when the system is operational. It
has a uniform transmittance (> 95%) over a wavelength range 0.25 to 1.20 µm. Any
radiation entering in to the optics unit passes through the quartz window.
The desired narrow-band radiations are selected in the MWR using narrow band
interference filters. The interference filters have nearly flat transmittance within most of
the pass band and steep decreases in transmittance outside it. The peak transmittance of
the interference filters used in the MWR ranges between 30 to 75% at different
wavelengths, with the FWHM (Full Width at Half Maximum) around 5 nm. The
transmittance decreases sharply beyond the pass band. The filters are blocked from Xrays to UV in the short wavelength, to far IR on the long wavelength side. The
transmittance in the blocking range is <10-4 of the peak transmittance. The other
specifications and characteristics of the interference filters used in the MWR are given in
Table 2.1. Typical transmission curves for two representative wavelengths at 0.40 µm

and 0.75 µm are shown in Figure 2.4.

FIGURE 2.3:- The schematic block diagram of the MWR Optics Unit.
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TABLE 2.1:- Characteristics of Interference Filters used in the MWR system

Parameter
Tolerance in Central Wavelength
Peak transmittance
Blocking range
Blocking transmittance
Number of cavities
Thickness
Diameter
Humidity & weather Protection

Specifications
± 2 nm
35 to 75% at different wavelengths
X-rays, EUV, to far IR beyond the pass band
< 10-4 of peak transmittance
3
5 to 7 mm
25.4 mm
MIL specification

FIGURE 2.4:- Transmission curves of the interference filter at two representative
wavelengths 0.40 and 0.75 µm respectively.

The intense solar flux, reaching to the MWR system would drive the detector to a
saturation level, in the visible and near IR region. In order to avoid this, the radiation is
attenuated before band selection using the interference filters by using a suitable neutral
density (ND) filters. The ND filter attenuates the highly intense incident solar radiation to
the desired level without causing any spectral deformation. The amount of attenuation
depends on the optical density (OD) of the ND filter, which is defined as:
O

 1 

= log 
D
T

 ND 
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(2.4)

TND is the transmittance of the ND filter. The value of TND is nearly uniform over
the entire spectral range covered by the MWR. The value of OD is selected in such a way
as to avoid the saturation for clearest atmosphere and zenith Sun, still maintaining a high
signal-to-noise ratio (SNR). As the spectral distribution of solar irradiance peaks at ~0.50
µm (Figure 2.1) and the spectral response of the detector peaks at ~0.90 µm (Figure
2.5), the value of OD is increased initially with wavelength and then decreased, so as to

achieve a non uniform output at all the channels. The incoming solar radiation after
passing through the quartz window is made to fall normally on the ND filter before
falling on the interference filter.

FIGURE 2.5:- Response curve of the photo detector, UDT 455UV.

The filters are mounted sequentially on a filter wheel (FW). It is a circular, dull
blackened metallic disk with 10 equidistant filter holders fixed along the pitch circle
diameter. Into them 10 filters are mounted sequentially at an angular separation of 36o.
Each filter holder can hold one interference filter and one or more neutral density filters
as per requirement. The filter wheel drive assembly consists of a stepper motor and gear
system, which rotate the filter wheel (as per the user requirement), to position each filter
in alignment with the optical channel (optical path) of the incoming solar radiation. The
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stepper motor moves at the rate of 1.8o per step. This movement is geared down to a ratio
of 40:1 and transmitted to the filter wheel, in order to obtain a fine movement.
The band-selected radiation emerging out of the interference filter passes through
the optical channel consisting of completely dull blackened cylindrical metallic tube with
the optical components mounted inside). It is coaxial with the window and the filters
when aligned. The black surface inside prevents glare and diffuse reflection of light from
the walls. The main components in the optical channel are a plano-convex achromatic
converging lens (25 mm diameter), a filed stop and a photo detector amplifier. It
converges the parallel rays from the Sun after band selection to its focal plane at about 67
mm away from it. Along with the other elements the objectives lens limits the field-ofview of the MWR.
The photo-detector amplifier used is United Detector Technology (UDT 455UV).
It is a PIN doped silicon photodiode combined with a low drift, low noise preamplifier
with selectable gain. The diode is operated in the photovoltaic mode so that the device is
linear over several decades of input energy. The photo-detector assembly can be moved
along the axis of the optical channel and positioned carefully close to the focal plane of
the lens. The spectral response of the UDT 455 UV is shown in Figure 2.5.
The field-of-view (FOV) of the system decides the amount of diffuse radiation
entering the MWR along with the direct radiation. Large FOV causes more diffuse
radiation from the sky to enter the optics unit, which causes error in the measurements.
The FOV of the MWR system is determined by the lens-detector assembly, which is
shown schematically in Figure 2.6. The FOV (θf) is given by the ratio of the active
diameter of the detector (dL) to the focal length of the lens (fL).

θ=

dL
fL

(2.5)

For the MWR system, dL=2.54 mm and fL=67 mm. By substituting these values in
above equation, the field-of-view of the MWR comes out to be ~2.1o (compared to the
angular diameter of the Sun being 0.5o). For a field of view of 30 and under moderate
turbid condition (for AOD≈0.5), the amount of diffuse radiation entering the system is
less than 3% of the direct radiation [Box and Deepak, 1979].
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FIGURE 2.6:- Schematic of the field-of-view of the lens-detector assembly.

All the above components are mounted inside a cylindrical metallic case; whose
inner surface is dull blackened. This protects the unit from weather and environmental
effects. It also facilitates proper mounting on a mechanical structure to ensure alignment
with the Sun.

2.4.2 MECHANICAL ASSEMBLY
Mechanical assembly is designed to hold the optics unit in continuous alignment
with the Sun, once set initially. The initial settings are made manually to a coarse level
and then precisely using the control unit by maximizing the signal output. The continuous
alignment with the Sun is achieved by mounting the optics unit on an equatorial mount
and moving it along the elevation angle, at an angular speed equal to the angular speed of
the Sun (i.e. 360o in 24 hours). Equatorial mount performs the function of pointing the
axis of rotation of the optics unit (polar axis) parallel to the axis of rotation of the Earth.
This is done by keeping the axis elevated by an angle, equal to the latitude of Nainital
(29.4o N) and aligned along the geographical North-South. For the initial setting, the
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declination angle is set by rotation of the optics mount. The optics unit is then tilted and
the elevation is adjusted to get solar alignment by maximizing the output of the photodetector with first filter in position. Once the system is perfectly aligned towards the Sun,
continuous alignment is maintained by rotating the optics unit about the polar axis with
an angular velocity equal to the apparent angular velocity of the Sun; at an angular speed
of 0.05o in every 12 seconds. The required movements of the mechanical assembly in the
MWR are achieved using stepper motors.
Two stepper motors are used; (1) for Sun control motor (for moving the optics
unit) and (2) for filter wheel motor (for moving the filter wheel). Both the motors have a
step angle of 1.8o per step. The motion of the corresponding motors is transmitted to the
respective devices through appropriate reduction gears. The filter wheel motor brings
each of the 10 interference filters sequentially in the line to the optical channel. It holds
the filters steadily during the data acquisition and repeats the cycle in a programmed
manner.

2.4.3 CONTROL AND DATA ACQUISITION SYSTEM
The control and data acquisition unit consists mainly of electronic circuitry that
controls all the operations of the MWR system. This includes the sun tracking, filter
wheel movement and data collection at each filter through an interactive menu driven
software. The block diagram of the MWR Control and Data Acquisition system is shown
in Figure 2.7. The data acquisition system acquires the data at each filter, sequentially
digitizes and stores these data after each acquisition cycle along with any other necessary
information. During the operation each filter stays in the field of view for about 2
seconds. The system DC offset, when the field of view is blocked by the metallic portion
of the filter wheel, is also recorded during each cycle of the observations. This DC offset
is subtracted from the output of each filter. This data forms the raw data for the further
analysis. More details of the MWR system are given elsewhere [Satheesh and Moorthy,
1997; Moorthy et al., 1997, 1999; Sagar et al., 2004; Saha and Moorthy 2004].
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2.4.4 WAVELENGTH AND BANDWIDTH SELECTION CRITERION
The spectral distribution of solar radiation (Figure 2.1) can be approximated to
that of a black body at temperature 6000 K. It shows that about 90% of the total solar
energy lies in the visible and near IR wavelength region (0.35 to 2.0 µm). This spectral
region contributes maximum to the radiation budget of the Earth-atmosphere system and
aerosols produce significant perturbation to this region. Also this spectral region is more
or less, free from any major absorption bands due to the atmospheric constituents, and the
atmospheric attenuation is mostly due to the Rayleigh (molecular) scattering and aerosol
extinction [Iqbal, 1983]. As such, the MWR system used in the present study was
designed to make the measurements at ten narrow bands in the spectral range 0.38 to
1.025 µm. The desired wavelength bands are chosen to lie in the relatively smooth region
of the solar spectrum, so that any slight shift in the central wavelength of filter pass-band
would cause only very small changes in the radiometer output signal.

FIGURE 2.7:- Block Diagram of MWR Control and Data Acquisition System.
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The central wavelengths of the present MWR system are 0.38, 0.40, 0.45, 0.50,
0.60, 0.65, 0.75, 0.85, 0.935 and 1.025 µm. All these wavelengths except at 0.935 µm are
well away from any major molecular (gaseous) absorption bands except for the broad
Chappius band of the ozone absorption, which lies in the wavelength range 0.44 to 0.77
µm, with a peak at ~0.59 µm. The wavelength band at 0.935 µm lies very close to the
peak of ρστ absorption band of water vapour and was used for estimating the columnar
water vapour content. While selecting the bandwidths at each wavelength, the following
points were also taken care of:

¾

The bands should be well separated and should lie outside any major absorption
bands of atmospheric constituents in the spectral range, so that BouguerLambert-Beer law is applicable, and

¾

The bandwidth should be sufficiently larger than the width of Fraunhofer lines, so
that the solar flux does not change significantly within the band and at the same
time, it should be small enough so that the variation of the aerosol extinction
within the band can be neglected.
With all the above consideration, the spectral bandwidths/Full Width at Half

Maximum (FWHM) was chosen to have a nominal value of 5 nm (between 4.9 and 6.1
nm).
For the present study, MWR are used extensively and operated in the above
principle and the author was involved in its integration, field-testing, troubleshooting,
installations, operating and data collection, which were screened and analyzed before
using the data to characterize the aerosols.

2.5

DATABASE AND DATA ANALYSIS
The MWR was operated on generally clear days (when the sky is free from visible

clouds). While operating on partially clear days (during the periods of unobscured solar
visibility), it is ensured that the region of the sky within ~ 10o centered about the Sun is
devoid of any visible clouds. The observations are made more frequently when the rate of
change of solar zenith angle is large (i.e. before ~11.00 hours and after 15.00 hours). Any
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spurious drifting, clouds entering the filed of view of MWR during the observation, may
affect some of the data points, which are removed by the cloud screening method in the
analysis software [Moorthy et al., 1997]. In general, the datasets on a day were spread for
a minimum of ~ 3 hours, so that the linear fit to Beer’s law can be made with sufficient
accuracy. Generally the data collected during a single day is considered as a single set
and the daily mean optical depths are derived. But on certain days (during the analysis of
data), the Langley plots revealed occurrence of different least square fit to the data with
distinctly different slopes (two different lines) for the forenoon (FN) and afternoon (AN)
parts of the same day. On such days, the MWR data were analyzed separately considering
the FN & AN part of the data as two independent data sets. The data collected using the
MWR is used to estimate the atmospheric total optical depth from which spectral AODs
are obtained.

ESTIMATION OF COLUMNAR TOTAL OPTICAL DEPTH (τλ)
To estimate the columnar total optical depth (τλ), the relative airmass (m)
corresponding to each measurement time has to be estimated. The relative airmass “m” is
defined as the ratio of the mass of air contained in a column of unit cross section along a
given ray path to the vertical or zenith path length or can be given as an equation as
[Iqbal, 1983],
∞
∫ ρ air ds
m= 0
∞
∫ ρ air dz
0

(2.6)

where ρair is the density of air, ds is the slant path length/geometric path length
along the desired direction and dz is the vertical path length along the zenith direction.
Considering the curvature of the Earth and refraction effects of the atmosphere, above
equation can be written in a general form given by Kondratyev, [1969],

1
 2
1 ∞   RE n0 
2
m=
Sin χ 
ρ dz
∫ 1−
z
ρ H 0 R +z n 

z
0 0   E

−
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(2.7)

where ρ0 and ρz are the atmospheric densities at the ground [standard temperature
and pressure (STP; 273.15 oK and 1013.25 hpa)] and at a height z respectively, H0 is the
height of a homogeneous atmosphere (i.e. scale height of the atmosphere), RE is the
radius of the Earth (~6371 km), n0 and n(z) are the refractive indices of air at the ground
(STP) and at a height z, and χ is solar zenith angle (the angle between the local zenith
and the line joining the observer to the Sun). For a given geographical location, the solar
zenith angle (χ) can be given by the following equation

[

χ = Cos − 1 Sinφ Sinδ + Cosφ Cosδ CosH

a

]

(2.8)

where, φ, is the geographic latitude of the observing station in degrees, δ, is the
solar declination angle of the day of observation, and Ha, is the hour angle corresponding
to the observation time. The solar declination angle (δ) is the angle between the line
joining the centers of the Sun and the Earth and the equatorial plane. The value of δ is
zero during vernal and autumnal equinoxes (21st March and 23rd September of the year)
and has a maximum value of ±23.5o during the summer solstices and winter solstices
(21st June and 21st December of the year). During the period of MWR observations in a
day the maximum change in δ is less than 0.5o and hence can be considered invariant
during the observation period since MWR system has a field of view ~2o. The hour angle
(Ha) is the angle measured at the celestial North Pole between the observer’s meridian
and solar meridian counting from midday; it changes 15o per hour.

H a = ( ALT × 15 ) − 180

(2.9)

where ALT represents apparent local time expressed in hours, which is the
apparent solar time determined by the meridian transits of the Sun.

ALT = LMT + ∆ t

(2.10)

where LMT represents the local mean time and ∆t is the equation of time, which
is a measure of discrepancy between apparent and local mean times and varies from -14.5
to +16 minutes in a year [Iqbal, 1983]. It arises because of two reasons (a) Earth sweeps
out unequal areas as it revolves round the Sun and (b) Earth’s axis is tilted with respect to
the ecliptic plane (plane of revolution of Earth around the Sun). The local mean time
corresponds to the mean solar time determined by the meridional transits of an imaginary
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(mean) Sun moving on the celestial equator with uniform angular speed, it’s lower transit
making zero hour and upper transit 12 hour of the local mean time. The local mean time
(LMT) is related to the time of observation, which is the Indian Standard time (IST),
through the difference in longitudes and written as,

LMT = IST + LC = IST +

(θ - 82.5)
15

(2.11)

where LC is the longitude correction, which is 4 minutes for every degree, and it
accounts for the difference between the local and standard meridians, θ is the
geographical longitude of the observing station and 82.5o E is the longitude
corresponding to the IST. The longitude correction is positive, if the local meridian is to
the east of the standard and negative, if it is to the west of the standard meridian. The
daily values of δ, ∆t and R0/R are available from the astronomical ephemeris. Using
equation (2.8), the solar zenith angle is calculated. Figure 2.8 shows the variation of
minimum solar zenith angle χM (which occurs during local noon) with Julian day for
Nainital. The variation of solar declination angle with Julian days is also shown in Figure
2.8. While the Figure 2.9 shows the variations of both equation of time and true

geocentric distance in astronomical unit (AU) with the Julian day.
For zenith angle χ < 60o, the Earth’s atmosphere can be considered non-refractive
and homogeneous, and hence the curvature effect can be ignored [Iqbal, 1983]. Hence
the equation reduces to the form

m = sex( χ )

(2.12)

However for the higher zenith angles (χ > 60o), equation (2.7) should be used.
Figure 2.10 shows the variation of relative airmass [estimated using equation (2.7) and

equation (2.12)] with solar zenith angle. From Figure 2.10, it is clearly seen that for χ <
60o, the deviations in the two curves is very small and it becomes quite significant as χ
approaches 90o.

69

FIGURE 2.8:- The variation of solar declination angel δ (with the left axes) and minimum
solar zenith angle χM (with scale on the right axes) with Julian day for Manora Peak,
Nainital. The horizontal solid line shows the latitude of Manora Peak, while the
horizontal dashed line indicates the maximum and minimum solar declination angle.

FIGURE- 2.9:- The variation of equation of time and true geocentric distance with Julian
days are shown in left and right axes. The mean Sun-Earth distance (R0) is known as one
astronomical unit (AU).
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FIGURE 2.10:- The variation of solar zenith angle with relative airmass (continuous line)
and secant of the solar zenith angle (dotted line).

In the present study, equation (2.12) is used for the computation of relative air
mass for χ ≤ 45o and equation (2.7) is used for χ > 45o. After estimating the relative
airmass (m) following the above procedure, a Langley plot is constructed with relative
airmass (m) along the abscissa and log (Vλ) along the ordinate. The slope of the Langley
plot gives τλ values and the intercept (V0λ) gives the MWR output corresponding to the
zero airmass flux (i.e. the solar radiation at the top of the atmosphere). The typical
Langley plots for the MWR data for 04th January 2002 are shown in Figure 2.11. The
wavelength, value of τλ and correlation coefficients are given on left bottom and top of
the each panel. The Langley intercept can be used as a self-calibration for the instrument.
The temporal invariance of the corrected Langley intercept (after correcting for the
variation in the Sun-Earth distance) has been used to ascertain the stability of the MWR
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system. It has been observed that the MWR has been quite stable during the study period
and the Langley intercept remained nearly steady as can be seen from Figure 2.12, where
the corrected Langley intercept at three representative wavelengths (0.38, 0.50 and 0.75
µm) as a function of the day number for the first 100 MWR observation days after
installation has been shown. The distributions of the corresponding points are best
represented by mean ± standard deviation of 1.20 ± 0.08; 1.22 ± 0.05 and 0.79 ± 0.05 at
0.38, 0.50 and 0.75 µm respectively. These are the typical values generally associated
with variation of Langley intercepts and calibration uncertainties in CIMEL radiometers
used

widely

by

Aerosol

Robotic

Network

(AERONET)

[http://www.aeronet.gsfc.nasa.gov; Holben et al., 1998; Eck et al., 2001]. Moreover,
Nainital, being a high altitude station (~ 2 km AMSL) and experiencing very low AODs
for a considerable duration of the year, meets the requirement for accurate calibration of
the Sun photometer [Shaw et al., 1976]. Further details of the Langley plot technique and
error analysis are given by Shaw et al., [1976].

ESTIMATION OF COLUMNAR AEROSOL OPTICAL DEPTH (τPλ)
The τλ values estimated from the MWR data following the Langley plot technique
are the sum of the optical depths due to molecular (Rayleigh) scattering (τRλ), extinction
due to the aerosols (τPλ), and absorption (weak) due to the gas molecules such as Ozone
(τO3λ) for the wavelength region 0.44 to 0.77 µm; Nitrogen dioxide (τNO2λ) for the
wavelength region 0.36 to 0.45 µm and the water vapour (τwλ) for the wavelength range
0.75 to 1.025 µm, each being separate function of wavelength. Therefore

τ

Pλ

= τ −τ

λ

Rλ

−τ

O3λ

−τ

NO 2λ

−τ

wλ

(2.13)

All these terms in the above equation, except τPλ, can be estimated readily from
the knowledge of the relevant cross sections and climatological values of the total content
of the species and by subtracting these from τλ, τPλ can be deduced.

τ

Pλ

= τ −τ

λ

Rλ

−τ

O3λ
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−τ

NO 2λ

−τ

wλ

(2.14)

FIGURE 2.11:- The typical Langley plots for the MWR data for 04th January 2002 over
Nainital. The points are the individual measurements and the straight line is linear least
square fit to the measurements. The value of total optical depth, which is given by the
slope of the linear least square fitted line and the correlation coefficients are given on the
top of each panel and the wavelengths are given on the left bottom corner.
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FIGURE 2.12:- The variation of the corrected Langley intercepts as a function of day
number from the date of installation at three representative wavelengths 0.38, 0.50 and
0.75 µm respectively. The dotted line represents the mean values of the corrected
Langley intercepts.

ESTIMATION OF RAYLEIGH OPTICAL DEPTH (τRλ)
The Rayleigh optical depth is calculated using a wavelength and surface pressure
dependent parameterization [McClatchey et al., 1972],

(τ Rλ )

*

2
 ξ 2 −1 
3
∞

24π  0
K
=
 d ∫ N mz dz

N 2 λ4  ξ 2 + 1 
0
m0  0


(2.15)

where, (τRλ)* is the Rayleigh optical depth at mean sea level, Nm0 is the molecular
number density at the surface at STP, ξ0 is the refractive index of the air at the surface,
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Nmz is the molecular number density at height z and kd is the depolarization factor for the
Rayleigh scattering. The spectral values of Kd lie in the range 1.048 to 1.051 for the
wavelength range covered by the MWR [Bates, 1984]. The expression, used to determine
the refractive index (ξ) of air as a function of altitude, is given by Kondratyev [1969].

( 0 ) pp

ξ 2 = 1+ 2 ξ −1

(2.16)

0

The value of ξ0 is evaluated using the empirical relation given by Kneizys et al.,
[1980].

 P0 
0.347  Pw

 43.49 −

(ξ0 −1)×106 =  77.46 + 0.459
−
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2 P

λ



 0



λ

 0

(2.17)

The values of P0 and T0 are the pressure and temperature at STP and Pw is the
partial pressure of water vapour at the surface. The values of pressure and temperature as
a function of altitude have been taken from the reference neutral model for Trivandrum
[Sasi and Gupta, 1979], for the altitude region 0 to 80 km based on 15 years of M-100
rocket data. The water vapour pressure profiles over Trivandrum [Parameswaran and
Murthy, 1990] have been used to determine the surface and altitude profile of water
vapour partial pressure. The values of (τRλ)* derived as above are applicable for the
locations at mean sea level. However, for high altitude locations, like Nainital, where the
surface pressure is significantly different from P0, τRλ is corrected as,
τ

Rλ

( Rλ )* ×  PP 

= τ

(2.18)

 0

where τRλ is the Rayleigh optical depth at the mean surface pressure (P) at
Nainital, which has the value ~817 mb. The spectral variation of Rayleigh optical depths
for the MWR wavelengths is shown in Figure 2.13.

