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Abstract. The present study focuses on analyzing the sea-

sonal changes in aerosol characteristics using a classifica-

tion scheme proposed by Gobbi et al. (2007). This scheme

is based on the correlation between the Ångström exponent

(α) in the 440–870 nm range and the difference in α values

[dα = α (440–675 − α(675–870)] including the size of fine-

mode particles (Rf) and the fine-mode fraction (η). The clas-

sification scheme can therefore provide information on the

aerosol characteristics and their modification in transit. Spec-

tral aerosol measurements using the Microtops-II sun pho-

tometer (MT-II) have systematically been conducted in Hy-

derabad, India during April 2009–March 2010 and analysed

to study the seasonal effects. The results reveal a seasonal de-

pendence, i.e. the presence of fine-mode aerosols under tur-

bid atmospheres in winter and post-monsoon, a mixture of

fine and coarse aerosol types in pre-monsoon and a signifi-

cant influence of marine mixed with dust air masses during

the monsoon season. The identification of the aerosol source

type and the modification processes are discussed along with

clustered air-mass trajectory analysis. Furthermore, we have

also checked the consistency of this scheme with the findings

arrived from the columnar size distributions (CSDs) com-

puted by numerical inversion of spectral AOD using King’s

inversion algorithm and the scatter plot between AOD and

spectral α. The comparison clearly demonstrates the useful-

ness of the classification scheme and highlights its advan-

tages for the monitoring and study of seasonal variation of

the aerosol types and the modification processes in the atmo-

sphere.

Keywords. Atmospheric composition and structure

(Aerosols and particles)

1 Introduction

Atmospheric aerosols affect the global climatic system in

many ways, i.e. by attenuating the solar radiation reaching

the ground, modifying the solar spectrum, re-distributing the

earth-atmosphere energy budget and influencing cloud mi-

crophysics and hydrological cycle (IPCC, 2007). Although

the aerosol optical properties have now been well known,

large uncertainties are still associated with the aerosol cli-

mate implications due to the variety of the aerosol types, the

changing optical and physicochemical properties, the influ-

ence of dynamic and synoptic meteorology and the mixing

(internal and external) processes in the atmosphere.

The aerosols over the Indian sub-continent can be a mix

of various types, i.e. anthropogenic aerosols from the ur-

ban centers, biomass burning from seasonal forest fires or

crop residue burning, desert dust produced in the Thar

desert or transported by Arabia and Middle East and ma-

rine aerosols from the adjoining oceans during the southwest

summer monsoon. Due to large diversity in population den-

sity, regional emissions, land use and seasonally-changed air

masses, the aerosol load, optical properties and their climate

implications present large variation over India, both spatially

and temporally (Lawrence and Lelieveld, 2010). Emphasiz-

ing these, several experimental campaigns (e.g. INDOEX,

ARMEX, LC-I, LC-II, ICARB, W-ICARB, ARFI, ARFI-

RAWEX, CAIPEEX) along with land, ship cruise, aircraft

and satellite measurements have been carried out to charac-

terize the aerosols over the Indian sub-continent and adjoin-

ing oceanic areas (Ramanathan et al., 2001; Moorthy et al.,

2005, 2009; Jayaraman et al., 2006; Babu et al., 2011; Sinha

et al., 2011; Chakravarty et al., 2011). However, the periodic

campaigns are essential to study the small scale features, time
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Fig. 1. Terrain of Peninsular India and location of measurement site.

variation, seasonal effects and spatial gradients for the cli-

matic impact in terms of changes in radiative forcing, local

and regional meteorology and air-mass origin.

The rapid industrialisation in Hyderabad and its growth

as a mega city, the adverse consequences of increased in-

dustrial activity and the general economic prosperity are the

emission of large amounts of black carbon, trace gases and

various precursor gases, which are emitted from vehicular

and industrial emissions in this region. The unique geograph-

ical location of Hyderabad (17.47◦ N, 78.58◦ E) in the south

peninsula of India makes it an ideal site for detailed stud-

ies of the rich mixtures of aerosol transported from deserts,

Indo-Gangetic plain and the surrounding oceanic regions in

addition to the local emissions. The aerosols over Hyderabad

a are mix of both natural origin, such as marine particles

and mineral or desert dust, and anthropogenic origin, such

as industrial emissions, fossil fuel combustion, automobile

exhausts and from other human activities.

The atmospheric physical processes such as coagulation,

growth by aging and humidification, gas-to-particle conver-

sion, long-range transport and deposition of the aerosol par-

ticles in the atmosphere modify the aerosol size distribution,

vertical and columnar properties. To understand the underly-

ing processes which modify the distribution of aerosols in the

atmosphere is of great importance for climatic studies. The

present work examines the aerosol optical properties and the

changes in the aerosol characteristics using the classification

scheme based on the measured scattering properties (α, dα)

derived from the MT-II data. Since the light scattering and

absorption efficiency of the aerosol particles are a function of

their size, shape and composition, a relationship between the

Ångström exponent (α) and its variation with wavelength can

help determine the aerosol characteristics (Eck et al., 1999,

2012). Gobbi et al. (2007) proposed a classification scheme

for the monitoring the aerosol properties and the modifi-

cation processes by combining α and its spectral variation

(dα) with the radius of fine-mode particles (Rf) and the fine-

mode fraction (η) as the grid parameters in grouped AOD.

The scheme applied to eight different AERONET stations

in three continents revealed different aerosol modification

processes depending on the aerosol types and compositions.

This technique was further applied for aerosol characteriza-

tion of different AERONET data sets obtained from North-

ern Africa, Northeastern Atlantic, Mediterranean Basin and

the Middle East (Basart et al., 2009) in Arabian Sea and Bay

of Bengal during ICARB and W-ICARB cruise campaigns,

(Kaskaoutis et al., 2010, 2011).

In the present work, we make the first ever attempt to apply

the classification scheme developed by Gobbi et al. (2007)

for characterization of the aerosols over Hyderabad, India.

One year measurements of the quality-assured and well cal-

ibrated MT-II database were used for this study. The data

were analysed both collectively and on seasonal basis to dis-

cern dominant aerosol types in each season and the changes

in the properties caused by physical processes, e.g. coagu-

lation, growth by aging and humidification, gas-to-particle

conversion, etc., over the study site. This study further in-

vestigates the consistency between classification scheme and

other techniques for the study of aerosol characteristics and

highlights its usefulness and comparative advantages.

2 Study location, instrumentation

The measurements were carried out in the premises of the

National Balloon Facility of Tata Institute of Fundamental

Research (TIFR) Campus (17.47◦ N, 78.58◦ E) located at

∼15 km from the urban center of Hyderabad, in the north-

east edge of the city (Fig. 1). An increase in a high capac-

ity coal thermal power plant in the premises of the Hyder-

abad city and the increased number of vehicles are the main

factors influencing the anthropogenic aerosol (sulfates, ni-

trates and black carbon) and trace gases (mainly NOx) emis-

sions (Gummeneni et al., 2011; Prasad et al., 2006, 2011).

The geographical location of Hyderabad makes it an ideal

site for studying the mixtures of aerosols transported from

deserts, Indo-Gangetic Plains (IGP) and oceans, in addition

to the local emissions. The climate of the area follows the

Indian monsoon system with a dry season during winter

(December–February) and pre-monsoon (March–May) and

a wet season in monsoon (June–September). Post-monsoon

(October–November) is a transition season with sparse rain-

fall. The air masses that affect the area change their directions

seasonally, thus being responsible for long-range transport of

aerosols of different origin and characteristics. For example,

during winter the wind speed is low and the locally produced
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anthropogenic aerosols are a well-mixed aerosol type, in pre-

monsoon season that both dust and biomass-burning plumes

affect Hyderabad on certain occasions, thus producing a rich

mixture of both coarse and fine aerosols. During monsoon

the low-altitude air masses are a mixture of oceanic and the

desert thus producing a mixture of marine and dust aerosols,

while in a post-monsoon period, the atmospheric circulation

is similar to winter. The local and regional meteorology (hu-

midity, wind speed and direction) also affects the aerosol op-

tical and physicochemical properties, but such a detailed de-

scription is beyond the scope of the present study.