ESTIMATION OF OZONE OPTICAL DEPTH (τO3λ)
In the visible region of the spectrum, Ozone has a weak broad absorption band,
the Chappius band, which extends from 0.44 to 0.77 µm, peaking at around 0.59 µm. The
optical depths due to the absorption of Ozone is estimated using the following expression,
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τ

O3λ

=σ

80

(λ ) ∫ NO3 (z )dz
O3

(2.19)

0

where σO3(λ) is the wavelength dependent absorption cross section for Ozone at
the wavelength λ and NO3(z) is the Ozone number density at altitude z. The values of
σO3(λ) are taken from the LOWTRAN compilation [Kneizys et al., 1980] and the number
density profile of Ozone for Trivandrum is deduced by combining balloon–sonde for
altitude range 0 to 18 km [Kundu, 1982] and rocket measurements for altitude range 18 to
60 km [Jayaraman, 1985], as described by Moorthy et al., [1988]. The total ozone
content in the vertical column for estimating τO3λ, shows ± 16% variability on a year and
error arising from this has been taken into account. The spectral variation of ozone
optical depth, for the MWR is shown in Figure 2.14. At its peak, the ozone optical depths
is ~ 0.03. As we move from lower latitude to higher latitude region such as Nainital
(latitude ~30oN), the Ozone concentration increases by a factor of ~10% [Kundu, 1982]
and this increase is also incorporated in the estimation of τO3λ.

ESTIMATION OF NITROGEN DIOXIDE OPTICAL DEPTH (τNO2λ)
The Nitrogen dioxide has very weak absorption band in the visible region and
characterized by a semi-continuous spectral profile with superimposed structure of weak
lines, covering the wavelength range 0.25 to ~0.60 µm [Hall and Blacet, 1952]. Tomasi
et al., [1985] has estimated the NO2 optical depth to be ~0.003 in the range 0.40 to 0.60
µm.
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FIGURE 2.13: - Variation of Rayleigh Optical depth with wavelength in logarithmic
scale for the MWR wavelengths.

FIGURE 2.14: - Variation of ozone optical depths for the MWR wavelengths.
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ESTIMATION OF WATER VAPOUR OPTICAL DEPTH (τWλ)
Out of the 10 wavelengths used in the MWR system, the wavelength band 0.935
µm lies very close to the peak of ρστ absorption band of water vapour, while at the
wavelengths 0.85 µm and 1.025 µm, the absorption of water vapour is lower by more
than three orders of magnitude than at 0.935 µm [Leckner, 1978; Keneizys et al., 1980;
Tanaka et al., 1982]. Hence the wavelengths 0.85, 0.935 and 1.025 µm have been used
together to estimate the contribution of water vapour to the total columnar optical depth
[Nair and Moorthy 1998; Bhuyan et al., 2005]. From the estimated τλ at these three
wavelengths, the corresponding τRλ, are subtracted to obtain a reduced optical depth,
which is the sum of contributions due to aerosols and water vapour. In order to estimate
the τPλ at 0.935 µm, we used the linear interpolation technique, between the reduced
optical depths at 0.85 µm and 1.025 µm and subtracted from the reduced optical depth at
0.935 µm to get an estimate of τw, at 0.935 µm. Leckner [1978] derived an empirical
transmission function which connects τwλ and the homogeneous content of water vapour
(Xw) by following relation,
τ

wλ

=

0.3K X

λ w

(2.20)

[1 + 25.25 K X ]0.45
λ w

where Kλ is the effective absorption coefficient. By using the appropriate Kλ
values given by Leckner [1978], the estimate of Xw is made by solving the above
equation iteratively. The τwλ values at 0.85 µm and 1.025 µm are estimated by using this
value of Xw and are subtracted from the corresponding values of reduced optical depths.
Interpolation and iteration are repeated with the water vapour corrected optical depths at
0.85 and 1.025 µm and continued till convergence in Xw is attained. The value of Xw is
corrected for the inhomogeneity in the vertical distribution of water vapour in the real
atmosphere. The effective path length of water vapour is given by [McClatchey et al.,
1972],

∞
P
X = ∫ ρ ( z) z
w
w  P0
0
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0.9
dz

(2.21)

where ρw(z) is the water vapour density at a height z, P0 and T0 are the standard
pressure and temperature at the surface respectively and Pz and Tz are the pressure and
temperature at a height z, using model neutral atmosphere profile; we get

W=

X

w
0.791

(2.22)

Using this value of W and the corresponding Kλ, τwλ at all the relevant MWR
wavelengths (λ≥0.75 µm) is estimated. The values of the various molecular contributions
to total optical depth estimated as described above are given in Table 2.2.

TABLE 2.2: - Molecular Contributions in the Total Optical Depth (TOD).

λ(µm)
0.380
0.400
0.450
0.500
0.600
0.650
0.750
0.850
0.935
1.025

2.6

τR
0.3572
0.2886
0.1779
0.1154
0.0549
0.0395
0.0222
0.0134
0.0090
0.0064

τO3
0.0000
0.0000
0.0008
0.0065
0.0283
0.0156
0.0023
0.0000
0.0000
0.0000

τNO2
0.003
0.004
0.003
0.003
0.000
0.000
0.000
0.000
0.000
0.000

τw
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0017
0.2135
0.0001

ERROR ANALYSIS IN MWR
The overall error in the Langley derived Optical depth are mainly due to
¾ The diffused radiation entering the optical channel.
¾ The error in the relative air mass.
¾ The error associated with the zero air mass intercept of Langley plot.
¾ Uncertainty in reading the out put of MWR.
¾ Error associated with the uncertainty in the optical depths due to Rayleigh

scattering and absorption by O3, NO2 and water vapour.
Following Russell et al., [1993], the overall error in the Langley derived optical depth can
be written as
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Where
∆τ 2 = δτ 2 + δτ 2 + δτ 2
+ δτ 2
0
Rλ
O3λ
NO 2λ
wλ

(2.24)

The first term on the right hand side of equation (2.23) represents the error
contribution by the diffuse scattered radiation, detected by the photo detector. Box and
Deepak [1979] have shown that at moderate turbidity conditions, the amount of diffuse
radiation entering the system is less than 3% of the direct radiation, for a field of view 3o.
The field of view is 2o in MWR and hence diffuse light entering into the system is still
smaller. The second term in equation (2.23) arises due to the errors in the computation of
the relative air mass m and it amounts to be ~0.06%. The third term represents the error
arising due to the uncertainty of the zero air mass calibration output of the MWR system.
Generally it varies from 0.2 to 2.6%. The fourth term in equation (2.23) represents the
uncertainty in the reading of the MWR output. The fifth term in the equation (2.23)
represents the total error involves due to the uncertainties in the optical depths due to the
Rayleigh scattering and absorption by O3, NO2 and water vapour. By considering all the
above-mentioned errors, the typical error in the retrieved value of τPλ lies in the range of
± 0.03 [Satheesh and Moorthy, 1997; Moorthy et al., 1999; Sagar et al., 2004].

2.7

NEAR SURFACE AEROSOLS MEASUREMENTS
In the preceding sections, the details of estimating the columnar properties of

aerosols, such as spectral AOD (which depends on the column integrated aerosol number
density and its spectral dependency contains the signature of size distribution) are
provided. Generally, most of the atmospheric aerosols are produced near the Earth's
surface (except the secondary aerosols which are generated from the gaseous precursors)
and located in the lower troposphere (~2 km altitude AMSL), and are then
dispersed/distributed spatially by winds, turbulence, eddy diffusion and other
atmospheric processes. These atmospheric processes have a strong bearing on the
seasonal variation of solar heating of the surface and related boundary layer processes,
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which influence transfer of solar heat flux from the lower levels to higher levels of the
Earth’s atmosphere [Stull, 1989]. Hence the share of aerosol loading at any location has
direct dependence on the near surface aerosols. Thus, for estimating the radiative forcing
of aerosols, it is essential to understand how the columnar properties of aerosols are
related to the near surface aerosol properties and this has been carried out in the present
investigation. Brief descriptions of the instruments for this purpose are given in the
forthcoming sub sections.
2.7.1

THE OPTICAL PARTICLE COUNTER (OPC)
Figure 2.15 shows the photograph and schematic diagram of the OPC (Model No.

1.108, of Grimm Aerosol Technik, GmbH, Germany; http://www.grimm-aerosol.com).
The major specifications of OPC are given in Table 2.3. The OPC is a portable, light
weighted, battery operated unit, used for the continuous and near-real-time measurement
of aerosol number concentration as a function of their size, in 15 channels for the
diameter range between 0.3 to 20.0 µm. The details of the OPC are given in earlier papers
[Pant et al., 2006; Jayaraman et al., 2006]. It works on the principle of counting particles
optically (shown schematically in Figure 2.15), by detecting the pulse of radiation
scattered at 90o by individual particles in the sampling flow where a semiconductor laser
serves as the source of light. The pulse height discriminator sets the size range and the
number of pulses corresponds to the number of particles. The OPC can be operated in
two basic modes; particle counts (as counts liter-1) and mass (as µg m-3) at 15 different
size ranges covering 0.3 to 20 µm. In the present investigation the OPC was operated in
the count mode to obtain the aerosol number concentration. It was operated at a standard
flow rate of 1.2 liters min-1, with a time base of 5 minute round the clock. It aspirates the
ambient air, using an inlet tube and its pump. These counts can be displayed on the LCD
screen of OPC and stored in the data storage card, later on transferred via the RS 232 for
further analysis.
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FIGURE 2.15:- Photograph and Schematic diagram of the Grimm Aerosol Spectrometer
or Optical Particle Counter (OPC) [http://www.grimm-aerosol.com].
TABLE 2.3:- Main specifications of OPC Model 1.108.
Particle diameter
Particle range
Mass Range
Sensitivity
Sample Flow Rate

0.30/0.40/0.50/0.65/0.80/1.0/1.6/2.0/3.0/4.0/5.0/7.5/10.0/15.0/20.0 µm
1 to 2,000,000 counts/liter
Up to 100 mg/m3
1 Particle/liter
1.2 liters/minute

Reproducibility

± 2%

Temperature

Operating range +40 C to 450 C

Outputs
Power Requirements

RS 232 & Analog
Battery or 110/220 VAC with external power supply

82

2.7.2 AETHALOMETER
Aethalometer is used for near-real-time measurement of optically absorbing
aerosol black carbon (BC) particles. It was first conceptualized in the year 1979. Later, it
was used in field experiment at remote locations. The name “aethalometer” is derived
from the Greek verb “aethaloun”, meaning, “Blacken with soot”. It is this optically
absorbing material that the aethalometer measures. The aethalometer is designed for fully
automatic, unattended operation. The sample is collected as a spot on a role of specially
made quartz fiber filter tape. A photograph of the seven channel aethalometer is shown in
Figure 2.16.

FIGURE 2.16:- Photograph of seven channel aethalometer [http://www.mageesci.com].

The BC mass concentration at seven wavelength bands centered on 0.37, 0.47,
0.52, 0.59, 0.66, 0.88 and 0.95 µm was obtained using a multi channel aethalometer. It
measures the attenuation of light beam at all the wavelengths, transmitted through the
aerosol samples which are continuously deposited on a quartz fiber filter tape, on which
the particles impinge. The attenuation coefficients are converted into BC mass
concentration or loading using a set of wavelength dependent calibration factors
(http://www.mageesci.com/Aetholometer_book_2005.07.03.pdf). In any aethalometer
0.88 µm channel is considered as the standard channel for the BC measurement because
BC is the principal absorber of light at this wavelength and other known components
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have the negligible absorption at this wavelength. It was operated, at standard mass flow
rate of 5 liters min-1 and a timebase of 5 minute, round the clock. The instrument
aspirates the ambient air using its inlet tube and its pump. The BC mass concentration
was estimated by measuring the transmittance of the quartz filter tape, on to which the
particles are impinging. The details of the instruments and its operation have been
discussed elsewhere [Hansen et al., 1982, 1984; Babu and Moorthy, 2002; Babu et al.,
2002, 2004; Weingartner et al., 2003; http://www.mageesci.com] and brief descriptions
are given below.

2.7.2.1 PRINCIPLE
The principle of the aethalometer is to measure the attenuation of a beam of light
transmitted through the filter, continuously collecting the aerosol sample. If I0 is defined
as the intensity of light transmitted through the original filter (or through a blank portion
of the filter) and I, the intensity of light transmitted through the portion of the filter on
which the aerosol deposit is collected, then the “optical attenuation (ATN)” has been
defined by Hansen et al., [1984].
I 
ATN = 100 × ln 0 
 I 
 

(2.25)

The factor of 100 is introduced for the instrumental convenience; without this
factor, the definition is simply that of transmission optical density. The absorption of
light by broadband absorber such as graphite carbon is inversely proportional to the
wavelength of light used. Therefore for a given mass of BC, the optical attenuation at a
fixed wavelength (λ) may be written as
1
ATN (λ ) = σ   × [BC ]
λ 

(2.26)

where [BC] is the mass of aerosol black carbon whose optical absorption is
inversely proportional to wavelength, σ(1/λ) is the wavelength dependent optical
absorption cross section and which is referred to as the “Specific Attenuation”. The above
derivation assumes that the actual optical absorption is linearly proportional to the mass
of absorbing material. This assumption is valid under the following conditions which are
found to apply in practice:
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¾ The particle size is considerably smaller than the wavelength size parameter, 2*π*λ
¾ The amount of absorbing material in the sample is small enough to avoid the

saturation.
¾ The effect of the embedment of particles in a deep matrix of optically scattering fibers

is to eliminate any reduction of the optical transmission through the filter by optical
scattering of the particles, and to render the measurement sensitive to absorption
only.
The heart of aethalometer is its analysis chamber, a cross section of which is
shown in Figure 2.17. It contains the aerosol inlet, optical source assembly, light guides
for the photo-detectors, and the filter tape support. The high intensity LED lamps
emitting at 0.88 µm are used as light source for the 0.88 µm channel. The quartz fiber
filter tape uses two essential attributes. First, it has a deep mat of optically scattering
fibers within which the aerosol particles are collected, so that any effect on optical
transmission by light scattering from the collected particles will be nullified. Therefore,
the measurement is sensitive only to incremental light absorption. The second is its
thermal stability at high temperatures. A mass flow meter monitors the sample airflow
rate by producing an electrical output. This electrical output is linearly proportional to the
air mass flow rate. This flow rate is independent of absolute pressure. The flow meter
output (signal voltage) is calibrated in terms of SLMP (Standard Liters per Minute). This
is defined at 70°F (20ºC) temperature, and 1013 mb pressure. The sensing beam (SB),
reference beam (RB) and air flow rate signals constitute the fundamental data inputs used
to calculate the mean BC content of the air stream. The details of the instruments and
their operations have been discussed elsewhere [Hansen et al., 1984; Babu and Moorthy,
2002; Babu et al., 2002, 2004]. The aethalometer calculates the aerosol BC content of the
sampled air stream based on the following measurements:
¾ The measurements of the Reference and Sensing beam detector outputs with the

lamps OFF, to determine their zero offsets.
¾ The measurements of the Reference and Sensing beam detector outputs with the

lamps ON, to determine the transmitted light intensities.
¾ The measurements of the air flow through the system.
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FIGURE 2.17:- The cross section of optical analysis head [http://www.mageesci.com].

SB = Sensing beam detector output with lamps on.
SZ = Sensing beam detector zero offset output with lamps off.
RB = Reference beam detector output with lamps on.
RZ = Reference beam detector zero output with lamps off.
ATN = Optical attenuation due to aerosol deposit on filter.
B = Surface loading of black carbon on filter, [g cm2].
SG = Specific attenuation cross-section for the aerosol black carbon deposit on this filter,
using the optical components of this instrument, [m2 gram].
BC = Concentration of black carbon in the sampled air stream, expressed in nanogram
per cubic meter, [ng m-3].
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The optical attenuation is written as,
 (SB − SZ ) 

ATN = −100 × ln
 (RB − RZ ) 

(2.27)

The absolute value of this attenuation is not important, as the determination of BC
is calculated from its rate of change. The increase of ATN is proportional to the increase
of surface loading B of black carbon on the aerosol deposit spot, with the relation
d ( ATN ) = SG × d ( B)

(2.28)

This increase of black carbon (BC) is the amount filtered from the air stream
during the time base interval, T. If the flow rate is F and the area of the filter on to which
it is collected is A, then BC is estimated with the relation given below.
d ( B) =

(BC × F × T )
A

(2.29)

2.7.2.2 PRESSURE CORRECTION
The aethalometer is operated under standard mass flow condition. However, as
the ambient pressure decreases with increasing altitude, the pumping speed is increased
to maintain the set mass flow rate, and hence more volume of ambient air is aspirated.
Thus the instrument measured values of black carbon mass concentration (Mb) has to be
corrected for the change in the pump speed at the high altitude to get actual black carbon
mass concentration (MB). This is done following Moorthy et al., [2004]. The actual
volume V1 of ambient air aspirated at an ambient pressure P1 and temperature T1 is given
as,
P T 
V1 = V0  0 1 
 P1 T0 

(2.30)

Since the measured BC concentration (Mb) are calculated based on the standard
flow rate V0, the actual value of BC mass concentration MB after correcting for the
change in flow rate is given as,
P T 
MB = Mb  0 1 
 P1 T0 

−1

(2.31)

Following the above equation (2.31), each measurement of Mb is converted to the
true value of BC mass concentration (MB).
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2.8

THE EXPERIMENTAL SITE: GENERAL PHYSICAL FEATURES
The experimental site, Manora Peak, Nainital [Latitude = 29.4o N, Longitude =

79.5o E, altitude = 1950 m above mean sea level (AMSL)], is located in the Central
Himalayas. It is around ~3 km due south of the Nainital main city, which has a
populations of around 25 thousands. The observational site is surrounded by mountains
on the three sides, east, north and west while to the south it opens to a valley region of the
northern Indian plains. The geographical location of the experimental site (marked by a
circle) along with the adjacent regions around the site, is shown in the Figure 2.18, on
the “Google Earth” map (http://www.earth.google.com).
The human activity is highly subdued over the observational site, as the area is
almost inhabited. The site is a hilly terrain and free from any major industrial and urban
impact. The site is well below the snow line and has thick vegetation as can be seen from
Figure 2.19. Therefore the site is devoid of any major pollution during most of the time;

provides an ideal platform for the free troposphere radiation and aerosol measurements.
Being a major tourist place, Nainital has always bustling tourist activities especially
during the months - March to June and October and November of any year. There is also
rapid increase in the number of vehicles, which includes buses, cars, and two wheelers
especially during the peak seasons. The site has a varied topography as shown in Figure
2.20, where the color code represents topographical features. To the north and northeast

of the observational site is the hilly terrain of the Central Himalayan range (> 2 km
AMSL), having insignificant anthropogenic activities. On the other hand to the south and
southwest are densely populated and polluted valley regions (at a mean elevation of ~300
m), and located at an aerial distance of ≤ 40 km and which merge with the vast plains of
the Ganga Basin, further south which include several urban areas like as New Delhi
(Indian Capital), Kanpur, Lucknow within an aerial distance of ~200 km. Although there
are no major anthropogenic or industries activities, some small scale industries/factories
are located adjacent to the site, like as Haldwani, Pantnagar and Rudrapur, just at the
foothills of Nainital, within a spatial distance ~30 km due south at low elevation of ~300
m amsl.
The Manora Peak (at Nainital) has an astronomical Institute. It is devoted to basic
scientific research in the frontier areas of astronomy and astrophysics as well as
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atmospheric science. Detailed information regarding the various research activities and
facilities available at the institute ARIES (ARYABHATTA RESEARCH INSTITUTE

OF

OBSERVATIONAL SCIENCES) is given elsewhere [Ramachandran 2004; Sagar, 2006;

Sinvhal, 2006]. Because of this basic information, it provides a good site for atmospheric

aerosol study. Site is also suitable for carrying out certain unique aspect of atmospheric
studies and which can be supplement the studies done on the low altitude based stations.

FIGURE 2.18: - The geographical location of Nainital (marked as circle), over the Indian
subcontinent on the Google Earth map (http://www.earth.google.com).
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FIGURE 2.19:- Monthly mean NDVI distribution over India, with emphasis to the Central
Himalayas for December 2004 (Data obtained from MODIS).

FIGURE 2.20:- Digital elevation model for the Nainital, showing the topography, where
the color code represents the altitudes in meters above the mean sea level.
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2.9

DATA BASE
The daily (FN and AN) mean spectral AOD obtained regularly using the MWR

formed the basic database used for this study. Besides, mass concentration of black
carbon aerosols and number size distribution of composite aerosols near surface were
measured regularly during the period (November 2004 to December 2005) using the
aethalometer and OPC (Optical Particle Counter) respectively. This database has been
used to examine the association between surface and columnar properties during the
period of common data and also to understand the role of boundary layer dynamics in
producing some of the observed short period (within daytime) temporal changes in the
aerosol characteristics. A list of the database used is given in Table 2.4. In addition to
that, the supplementary MET data on the prevailing meteorological conditions such as
wind speed, wind direction, relative humidity, pressure, temperature and rainfall
measured at the observational site using the different sets of metrological sensors have
been also used. In addition to these MET data, we have used the National Centre for
Environmental Prediction/National Centre for Atmospheric Research [NCEP/NCAR;
(http://www.cdc.noaa.gov)] re-analysis data to examine the role of synoptic processes in
the temporal/seasonal variation of aerosol properties. In addition, we have also used the
back trajectory data, to study the effect of long-range transport from HYSPLIT/READY
website (http://www.arl.noaa.gov/ready.html).
Using the above database the author has investigated the temporal and spectral
characteristics of columnar and near surface aerosols and their association with the
synoptic and mesoscale meteorology. The changes in the microphysical properties of
aerosols and their consequence are investigated. The details of this are given in the
subsequent chapters.
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TABLE 2.4:- The MWR, OPC and Aethalometer data base used in this study.