The spectral AOD measurements were conducted during

cloudless conditions from April 2009 to March 2010 using

the MT-II and ozonometer that measures the direct-beam

irradiance at 7 wavelengths; six of them (380, 440, 500,

675, 870, 936 and 1020 nm) are used for aerosol retrievals,

while the 7th at 936 nm for retrievals of water vapor content

(WVC). The aerosol retrievals are performed from the instan-

taneous solar flux measurements using the instrument’s inter-

nal calibration. The field of view (FOV) of the instrument is

∼2.5◦, while the full width at half maximum (FWHM) band-

width at each of the AOD channels is 2.4 ± 0.4 nm. Typical

errors in AOD measurements from MT-II are ∼0.03 (Morys

et al., 2001). The scope of the study necessitates high ac-

curacy in the AOD retrievals, since any bias may have a

large effect on the computed parameters (α, dα and CSDs).

Thus, perturbed irradiance measurements due to possible

cloud contamination caused by undetected with naked eye

cirrus clouds have been excluded if they conclude to unex-

pected AOD and Ångström exponent values, i.e. up to two

standard deviations from the daily mean value. Furthermore,

the method outlined by Cachorro et al. (2004) was applied

in order to calibrate the AODs, since an inaccurate calibra-

tion can lead to a diurnal cycle of the AOD (mainly in the

UV) and produce significant errors in AOD at the miscali-

brated wavelength bands. The spectral AODs were obtained

every 30 min starting from 07:00 in the morning till 05:30

(LT = UT + 5:30) in the evening, when the weather conditions

are free of clouds and also there are no clouds near to the sun

FOV. After excluding the perturbed data, the available data

set for each season is 574 for winter, 1013 for pre-monsoon,

775 for monsoon and 864 for post-monsoon.

Since the spectral AOD retrievals from MT-II are based

on the instrumental internal calibration. The corrections for

molecular scattering, ozone and/or water vapor absorption at

specific wavelengths are taken care internally and therefore,

the uncertainties due to these effects have a negligible con-

tribution to the AOD. In turn, these uncertainties contribute

less than 10 % error in α values. The averaging process fur-

ther decreases the uncertainties in α or dα values. We have

taken extra care in screening the spectral AOD data for any

cloud contamination and such measurements were ignored.

3 Methodology

The Ångström exponent (α) indicates the spectral varia-

tion of AOD and it depends on several parameters, such as

the aerosol size distribution, the refractive index, the effec-

tive radius, the fine-to-coarse-mode fraction and the wave-

length range used for its determination (e.g. Reid et al., 1999;

O’Neill et al., 2001). The characterization of aerosols us-

ing spectral sun photometry necessitates the combined use

of three independent variables: (i) the AOD, (ii) the α, and

(iii) the wavelength dependence of α. The AOD corresponds

to the aerosol load in the atmosphere, while α provides the

initial information about the particle size. Due to significant

dependence of α values on the wavelength, the third vari-

able, i.e. spectral variation of α, was introduced to provide

additional information about the aerosol size distribution and

their types as well as the potential sources. Several studies

have been thus performed to classify the aerosol types over

the globe, based upon the values of these three parameters

(Eck et al., 1999, 2001, 2003; Schuster et al., 2006; Kala-

pureddy et al., 2009; Kaskaoutis et al., 2007, 2009, 2010,

2011).