Aerosol Parameter

Spectral AOD
Number concentration
near surface
Mass concentration of
aerosol black carbon

Instrument

Data Sets
Period

MWR

January 2002 to December
2005
OPC
November 2004 to December
2005
Aethalometer November 2004 to December
2005

-----*-----
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No. of
days
771

221
356

CHAPTER- 3
CHARACTERISTICS OF SPECTRAL AEROSOL OPTICAL DEPTHS OVER
NAINITAL-TEMPORAL VARIATIONS AND THE ROLE OF LOCAL AND
REGIONAL METEOROLOGY
3.1

INTRODUCTION
Spectral aerosol optical depth (AOD) is the most important parameter related to

the optical and physical properties of atmospheric aerosols. As such, its characterization
in spectral and temporal domains is of utmost importance from the perspective of
identifying aerosol sources, environmental assessment and above all the regional
radiative forcing estimation. AOD is the measure of the total extinction undergone by a
monochromatic radiation of wavelength λ, while traveling through the vertical column of
unit cross sectional area of the atmosphere containing the aerosol particles. The AOD
thus depends on the columnar content of aerosol particles, their chemical composition
which determines the complex index of refraction and hence their scattering and
absorbing properties, and above all their size distribution function, which depicts the
concentration of aerosols as a function of their sizes. In general AOD shows large spatial
and temporal variations due to variation in the above parameters, caused by the variety of
production, transport and removal processes of aerosol and the prevailing meteorological
conditions.
The spectral AOD is a key parameter in order to buildup a comprehensive picture
of aerosols and their potential environmental impacts [Moorthy et al., 1999; Satheesh et
al., 2002]. In this context, observations from high altitude stations are important, as they

represent a sort of “far-field” measurements of impact of human activities on free
tropospheric aerosols and also in modeling boundary layer to free-troposphere mass
exchanges. Further, most of the aerosol sources are located close to the Earth’s surface
and observations from high altitude location provide an opportunity to investigate their
features from the location where most of the source fluctuations are smaller.
_________________________________

Part of this work is published in Sagar et al., [2004] and Dumka et al., [2007a]
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Extensive studies have been carried out in the recent past on the spatial and
temporal variation of AOD at different geographical locations in India. However, most of
these studies have been focused to either landmass (urban, sub-urban) or oceans adjacent
to the densely polluted and populated coastal belt. Such studies have rarely been done at
high altitude locations, especially in northern India. In view of this, the data collected at
Nainital (as detailed in the previous chapter) have been examined from the temporal and
spectral perspective and the possible linkages of these to the changes in the prevailing
meteorological conditions have been delineated. The results and implications are
described in detail in the following sections. Section 3.2 describes the temporal variations
of aerosol optical depths along with the monthly, seasonal and spectral variation and
inferred Ångström parameters, followed by the discussions in the section 3.3.

3.2

TEMPORAL VARIATIONS OF AEROSOL OPTICAL DEPTHS
The AOD (represented by the variable τpλ) observed over Manora Peak, Nainital

showed temporal variations both on short (within a day) and long (form month to month
or season to season) time scales. The variation in AOD appeared to be rather random in
its day-to-day nature. However, when examined on the monthly or seasonal time scales
the variations show a certain degree of regularity with higher AODs occurring more
frequently during April to June period while lower AODs occurred during November
through February. These temporal features of AOD are examined below in detail.
In order to study the monthly and seasonal variations, the individual AODs are
grouped according to months or seasons as the case may be and the mean, median,
standard deviations (σλ), and standard error (∈λ) are estimated for each wavelength (λ)
[Fisher, 1970],

Mean τ pλ

1
=
N

i= N

∑ (τ λ )
i =1

p i

1 i = N

(
)
−
σλ =
τ
τ
∑ pλi pλ 
N − 1  i =1
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(3.1)
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∈λ =
average of
Median =

σλ
(3.3)

N

N
N 
and  + 1 element if N is even
2
2


 N + 1


 2 

if N is odd

(3.4)

where N is the number of individual τpλ values in the ensemble considered. While
σλ, is the measure of the spread within the ensemble; ∈λ gives the standard error of the

mean [Fisher, 1970]. While looking into the variation of AOD with time, the mean value
of AOD helps to visualize the overall trend in the AOD better than the individual AOD
(or daily AOD) points. Any measurement error reflects more in individual measurements
as compared to the mean. Median is same as the mean AOD, except the fact that it relies
on few central points and in doing so it gives no weight to the outliers. The standard
deviation is the root mean square value of the data, it measure scatter or spread in the data
which may arise due to the limited uncertainties in the data or limited number of
measurements. It also tells about the accuracy of the measurements. The standard error
depends both on the mean and the standard deviation and it defines the uncertainties in
the measurements of the mean from the sample. The monthly distribution of the number
of days of observations during January 2002 to December 2005, presented in Table 3.1,
shows that the database is generally strong except for July, August and September where
the extensive cloudy conditions prevailing over the site interrupts the MWR observations.

3.2.1 MONTHLY VARIATIONS
In order to examine the monthly mean variation in AOD, the data are grouped
according to the calendar months for each year and the statistical parameters (equation
3.1 to 3.4) are estimated for each month, separately for each wavelength. The monthly
variations of the AODs are presented in Figure 3.1 at four representative wavelengths
(0.38, 0.50, 0.75 and 1.025 µm; two in the visible region and two in the near infrared
region) respectively.
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TABLE-3.1: - Number of days of Observations during January 2002 to December 2005.
During the months of July and August, no observations could be taken because of the
cloudy condition prevailing over the site.

Months
Jan
Feb
Mar
Apr
May
June
July
Aug
Sep
Oct
Nov
Dec
Total

2002
12
11
21
21
10
07
----05
25
27
24
163

2003
27
16
24
27
29
10
----04
29
26
26
218

2004
22
23
30
15
29
15
06
--15
16
27
26
224

2005
11
14
19
20
21
12
------25
22
22
166

The gaps in the plots correspond to the absence of data (Table 3.1) as described
earlier. The individual points are the monthly mean AODs and the vertical bars are the
corresponding standard errors. In general, the AODs show a gradual increase from a very
low value in November, December, January and February, to a peak towards April to
June. A rapid decrease follows with the onset of monsoon and the AODs reach the annual
minimum again by November/December. The variations are generally consistent over the
years and almost similar at all the wavelengths, even though the magnitude of variation is
different at different wavelengths. The monthly mean AOD at 0.50 µm for the different
years are given in Table 3.2; which shows that;
1. The AODs values are extremely low (<0.1 at 0.50 µm) during November through

February. On several days they are close to the uncertainty limit of the MWR,
indicating the prevalence of extremely clean environment at least during that part
of the year. During this period the mean AODs are comparable to the value
reported for Antarctic environment [Seinfield and Pandis 1998; Gadhavi and
Jayaraman 2004; Vinoj et al., 2007].
2. In sharp contrast to this very high AODs occur during April to June months, when

AODs as high as 0.5 at 0.50 µm occur quite frequently. Occurrence of such high

96

values is comparable to those seen at the polluted regions in the plains or urban
centers and anthropogenically activated regions [Moorthy et al.,1999; Satheesh et
al., 2002; Sagar et al., 2004; Moorthy et al., 2005, 2007; Beegum et al., 2007].
3. Variations in AOD within a month are generally higher during April to June

while it is quite low during November, December, January and February as
indicated by the length of error bars.
4. The AOD values tend to decrease rapidly by the end of June which is attributed to

the onset of monsoon and associated rainfall.

In order to see the variability of AOD within a month, the AOD values for each
month of all the years are grouped together and the percentage frequency distributions for
different τpλ ranges have been plotted in Figure 3.2. The distribution is highly skewed
and narrowly peaked during November, December, January and February, while it
becomes quite broad during April, May and June showing frequent occurrence of values
over wider region. This is brought out by comparing the monthly means and medians in
Figure 3.3 for a representative wavelength 0.50 µm. From figure 3.3, it is clearly seen

that during November to February the median is less than mean AOD value, which shows
that the means are weighted by less frequently occurring high AODs.

TABLE-3.2: - Monthly mean AOD at 0.50 µm during the three periods from January 2002
to December 2005.

Months
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

2002
0.04 ± 0.01
0.03 ± 0.01
0.16 ± 0.02
0.29 ± 0.03
0.32 ± 0.04
0.36 ± 0.05
----0.06 ± 0.01
0.11 ± 0.01
0.08 ± 0.01
0.12 ± 0.02

2003
0.10 ± 0.02
0.11 ± 0.03
0.20 ± 0.03
0.26 ± 0.02
0.38 ± 0.02
0.45 ± 0.05
----0.04 ± 0.01
0.07 ± 0.01
0.08 ± 0.01
0.08 ± 0.01
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2004
0.09 ± 0.01
0.11 ± 0.02
0.22 ± 0.03
0.33 ± 0.03
0.29 ± 0.02
0.22 ± 0.04
0.21 ± 0.03
--0.14 ± 0.02
0.14 ± 0.03
0.06 ± 0.01
0.03 ± 0.01

2005
0.05 ± 0.01
0.13 ± 0.03
0.16 ± 0.03
0.31 ± 0.03
0.34 ± 0.03
0.32 ± 0.03
------0.15 ± 0.02
0.06 ± 0.01
0.04 ± 0.01

FIGURE 3.1: - Monthly variations of AOD at Manora Peak, Nainital at four representative
wavelengths (0.38, 0.50, 0.75 and 1.025 µm; two in the visible region and two in the near
IR). The vertical bars on the solid points are the standard error of the mean (=σ/√N,
where σ is the sample standard deviation and N the number of AOD values in that
sample). The gap is, due to the extensive cloudy condition over the site during these
months.

On the other hand, the mean and median are almost same during April, May and
June indicating that all the values occur with equal probability. Results of a similar
exercise carried out in the spectral domain for the entire period of study are examined at
four representative wavelengths (0.38, 0.50, 0.75 and 1.025 µm) in Figure 3.4. It is seen
that the higher AOD values occur more frequently at shorter wavelengths than at the
longer wavelengths. The distribution is spread at the lowest wavelength (0.38 µm), with a
peak for τp in the range 0.0 to 0.2. The peak of the distribution (i.e. the most frequent
value of τp) shifts towards the lower values of τp as one moves towards the longer
wavelengths.
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FIGURE 3.2: - Monthly variation of frequency distribution of AODs at 0.50 µm during the
study period.

99

Figure 3.3:- The monthly variation of mean and median AOD at 0.50 µm. The vertical
bar through the solid points is the standard error of the mean.

3.2.2 SEASONAL VARIATIONS
In order to study the seasonal variations, the year is divided into four different
seasons keeping the monsoon as the important phenomena. The period from middle of
June to the middle of September of the year account for about 68% of the annual rainfall
at Manora Peak [Sagar et al., 2004], and as such, these months are considered as the
monsoon season. The period from middle of September to the end of October is
considered as the post-monsoon season. The dry months of November of any year to
February of the following year, characterized by reduced surface temperature and scanty
rainfall (5% of the annual) are considered as the winter season. The period from March to
middle of June, when the ambient land temperature is relatively high (~ 5 to 35 oC) and
rainfall is around ~12% of the annual is considered as the summer or pre-monsoon
season.
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FIGURE 3.4: - Frequency distribution of AOD at Manora Peak, Nainital at four
representative wavelengths (0.38, 0.50, 0.75 and 1.025 µm) during the study period.
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The four seasons show a remarkable change in regional meteorology feature such
as wind fields and relative humidity and would produce corresponding signatures in
AOD. Thus the AOD data are grouped into these four seasons; winter, summer/premonsoon, monsoon and post-monsoon and the mean τp values at λ = 0.50 µm for each
seasons are shown in Figure 3.5, separately for all the four years. The vertical bar
represents the standard error. A well pronounced seasonal pattern is observed consistently
in all the years with the mean AOD increasing sharply in summer from their very low
values (<0.1 at 0.50 µm) in winter. This is followed by gradual decrease during monsoon
and post monsoon seasons. Similar pattern is also observed at other wavelengths.

FIGURE 3.5: - Mean AODs for winter, summer/pre-monsoon, monsoon and postmonsoon. For 2002, 2003 and 2005, data could not be obtained during the monsoon
seasons.
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The frequency distribution of the percentage of occurrence of AODs during
winter (upper panel) and summer (lower panel) seasons are examined at four
representative wavelengths 0.38, 0.50, 0.75 and 1.025 µm in Figure 3.6. The pattern is
similar to that seen for the annual variation with a highly skewed distribution during
winter and tends to be more symmetric during the summer season. It is seen that during
the winter the distribution is least spread at longer wavelength; with a peak for τp in the
range 0.0 to 0.1; while during summer, it ranges between 0.1 to 0.2.

FIGURE 3.6: - The frequency distributions of AODs during winter (upper panel) and
summer (lower panel) seasons at four representative wavelengths 0.38, 0.50, 0.75 and
1.025 µm. The median and mean values along with the standard error are also given in
the top corner of each panel respectively.
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3.2.3 SPECTRAL VARIATIONS OF AOD
The spectral variation of AODs is important, as it is indicative of the changes in
the aerosol size characteristics in the vertical column. In Figure 3.7, the average picture
of AOD over Nainital is shown as contour plot of monthly mean τp values in a temporalspectral representation. In general, the AOD values are higher at the shorter wavelengths
decreasing to lower values at longer wavelengths. The higher value of AODs for shorter
wavelengths shows in consequence the dominance of the smaller size particles in the
number density spectra. This is because the maximum contribution to the extinction
coefficients at a particular λ comes for aerosols having sizes comparable to the
wavelength [McCartney, 1976]. Besides the temporal feature seen earlier Figure 3.7, also
shows a change in the spectral dependency of AODs with season, from relatively steeper
spectra during winter to shallower ones in summer suggesting the seasonal changes in the
size distributions. This is examined quantitatively by determining the Ångström
parameters.

FIGURE 3.7: - Spectral variations of monthly mean AOD at Manora Peak Nainital
showing the distinctive changes from months to months.
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3.2.4 ÅNGSTRÖM EXPONENT AND AEROSOL MICROPHYSICS
The simplest and most common way to quantify the wavelength dependence of
the optical depths (due to aerosols) is by using Ångström equation [Ångström 1961;
1964].

τ pλ = βλ −α
ln(τ pλ ) = ln(β ) − α ln(λ )

(3.5)
(3.6)

where τpλ is the AOD at wavelength λ (expressed in µm), β (equal to the τp at
λ=1 µm) is the Ångström turbidity parameter and α is the Ångström wavelength
exponent.
Ångström power relation holds well in the case when the aerosol size distribution
follows an inverse power law or Junge inverse power law type dependence on the particle
radius r (of the form dn

dr

∝ r −υ ). By evolving a linear least square fit of the individual

AOD spectra to the above equation (in a log-log scale) α and β were evaluated. α, which
is the slope of the regression line, is commonly used to infer on the aerosol size
distribution, being a measure of the relative dominance of fine, sub micrometer size
particles over the coarse mode aerosols. As the particle size increases the values of α
decrease [Shaw et al., 1973; Satheesh and Moorthy, 1997; Sagar et al., 2004] or vice
versa. Higher values of α, indicate an aerosol size spectrum with a relative dominance of
smaller aerosols. The turbidity coefficient β is the measure of the total aerosol loading in
the vertical column. Historically, the values of β were used to express the state of
atmospheric turbidity, based on the values of β = 0, 0.1, 0.2 and 0.4 corresponding to
clean, clear, turbid and very turbid state respectively [Junge, 1963; Raju, 2002]. A typical
linear least square fit of the AOD spectra obtained at Manora Peak; Nainital on 31st
October 2002 is shown in Figure 3.8. The solid points are the AOD values at the
respective wavelengths obtained from the MWR measurements and the line through them
is the regression fitted to equation (3.6). The Ångström parameters (α and β) are
determined from the individual data sets of the MWR observations by following the
equation (3.6) as discussed above. The monthly mean values of α and β are plotted in
Figure 3.9 (bottom and upper panels) respectively.
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FIGURE 3.8:- Typical linear least square fit of the AOD spectra obtained from the MWR
data for 31st October 2002. The value appearing after the ± symbol is the error in α and β
determination.

The vertical columns are the mean values and the lines through them are the
standard errors in the estimation of mean in respective months. The same data are
presented in terms of the seasons in Figure 3.10. In Figures 3.9 and 3.10, it is clearly
shown that the average value of α decreases systematically from January and February to
March and April (except for an anomalous high in March 2004) and remain at that level
during summer, indicating an increase in the relative abundance of coarse mode aerosols
in the size spectrum. Seasonally (Figure 3.10) α is the highest in winter and some times
in post monsoon season. This could be attributed partly to the change in the synoptic
conditions, which are conducive for advection of dust aerosols from the West Asian and
western Indian arid regions by favorable winds and also from the densely inhabited
plains.
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FIGURE 3.9:- The monthly mean variations of α and β are shown in the lower and upper
panels respectively. The vertical bars through the columns are the standard errors in the
estimation of mean value. The gaps in the plot are due to the absence of data.

FIGURE 3.10:- The seasonal variation of α and β are shown in the upper panel.
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On the other hand, β was found to be maximum during summer season and
minimum during winter season. These results indicate that there is a relative dominance
of sub micron aerosol particles during the winter season and dominance of coarse mode
aerosol particles during the summer season. Following the accepted conclusion that the
accumulation mode aerosols are mostly anthropogenic and coarse mode is mostly natural;
the observation indicates a transformation from an anthropogenic dominance in winter to
natural dominance in summer.
This observation is important for aerosol characterization at the observational site.
During winter seasons when land temperatures are very low (ranges between -2 to 20oC)
and the minimum solar zenith angle is ≥ 40o (i.e. sun is at lower elevation), the surface
thermal convections will be relatively weaker compared to the summer. The observation
site being at ~ 2 km above MSL, well above the typical mixed layer (~1.0 km), its
environment will thus be free of all local contamination, and aerosol characteristics will
pertain more closely to that of the free troposphere. In this region the dominating aerosols
will be either aged anthropogenic emissions at sub micron sizes or secondary (gas-toparticle conversion processes) reaction products produced from the precursors (which
could be more important during the summer seasons, when the ample solar UV radiation
will be available) and those transported by the air trajectories. These fine aerosols would
rapidly undergo size transformation by coagulation and condensation growth to
accumulation size range. The aerosol size spectrum would thus be dominated by these
particles, and hence the AOD spectra during winter would be steeper with a higher value
of α and a lower value of β. As the Sun enters the Northern Hemisphere, with the
beginning of spring, the surface heating increases, and there is a better exchange between
the boundary layer and free troposphere because of increased convective mixing and an
increase in the altitude extent of the convective boundary layer. This is conducive for the
local aerosols in the valley which are likely to have a large share of coarse particles, to
impact the site. In addition to that, the arid aerosols, advected by the westerly winds,
would also contribute to increased coarse particle abundance. As a result, the total aerosol
loading and the share of coarse aerosol in it increases. This is reflected by the steady
increase in β, the decrease in α, and the flattening of AOD spectrum. This continues until
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the monsoon rains intervene and remove the aerosols by scavenging. The role of the ABL
dynamics is examined in detail in Chapter 5.