Gobbi et al. (2007) proposed a graphical framework to

visualise the contribution of fine aerosols to AOD, reveal

the modal radius of the fine particles (Rf) and segregate

the aerosol growth by humidification and cloud contamina-

tion. In this technique the aerosols are classified by a com-

bination of α vs. dα in several AOD groups superposed

over a classification scheme computed using Mie scatter-

ing for a complex refractive index of 1.4–0.001i, which

is typical for urban/industrial aerosols, fine-mode fraction

(η = AODfine/AODτtotal) at 675 nm and Rf for bimodal log-

normal aerosol size distributions.

Gobbi et al. (2007) showed the sensitivity of the classifi-

cation scheme with the variation in refractive index. Com-

putations showed some clockwise rotation about the origin

of the constant radius curves for increasing refractive index;

the effect was much weaker in the case of η. Maximum Rf

indetermination is of the order of ±25 % for refractive index

varying between m = 1.33–0.0i and m = 1.53–0.003i, while

the η spans a range of the order of ±10 %. Within this level

of indetermination, the scheme is robust enough to provide

an operational classification of the aerosol properties.

It is also believed that the non-sphericity of particles does

not affect the results significantly (Gobbi et al., 2007). The

contribution of non-spherical particles to the AOD is 15 %

smaller than the spherical one. The sub-micron non-spherical

particles have similar extinction as the spherical ones, lead-

ing to minor impact on the Ångström exponent. Further-

more, the extinction by spherical and non-spherical coarse-

mode particles is similar and the difference in AOD at the

wavelengths 440, 670 and 870 nm is 5 % and it approaches

zero with increasing particle size (Mishchenko et al., 1997).

An important assumption of Gobbi’s visualisation scheme is

the bimodal aerosol size distribution. The retrieved columnar
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size distributions over Hyderabad revealed the bimodal char-

acteristics. In view of all these discussions, we can expect

that Gobbi’s visualisation scheme is quite robust for the seg-

regation of aerosol types and their modification processes in

the atmosphere.

In order to distinguish the source regions contributing to

the observed aerosols during different seasons, 7-day isen-

tropic air-mass back trajectories at 1500 m above ground

level (as 1500 m could be treated the representative altitude

for the aerosol transport in the free atmosphere) were anal-

ysed for all the days of MT-II observations using the Hy-

brid Single Particle Lagrangian Integrated Trajectory model

(Draxler and Rolph, 2003) over Hyderabad.

In our analysis the aerosol columnar size distributions

(CSDs) were determined from the spectral AOD using the

Mie integral equation:

τλ =
rb

∫

ra

πr2Qext(m,r,λ)nc(r)dr (1)

where Qext is the Mie extinction efficiency, which depends

on the spectral complex refractive index (m) of the aerosol

particles obtained from Lubin et al. (2002), particle radii (r)

and wavelength (λ); nc(r) is the aerosol columnar number

density (in a vertical column per unit cross-section) within

the radius range dr centered at r . The ra and rb are the lower

and upper cutoff radii and their values are selected by evalu-

ating the kernels (integrand of Eq. 1) for the extreme wave-

lengths used in the MT-II, i.e. from visible (380) to near

infra-red (1020 nm) for different types of aerosol size dis-

tribution. The best selection of values of ra and ra are found

to be 0.05 and 3.0 µm, respectively.

The nc(r) was retrieved from the spectral AODs by numer-

ical inversion of Eq. (1) using the linear inversion method of

King et al. (1978). The reiterative procedures assumed that

nc(r) is height invariant or averaged over the vertical column.

After obtaining the CSD, the spectral AODs are reestimated

using the Eq. (1) and are compared with the measured ones.