3.3

DISCUSSIONS
The temporal feature of AOD at Nainital has indicated systematic variation on

monthly and seasonal time scales. It shows a pronounced peak in the month of May/June
and minimum during December/January during which the AODs are comparable to those
reported for the Antarctic region. The observed annual variations are examined in the
light of the regional and synoptic meteorological properties. We have chosen the
meteorological parameters because the atmospheric processes as well as the aerosol
properties are modulated by the local and synoptic changes in the meteorological
conditions. For this, the data collected from the collocated meteorological station are used
along with the NCEP/NCAR re-analysis data (http://www.cdc.noaa.gov) for the higher
levels. The surface meteorological parameters used were wind direction (θo), wind speed
(U, m s-1), relative humidity (RH, %), temperature (T, oC), and total rainfall (RF, cm)
recorded at the site. The monthly mean values of total RF, U and θ during the period
under study are shown in Figure 3.11 respectively in panels from top to bottom. The
arrival wind direction is measured clockwise from the north and indicated in degrees with
0o, 90o, 180o, and 270o corresponding to north, east, south, and west directions,
respectively. The daytime value of RH is generally <50% during November to April and
thereafter increases steadily and reaches a peak value of ~ 75 to 85% during July to
September. The rainfall is significant in February (caused by western disturbances) and
June to September (Indian summer monsoon). The western disturbances (WD), which
originate usually over the Mediterranean Sea/Black Sea areas or the West Atlantic, as an
extra-tropical frontal system, and move its frontal properties eastward towards Indian
subcontinent across Afghanistan/Pakistan en route. However, even then an intense WD is
capable of producing widespread heavy snowfall/rainfall over the Himalayan region and
rains over the northern plains of India. The monthly distribution of rainfall over the
observational site shows that the highest amount of rainfall occurs during July to
September months (~68% of annual) with very little rainfall during March to middle of
June (~12% of the annual). The mean wind speed is ~ 2.0 m s-1 during winter months,
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increases to ~3.5 m s-1 during pre-monsoon/summer months and falls to a low value ~ 1
m s-1 during monsoon and post monsoon months. Mean surface winds are southerlies
during October through January, southwesterly from February through April. During
May to September the winds are shifting from southwesterly to southeasterly and back to
southerlies. The prevailing synoptic winds at 700 hpa levels are shown (for the year 2002
as representative) in Figure 3.12a (January to June) and Figure 3.12b (July to
December). The altitude 700 hpa is considered because of the elevated nature of the
observational site. Generally the mean wind speed ranges between 3 to 10 m s-1. This is
different from the local wind as shown in Figure 3.11. This difference may be attributed
due to the orography of the observational site. The mean arrival wind direction (local
wind) gradually shifts from southerly to south westerly. For the location of the
observational site, the shifts in state of winds would mean a shift in the airmass from the
southern (with respect to the station) Indian plains in winter to the western arid landmass
during summer, when the winds arrive across the vast arid mass of the great Indian desert
and regions lying farther to its west. This change in airmass type is mainly responsible for
the rapid buildup in the AOD over the station after the March, as the arid airmass is
known to transport large amounts of desert/mineral aerosols from the west Asian and
Indian deserts, lying to the west/southwest of this station across the Indo-Gangetic plains
[Dey et al., 2004; Singh et al., 2004; Chinnam et al., 2006; Nair et al., 2007; Prasad et
al., 2007]. The role of wind blown dust from the desert in increasing the turbidity over

the northern Indian regions has been suggested as far back as the sixties by Mani et al.,
[1969]. There are several references for the Indo-Gangetic Plains [Dey et al., 2004; Singh
et al., 2004; Jethva et al., 2005; Tripathi et al., 2005; Tare et al., 2006; Chinnam et al.,

2006; Deepshikha et al., 2006; Nair et al., 2007; Moorthy et al., 2007; Hegde et al., 2007;
Dey and Tripathi, 2007; Prasad et al., 2007] which show the transport of wind blown

dust from the desert areas during April to June months. The strong convections associated
with the intense heating of the land in summer is conducive for lifting fine soil dust to
altitudes as high as 3 to 5 km from where they are transported by the winds. Thus the
observed sharp increase in the AOD from the middle of March is mostly attributed to
this. In addition to the advection by airmass, the increased solar heating of landmass over
the lower plains adjacent to the observational site during the summer months would result
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in increased convective mixing and elevation of the boundary layer, enabling higher
vertical distribution of the boundary layer aerosols. This will result in the aerosols being
lifted from the nearby valley region to the higher altitude. This will also contribute to the
increase in AOD over the site during the summer months.
In the light of all the above discussion, it is obvious that the long range transport
of aerosols from arid regions is important in contributing to the observed changes in the
monthly mean variation of AOD in addition to local mesoscale processes. With a view to
examining and delineating this, 5-day isentropic airmass back trajectories are computed
using Hybrid Single Particle Lagrangian Interpolated Trajectory (HYSPLIT) model
(http://www.arl.noaa.gov/ready/hysplit4.html) of the National Oceanic and Atmospheric
Administration [NOAA; Draxler and Rolph, 2003] for Nainital for the period under
study. The 5-day period was considered for the trajectories in view of the typical
residence for the aerosol particles in the lower troposphere in the absence of strong wet
removal processes [Jaenicke et al, 1984; Ramanathan et al. 2001; Babu et al, 2002].
These trajectories describe the history of the air/aerosol parcels back in time up to 5 days,
which reaches the particular altitude over the observation site, in space (latitude,
longitude and altitude) and depict potential pathways of airmass movement in the
regional scale. In the present study, the isentropic trajectories are considered, as it
accounts for the adiabatic vertical motions of air parcels en route. As such, these are less
sensitive to the uncertainties in the basic meteorological data and the motion of air
parcels is almost isentropic in the free atmosphere. As the AOD values are contributed
due to the entire vertical column of unit cross sectional area of the atmosphere, we have
considered three height levels in the present study, over the observation site, following
the conditions given by many investigators in recent years [Manghnani et al., 2000;
Moorthy et al., 2003, 2005; Moorthy and Babu, 2006].

111

FIGURE 3.11: - Variations of monthly mean total rainfall, wind speed and wind direction
are shown in panels a, b and c respectively. The vertical bars through the solid points are
standard error.
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FIGURE 3.12 (a): - Synoptic wind pattern at 700 mb over the study location from January
to June 2002. The black mark is showing the location of the observational site. The data
is
downloaded
from
the
NCEP/NCAR
reanalysis
website
(Source:
http://www.cdc.noaa.gov).
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FIGURE 3.12 (b): - Synoptic wind pattern at 700 mb over the study location from July to
December 2002. The black mark is showing the location of the observational site. The
data
is
taken
from
the
NCEP/NCAR
reanalysis
website
(Source:
http://www.cdc.noaa.gov).
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These heights are 500 m (within the local ABL); 1500 m (above the ABL) and
2500 m (in the lower free troposphere) above local ground level (which is 1950 m
AMSL). A careful examination reveled that all the trajectories could be grouped into four
distinct groups depending on the geographical regions traversed. The details of these
trajectory groups at altitude 3500 m AMSL are given in Table 3.3. Examining the
monthly mean temporal variation in AOD in the light of these airmass back trajectories,
the percentage (to the total) wise contribution of each group in each months are given in
Table 3.4 and the percentage contribution of group-II, i.e. trajectories from the western

region, desert/arid or semi arid regions and passing through the Indian desert regions and
landmass lying to the west/southwest of the observational site is shown in Figure 3.13. It
is observed that during March, April, May and June, the percentage of occurrence of
group-II exceeded 50%. The AOD values which were very low (< 0.1 at 0.50 µm), when
the trajectories were mostly from northern region and passing through Himalayan region
in group-I during winter turn to high values in spring and summer when the back
trajectories had significantly traveled over the desert and West Asian landmass or in
some cases even coming from the African region, as the West Asian region has vast
expansion of the arid/desert areas. The observations from the Figure 3.14 and Table 3.4,
lead further support to the contribution by the wind blown dust aerosols in enhanced the
AODs at Nainital during March to June when the meteorological conditions are
favorable.
TABLE 3.3:- Trajectory groups and details of the advection/long range transport pattern at
3500 m AMSL altitude.

Trajectory Group
Group-I

Group-II

Group-III
Group-IV

Advection long range transport pattern
Coming from the north side of the observational site and
passing through the Himalayan region
Coming from the western region, desert/arid or semi arid
regions and passing through the Indian desert regions and
landmass. The west Asian countries are characterized as the
vast expansion of the arid region. Hence assumed to be mostly
polluted
Coming from the south east or east direction of the
observational site
Originating from Arabian Sea or Bay of Bengal and passing
through the Indian landmass, i.e. having some Oceanic history
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FIGURE 3.13 - The percentage of occurrence of isentropic airmass back trajectories at a
height of 3500 m AMSL for group-II during the each month of the year 2003 and 2004.
The
data
is
taken
from
the
HYSPLIT
website
(Source:
http://www.arl.noaa.gov/ready/hysplit4.html).

Thus, there is a distinct shift in the source impact on the aerosol characteristics
over Nainital with changes of season leading to change in the aerosol type. A
quantification of this is possible by examining how the AODs at different wavelengths
are associated. This is examined by estimating the correlation coefficients among the
AODs, at different wavelengths, which also indicates the optical stability of aerosols
[Kaufman and Fraser, 1983]. This correlation coefficient is also used to identify the
changes in the aerosol source types. The correlation coefficients between two AOD, τpi
and τpj corresponding to the two different wavelengths λi and λj respectively was
estimated as,
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TABLE 3.4:- Trajectories group and details of the advections at 3500 AMSL.

Months

Jan-03
Feb-03
Mar-03
Apr-03
May-03
Jun-03
Jul-03
Aug-03
Sep-03
Oct-03
Nov-03
Dec-03
Jan-04
Feb-04
Mar-04
Apr-04
May-04
Jun-04
Jul-04
Aug-04
Sep-04
Oct-04
Nov-04
Dec-04

Trajectory Group and Their percentage of Occurrence
Group-I
Group-II
Group-III
52
48
--54
39
--39
61
--27
57
--35
65
--50
50
--13
29
48
6
--61
10
13
77
52
42
--50
50
--52
39
--48
45
--48
52
--42
58
--34
59
--42
48
--33
60
--39
32
29
16
--45
53
37
10
55
35
--70
30
--42
48
---

γ ij =

[n∑τ

n∑τ piτ pj - ∑τ pi ∑τ pj

2
pi

- (∑τ pi )

2

] [n∑τ
1

2

2
pj

- (∑τ pj )

2

Group-IV
--7
--17
----10
32
--6
--10
6
----6
10
7
--39
--10
--10

]

1

2

(3.7)

where n is the number of observations or data pairs. The value of ϒij is zero or
close to zero, if there is no correlation between the AOD at two different wavelengths,
while the value of ϒij is equal to ±1, if there is a perfect correlation or anti correlation
respectively. The standard error (σr) associated with the ϒij can be written as follows;

σr

(1 - γ )
=
2
ij

n -1
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(3.8)

The correlation coefficients along with their corresponding standard error
between the AODs at 10 different wavelengths used in the MWR are estimated by using
the equations (3.7) and (3.8) for the entire data set. A correlation matrix is then compared
for different seasons. These are symmetric matrices having the diagonal elements (shown
as italic) equal to the unity and the off diagonal elements represent the correlation
coefficients between the AODs at different wavelengths. The 1st element of the 1st row of
this matrix is the correlation coefficient of AOD at the same wavelength; where as the 2nd
element of this row is the correlation coefficient of AOD between the 1st and 2nd
wavelengths and the last element of 1st row is the correlation coefficient of AOD between
the lowest and highest wavelengths used in the MWR. As the different wavelengths are
influenced mostly by aerosol of different sizes and these in turn are associated with the
source types (for example natural mineral aerosols are dominated by larger sized particles
compared to the finer accumulation mode sizes which dominated by anthropogenic
component), the sudden change in correlation coefficient would identify a change in the
source type. Typical correlation matrices for the winter month (January 2003) and
summer month (May 2003) are given below. The monthly mean contour plot of the
correlation coefficients at 0.38 µm to other wavelength used in the present investigation
obtained during the period January 2003 to December 2004 are shown in Figure 3.14.
During the winter months, the correlation coefficients are nearly similar at all the
wavelengths, as for as 1.025 µm suggesting that the prevalence of similar type of aerosols
(may be a single source) over the study area. On the other hand, during the summer
months the correlation coefficients fall rapidly at longer wavelength (> 0.60 µm) as
shown in the correlation matrix by bold font in shaded part. This indicates the prevalence
of multiple or at least two different type of aerosol sources which are contributing to the
different wavelength regions.
¾ During the winter months the correlation coefficients do not decrease more

rapidly with wavelengths or it shows a strong correlation among the optical
depths in the lowest and highest wavelengths used in the present study. This
suggests the prevalence of single source of aerosols during these months.
¾ During the summer months the correlation coefficients between the AOD at

lowest and highest wavelengths are quite different. It is observed that the
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correlation coefficient up to 0.60 µm is one type and it is quite different at higher
wavelengths. The correlation coefficients among the AOD at shortest and longest
wavelengths is quite different, suggesting the dominance of multiple or at least
two different type of aerosol sources during summer seasons.

In the light of all the above discussion, the spectral variation of AODs during the
study period shows a systematic pattern in the aerosol loading over the study region and a
strong seasonal variability therein. During the summer/pre-monsoon season, the
increased convective turbulence activity would be pumping more aerosols from the
valley to the higher altitudes as the atmospheric boundary layer height is higher
compared to winter months. This effect could be more conspicuous at the shorter
wavelengths, as the small/fine particles can easily be lifted from the valley by turbulence.
As the magnitude of AOD depends on the column integrated aerosol number density,
while it’s spectral dependency contains the signature of aerosol size distributions. From
this spectral variation of AODs we have examined the Ǻngström parameters (α and β) as
discussed in the previous sections. The higher value of α with low β, during the winter
months clearly indicates the dominance of fine or sub micron size aerosols where as
during the summer months with low α and high aerosol loading (i.e. high value of β),
indicates the dominance of coarse mode aerosols.
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FIGURE 3.14:- The monthly mean correlation coefficients between the 0.38 µm to other
wavelengths used in the present study during the period January 2003 to December 2004.
The gap in the contour plot represents the absence of data during that period.
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With the above perspective on the temporal and spectral variation of aerosol
optical depths over the study region are influenced by the synoptic scale processes. The
AODs at shorter wavelengths showed sharper variation compared to the longer
wavelengths, indicated the changes in size distribution. This aspect is further examined in
details in the next Chapter.

-----*-----
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CHAPTER - 4
RETRIEVAL OF COLUMNAR AEROSOL SIZE DISTRIBUTIONS FROM
SPECTRAL ATTENUATION MEASUREMENTS OVER A HIGH ALTITUDE
LOCATION IN THE CENTRAL HIMALAYAS
4.1

INTRODUCTION
In the previous Chapter, a detailed account of the temporal characteristics of

spectral AODs over Nainital has been given based on the four years of database. It
revealed generally low AOD values (≤ 0.1 at 0.50 µm) during winter, a remarkable
increase to high values (~0.45 at 0.50 µm) during summer, followed by a rapid decrease
during and after the monsoon, with associated changes in the spectral dependency, which
was seasonally distinct. The Ǻngström wavelength exponent (α) deduced from the AOD
spectra, revealed a transformation from a high value (≥1 for α) during winter season to
low values (~0.5 for α) during summer, suggesting a change in the columnar size
distribution (CSDs) of aerosols. Even though the change in α are useful to infer on the
change in aerosol size distribution, more realistic and quantitative information can be
obtained by estimating the columnar size distributions, by inverting the AOD spectra.
This is all the more important, because the size distribution is one of the most important
properties of atmospheric aerosols, which determines the scattering phase function and
other useful inputs needed in aerosol radiative forcing estimations. In this Chapter, the
AOD spectra are used to retrieve the CSDs and their parameterization during the four
years period from January 2002 to December 2005. The details of the technique, the
results and their implications are given in the following sections. Section 4.2 and 4.3
describes the retrieval of CSDs from spectral AODs along with their parameterization
and section 4.4 describes monthly and seasonal variations of size distributions followed
by the discussion in the section 4.5.
_________________________________

Part of this work is published in Dumka et al., [2007b]
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4.2

RETRIEVAL OF AEROSOL COLUMNAR SIZE DISTRIBUTION FROM
SPECTRAL AODS
Following the Mie theory, the spectral AODs can be represented by,
∞∞

τ pλ = ∫ ∫ πr 2 Qext (m, r , λ )n(r , z )drdz

(4.1)

0 0

where τpλ is the AOD at wavelength (λ), Qext(r, λ, m) is the Mie extinction
efficiency parameter, which is dependent on the particle radius (r), refractive index (m),
and wavelength of the incident radiation, n(r, z)dr is the height dependent number density
in the radius range r to r+dr. The value of Qext, generally increases from a low value for
smaller r/λ to reach a peak value (~4) at r ~ λ and then decreases asymptotically to 2 for
higher values of r [McCartney, 1976]. Thus the maximum contribution to AOD comes
from the particles in a size distribution, whose radii are comparable to the wavelength of
the radiation.
From the above equation (4.1), it follows that the spectral variations of AOD have
an imprint of the number size distribution of aerosols. Equation (4.1) has no general
solution; hence one should go for numerical solution of the integral equation, which may
be written as a finite sum, which requires the approximation of size distribution with a
finite number of parameters. The problem of inversion of spectral AODs to retrieve the
aerosol size distribution involves the determination of an equivalent size distribution,
which will yield the measured spectral AODs within uncertainty limits. There are several
methods available in the literature for the retrieval of CSDs from the spectral AOD
measurements [Yamamoto and Tanaka, 1969; King et al., 1978; Walters, 1980; Moorthy
et al., 1991; 1997] and these mainly comprise of the following methods.

1. Randomized minimization search technique (RMST) [Heintzenberg et al., 1981;
Lin and Saxena, 1992; Anderson et al., 2000]

2. Analytical/model dependent method [Kurian et al., 1974; Box and Lo, 1976; Box
et al., 1981].

3. Numerical inversion method [King et al., 1978; 1982; Moorthy et al., 1991; 1997;
Moorthy and Satheesh 2000; Saha and Moorthy 2004].

123

In the RMST technique, the volume size distribution is represented by histogram,
whose column heights are varied until a minimum deviation between the corresponding
extinction spectra and the experimental measured spectral AODs are obtained
[Heintzenberg et al., 1981]. Lin and Saxena, [1992] and Saxena et al., [1995] applied the
RMST technique to the SAGE-III (Stratospheric Aerosol and Gas Experiment) data to
classify the aerosol size distribution as unimodal and bimodal in nature. The application
of this technique to retrieve the microphysical properties of aerosols from the simulated
SAGE-III measurements is demonstrated in detail by Anderson et al., [2000]. This
technique can obtain the reliable aerosol information and can also be used to estimate the
extinction at other wavelengths with reasonable accuracy [Anderson et al., 2000].
The second method (Analytical/model dependent method) is relatively simpler
and quicker [Kurian et al., 1974; Box and Lo, 1976; Box et al., 1981]. It is essentially a
lookup table method. It involves the assumption of a particular type of aerosol size
distribution and then determination of the size parameters from a comparison of look up
tables of optical depths calculated over a grid of values of the model parameters.
However, in this method the results are highly dependent on the choice of the model and
can be reliable only if the wavelengths used to construct the look up tables are either
exactly the same or very close to the wavelengths at which the measurements are made
[Box et al., 1981]. This technique is suitable for the quick determination of aerosol size
distribution, hence adopted when huge amount of data is to be processed. However, these
techniques place obvious limitations on resulting the size distribution and may preclude
some forms.
The third method, known as the Constrained Linear Inversion (CLI) technique, is
used in the present investigation to retrieve the CSDs from measured AOD spectra. This
technique, involves the numerical inversion of Mie integral equation (4.1) under certain
constraints. Even though this technique requires considerable amount of computations or
simulations, it provides fairly accurate information on the CSDs and the final solution do
not depend strongly on the initial assumption. This method was first applied by
Yamamoto and Tanaka [1969]. They have used the linear inversion technique developed

by Phillips [1962] and this technique is refined/modified subsequently and extended by
Twomey [1963] to the problem of numerical inversion of Mie integral equation (4.1). By
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applying this technique, Quenzel [1970] had found a logarithmic Gaussian form of the
CSD, which coincided with his measurements. Later numerous techniques of this type
emerged with many modifications and number of such inversion techniques are now
frequently available in the literature [Quenzel et al, 1970; King et al., 1978; King 1982;
Moorthy et al., 1991; 1997; Moorthy and Satheesh 2000; Saha and Moorthy 2004]. The

application of both RMST and CLI techniques, to retrieve the microphysical properties of
aerosols from the simulated SAGE-III measurements, has been reported in details by
Anderson et al, [2000]. He has shown that both RMST and CLI methods with their own

size ranges are capable of retrieving the microphysical characteristics of aerosols and
conclude that both RMST and CLI techniques can obtain reliable aerosol information.
In the present investigation, we have used the iterative technique by King et al.
[1978], for the retrieval of CSDs from the inversion of measured spectral AODs. It has
been quite extensively used in the past by many investigators [Yamamoto and Tanaka
1969; Herman et al., 1971; King et al., 1978; Moorthy et al., 1991, 1997, 2001; Russell et
al., 1993; Schmid et al., 1997; Nair and Moorthy 1998; Satheesh et al., 1999; Moorthy
and Satheesh, 2000; Saha and Moorthy, 2004]. In the following sub sections, a brief

description of this technique and details of its application to the MWR data are presented.

4.2.1 CONSTRAINED LINEAR INVERSION TECHNIQUE
In the equation (4.1), n(r, z) is the height dependent aerosol number density i.e.
the number of aerosols per unit volume in a small radius range dr centered at r; at an
altitude z. In the present formulation, the aerosols are assumed to be homogeneous and
spherical particles in shape. By performing the height integration along a vertical column
of unit cross section, of the above equation (4.1), a new variable nc(r) is introduced, so
that the equation (4.1) can be written as
∞

τ pλ = ∫ πr 2 Qext (m, r , λ )nc (r )dr
0

where nc(r) is given by
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(4.2)

∞

nc (r ) = ∫ n(r , z )dz

(4.3)

0

where nc(r) is the unknown columnar size distributions (CSDs) function i.e. the
number of aerosol particles per unit area per unit radius interval in a vertical column
through the atmosphere. It represents an equivalent size distribution of aerosols, which is
altitude independent and will yield the same extinction properties as in the real case. The
function nc(r) is the unknown function to be estimated by inversion of equation (4.2). In
the present study, the AOD spectra from the measurement represent the τpλ and it spans a
finite wavelength range of 0.38 to 1.025 µm. As such, the extinction at these λs will be
sensitive to aerosols within a finite size range only. Consequently the inferred aerosol
size range will be limited to those particles only, which are most effective in producing
the measured optical depths [King et al., 1978; Heintzenberg et al., 1981]. Hence the
limits of integration in equation (4.2) are changed and can be written as
rb

τ pλ = ∫ πr 2 Qext (m, r , λ )nc (r )dr

(4.4)

ra

where ra and rb are the lower and upper radii limits respectively, which contribute
significantly to Qext for the wavelengths used in the MWR. The above integral equation is
quite similar to the Fredholm integral equation of first kind and it is generally written as
[Phillips, 1962],
b

g ( x) = ∫ K ( x, y ) f ( y )dy

(a ≤ x ≤ b)

(4.5)

a

where K(x, y) is the kernal function. The function g(x) is measured τpλ and the
indicial function f(y) is to be inferred, both of which are assumed to be bounded and
continuous. Thus equation (4.4) can be written as [King et al., 1978],
rb

g ( x) = ∫ K (r , λ )nc (r )dr = τ pλ
ra
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a≤r≤b

(4.6)

Phillips [1962] had suggested while discussing the numerical inversion of

Fredholm integral equation for practical problems, that the measurement errors (∈) also
have to be included along with the measured values. Hence, by incorporating the
measurement errors, equation (4.4) becomes
rb

τ pλ = ∫ πr 2Qext (r , m, λ )nc (r )dr + ∈

(4.7)

ra

where the function ∈ arises from the measurement errors, as well as any
uncertainties as to the exact from the kernal function. Equation (4.7) has no general
analytical solution and hence numerical methods have to be followed to determine the
value of nc(r). Accordingly the integral is replaced by summation over coarse intervals in
r, each of which is composed of several sub intervals. Further, following King et al.,
[1978], the function nc(r) is considered to be the product of two functions of the
following form,
nc ( r ) = h ( r ) f ( r )

(4.8)

where, h(r) is a weighting function, which varies rapidly with r (variable within
the coarse intervals) and f(r) is more slowly varying (which can be considered constant
within each of the coarse intervals). Then,
rb

τ pλ = ∫ πr 2Qext (r , m, λ )h(r ) f (r )dr + ∈
ra

q

−

(4.9)

r j +1

= ∑ f (rj ) ∫ πr 2Qext (r , m, λ )h(r )dr + ∈
j =1

rj

If there are p discrete measurements of τpλ and q discrete values of nc(r) are to be
inferred, then the above equation (4.9) can be written as a system of linear equations,
which can be written as,

τ pλ = [A]ij f j + [∈]i
i

with i = 1,2,3,... p; j = 1,2,3...q

(4.10)

where ∈ is an unknown error vector whose elements ∈i represent the deviation
between the measurement (τpλ) and theory (ΣjAijfj). In equation (4.10), A is a p×q matrix
representation of the kernel function, which contains the weighting factors, whose values
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depend on the quadrature formula used. The elements of the linear equation (4.10) are
given as,
r j +1

Aij = ∫ πr 2Qext (r , m, λi )h(r )dr ,

with i = 1,2,3,... p, j = 1,2,3...q

(4.11)

rj

f j = f (r j )

(rj < r < rj+1 )

(4.12)

Here r j = rj × r j +1 is the geometric mean radius of each coarse interval. In the
present approach p = q, so that the range of r is divided into that many subintervals as the
number of wavelengths at which the τp is measured. This makes A to be symmetric
matrix and the number of equations resulting is the same as the number of unknowns
[f(r)].
King [1982] has pointed out that this type of inverse problem is ill posed, as there
is no mathematically unique solution. While discussing the problem of numerically
inverting the integral equation, Phillips [1962] and Twomey [1963] found that the
solution vectors are highly oscillatory if the equation (4.10) is directly solved by
minimizing the sum of the square of the errors (∑∈i2). To overcome this Phillips [1962]
suggested that constraints have to be added to select a physically meaningful solution
from a family of possible solutions, which satisfy equation (4.10). Accordingly two
constraints are applied, the smoothing constraint which calls for minimizing the sum of
squares of second derivatives of the solution points and the positivity constraint, which
requires all the solution vectors to be positive [King et al., 1978; King 1982]. This
constraint essentially arises due to the fact that the negative solution of the size
distribution function is physically meaningless. For, a quadrature of equal division, the
solution vector f is obtained by minimizing the performance function P [King et al., 1978;
King, 1982],
p

q −1

P = ∑∈ + γ ∑ ( f j −1 − 2 f j + f j +1 )
i =1

2
i

2

(4.13)

j =2

where γ is the non-negative Lagrange multiplier. Minimizing the performance
function with respect to the unknown fk coefficients, when γ equals zero, is equivalent to
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a weighted least square fit to the data. In the case for which the measurements are
correlated with known covariances, equation (4.13) can be written as
p

p

q −1

P = ∑∑ C ∈i∈ j +γ ∑ ( f j −1 − 2 f j + f j +1 )
i =1 j =1

−1
ij

2

(4.14)

j =2

where Cij is an element of the measurement covariance matrix C, whose elements
are given by Cij = σ2gigj. Now the minimum value of P represents the statistically
optimum estimate of the solution vector f. In order to obtain the optimum estimates of the
solution vector, the performance function is differentiated with respect to each of the fk
coefficients and equal to zero, which result in a set of simultaneous equations as given
below,
p

p

q

− ∑∑ Cij−1 Aik ∈ j +γ ∑ H kj f j = 0, with k = 1,2,3...q
i =1 j =1

(4.15)

j =1

where Hkj are the elements of smoothing matrix defined by Twomey [1963]. For
the AOD measurements at 10 wavelengths, H can be written as
1 0
 1 -2
- 2 5 - 4 1

 1 -4 6 -4

 0 1 -4 6
 0 0
1 -4
H =
 0 0 0 1
 0 0 0 0

 0 0 0 0
 0 0 0 0

 0 0 0 0

0
0

0
0

0
0

1
0 0
-4 1 0
6 -4 1
-4 6 -4
1 -4
6

0
0
0
1
-4

0
0
0
0
1

0
0

0
0
0

0
0

1 −4
6 −4
0
1 −4
5
0
0 1 −2

0 
0 
0 

0 
0

0
0

1
− 2

1 

(4.16)

For the present study, j = k = 10. Hence the equation (4.15) can be written in the
matrix form as,
− AT C −1 ∈ +γHf = 0
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(4.17)

where AT is the transpose of A and C-1 is the inverse of C respectively.
Eliminating the ∈ between equation (4.17) and equation (4.10), the solution vector f for
which the equation (4.14) is a minimum is shown by King et al., [1978] as,

[

f = AT C −1 A + γH

]

−1

AT C −1τ pλ

(4.18)

In the present case, the measurements are considered to be independent and
uncorrelated, as a consequence of this, the covariance matrix C becomes diagonal matrix
with all the diagonal elements equal to unity and all the off diagonal elements are zero.
The elements of the diagonal matrix are given by
Cij = σ τ2pλ (λi )δ ij

(4.19)

where δij is the Kronecker delta function, which is defined as
1

δ ij = 
0

i= j
i≠ j

(4.20)

This gives a relative weighting to each of the measurements, placing greater
emphasis on measurements with smallest error. The solution covariance matrix is given
as [King 1982],

[

S = AT C −1 A + γH

]

−1

(4.21)

The diagonal elements of matrix S represent the variance of the solution vectors,
the square root of which gives the error of the solution vectors.
In this numerical inversion technique, the unknown function nc(r) has been
expressed as a product of two functions h(r) and f(r), where h(r) is assumed to be a
rapidly varying function and f(r), is more slowly varying function in the coarse intervals
of r. There are two main advantages [King et al., 1978; King, 1982]; (1) the quadrature
errors (which results from equation (4.9), arising out from the assumption that f(r) is a
constant in each coarse interval of r will be small as h(r) approaches the unknown
function (i.e. size distribution function) nc(r). When h(r) represents the size distribution
function exactly, f will be a vector whose elements are unity [Herman et al., 1971]. As
the nc(r) of aerosols typically varies over many (5 to 10) orders of magnitude, a direct
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inversion of nc(r), means minimizing the curvature of the function which implicitly has a
large curvature. (2) The second advantage (though it is less obvious) is equally important.
As the smoothing constraint minimizes the second derivatives of the solution points on a
linear scale, the constraint is much more appropriate when f(r) is nearly constant. Based
on the equation (4.18), which gives the solution vector f, the unknown function is
estimated following the iterative techniques described in section 4.2.9.
The Lagrange multiplier γ [in equation (4.13)] is introduced to achieve a fair
degree of smoothing [King et al., 1978; King, 1982]. Higher values of γ would mean
higher smoothing because of the term γH in equation (4.18). The requirement of
smoothing constraint also arises from practical consideration as discussed earlier. The
lower values of γ correspond to more accurate and converging solution. Nevertheless,
large smoothing is also undesirable, as it would remove any signature due to multiple
sources in the size spectrum. So an optimum value of γ has to be used [King, 1982].
Away from the prominent sources/sinks, the atmospheric aerosol systems are subjected to
microphysical processes and removal by sedimentation only. These processes
continuously transform the aerosol size distribution so that after some time, the CSD
would become a smooth function of radius (r) with the signature of prominent source and
processes imprint upon it. Moreover, a rather smooth CSD is amenable for analytical
representation to the model CSD and to retrieve the characteristic parameters and
examine their features in relation to causative source characteristic and atmospheric
processes.
Initially, a zeroth order weighting function h0(r) is assumed (an inverse power law
form) in equation (4.10) from which the first order solution vectors f j1 are computed from
equation (4.18). The first order solution vector components f j1 are assumed to be valid at
the geometric mean radius (rj) of each of the coarse intervals, from which the first order
indicial function f1(r) is obtained by linear interpolation in log-log scale between rj and
rj+1. Since the solution vector f1(r) represents a modifying factor to the assumed form of
h0(r), the f1(rj) values are then used to calculate a first order weighting function h1(r)
[=h0(r) f1(r)], which would now represent, the actual size distribution better than the
initially assumed h0(r) weighting function. The first order weighting function h1(r) is then
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substituted in equation (4.10) and the second order solution vector f j2 and f2(r) are
obtained through equation (4.18) and interpolation. This iterative procedure is continued
until a stable solution is obtained [Herman et al., 1971; King et al., 1978]. During each of
these iterative steps to estimate fj, equation (4.19) is solved by iterating on γ increasing it
from a very small value till the positivity constraint is satisfied. The solution is better
accepted when f tends to 1, at relatively low values of γ within a reasonable number of
iterations and their weighting function represents the CSDs function nc(r). In the present
study, typically 6 to 8 iteration steps were made and the values of γ were selected in the
range 10-3 to 5. The iteration is stopped when the following two conditions are satisfied;
(1) all the solution vectors are positive and nearly unity (2) The Lagrange multiplier is
varied each time and the lowest value is selected when all the solution vectors become
positive for the first time (3) The τpλ values re-estimated by using retrieved CSDs should
be nearly same as the measured τpλ within the experimental errors. Or, sum of the squares
of the difference between the measured and re-estimated τpλ values should be less than
the sum of individual variances.

4.2.2 ESTIMATION OF QEXT
The extinction efficiency factor Qext is given by the equation [McCartney, 1976],
Qext =

2

κ2

∞

∑ (2k + 1)[Re(a
k =1

k

+ bk ]

(4.22)

where ak and bk are the Mie coefficients and k (=2πr/λ) is the size parameter. The
ak and bk is given as,
ak =

S k (κ ) S k (κξ ) − ξS k (κ ) S k (κξ )
φk (κ ) S k (κξ ) − ξφk (κ ) S k (κξ )

(4.23)

bk =

ξS k (κ ) S k (κξ ) − S k (κ ) S k (κξ )
ξφk (κ ) S k (κξ ) − φk (κ ) S k (κξ )

(4.24)

The summation in the equation (4.22) has been limited up to (2k +10) as the
contribution of the terms above which is found insignificant.

132

The functions Sk(x), and φk(x) for any argument x can be written as,
S k ( x) = xJ n ( x)

(4.25)

φk ( x) = S k ( x) + iC k ( x)

(4.26)

C k ( x) = (−1) xy n ( x)

(4.27)

where, jn(x) and yn(x) are the spherical Bessel functions.

φk ( x) = xhk2 ( x)
φk ( x) = x[J k ( x) − iy k ( x)]

(4.28)
(4.29)

where, hk2 ( x) is the Spherical Hankel function of second kind. The derivatives
S′k(x) and φ′k(x) are determined as,

S k ( x) =

φ k ( x) =

kx
k +1
jk −1 ( x) −
x
2k + 1
2k + 1

kx ( 2 ) k + 1 ( 2 )
hk −1 −
xhk +1 ( x) + hk( 2) ( x)
2k + 1
2k + 1

(4.30)

(4.31)

4.2.3 PRACTICAL CONSIDERATIONS
In the actual practice, τpλ and ∈λ come from the MWR measurements. Additional
parameters needed for the estimation of Qext are the complex refractive index m, the radii
range r1 and r2 and the Lagrange multiplier. The daily values of AOD spectra are
averaged over the month/season (as the case is) to obtain the monthly or seasonally mean
AOD (as described in Chapter-3). These monthly and seasonal mean AOD values forms
the input data for the retrieval of CSDs. The standard error of the monthly/seasonal mean
are considered as the error function, for the estimation of the monthly/seasonal CSD
respectively. In the Chapter-2, we describe that, in the present investigation, the AOD
measurements by MWR are made at 10 different wavelengths namely as 0.38, 0.40, 0.45,
0.50, 0.60, 0.65, 0.75, 0.85, 0.93 and 1.025 µm are used for the retrieval of the CSDs.
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4.2.4 RADII RANGE AND SENSITIVITY
The efficiency of scattering of radiation by the aerosol particles varies with the
wavelength. The particle diameter comparable to the interacting wavelength is most
effective scatters. But the particles with still smaller radii as well as those with larger
radii (of the order of few λs) will contribute significantly to the scattered intensity of
aerosols. The efficiency decreases on either side and as such no information can be got on
particles sufficiently far away from this effective range. Thus it is imperative that the size
distribution can be retrieved only within a certain range depending upon the wavelengths
used in measuring the extinction. Information on the retrievable size range of aerosols
from optical depth measurements depend on the ratio criterion [Heintzenberg et al.,
1981]. The ratio criterion states that, there is no information about the aerosol size
distribution that can be extracted from optical depth measurements at two given
wavelengths in a radius range within which the ratio of the two corresponding Mie
efficiency factor is a constant. This ratio criterion helps in determining the upper and
lower limits of the above integral equation. In the numerical inversion technique adopted
in this work, the lower and upper radii limits (ra and rb) of integration represent the radius
range of aerosols that contribute significantly to Qext for the range of wavelengths used in
the MWR (0.38 to 1.025 µm). A detailed study on the dependence of the kernal functions
on the size ranges for different types aerosol size distribution [Satheesh, 1997] has shown
that ra = 0.05 and rb = 3.0 µm is an optimal choice for the wavelength range used in the
present configuration. Since the size distribution function of aerosol is not known in
advance, occasional trial and error was required in order to determine the radius range
over which the inversion converges in a few cases.

4.2.5 RADIUS INTERVAL
Several investigators have employed five to ten grid radii [Grassl, 1971; King,
1982; Saxena et al., 1995]. The finer the grid scale, greater is the possibility of
oscillations in the solution. Whereas, by resolving the size distribution on a coarse scale
results in a smoother solution. Although this has the effect of reducing undesirable
oscillations, it eliminates the possibility of resolving or reproducing the narrow peaks

134

(modes) or valleys in the retrieved size distribution contributed by the weaker sources.
Physically plausible mode widths can be as narrow as 0.1 µm [Jonsson et al., 1996].
Taking into consideration all these points, in the present study, ten grid radii are used.
This allows good accuracy in the quadrature scheme adopted and sufficient resolution in
the size distribution function.

4.2.6 REFRACTIVE INDEX
For the estimation of Qext, the values of refractive index are required. The
refractive index depends on the chemical composition of aerosols and hence is different
for different types of aerosols. The refractive index is wavelength dependent. In general,
refractive index is a complex number with the real part representing the scattering
property and the imaginary part signifying the absorption effect. Generally, the real part
of the refractive index lies in the range 1.33 to 1.80 at the visible and near IR
wavelengths [Yamamoto and Tanaka 1969; Reagan et al., 1980; d’Almeida et al., 1991],
and the imaginary part ranges from 0.001 to 0.16 [Hänel 1994]. The imaginary part of
refractive index generally depends on the concentration of absorbing aerosol species (e.g.
aerosol black carbon and dust) for the wavelength considered here. As detailed
information of the chemical composition of aerosols over Nainital was not available,
model values available in the literature [e.g. Hanel, 1976; Shettle and Fenn, 1979;

d’Almeida et al., 1991; Hess et al., 1998; Lubin et al., 2002] were used. In this study, the
wavelength dependent refractive indices for aerosols given by Shettle and Fenn [1979]
have been used as given in Table 4.1. Yamamoto and Tanaka [1969] have found that the
size distribution retains its shape under different values of indices but there may be some
shift and change in number density of derived size distribution. Muller and Quenzel
[1985] have also reported that the inverted size distributions are not intensive to the
change in refractive index. However, small variations in the refractive index do not affect
the basic form of the inverted size distributions significantly.
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TABLE 4.1:- Indices of refraction for continental aerosol model [Shettle and Fenn, 1979].
λ (nm)
Real
Part
Imagina
ry Part

380
1.417

400
1.417

450
1.416

500
1.415

600
1.411

650
1.408

750
1.404

850
1.402

935
1.401

1025
1.396

-1.54
×10-8

-1.54
×10-8

-1.10
×10-8

-0.75
×10-9

-1.15
×10-8

-3.40
×10-8

-8.13
×10-7

-1.62
×10-6

-4.90
×10-6

-9.75
×10-5

4.2.7 LAGRANGE MULTIPLIER
In order to perform the numerical inversion procedure as described above, the
selection of the Lagrange multiplier is also important [King et al., 1978; King, 1982].
Since the γH gets added to ATC-1A (equation 4.18) to produce smoothing. King [1982]
has suggested that, the values of relative Lagrange multiplier (γrel) are important rather
than γ alone. The relative Lagrange multiplier is defined as King, [1982]

γ rel =

γH11

[A C A]
−1

T

(4.32)

11

Here, it may be noticed that the value of H11 is equal to 1. As the values of γrel are
increased, all the solution vector elements approach asymptotic limits. Following, King
[1982], the values of γrel are varied in an iterative manner, starting from a very low
positive value (0.001) in steps, till the solution vectors satisfy the positivity constraint for
the first time. Once the solution vectors satisfy the positivity constraint, the iteration on
the γrel is stopped. After examining numerous practical applications, King [1982]
suggested the use of the relative Lagrange multiplier in the range 10-3 to 5. In the present
investigation, the same range has been used.

4.2.8 FINAL SOLUTION
In the iterative technique of solving for f(rj) starting from a zero order weighting
function h0(r), a set of solution vectors are obtained after each iteration, once the
positivity constraint is satisfied. The choice of the final solution vectors to represent the
nc(r) from these, or in the other words, how long the iteration is to be repeated, is decided
depending on the solution vectors satisfying two more additional constraints, both being
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important from practical and physical considerations. The first of these is the obvious
consequence of equation (4.8), where nc(r) is expressed as the product of a fast varying
function h(r) and slow varying function f(r). As the iteration proceeds, the successive
solutions (satisfying the positivity constraint) should be increasingly closer to the true
CSDs so that h1(r) will be better represent nc(r) than h0(r); h2(r) still better and so on. This
iterative procedure is continued until a stable result is obtained [Herman et al., 1971].
This way, as h(r) tends to nc(r) all the solution vectors f(rj) will tend to unity. This is an
indication of approaching stable solutions. Further iteration will not yield any
improvement in fj values. The second constraint used was that the retrieved CSDs when
put in the direct equation for τpλ, equation (4.2), should reproduce τpλ agreeing with those
obtained from MWR measurements and fed as input, within limits permitted by the
measurement errors. This is a very important physical requirement. Thus after each
iterative estimate of fj satisfying the positivity constraint, τpλ values are re-estimated
using the equation (4.10) and the RMS deviation between the re-estimated values and
those from the measurements are compared with the mean input error. The solutions are
considered acceptable only when the former is lower than the latter and at any
wavelength the re-estimated τpλ does not deviate from the input by more than double the
error at that particular wavelength. Then the solutions which satisfy all these constraints
are taken as the optimal ones.

4.3

RETRIEVED COLUMNAR SIZE DISTRIBUTIONS (CSDS)
By following the procedure discussed in preceding sections, the CSDs function

nc(r) is retrieved from a set of spectral AOD measurements. The CSDs deduced by the
inversion of spectral AODs are presented in a graphical form by plotting nc(r) against r on
a log-log scale. The CSDs retrieved during the study period are examined for the general
features. An examination of all the retrieved CSDs, revealed a bimodal i.e. a combination
of power law and unimodal (PL+UM) in nature. A typical example of such type of
distribution is shown in Figure 4.1. This type of size distribution is characterized by a
secondary mode occurring at a fairly large value of radius (r >0.5 µm), while the primary
mode may not be well developed or occurring at or below the radius 0.1 µm because the
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lower radii limit used in the inversion processes is much higher than that. The peak
number density for secondary mode is generally two to three orders less than the primary
mode number density.