The estimated CSDs are accepted only when the reestimated

AODλ agrees with the measured within the measurement er-

rors. The satisfactorily retrievals were obtained after 7–8 it-

erations with low value (<0.01) of the smoothing factor γrel

(King et al., 1978). The seasonal variation in refractive in-

dex is not considered in the inversion since it is based on

the measurement of spectral solar radiation rather than the

scattered sky radiances and under such former condition the

retrieved columnar size distribution show the week depen-

dency on changes in the aerosol refractive index (Gogoi et

al., 2009). Furthermore, Eq. (1) has the built in assumption

of spherical aerosols; thus, the presence of non-spherical dust

aerosols would deviate the results leading to underestimation

of the mean and effective radius (e.g. King, 1982; Moorthy

et al., 1991). Following this method the CSDs were obtained

for each season and AOD group. The effective Reff is defined

as the ratio of the third moment to the second moment of

the aerosol number size distribution and is applied for radius

range 0.05–0.3 µm and is given by

Reff =
3

∫

0.05

r3nc(r)dr

r2nc(r)dr
. (2)

While the columnar number density (NT) and the columnar

mass loading (mL) of aerosols were also calculated from the

retrieved CSDs as

NT =
3

∫

0.05

nc(r)dr (3)

mL =
4πd

3

3
∫

0.05

r3nc(r)dr (4)

where d is the mean aerosol density defined to 2.2 g cm−3

(Pruppacher and Klett, 1978). Furthermore, the columnar

amount of accumulation (Na) and coarse (Nc) aerosols were

calculated using as threshold radius the 0.5 µm:

Na =
0.5
∫

0.05

nc(r)dr (5)

Nc =
3

∫

0.5

nc(r)dr. (6)

The derived parameters in each season from the CSD are fur-

ther discussed along with spectral AOD, α and dα values in

order to see the degree of association within the results ob-

tained using the classification scheme.

4 Results and discussion

4.1 Spectral variation of aerosol optical depth

The daily averaged values of AOD500 and the Ångström ex-

ponent (α440−870) during the period April 2009–March 2010

over Hyderabad are shown in Fig. 2a. The results reveal sig-

nificant day-to-day variability in both AOD and α440−870 in-

dicating the influence of the local meteorology, variety of

aerosol types and sources. The large daily variation in the

Ångström exponent suggest significant diurnal variability in

particle size distributions ranging from fine-mode dominated

events (α > 1.5) during post-monsoon and winter, to coarse-

mode dust events (α < 0.17) during monsoon and the mixed

aerosol size and type during pre-monsoon season.
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Fig. 2. (a) Daily mean variation of AOD500 and Ångström exponent

(α); (b) Seasonal mean spectral AOD variation over Hyderabad dur-

ing the period April 2009–March 2010.

Spectral variation of the mean seasonal AOD values are

presented in Fig. 2b. It can be clearly seen that at shorter

wavelengths, the spectral AOD values in pre-monsoon are

larger (AOD500 = 0.53 ± 0.12, α = 1.11 ± 0.23), while at

longer wavelengths these are similar to those observed in

the monsoon season. During monsoon, the aerosols show

a weak spectral dependence (α = 0.67 ± 0.23), while more

steep spectra are observed in winter and post-monsoon with

mean α = 1.41±0.15 and α = 1.26±0.27, respectively. The

magnitude of the AOD values in winter and post-monsoon

seasons is much lower compared to the pre-monsoon season

but exhibits higher spectral dependence. The seasonal varia-

tion in the spectral dependence as seen in Fig. 2b is mainly

caused by the presence of aerosols of different origin and

characteristics.

Fig. 3. Ångström exponent difference, dα = α(440–675) − α(675–

870), as a function of the α440−870 and AOD500 (colour-sized

scale) over Hyderabad, for bimodal log-normal size distribution.

The black lines indicate the fixed effective radius (Rf ) of the fine

mode and the blue lines for a fixed fraction (η) of fine mode to the

AOD.