4.3.1

PARAMETERIZATION OF RETRIEVED SIZE DISTRIBUTIONS

In order to quantify the observed changes in the deduced CSDs in terms of
physical parameters of the aerosols, as well as to present them in a form that can be used
for computation, it is essential to parameterize the CSDs using the proper analytical
functions. Some of the most commonly used analytical functions include inverse power
law distribution, modified gamma distribution and lognormal distribution (described in
Chapter-1). Of these, the lognormal distribution provides a good description of aerosol
size distribution due to one or more sources which are dominant for the region. In this
context, the earlier studies have also shown that the size distribution of tropospheric
aerosols are the combinations of many log normal distributions, where each mode
represents a different aerosol source [Porter and Clarke 1997; Bates et al., 1998; Schmid

et al., 1998; Ramachandaran and Jayaraman 2002; Koponen et al., 2002, 2003; Ganguly
et al., 2005]. Moreover, most of the recent aerosol models, such as the Hess et al., [1998],
which are used for radiative forcing estimation, use the log normal size distribution to
describe the proper properties. The lognormal distribution function is expressed as
[Davies, 1974],

 (ln r − ln rm ) 2 
exp −
nc ( r ) =

2σ m2
2π σ m r


N0

(4.33)

where nc(r) represents the columnar number density in unit radius interval, r is the
radius of particles, rm is the mode radius, σm is the standard deviation and N0 is the
normalization constant. The parameter rm and σm characterize the form of the distribution,
whereas the constant N0 is adjusted to match with the observed aerosol loading. The
radius rmax at which the number density or CSDs function nc(r) maximizes is obtained by
setting the first derivative of nc(r) equal to zero.
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FIGURE 4.1:- Typical example of a least square fit to the bimodal (PL+UM) log normal
distribution function. Solid line shows the estimated CSDs, whereas the dotted line
represents the log-normal fitted CSDs.

dnc (r )
=0
dr

(4.34)

this condition gives a relation between rmax and rm as follows,
ln rmax = ln rm - σ 2m

(4.35)

where the mode radius rm is greater than rmax (at which the number density shows
the peak value) and these two are related through the σm2. The mode radius rm and the
standard deviation σm can be estimated from the observed CSDs function (as obtained by
the inversion of the measured spectral AODs) as given below.
Whenever these CSDs indicate the presence of two modes, the above physical
parameters are determined by least square fitting (with minimum RMS error) of a
bimodal log normal distribution function of the following form to the observed data.
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N

2
n (r ) = ∑
c
i =1

0i
(2π )0.5 σ

mi

r


2

 1  ln r − ln rmi  
exp − 
 
 
 2  σ mi




(4.36)

where rmi and σmi are the mode radii and standard deviation respectively, with i =
1 representing the primary (small/fine particle) mode, and i = 2, represent the secondary
(large/coarse particles) mode and the parameter N0 depend on the total aerosol number
concentration [Junge, 1963]. In some cases the CSDs show an initial monotonic decrease
in nc(r) followed by a secondary mode at large particle size regime, under such cases
equation (4.33) is used to characterize the modes. Therefore, equation (4.36) can be
written as follows,

2

 1  ln r − ln rm1  
01
exp − 
n (r ) =
 
c
2
σ
 
(2π ) 0.5 σ r

1
1



N

n (r ) = N r − υ +
c
01


2

 1  ln r − ln rm2  
02
exp − 
 
0
.
5
σ
2
 
(2π ) σ r

2
2



N

(4.37)

(4.38)

where N01 and N02 are scaling parameters, which depend on the aerosol
concentration, rm2 and σ2 are respectively the mode radii and standard deviation of the
secondary mode and ν is power law index. By evolving a fit between the retrieved CSDs
and appropriate analytical functions with minimum RMS error, the power law index,
mode radii and standard deviation are deduced as applicable. The method for fitting a
unimodal lognormal function is described below. For this two pairs of points (r1, r2 and r3,
r4) are selected on the retrieved CSD, around the each mode apparent in the CSD to solve
the equation (4.37) for the parameters. If r1 and r2 are any two points in the aerosol size
distribution, then,

 (ln r1 − ln rm ) 2 
nc (r1 ) =
exp −

2
2σ m
2π σ m r1



(4.39)

 (ln r2 − ln rm ) 2 
exp −
nc (r2 ) =

2
2σ m
2π σ m r2



(4.40)

N0

and

N0
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A similar procedure for another pair of points r3 and r4, equation (4.37) can be
written as,

 (ln r3 − ln rm ) 2 
nc (r3 ) =
exp −

2
2
σ
2π σ m r3
m


N0

nc (r4 ) =

 (ln r4 − ln rm ) 2 
exp −

2
2σ m
2π σ m r4


N0

(4.41)

(4.42)

Dividing the equation (4.39) by equation (4.40) and equation (4.41) by equation
(4.42), we get the equation (4.43) and (4.44)

 n (r )r 
r 
1 
(ln r1 + ln r2 − 2 ln rm ) ln( 2 )
ln  c 1 1  =
2 
r1 
 nc (r2 )r2  2σ m 

(4.43)

 n (r )r 
1 
r 
ln  c 3 3  =
(ln r3 + ln r4 − 2 ln rm ) ln( 4 )
2 
r3 
 nc (r4 )r4  2σ m 

(4.44)

Eliminating the σm from the above two equations (4.43 and 4.44), dividing the
equation (4.43) by equation (4.44) results in the elimination of σm and the value of rm is
obtained as,

ln r1 + ln r2 − C 1 ln r3 − C 1 ln r4
ln rm =
2(1 − C 1 )

(4.45)

where C1 is obtained as follows
  nc (r1 )r1     r4  
   ln  
 ln
(
)
n
r
r
2
2
c
1

    r3  
C =
  nc (r3 )r3     r2  
   ln  
 ln
  nc (r4 )r4     r1  

(4.46)

The value of rm is evaluated from the equation (4.45) using equation (4.46).
Knowing the value of rm, σm can be easily estimated by substituting this value of rm in
equation (4.43) or (4.44). By considering the equation (4.43)

 n (r )r 
r2 
1 
r
r
r
(ln
+
ln
−
2
ln
)
ln(
)
ln  c 1 1  =
m
1
2
2 
r1 
 nc (r2 )r2  2σ m 
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(4.47)

Hence

 r2  
 (ln r1 + ln r2 − 2 ln rm ) ln  
 r1  
σ m2 = 


 n (r )r 
2 ln c 1 1 




 nc (r2 )r2 

(4.48)

Or

 r2  
 (ln r1 + ln r2 − 2 ln rm ) ln  
 r1  
σm = 


 n (r )r 
2 ln c 1 1 


 nc (r2 )r2 



1

2

(4.49)

All these equations show that the parameters rm and σm of the log normal
distribution can be estimated from the nc(r) at the four these four radii (r1, r2, r3 and r4)
values. These four values must represent all the significant features of the CSDs, for
example, the rising side, its peak and the trailing edge of the CSDs. Now the fitted
distribution is obtained by substituting the mode radii and standard deviation in equation
(4.37) or (4.38). For bimodal CSDs, the secondary can also be evaluated by following a
similar procedure, thereby yielding the parameters corresponding to that particular mode.
For the size distribution, CSDs with secondary coarse mode aerosols, and preceded by an
inverse power law form (PL+UM type distribution as shown in the Figure 4.1), the
secondary mode is fitted using a single lognormal distribution following the procedure as
described above, and the power law index ν can be obtained as described. The power law
distribution is given by

nc (r ) = N 01r −ν

(4.50)

By taking the logarithm on both sides,
log nc (r ) = log N 01 −ν log r

(4.51)

The above equation (4.51) represents a straight line between log nc(r) and log r
with a negative slope (ν). Based on this equation ν is evaluated by evolving a least square
fit. The normalization constant N01 is adjusted to evolve the best fit. The final size
distribution is then expressed as a sum of power law and a unimodal lognormal
distribution function. An example of a bimodal size distribution, fitted using one
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lognormal distribution and preceeded by an inverse power law is shown in Figure 4.1. In
the Figure 4.1, the dotted line represents the fitted distribution and the solid line
represents the retrieved columnar size distribution.

4.3.2 OTHER PHYSICAL PARAMETERS OF AEROSOL SIZE DISTRIBUTIONS
From the retrieved CSDs, the other physical parameters describing aerosol
properties, such as the total columnar aerosol content (Nt), columnar mass loading (mL),
effective radius (Reff), weighted mean radii (R) and the number concentration of the
accumulation and coarse modes (Na & Nc) are evaluated. The effective radius (Reff; which
is the ratio of total volume to surface area of aerosols) and columnar mass loading (mL)
are estimated from the known CSDs using the following equations,

r
2
4
m = πρ ∫ n (r )r 3dr
L 3
c
r
1
r
2 3
∫ r nc (r )dr
r
= 1
R
eff r
2 2
∫ r nc (r )dr
r
1

(4.52)

(4.53)

where ρ is the density of aerosols and it is taken as 2.0 g cm-3 [Junge, 1963]. The
Reff represents the radius of the monodisperse aerosols, which have the same scattering
characteristics as those of the polydisperse particles of distribution. The aerosol mass
loading (mL) is more sensitive to the large particle at the end of the size distribution,
whereas the effective radius depends more on the relative dominance of the large aerosols
over smaller ones and hence to the size distribution. The weighted mean radius (R) is
given as,
r
2
∫ nc (r ) r dr
r
R= 1
r
2
∫ nc (r )dr
r
1
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(4.54)

This also represents the median radius about which the total columnar aerosol
content is distributed equally in the range from r1 to r2, such that the total columnar
content in the range r1 to R is equal to that in the range R to r2. The total columnar aerosol
content is given by the following equation,
r
2
N = ∫ n (r )dr
t
c
r
1

(4.55)

The total concentration of optically active sub micron range/accumulation particle
concentration (Na), and coarse mode aerosol concentration (Nc) are estimated using
following equations.
0.5
N = ∫ n (r )dr
a
c
0.1

(4.56)

3.0
N = ∫ n (r )dr
c
c
0.5

(4.57)

By numerical integration of all the above equations, the aerosol size distribution
parameters are estimated. The physical significance of Reff and mL is that the variation in
mL shows the variation in the total aerosol mass loading, irrespective of the size
distribution (since an increases in both fine and coarse mode aerosol can increases the
aerosol mass loading), where as the variation in Reff gives the information weather the
increases in aerosol abundance is caused by smaller aerosol or by larger aerosols. The
relative increase in the abundance of large aerosols increases the value of Reff and vice
versa [Moorthy et al., 1997; Satheesh et al., 1999].

4.4

RESULTS
While dealing with the monthly, seasonal and spectral variation of AODs at

Nainital, it has been observed that there is a systematic change in the wavelength
dependence of τp from winter months to summer months (see Chapter-3). These changes
in the spectral variation are indicative of the changes in CSD of aerosols. In the following
sub sections, the above aspect are examined using CSDs retrieved from the λ dependence
of τp values over Nainital and the results and their implications are discussed.
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4.4.1 MONTHLY AND SEASONAL VARIATIONS OF CSDS
In order to understand the characteristics of aerosol properties, the representative
CSDs have been obtained for each month from the monthly mean spectral AOD,
following the constrained linear inversion technique, discussed above. The retrieved
CSDs generally show a steep fall in nc(r) with increase in r from 0.05 µm (at the lower
particle size; depicting an inverse power law type dependence), followed by a well
defined secondary mode (coarse particle; depicting a unimodal type distribution) as
shown in Figure 4.1. At still larger sizes the nc(r) decreases again with r. A typical CSD
deduced from the monthly mean AOD spectrum for December 2004 is shown in Figure
4.2. This has two frames, the lower panel (b) representing the retrieved CSDs in a log-log

scale and the upper panel (a) depicts the measured AODs (by solid points with error bars)
and the AODs re-estimated from the CSD in panel (b) are plotted by continuous line as a
function of the wavelength. The re-estimated AODs agree with the measurements well
within the observational errors. In the Figure 4.2, the nc(r) decreases initially up to r =
0.5 µm, where it falls by six orders in magnitude from its values of 1013 m-2 µm-1 at r =
0.07 µm. From r = 0.5 µm onwards the value of nc(r) increases gradually, reaching a
secondary peak (nc(r) ~1010 m-2 µm-1) at r = 1.0 µm and then continuously decreases with
r. In such type of CSDs, for the smaller size (accumulation/fine mode aerosols) particles,
no mode is explicitly seen, but sometimes its presence at radii below ra is indicated by the
slanting nature of the CSD towards the smaller values of r. This is also physically
justifiable as the number density cannot increase indefinitely at smaller sizes because of
the processes like coagulation, which limit the concentration of the sub micron aerosols.
This leads to the formation of an accumulation mode aerosols [Hoppel et al., 1990], by
rapid transformation of smaller size aerosols to the larger ones.
In all, 38 such size distributions are obtained during the period of January 2002 to
December 2005. It has been observed that all these retrieved size distribution can be
analytically represented by a combination of power law and a unimodal log normal
distribution in nature. Composite plots of monthly mean CSDs retrieved for each year are
shown in Figure 4.3, following the same convention as Figure 4.2. The nature of the
CSDs remains more or less same through out the period under study.
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FIGURE 4.2:- Top panel (a) shows the τpλ values estimated from the MWR measurements
by solid point with error bars. The continuous line shown below represents the those τpλ
values re-estimated from the retrieved CSDs. Bottom panel (b) shows the typical example
of the CSD retrieved from monthly mean spectral AOD for the month of December 2004
at Manora Peak, Nainital.
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FIGURE 4.3: - Right panel (b) shows the composite plots for CSDs obtained from the
inversion of spectral AOD during 2002, 2003, 2004 and 2005. Left panel (a) shows the
monthly mean τpλ, values estimated from MWR measurements during the study periods
2002, 2003, 2004 and 2005 respectively.
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As the aerosol properties over the Manora Peak, have shown the well defined
seasonal variations (see Chapter-3), it is imperative to examine its signature in the size
distribution. For this the daily AOD values at each wavelength were arranged by
grouping them in seasonal ensembles mean AOD spectra, representative of the different
seasons were obtained. The seasonal size distributions are retrieved from these AOD
spectra. The CSDs during the winter and summer seasons are shown as composite plots
respectively in Figure 4.4 and Figure 4.5 (bottom panels). In the top panels, the
representative AOD spectra from measurements are shown by the solid points with error
bars along with the τp values re-estimated using the retrieved size distributions (shown in
bottom panels) by the continuous lines. The nature of size distribution is more or less
similar during winter and summer seasons.
With a view to quantifying the monthly and seasonal changes in the CSDs in
terms of the physical parameters of aerosols, these CSDs are parameterized using
appropriate analytical functions (as discussed above), and the parameters (mode radius,
power low index etc) are determined. The seasonal variations of the mode radii (rmi) and
standard deviations (σmi) of the mode are shown in Figure 4.6 respectively in the lower
and upper panels. No systematic seasonal pattern is seen either in rm or in σm. However,
Figure 4.6 indicates that the secondary coarse mode is broader and is generally consistent

whereas the primary small/fine mode is not visible clearly. In summer, the variability is
either larger or comparable to those seen in other seasons.
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FIGURE 4.4: - Top panel shows the input τpλ (seasonal mean) values estimated during all
the winter seasons, during the period under study as solid points with error bars, along
with the τpλ values re-estimated from the seasonal CSDs by continuous lines respectively.
The bottom panel shows the seasonal CSDs function retrieved from the seasonal mean
spectral AOD for the winter seasons.
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FIGURE 4.5: - Top panel shows the input τpλ (seasonal mean) values estimated during all
the summer seasons, during the period under study as solid points with error bars, along
with the τpλ values re-estimated from the seasonal CSDs by continuous lines respectively.
The bottom panel shows the seasonal CSDs function retrieved from the seasonal mean
spectral AOD for the summer seasons.
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FIGURE 4.6: - The seasonal variation of mode radii and standard deviation of the mode
radius.

With a view to examining the changes in columnar properties associated with the
temporal changes in spectral AOD, the variation of the effective radius (Reff), median
radius (R), columnar mass loading (mL), and columnar number concentrations of coarse
mode aerosols Nc and total aerosols Nt are examined. Further, we have divided the Nt into
two groups, the accumulation mode (small aerosol particles) and the coarse particles
mode (larger aerosol particles) by integrating the CSDs, function from ra to 0.5 µm and
from 0.5 µm to rb respectively, as discussed in the previous section (4.3.2). While the
accumulation mode concentrations mainly pertains to the anthropogenic and transported
(long range) species, the coarse mode would represent mechanically generated particles
locally/regionally, mostly due to the natural processes. As such the ratio Nc/Na would
represent a measure of the relative abundance of the number concentration of natural
(coarse) aerosols Nc with respect to the anthropogenic abundance.
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The temporal variations of monthly mean Nt, Na, Nc and this ratio Nc/Na are
shown in Figure 4.7 from bottom to top panels respectively. The accumulation mode
particles Na being larger than the coarse mode particles Nc by an order of magnitude
three, the ratio Na/Nc is mainly determined by Na. It was observed that during a year Nt,
Na, Nc and Nc/Na increase from a minimum value during winter to a maximum value
during summer months. The increase in the ratio of Nc/Na during summer seasons clearly
indicates the dominance of the coarse mode aerosols in the size spectrum during the
summer seasons as compared to the winter and the consequent flattening of the AOD
spectrum (Figure 3.7). Moreover, the total columnar abundance Nt also increases
approximately by a factor of 10, as the season changes from winter to summer, indicating
a large increase in the columnar abundance. This increase is more for Nc than for Na and
as a result the ratio Nc/Na also increases. This results in a change in the aerosol spectrum
which is reflected in the effective radius (Reff) and the columnar mass loading mL as
shown in the Figure 4.8, which depicts the seasonal variation of Reff and mass loading
(mL) in bottom and top panels respectively. Both the mL and Reff, remain the low during
the winter and high during summer. Though the seasonal variation of Reff is not
conspicuous during 2003 and 2004 but mL shows the pattern consistently in all these
years. The increase in the mL and Reff is attributed to the increase in the relative
abundance of coarse aerosols in the size spectrum during the summer seasons. The value
of Reff depends on the relative dominance of large to small particles where as the value of
mL depends both on Nt as well as the concentration of coarse mode aerosols [Moorthy et

al., 1997; Satheesh et al., 1999; Moorthy and Satheesh, 2000]. As such, the relative
increase in the abundance of large aerosols increases the value of Reff while an increase in
the columnar abundance of accumulation and coarse mode leads to an increase in mass
loading mL. As the Reff is defined as the ratio of the total volume to area, the increase in
the Reff during summer seasons is attributed to the increase in the relative abundance of
coarse mode aerosol concentration. This partly explains the absence of constancy in
effective radius of aerosols from year to year. Besides, there is a data scarcity in monsoon
seasons which results in unequal weightages in different years. The inter parameter
dependences are examined in Figure 4.9, which shows a scatter plot of mL and Nc/Na
against the Reff in the bottom and top panels respectively. It is clearly seen that, the
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relative dominance of Nc (or Nc/Na) leads to significant increase with the Reff (Figure
4.9; top panel) with a correlation coefficient of +0.53 at a significant level 0.02. Similarly

the columnar mass loading mL is also positively correlated with Reff; with a much lower
correlation coefficient +0.38. These similarities with earlier observations indicate that Reff
is a better proxy for monitoring the changes in the coarse mode abundance.
Further, we have also examined the correlation between Ǻnsgtröm turbidity
parameter (β), which is an indicator of the columnar loading of aerosols with the mass
loading and coarse mode number concentration in scatter plots shown in Figure 4.10
bottom and top panels respectively. Despite the correlations being very good and
significant at p < 0.0001 (where p is the significant level), the figure reveals that the
coefficients are very high (~ 0.98) with mL and is only 0.78 with Nc. Thus the increase in
the columnar abundance and the relative abundance of coarse mode aerosols in the
column together leads to an increase in AOD and to a decrease in α (Ǻnsgtröm
wavelength exponent) during the summer seasons.
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FIGURE 4.7: - Month-to-month variation of total columnar aerosol content (NT) sub
micron aerosol content (Na), super micron (coarse mode) aerosol content (Nc) and Nc/Na
over Manora Peak for 2002 to 2005 are shown from bottom to top panels respectively.
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FIGURE 4.8: - The seasonal variation of columnar mass loading (top panel) and effective
radius (bottom panel).

FIGURE 4.9: - Plot of mass loading (mL) and Nc/Na against effective radius (Reff) are
shown in bottom and top panel respectively. The dotted line represents the linear fit of the
points.
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FIGURE 4.10: - A scatter plot between Ångström turbidity parameter β along with mass
loading and coarse mode number concentration are shown in bottom and top panels
respectively. The dotted line represents the linear fit of the points.

4.5

DISCUSSIONS
The columnar size distributions retrieved from the measured AOD spectra for 38

months, as shown in the Figure 4.3, which are mass plots of the CSDs during the four
years period (January 2002 to December 2005). The consistency of bimodal (combination
of power law and unimodal) nature of CSDs throughout the period under study can be
seen easily. The wavelength dependency of AOD depicts a positive curvature towards the
longer wavelengths in the case of the bimodal nature of the size distribution. The
secondary or coarse mode is generally occurring at a value of r > 0.5 µm, whereas the
primary or fine mode is either not conspicuous or occurring below the value of r < 0.1
µm, lower than the lower limit considered in the inversion technique. The occurrence of
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such mode suggests the presence of large abundance of nucleation (r ~0.001 to 0.1 µm)
or accumulation (r ~ 0.1 to 1.0 µm) mode aerosols over the site. The occurrence of such
mode is to be expected as the location is a remote, high altitude station, lying in the
central part of lower Himalayas and away from the strong sources of aerosol production.
As the size spectrum is indicative of a particular source and sink of aerosols to which
each mode can be attributed, therefore the bimodal nature of CSDs suggests two different
sources of aerosols. However, the peak height of the secondary mode is almost 2-to-3
orders of magnitudes less than that of the primary mode, which is not conspicuous
(Figure 4.2 and Figure 4.3). Earlier studies, by many investigators had suggested that
two modes observed in the CSDs are attributed mainly to two different production
mechanisms: gas-to-particle conversion (GPC) and bulk-to-particle conversion (BPC)
respectively [Jaenicke, 1984; Hoppel et al., 1990; Moorthy et al., 1997; Moorthy and

Satheesh, 2000]. The primary small mode is attributed to the aged aerosols from the
secondary GPC processes or phase reaction products as well as associated with the
human activity on the landmass [Ramanathan et al., 2001]. The GPC gives rise to
particles of sizes of the order of radius < 0.5 µm, while the BPC gives rise to the larger
sized particles of the order of radius >0.5 µm. After the production, the fine particles (r~
0.1µm) of the size distribution are controlled mainly by the coagulation and condensation
processes whereas the coarse mode particles (r > 0.5 µm) are mainly controlled by
sedimentation [Pruppacher and Klett, 1978] and impaction scavenging processes. The
nature of the size distribution between these radii limits reflects the aerosol sources, sinks
and the aerosol transport, which have regional importance. Near the aerosol source, the
aerosol characteristics are well associated to the generation or production mechanism, it
is quite different on a global or synoptic scale, when present at large distances from the
source region. Moreover, the various microphysical processes bring out the continuous
size transformations which are quite important in limiting the concentration of fine mode
aerosols. The appearance of bimodal nature of CSDs is indicative of additional sources
which are responsible for secondary mode aerosols. As the observational site Nainital is
away from the major industrial or anthropogenic activities, the observed changes in the
CSDs function are brought in terms of either natural sources and sinks or other long
range transport mechanisms. The long range transport (as described in the previous
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chapter) is capable of bringing large amount of desert and mineral aerosols from the west
Asian and the Great Indian Desert to the site and is responsible for the generation of
secondary mode during the study period over the site. In addition to the advection by air
masses, the increased solar heating of the landmass in nearby plains and the under lying
valley region adjacent to the measurement site during the summer season would result in
the increased convection activity and the evolution of the atmospheric boundary layer
(ABL) during daytime will cause lifting of the aerosols and pollutants to the higher
altitudes. Hence the columnar content as well as the mass loading is increased during the
summer seasons. Similar nature of size distribution is also reported near Indo-Gangetic
basin by many investigators [Dey et al., 2004; Singh et al., 2004; Jethva et al., 2005].
They reported that the bimodal nature of the size distribution is due to the mixing of
different type of air masses, having different aerosol populations [Hoppel et al., 1985]
and the long range transport from the Great Indian Desert.
With the above discussion, it is clear that the size distribution of atmospheric
aerosols and their properties are significantly modified by the mesoscale processes and
atmospheric boundary layer dynamics. The role of mesoscale processes atmospheric
boundary layer dynamics in the present investigation is examined in the next chapter.

-----*-----
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CHAPTER - 5
SHORT PERIOD MODULATIONS IN AEROSOL PROPERTIES OVER NAINITAL:
ROLE OF MESOSCALE PROCESSES
5.1

INTRODUCTION
In the preceding Chapters, an extensive account of temporal and spectral variation

of columnar AODs over Nainital have been examined in detail and the possible role of
synoptic scale meteorology in causing these variations has been delineated. Besides, the
aerosol properties (both near surface and columnar) also respond distinctively to the
dynamics of atmospheric boundary layer (ABL) which is a mesoscale processes
[Parameswaran et al., 1998; Pillai and Moorthy, 2001; Moorthy et al., 2003]. Recent
observations have shown that near surface aerosol properties are strongly influenced by
the ABL dynamics and diurnal changes of boundary layer control and significantly
modify the number/mass concentration of near surface aerosols [Pillai and Moorthy,
2001; Vakeva et al., 2001; Moorthy et al., 2003; Nair et al., 2007]. There are several
investigators [Bhugwant et al., 2000; 2001; Babu and Moorthy, 2002; Latha and

Badrinath, 2003; Tripathi et al., 2005; Moorthy and Babu, 2006; Ganguly et al., 2006;
Pant et al., 2006; Safai et al., 2007; Ramachandran and Rajesh, 2007], who have
examined the impact of the ABL characteristics on the diurnal variation of mass
concentration of black carbon and composite aerosols. In this chapter, we have examined
the short period (within a daytime) fluctuation of both near surface and columnar aerosol
properties and the possible role of the mesoscale processes in modifying these properties
are delineated.
Generally most of the aerosols are produced near the Earth’s surface as a result of
various natural and anthropogenic processes and are carried aloft by the turbulent eddies
from where these are dispersed by the prevailing winds [Stull, 1989; Parameswaran et

al., 1997, 1998; Parameswaran and Rajan, 1999; Arya, 2001; Pillai and Moorthy, 2001;
Moorthy et al., 2003]. In these processes, the dynamics of ABL is very important. As
such, it is necessary to give a brief overview of the ABL and its physical processes.
_________________________________________

Part of this work is published in Pant et al., [2006] and Dumka et al., [2007a]
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5.2

ATMOSPHERIC BOUNDARY LAYER (ABL)
The atmospheric boundary layer (ABL) is the lowest layer of the Earth’s

atmosphere, which is directly influenced by the presence of Earth’s surface. According to
the conventional definition, the ABL is “the part of troposphere that is directly influenced
by the presence of Earth’s surface, and responds to the surface forcing with a time scale
of about an hour or less” Stull [1989]. Based on the time of the day and region the ABL
height would vary over a wide range (several tens of meters to several kilometers). This
depends on the rate of diurnal heating and cooling of the Earth’s surface, the strength of
winds, roughness and topographical characteristics of the surface, large scale vertical
motion, horizontal advections of heat and moisture [Arya, 1988]. Beyrich, [1995] had
reported that the height of the ABL essentially governs the vertical mixing of the
atmospheric pollutants and plays an important role in the air pollution monitoring and
their assessment as well as the study of aerosol properties. The nature of the boundary
layer is determined by the presence of turbulence. Turbulence involves random motion of
the air, which are manifested by gustiness. These random motions are accompanied by
fluctuations in temperature and humidity on similar time scales. The turbulence is the key
factor to the vertical diffusion of momentum, heat and moisture which play an essential
role in the coupling between Earth’s surface and upper atmosphere. Figure 5.1 shows the
typical diurnal evolution of the ABL. In a clear or sunny day the ABL has a well
developed structure that evolves with the diurnal heating and cooling cycle. Following
the Sunrise, the continuous solar heating of the Earth’s surface by the solar radiation
results the thermal mixing in the ABL and causes the ABL depth to increase steadily till
it attains a maximum in the late afternoon hours. Late in the evening and through out the
night, weak wind and radiative cooling of the ground surface results in the suppression of
turbulent mixing and consequently in the shrinking of ABL depth.
The structure of the ABL over land surface is strongly influenced by the diurnal
cycle of solar radiation. Generally the ABL structure is classified into three broad
categories [Stull, 1989]; (1) Convective boundary layer (CBL) (2) Residual layer (RL) (3)
Nocturnal boundary layer (NBL) (as shown in Figure 5.1). The CBL occurs when strong
surface heating produces thermal instability or convection. The boundary layer from the
Sunset to Sunrise is called the nocturnal boundary layer (NBL); it is often characterized
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by a stable layer (SBL) and occurs mostly at night. The RL is often observed after the
Sunset hours during the transition from CBL to SBL.

5.2.1

CONVECTIVE BOUNDARY LAYER (CBL)

Convective boundary layer is divided into three different layers such as surface
layer, mixed layer and entrainment zone as detailed below.

FIGURE 5.1:- Diurnal evolution of atmospheric boundary layer over land [Stull, 1989].
SURFACE LAYER (SL)

The lowest layer, with a thickness of typically around one tenth of that of the
ABL and located very close to the Earth’s surface is termed as the surface layer (SL).
This layer is also called the constant flux layer [Panofsky and Dutton, 1984] because the
height variation of momentum, heat and moisture fluxes (surface layer fluxes) are treated
as constants in this layer and the vertical variation of these quantities are within 10% of
their surface fluxes. It is characterized by the sharpest variation of wind speed,
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temperature and other meteorological parameters with height and also by the turbulence
generated by surface roughness or friction and in the case of heated surface by thermal
convection. The turbulence in this layer is mainly due to wind shear, which is generated
by surface frictional force, generally known as mechanical turbulence. The height of the
surface layer would extend up to about 100 meter. The lowest part of the surface layer is
called the canopy or the roughness layer, which is inhomogeneous and is directly affected
by the surface roughness elements.

MIXED LAYER (ML)

The daytime boundary layer is called the mixed layer (ML). It is a part of the
single layer, which is characterized by intense mixing, where thermals of warm air rise
from the ground. The ML reaches its maximum depth in the late afternoon. ML is the
region where turbulence is driven by the buoyancy, which tends to mix momentum, heat
and moisture uniformly in the vertical direction. The mixed layer has a uniform vertical
distribution of the winds speed, temperature, humidity and pollutant concentration. Over
the continents the maximum depth of the mixed layer would be as much as 2 to 3 km.

ENTRAINMENT ZONE (EZ)

The entrainment zone is the region of statically stable air at the top of ML, where
there is entrainment of air from the atmosphere downward and overshooting thermals
upward. Alternatively the EZ can also be defined as that region above the top of the ML,
where the buoyancy flux is negative. EZ is characterized by increased vertical shear in
wind speed potential temperature and humidity. In this region, negative heat flux,
increase in momentum flux and positive moisture flux are seen. When the ML is shallow
during morning hours overlap, the EZ is proportionally shallow. As the ML grows, so
does the thickness. Thin EZ is expected for large temperature changes across the ML top,
because thermals will not penetrate as far as the entrainment will be slow. Thick EZ is
expected with more intense ML turbulence when convection is vigorous.
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5.2.2

RESIDUAL LAYER (RL)

After the Sunset, the thermals cease to form allowing turbulence to decay. The
resulting layer is sometimes called residual layer. The RL is neutrally stratified resulting
in turbulence nearly of equal intensity in all directions. Therefore, the smoke plumes
emitted into the RL tend to disperse at equal rates both in the vertical and lateral
directions. The cooling rate is more or less uniform throughout the depth of the RL, thus
allowing the RL virtual potential temperature profile to remain nearly adiabatic. The RL
does not have direct contact with the ground. The RL often exists for a while in mornings
before being entrained into the new ML.

5.2.3

STABLE (NOCTURNAL) BOUNDARY LAYER (SBL/NBL)

The ABL becomes stably stratified whenever the air above the Earth’s surface
becomes warmer than the surface. This type of layer often occurs at night over the land
and known as Stable (or Nocturnal) boundary layer (SBL or NBL). After the sunset
temperature decreases with time due to long wave radiative cooling from the ground. As
a result, the ground cools faster than the air aloft. Later in the evening and throughout the
night, the radiative cooling of the ground results in the suppressions of the turbulent
mixing causing the shrinking of the ABL depth to a typical value of the order of about
100 m. This stable layer is characterized with weaker, sporadic turbulence. The low
turbulence and small depth of the NBL can lead to build up of air pollutants from surface
sources [Grant, 1997]. The aerosol characteristics to the ABL properties, has therefore a
special significance for the present observational site, which is at the top of sharp peak,
elevated by ≥ 1.5 km from the adjoining densely populated plains. It is discussed in the
following sections.

5.3

MESOSCALE CHANGES IN AEROSOL PROPERTIES
The aerosol properties both columnar as well as near the surface, at Nainital

revealed short period (within a daytime) variations related to the atmospheric boundary
layer (ABL) dynamics or mesoscale processes. These are examined in the following sub
sections and the results and its implications are given as follows.
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5.3.1 SHORT PERIOD VARIATIONS OF AOD
During the analysis of MWR data, at Nainital (Chapter-2), the Langley plots
showed the occurrence of different linear least square fit to the data with distinctly
different slopes, one for the forenoon (FN) and the other distinctively different, for the
afternoon (AN) parts of the same day, implying the different AODs (See Figure 5.2). An
examination of the Langley plots revealed significant variations in the optical depths
within the daytime. Out of 605 observation days during the period January 2002 to
December 2004, such variations were clearly seen on 316 days. The data on each of these
days were separated into FN and AN periods and the AODs were separately estimated for
the FN (τp, FN) and AN (τp, AN) parts of the same day and the difference between the FN
and AN AODs, i.e. ∆ = (τp, AN - τp, FN) was also estimated. Considering the
uncertainties in the AOD estimations, a difference in the AODs less than 0.04 (i.e. |∆| <
0.04) is considered insignificant. A frequency distribution of ∆ at the representative
wavelength 0.50 µm is shown in Figure 5.3 (top panel). In the bottom panel of the same
figure are shown the temporal variations of monthly mean values of ∆.

FIGURE 5.2: - The typical Langley plot for forenoon (FN) and afternoon (AN) data sets
on 12th December 2003. The points are the individual measurements and the dotted lines
are the linear least square fit to the measurements.
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FIGURE 5.3: - The frequency distribution of the percentage of occurring of ∆ [= τp, ANτp, FN] (top panel). The monthly variation of ∆ [= τp, AN - τp, FN] (bottom panel). Each
solid point represents the mean values for each month and the vertical bars are the
standard error of the mean.

The number of data points in the range ∆ < -0.04, -0.04 < ∆ < + 0.04 and ∆ ≥ 0.04
are 35, 106 and 175 respectively. From figure 5.3, it is seen that for most of the days, the
AOD values are higher in the AN compared to those of FN. Typically the AN AODs
values at 0.50 µm are higher by ~0.1 than the corresponding FN AODs. This suggests an
enhancement in the columnar abundance of aerosols during the AN hours. The bottom
panel of figure 5.3 show that the higher values of ∆ occurs generally during FebruaryApril period. A scatter plot of ∆ against τp, AN is shown in Figure 5.4 for a
representative wavelength λ = 0.50 µm. Notwithstanding a fair amount of scatter points
for higher AODs, a significant association is seen with ∆ increasing almost linearly with
τp, AN, showing that it is the larger increase in the AN AOD that is leading to the higher
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values of ∆. A linear regression fit to the equation ∆ = a*(τp, AN) + b is shown by the
dotted line. The values of coefficients a and b along with the correlation coefficient (R)
estimated, are given in Table 5.1. In general, the values of R are high for all the
wavelengths and the slope is nearly equal (~0.60), implying that the changes occur over a
wide range of aerosol size spectra and not at any selective size range, thereby ruling out
any strong local sources. This means that the atmospheric process, which is responsible
for the observed feature is a mesoscale feature of the region (as changes are observed at
short time intervals) and is strong enough to modulate aerosol properties over a wide size
range; and at the same time the process by itself does not cause production or loss of any
specific size of aerosols.

FIGURE 5.4: - The correlation between ∆ & τp, AN.
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TABLE 5.1:- Slopes of the linear relations ∆ = a×τp, AN + b.

λµ
0.380
0.400
0.450
0.500
0.600
0.650
0.750
0.850
1.025

Slope
0.59 ± 0.03
0.58 ± 0.03
0.59 ± 0.03
0.57 ± 0.03
0.59 ± 0.03
0.59 ± 0.03
0.58 ± 0.03
0.58 ± 0.03
0.60 ± 0.03

Intercept
0.02 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0.03 ± 0.01
0.02 ± 0.01
-0.03 ± 0.01
0.03 ± 0.06
0.03 ± 0.01

R
0.78
0.77
0.79
0.77
0.77
0.77
0.76
0.76
0.79

The spectral AOD values for FN and AN, and their difference ∆ are averaged
separately for each month to obtain the monthly mean spectral AOD values and the
resultant mean spectral variations of these are shown in Figure 5.5. It reveals that FN to
AN change is significant over the entire MWR wavelengths range during March, April
and May. However, if we consider the absolute magnitude of ∆, it is seen that higher
values are observed generally at the short wavelength range (λ≤ 0.65 µm) whereas in
general AODs are also higher. Figure 5.5, clearly shows that the change in AOD spectra
from relatively steep during AN to flat ones in FN. This suggests the change in the size
distribution of aerosols from FN to AN, as the steeper spectra indicate the dominance of
accumulation mode aerosols.
In order to examine this, we have derived the values of α and β separately for the
FN and AN data sets respectively by linear regression fit to the Ångström power law over
the entire wavelength range as discussed in the Chapter 3. These values of α and β are
averaged according to the calendar months to get the monthly mean values separately.
The monthly mean variation of these FN and AN data sets are shown in Figure 5.6 lower
and upper panels respectively. It is clearly observed that during the AN periods α values
are higher compared to those for the FN periods thereby confining the relative dominance
of fine/sub micron size aerosol particles over the observational site during AN periods.
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FIGURE 5.5: - The spectral AODs averaged separately for FN and AN, and their
difference ∆ [= τp, AN-τp, FN].
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FIGURE 5.6:- The monthly mean variations of α and β for FN and AN data sets are
shown in lower and upper panels respectively. The vertical bars through the column are
the standard errors in the determination of mean value.
5.3.2

IMPLICATION TO COLUMNAR SIZE DISTRIBUTIONS (CSDS)

With a view to examine the implication of above discussions on the columnar size
distribution and its parameters, we have retrieved the CSDs separately for FN & AN hour
following the constrained linear inversion technique discussed in the Chapter 4. Typical
CSDs for the FN & AN part of the day are shown in Figure 5.7 (b), for the month of
November. Figure 5.7 (a) shows the monthly mean AOD values measured during the FN
and AN period, at different wavelengths (as solid points with error bars) along with the
re-estimated AOD values, from the corresponding size distribution (shown by the
continuous line). In Figure 5.7 (b) the nc(r) is plotted against r on a log-log scale. This
clearly shows that during the AN hours (when the boundary layer has fully evolved) the
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aerosol number density is higher than the FN hours (when the boundary layer is shallow).
Though, the nature of size distributions remains bimodal (combination of power law plus
unimodal) log normal distributions during both the FN & AN periods, there is a shift in
the position of occurrence of the modes (secondary mode/coarse aerosols). From the
derived size distribution the effective radius (Reff) which is the ratio of the total volume to
the total area of aerosols and the columnar mass loading has been estimated [Moorthy et

al., 1996, 1997]. The retrieved size distributions have been parameterized using bimodal
log normal function, following the procedure outlines in Chapter 4. By evolving a least
square fit between the retrieved size distribution and the bimodal log normal function
with minimum rms error, the parameter mode radius (rm) and standard deviation (σm) are
estimated. The value of mode radius and standard deviation during the FN and AN
periods are 0.78 ± 0.22 and 0.59 ± 0.35 respectively. This shows that the size distribution
shifts more to small particle abundance in AN; probably due to influx of large quantities
of fine aerosols induced into the column. The physical parameters for FN and AN size
distributions are estimated from the corresponding size distributions and are given in
Table 5.2. The table shows that there is a significant increase in columnar concentration

of total and accumulation mode aerosols in AN period (except in October) and
consequently the effective radius (Reff) of the size distributions. The effect is more
spectacular during March to June period, when the solar heating of the land (over the
Indo-Gangetic Plain) is quite intense leading to deeper convective mixing. This would
lead to the lifting of effluents in the densely populated plains adjoining the site to the
higher levels, even above the peak, thereby inducting substantial amounts of urban
aerosols in the column. Additional processes such as long range transport of fine mineral
dust by the synoptic winds would also be playing their role during February to June
months [e.g. Dey et al., 2004; Singh et al., 2004; Hegde et al., 2007; Nair et al., 2007].
Notwithstanding these the local ABL dynamics causes perceptible changes in aerosol
characteristics. This is very important both in air quality assessment and aerosol
characteristic to industrials urban areas where high altitude station lies close.
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FIGURE 5.7: - Top panel (a) shows the input τpλ values estimated for FN & AN hour’s
from the MWR measurements as solid points & filled triangles with error bars
respectively. The continuous line shows the re-estimated τpλ values from the CSDs. The
bottom panel (b) shows the typical example of FN and AN CSDs retrieved from monthly
mean spectral AOD for the month of November at Manora Peak, Nainital.
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TABLE 5.2:- The physical parameter of the FN and AN columnar size distributions during the study period.

Months
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

mL (mg m-2)
FN
AN
54.16 100.73
102.19 167.46
233.47 245.44
384.21 382.10
554.27 435.01
640.37 796.29
------90.79 191.79
69.16 61.38
52.46 204.92

Reff (µm)
FN AN
0.20 0.25
0.29 0.30
0.83 0.24
0.73 0.53
0.94 0.35
1.35 0.63
------0.33 0.57
0.48 0.17
0.35 0.66

Nt (m-3)
FN
AN
4.41E+12 5.14E+12
5.00E+12 6.26E+12
2.35E+12 1.44E+13
4.85E+12 6.88E+12
4.33E+12 1.58E+13
1.45E+12 1.66E+13
------4.14E+12 3.18E+12
1.75E+12 4.03E+12
1.46E+12 2.63E+12

Na (m-3)
FN
AN
4.41E+12 5.13E+12
4.50E+12 6.25E+12
2.35E+12 1.44E+13
4.85E+12 6.87E+12
4.14E+12 1.58E+13
1.43E+12 1.66E+13
------4.41E+12 3.18E+12
1.75E+12 4.02E+12
1.45E+12 2.63E+12
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Nc (m-3)
FN
AN
3.29E+09 4.42E+09
4.90E+09 9.44E+09
1.92E+09 1.53E+10
6.84E+09 1.21E+10
6.10E+09 2.68E+10
1.10E+10 8.09E+09
------4.08E+09 2.02E+09
4.04E+09 9.24E+09
6.96E+09 3.40E+09

Nc/Na
FN
AN
7.49E-04 7.96E-04
9.80E-04 1.50E-03
8.17E-04 1.06E-03
1.41E-03 1.76E-03
1.41E-03 1.70E-03
7.72E-03 4.87E-04
------9.85E-04 6.36E-04
2.31E-03 2.30E-03
4.80E-03 1.29E-03

5.3.3 NEAR SURFACE AEROSOL CHARACTERISTICS
5.3.3.1 CONCENTRATIONS
As far as the impact of ABL dynamics is concerned, the near surface aerosol
characteristics are more susceptible than the columnar itself. Thus, if the above
arguments are valid, significant impact should be seen in near surface aerosol
characteristics. With this view, the mass or number concentration and number size
distribution obtained using the aethalometer and optical particle counter (OPC) is
examined. For this the near-real-time BC mass concentration (MB) and number size
distribution of composite aerosols were obtained respectively using the seven channel
aethalometer and optical particle counter (OPC) during the period November 2004 to
December 2005. The details of the measurements and data analysis techniques are given
in Chapter 2.
The MB measurements, obtained regularly at 5 min interval over the whole month
of December 2004, are averaged to get the monthly mean diurnal variations. These are
shown in Figure 5.8 (top panel), with the vertical bars through the solid points
corresponding to the respective standard errors. The figure shows a significant and well
defined diurnal variation with the diurnal minimum occurring at ~7:00 local time.
Starting from the lowest values in the early morning MB gradually increases after Sunrise,
during the day to reach the peak in the late afternoon hours (16:00 local time). It starts
decreasing after the Sunset to reach low values by early morning (Figure 5.8; top panel).
The Sunrise (07:00 local time) and Sunset (17:00 local time) times are marked by two
vertical dotted lines respectively in the Figure 5.8. The amplitude of the diurnal variation
is ~ 3, ranging from ~0.75 to 2.5 µg m-3 and it is comparable to that reported for other
continental locations [Babu and Moorthy, 2002]. However, the nature of the diurnal
variation at Nainital is almost opposite to that observed at typical low altitude stations.
For example, Babu and Moorthy [2002] for Trivandrum, Latha and Badrinath [2003] for
Hyderabad, Tripathi et al., [2005] for Kanpur, Moorthy and Babu, [2006] for Port Blair,
and Ganguly et al., [2006] for Delhi, have shown that the diurnal variation of BC mass
concentration comprise of a nighttime peak, followed by a slow decrease towards early
morning , a sharp peak about 1 hr after the Sunrise, followed by a steep decrease in the
concentration to attain its diurnal minimum level around 16:00 hrs local time before it
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recovers into the night. They attributed the morning peak (after Sunrise) due to the
fumigation [Stull, 1989; Fochesatto et al., 2001] effects, which brings the aerosols or
pollutants from the residual boundary layer shortly after the Sunrise, by the thermal
convection and thus gradually lifts the nighttime concentration; the daytime low is
attributed to the increased convective mixing within the boundary layer as the
temperature increases leading to fast dispersion of aerosols and in the evening the
boundary layer mixing again decreases due to the formation of the shallow nocturnal
boundary layer which compress the aerosols near surface. On the contrary at Nainital, we
see a late afternoon peak and in early morning minimum. Examining the number
concentration of composite aerosols near surface, a diurnal variation is clearly observed
(Figure 5.8 lower panel) similar to that of BC mass concentration, with low values
during midnight and early morning periods, followed by a gradual increase in the daytime
and the diurnal peaks occurring in the afternoon about an hour or so before Sunset. The
fumigation effect is insignificant as there is no significant residual layer above the peak,
while the residual layer for the adjoining plains will be much lower (~ 1 km from the
ground level), which will get mixed with the evolving ABL in the morning at the plains.
It may be recalled that based on BC measurements from a high altitude station (~1250 m
above the mean sea level), Bhugwant et al [2001] have reported diurnal variations of BC
very similar to that seen in this study and is attributed to the boundary layer dynamics
which brings up the polluted emissions from the underlying valley regions to this highaltitude location. During the morning hours the aerosol particles are generally
concentrated below the mountain peaks (in the valley, as residual layer) consequently
aerosol concentration is less, while by the afternoon hours, due to the convective heating
processes the subsequent atmospheric boundary layer grows with time causing updraft of
contained pollutants and an increase in the concentration of composite aerosol and mass
concentration of black carbon aerosol at the observational site. As most of the pollutants
are confined within the atmospheric boundary layer the lifting of atmospheric boundary
layer during afternoon may be a prominent reason of the observed short period
fluctuations in the aerosol properties.
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FIGURE 5.8: - The monthly mean diurnal variation of black carbon mass concentration
(upper panel) and number concentration of composite aerosols (lower panel) during the
study period December 2004. The vertical bars through the solid points represent the
standard error of the mean (=σ/√N, where σ is the sample standard deviation and N is the
number of black carbon mass concentration and number concentration of composite
aerosol in that sample). Dotted vertical lines represent the monthly mean Sunrise and
Sunset times in Nainital during December 2004.
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This aspect is examined by separating the BC mass concentration and number
concentration into FN (07:00 to 12:00 hour’s local time) and AN (12:00 to 17:00 hour’s
local time), parts of the same day and by obtaining separate averages for each day. The
time series showing the day-to-day variations of the mass (MB; left panel) and number
(NC; right panel) concentrations of BC and composite aerosols are shown in Figure 5.9.
The solid points and filled triangles are the daily mean values corresponding to the FN &
AN period respectively, and the vertical bars through them are the standard error of the
daily means. The horizontal dotted line in each panel shows the monthly mean value with
standard error bars over them. Figure 5.9 clearly indicates that the consistently higher
concentrations in the AN hours. The monthly mean values of MB and NC, separately for
the FN and AN hour’s are given in Table 5.3, for December 2004 and March 2005,
which shows about a two fold enhancement in the concentrations during AN period. As
the fine particles are more susceptible to the changes in ABL dynamics, it is logical to
expect that BC particles would be affected more than the composite aerosols due to the
fine size of BC particles. This has been examined by estimating the BC mass fraction FBC
= MB/MT; where MT is the total mass concentration of composite aerosols, observed
using a High Volume Air Sampler. This exercise was carried out for the month of
December 2004 and FBC was estimated separately for the daytime and nighttime. The
mean value of nighttime was 8.5 ± 0.4 (%) and for the daytime it was 5.8 ± 0.5 (%) and
the difference between the nighttime and daytime was 2.7 ± 0.6 (%). Thus the aerosols
loading over Nainital though is lower during nighttime than the daytime, it has a higher
mass fraction of black carbon. This leads to the paradox that the high altitude mountain
site is not as pristine as it is assumed infact it has higher percentage of black carbon
during the nighttime.
TABLE-5.3: - Changes in the monthly mean concentrations from FN to AN for December
2004 and March 2005

Month
December 2004
March 2005

Period
Forenoon (FN)
Afternoon (AN)
Forenoon (FN)
Afternoon (AN)

MB (µg m-3)
1.14 ± 0.12
2.28 ± 0.20
0.57 ± 0.12
1.00 ± 0.17
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NC (m-3)
(7.23 ± 0.78) x 1007
(1.66 ± 0.17) x 1008
(7.74 ± 0.25) x 1007
(1.36 ± 0.37) x 1008

FIGURE 5.9:- Time series showing the day-to-day variation of the mass (MB; left) and
number (NC; right) concentrations of BC and composite aerosols at Nainital during the
month of December 2004. The solid points and filled triangles are the daily mean values,
and the vertical bars through them are the standard error of the daily means. The
horizontal dotted line in each panel shows the monthly mean value with standard error
bars over them. Note that the consistent increases in the afternoon period.

5.3.3.2 SIZE DISTRIBUTIONS
The size resolved number concentration measurements of the OPC are examined
for the effect of ABL dynamics on the size distributions. The individual measurements of
the OPC are grouped in FN and AN part of the day and ensembles for each month and
averaged to obtain the monthly mean values. A typical example of the monthly mean size
distribution obtained for the month of March 2005 is shown in Figure 5.10 separately for
the FN and AN part of the same day. The solid point represents the mean value of
number density and the vertical bars through them are the corresponding standard errors.
Even though there are insignificant changes in broad sharp peaks of the size distribution
(which resembles the columnar size distributions seen earlier) there is an overall increase
in the concentration at all the sizes during the AN period. This increase in the number
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concentrations is seen in the size range 0.4 to 3.0 µm. The number size distribution for
near surface aerosols were approximated to bimodal log normal distribution and the
physical parameters such as mode radii (rm) and standard deviation (σm) are determined
by the least square fitting of a bimodal log normal distribution function following the
method described in Chapter 4. The mode radii and the standard deviation are 0.49 ± 0.68
and 0.68 ± 0.55 during the FN and AN size distribution respectively, which shows an
increase in the mode radii during the AN period. This is in contrary to the columnar
aerosol size distribution, which showed a decrease in the mode radii during AN. Thus the
mesoscale atmospheric boundary layer dynamics causes significant perturbations in the
aerosol characteristics over the mountain peak and the effect of this is felt differently in
the atmospheric boundary layer and in the column.

5.4

DISCUSSION
The aerosol properties observed in the present study have revealed that both

columnar and near surface aerosols exhibit the short period (within a daytime) variations.
This short term variation in aerosol properties is attributed to the dynamics of the
atmospheric boundary layer, which transports the aerosols and pollutants from the
underlying valley region to the observational site. In order to examine the role of
evolving boundary layer in transporting the aerosols from polluted valley region to the
site, we estimated the mixed layer height from the radiosonde data (from the nearest India
Meteorological department, New Delhi). The measured temperature (T) and pressure (P)
are used to compute the potential temperature TP [Stull, 1989]; it is the temperature an air
parcel would have if it was to move adiabatically from its original position to a pressure
of 1000 mb, and is given by

 1000 
TP = T 
 P 
where P is in hPa and T in °K.
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0.286

(5.1)

FIGURE 5.10:- Typical number size distribution of boundary layer aerosols for the month
of March 2005. The solid circle represent the FN and field triangle represent the AN size
distributions.
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The altitude profiles of potential temperature (TP) are used to infer on the
atmospheric boundary layer characteristics. During the afternoon hours, the potential
temperature profiles revealed a well-developed ABL comprising of a surface layer (SL)
close to the ground where TP decreases sharply with altitude, representing a super
adiabatic regime. Above SL, where Tp becomes nearly steady with altitude (due to the
turbulent mixing) represents an adiabatic lapse rate. This region of nearly constant Tp is
the well-mixed layer (ML), the base of which is at the top of the SL. In Figure 5.11 (data
source from http://weather.uwyo.edu/upperair/sounding.html, we have shown the
percentage of occurrence of mixed layer height exceeding the altitude of observation site
during each month. When mixed layer height exceeds the altitude of observational site,
then aerosols from polluted valley reach the observational site. It was clearly observed
that during March, April, May, June and October, percentage of occurrence exceeded
more than 50% and this is the main reason for the AN AOD being higher than the
corresponding FN AOD values.

FIGURE 5.11: - The percentage of occurrence of mixed layer height exceeds the altitude
of
Manora
peak
during
each
month
(Source:
http://weather.uwyo.edu/upperair/sounding.html).
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In addition to the above, we have also examined the correlation between the Tmax
and τp, AN, (at 0.50 µm) during the summer and winter seasons respectively. The AODs
during afternoon periods showed a positive correlation during summer (with a correlation
coefficient (R) of +0.49) with maximum temperature (Tmax) observed during daytime
(Figure 5.12). Even though the correlation coefficient is not very high (~0.49 for
summer), it is significant at P < 0.001 (where P is the significance level) for 46 pairs of
observations in Figure 5.12. The significant scatter is attributed to the usage of Tmax as a
proxy for the strength of convection, which would in turn determine the depth of the
ABL. The deeper the ABL, the more efficient will be the lifting of the pollutants form the
valley to the peak and the larger will be the increase in the AODs in the afternoon. On the
other hand, AODs during forenoon showed negative correlation (with a correlation
coefficient (R) of –0.13) with Tmax. It is also interesting to note that the correlation
coefficient is considerably higher during summer, when the solar insolation is strong
enough to derive strong thermal convections during mid part of the day. This
investigation, indicate the significant role of boundary layer dynamics in transporting
aerosols from polluted valley to pristine atmosphere at higher altitudes.
In addition to all the above, to the northeast of the observational site is the hilly
terrain of the Central Himalayan ranges (>2.0 km above mean sea level), having
insignificant anthropogenic activities, while on the other hand to the south and southwest
are densely populated valley regions (at a mean elevation of ~300 m), and located at an
aerial distance of ~10 km. Details of the topographical features are described in chapter 2.
During nighttime, the shallow nocturnal boundary layer acts as a capping inversion [Stull,
1989]. This layer is confining the emissions from these regions well below the mountain
peak and as a result the BC mass and number concentration of composite aerosols at
observational site, is mainly due to the residual layer (of the preceding day). After the
Sunrise, the heating of the land surface results in setting up of convective motions, which
gradually raise the inversion to higher altitudes [Vladimir and Eischinger, 2004], leading
to increased vertical mixing that brings up the air with high aerosol concentration to
higher levels. This would result in the increase in the concentration of anthropogenic
emissions at the peak as is observed in the present study.
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FIGURE 5.12: - The correlation between AODs during afternoon with maximum
temperature (Tmax) observed during daytime for summer (upper panel) and winter (lower
panel). The correlation coefficients are +0.49 and -0.13 during the summer and winter
periods respectively.
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The present observation also suggests that any changes in aerosol properties
during afternoon atmosphere are less severely affected by the forenoon atmosphere. The
difference arises due to the environmental difference in the sense that during the forenoon
hours the solar ray path is primarily through the cleaner mountain ranges of the central
Himalayas lying to the east and northeast whereas in the evening hours the dusty and
inhabited valley intercepts the solar ray path.
In addition, the present study has revealed that the near surface aerosol (mass
concentration of black carbon and number concentration of composite aerosols)
characteristics, exhibits a well defined diurnal variation with low values during midnight
and early morning periods, followed by a gradual increase as the day advances to reach
the diurnal peak late in the afternoon hours or before Sunset and then decreases rapidly
after the Sunset to reach the midnight low and these are related to the boundary layer
dynamics. The diurnal variation is attributed to the ABL dynamics, though the role of
ABL dynamics in influencing the aerosol properties at the high altitude site is not a
unique feature for the observational site. A similar study has been reported by Bhugwant

et al., [200, 2001] in the case of mass concentration of black carbon aerosol. Bhugwant et
al., [2000, 2001] showed that the high value of black carbon mass concentration during
afternoon period at high altitude sites can be attributed to the vertical transport of aerosols
from the nearby polluted urban and valley regions, which were initially confined to lower
heights in night and early morning hours due to the low-level capping inversions, but are
released to greater heights (~2 km, in present study) as the boundary layer evolves. At
night most of the aerosol concentrations are trapped by the low-level capped inversions
and as the ground warms up due to the solar heating during the daytime, the thermal
convections become stronger. This lifts the capping inversion, which eventually breaks
and flushing out the pollutants and aerosols to the higher altitudes. This would lead to an
increase in the concentration of aerosols at high altitude mountain peaks both at near the
surface and column. Consequently the mass concentration of aerosol black carbon,
number concentration of composite aerosols and optical depths increases during the
afternoon periods.
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All these observations suggest that the aerosol characteristics over high altitude
station Nainital, located in the Central Himalayas are significantly influenced by the
synoptic scale meteorology as well as the mesoscale processes. The major findings from
the present investigation are described in the next chapter.

-----*-----
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CHAPTER-6
SUMMARY AND SCOPE FOR FUTURE WORK
6.1

SUMMARY OF THE RESULTS OBTAINED
The temporal and spectral characteristics of atmospheric aerosols over the high

altitude station Nainital (northern India), located in the Central Himalayas has been
investigated using the collocated and long-term, extensive measurements of the columnar
spectral aerosol optical depth (AOD), using a ten channel MWR (Multi-Wavelength
Solar Radiometer), and the number concentration and number size distributions of
composite aerosols and mass concentration of black carbon aerosols near the surface,
under the ACE (Aerosol Climatology and Effects) project of ISRO-GBP (Indian Space
Research Organisation, Geosphere Biosphere Programme). The work presented in this
thesis, is “a first time attempt” to evolve a comprehensive characterisation of the high
altitude aerosols over Indian subcontinent. The observational data on spectral aerosol
optical depth spanning over a period of four years from January 2002 to December 2005
have been used to develop aerosol climatological picture over this region. In this chapter,
we present the summary of the important results of the work carried out with emphasis on
the important findings along with the suggestion and the scope for future work as an
extension of the present work.
An overview of atmospheric aerosols are presented in chapter one. The physical
and optical properties of aerosols and their radiative impact are also briefly described in
it. This chapter explains the fundamental aspects relating to the aerosols such as size
distribution, different production mechanisms responsible for the generation of aerosols
as well as their major sources and sinks, residence time, altitude distribution, transport
processes, and its transformation. The present day understanding in the filed of aerosol is
also present in the same chapter with an emphasis on the national scenario.
The details of the state-of-the-art instruments used for making the measurements
of aerosol properties at Nainital, the method of data collection, details of data analysis
techniques, error budget and database used to infer the aerosol properties are given in
chapter two. Following a brief overview of aerosol instrumentations, the present chapter
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deals with the aerosol optical depth measurement using MWR, mass concentration of
black carbon aerosol using aethalometer (Magee Scientific, USA model AE-21;
http://www.mageesci.com), and number concentration of composite aerosols near surface
measurement using a 15-channel optical particle counter (Model No. 1.108, of Grimm
Aerosol Technik, GmbH, Germany; http://www.grimm-aerosol.com). The brief overview
of the observational site is also presented in this chapter.
Using the multi-year measurements of spectral aerosol optical depths (AODs),
during January 2002 to December 2005, the general characteristics of AODs over a high
altitude station Nainital, their temporal and spectral variations and the possible role of
synoptic scale meteorology in producing the observed changes are investigated in the
chapter three. The spectral variation of AOD is important in assessing the radiative
impact as well as it provides the useful information on the aerosol size distribution. Using
the measured AOD spectra, the Ångström parameters (α & β) are estimated and their
variations are also examined in the same chapter. The major findings are:
¾ The AODS at 0.50 µm are very low (≤ 0.1) in winter and increased rather steeply

to reach high values (~0.5) in summer. The monthly mean AODs varies
significantly (by more than a factor of four to six) from January to June period.
¾ The AOD values during the winter months are comparable to those reported for

the Antarctic regions, thereby implying the prevalence of a pristine environment.
On the other hand during the summer, the AOD values at Nainital are
comparable to the urban and costal areas, implying high aerosol loading.
¾ The seasonal variation in AODs while examined in conjunction with synoptic

scale wind fields and rainfall have revealed that the long range transport of dust
due west contribute significantly in the enhancing the aerosol loading particularly
in the coarse mode, during summer.
¾ A distinct change in the spectral dependence of AODs from relatively steeper

spectra during winter to shallower ones in summer suggests the seasonal changes
in the size distributions of aerosols.
¾ The Ångström wavelength exponent (α) are found to be high during the winter

months and low values during the summer months while the Ångström turbidity
parameter (β) shows the low values during the winter and high values during
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summer months. The high values of α and low values of β during winter months
indicate the dominance of fine/accumulation mode particles with low aerosol
loading in the vertical column of the atmosphere. Whereas the low values of α
and high values of β during the summer months indicate the dominance of coarse
aerosols with very high aerosol loading.
¾ The optical depths at different wavelengths are found to be well correlated during

the winter seasons, while during the summer season the sharp decrease and two
distinct domains having separate correlation features emerge. This indicates the
presence of multiple source of aerosols (at least two prominent aerosol sources)
influencing during the summer seasons.
By inverting the spectral aerosol optical depth data following the constrained
linear inversion technique, the columnar aerosol size distributions are retrieved. The
retrieved columnar size distributions have been parameterized in terms of the physically
meaningful parameters of aerosols and the changes in these associated with changes in
the prevailing conditions are delineated. The chief findings are:
¾ Aerosol columnar size distributions retrieved from the inversion of spectral AOD,

in general, show bimodal (combination of power law and unimodal log normal)
distributions, with a prominent secondary mode (coarse mode) occurring at large
value of r (>0.5 µm), while the primary peak (of fine mode aerosols) does not
appear explicitly. The basic shape of the columnar size distribution does not
change significantly with the seasons.
¾ There is an increase in the effective radius and columnar aerosol mass loading

from winter to summer seasons, attributed to the increase in the relative
dominance of coarse mode aerosols in the size spectrum during the summer
season.
¾ The aerosol physical parameters estimated from the columnar size distributions

are minimum during the winter months and maximum during the summer months.
¾ The share of sub micron aerosol to the total aerosol number concentration

indicated the dominant role of the sub micron aerosols to the total aerosol
number concentration and it accounts for >90% during the study period, which
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indicates that the sub micron aerosols contribute significantly to the aerosol
loading.
Being a high altitude location situated close to the densely populated plains, the
mesoscale dynamics significantly influences the aerosol properties at Nainitl and produce
short-term changes in both near surface and columnar aerosols. The possible role of
mesoscale processes on the columnar AOD variation and near surface aerosols (mass
concentration of black carbon and number concentration of composite aerosol) over the
Nainital site located in the Central Himalayan region was examined in chapter five. The
major findings are:

¾ Strong short period fluctuations (within a daytime) were observed in AODs. The
boundary layer dynamics was found to play a key role in transporting aerosols
from polluted valley region to higher altitudes causing large contrast in AODs
between forenoon and afternoon.

¾ The mass concentration of black carbon aerosol as well as number concentration
of composite aerosols near surface showed significant diurnal variations, with an
afternoon peak and low around mid-night; the amplitude of diurnal variation was
~3. The afternoon peak is attributed to the lifting up of pollutants from the densely
populated valley region, adjoining the mountain peak, by the convective eddies.
The monthly mean concentrations of composite aerosols and BC are higher by a
factor of ~2 in the afternoon, as compared to the forenoon.

¾ The size distribution of boundary layer as well as column aerosols are quite
similar and resemble a combination of an inverse power law distribution
(accumulation mode regime) and a unimodal log normal distribution in the
coarse regime with a mode at ~1 µm.
6.2

SCOPE FOR FUTURE WORK
Towards the end of the thesis, one is always left with more ideas than the time

permits. A number of interesting directions for future research have become apparent;
some of them would be a direct continuation of present research work and some with the
broader perspectives. Some of the interesting aspects those could be investigated are:
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¾ In order to assess the impact of the boundary layer processes in the vertical

transport of aerosols from the under lying valley below the mountain peak, it is
essential to measure the boundary layer parameter over the site using sensitive
instruments as the Boundary Layer Lidar.
¾ The measured spectral AOD and black carbon mass concentration can be

modeled and incorporated in a radiative transfer model to estimate the aerosol
radiative forcing over Nainital.
¾ In order to asses the regional aerosol radiative forcing over the Central

Himalayan region; the ground based measurements are to be interlaced with the
satellite data. However, over the land with heterogeneous terrain features,
satellite retrieved AODs are not found to be adequately accurate.
¾ The aerosols over the Nainital are the anthropogenic aerosols from the

underlying valley below the hilly terrains transported vertically upwards by the
evolution of the atmospheric boundary layer during the daytime, provides an
atmosphere conducive for “mixed” aerosols. To study these issues, the
simultaneous measurements at high altitude site with those in the nearby valley
region are essential.
¾ Making the use of sharply increasing altitude of the Manora Peak (at Nainital) in

the central Himalayan region from ~300 m above mean sea level (amsl) at
Haldwani just at the foothills to 1950 m amsl atop of the Manora Peak, within a
spatial distance ~15 km, (29.26o N, 79.5o E to 29.4o N, 79.5o E), inference on the
altitude variation of aerosol properties inferred from spatial measurements can
be studied.
¾ The vertical characteristics of aerosols and clouds in the troposphere and

stratosphere can be studied using the Lidar and these vertical profiles of aerosols
are used for the radiative forcing of aerosols and clouds. In addition the
temperature trends in the middle atmosphere can also be studied using the Lidar.

-----*-----
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