4.2 Classification of aerosols

The segregation of the aerosols inferred from the MT-II data

is shown in Fig. 3. The x- and y-axis represent α and the dif-

ference (dα) in the exponent values in two spectral bands

(440–675 nm) and (675–870 nm), respectively. The black

and blue curves represent the different values of Rf and η, re-

spectively. The size of the symbol (different colors for better

presentation) represents the increasing AOD values. There

are several visual criteria which can describe the character-

istics of the aerosols using a classification scheme. For ex-

ample, the negative values of dα associated with larger α in-

dicate the dominance of fine-mode aerosols, while dα close

to zero, or even positive, indicates significant contribution

of coarse-mode particles associated with bi-modal size dis-

tribution with similar modes. The aerosol modification pro-

cesses (aging, coagulation, humidification and cloud contam-

ination) both decrease α, but they have different characteris-

tics in α vs. dα plot, e.g. the cloud contamination enhances

the weight of the coarse mode, while aging, humidification

and coagulation increases Rf. The increase in AOD with

coarse-mode fraction along a constant Rf curve towards the

origin (α = 0, dα = 0) indicates cloud contamination. Simi-

larly, the increase in AOD towards lower α and smaller nega-

tive dα values indicates the dominance of either dust or mar-

itime aerosols or a combination of both. The increase in AOD

with Rf and η infer the hydration of aerosol particles, while

increase in AOD with increasing Rf and decreasing α sug-

gests aging and/or coagulation and, the reverse, i.e. increase

in AOD with decreasing Rf and increasing α, corresponds to

freshly emitted fine aerosols (Gobbi et al., 2007; Basart et al.,

2009; Kaskaoutis et al., 2011). Based on the aforementioned

criteria the aerosol optical properties and the modification

www.ann-geophys.net/30/1393/2012/ Ann. Geophys., 30, 1393–1410, 2012



1398 P. R. Sinha et al.: Characteristics of aerosols over Hyderabad in southern Peninsular India

Fig. 4. Same as Fig. 3, but for the four dominant seasons.

processes over Hyderabad are discussed for the entire data

set for the period April 2009–March 2010 (Fig. 3), on sea-

sonal basis (Fig. 4) and a summary in Fig. 5.

Several key features are obvious from Fig. 3. There is a

large scatter in the low AOD aerosols with negative curva-

ture, which are mostly confined to large fraction of fine-mode

particles changing from 30 % to 90 % on occasion. The data

scatter shows that high AOD values are mainly clustering at

the fine mode associated with large α > 1.0, negative dα and

large η > 70 % values. This feature is characteristic for pol-

luted urban environments as similar results were observed

over Beijing and Kanpur (Gobbi et al., 2007). However, we

notice several cases associated with low α < 0.8 and few

cases where high AODs are associated with low α < 0.4 and

η < 50 % values suggesting the presence of coarse-mode par-

ticles. It is seen that some of the data point at low AOD values

do fall outside the classification scheme with η value > 99 %,

and these may be associated with larger errors in α, dα esti-

mation. The data shown in Fig. 3 also suggest that changes

in AOD are mostly associated with the concentration of fine-

mode particles. For better understanding the aerosol optical

properties, types and modification processes during different

synoptic meteorological conditions observed during the year,

we have plotted the data on seasonal basis and are shown in

Fig. 3. These figures show unmistakable differences regard-

ing the aerosol types and their modification processes during

the four different climate periods over Hyderabad.

4.2.1 Winter

The data shown in Fig. 4a for the winter period clearly re-

veals the lowest variability among all seasons and indicates a

well-mixed aerosol type and homogeneous atmosphere over

urban Hyderabad. The large values of α (1.1–1.5), the large

negative dα (below −0.4 in most cases) and the η values

> 70 % suggest the dominance of fine-mode aerosols from

local anthropogenic origin, i.e. fossil-fuel combustion, ma-

nure burning, open fires, etc. It is seen that an increase in

AOD does not seem to affect significantly the prevailing

aerosol features. Nearly the entire data points lie between

0.15 and 0.20 µm of the Rf lines, even for the most turbid

atmospheres (0.6 < AOD < 0.8). As stated above some of

the data points, corresponding to the transparent conditions

having α ∼ 1.0–1.2 and large negative dα (∼ −0.8), lie out-

side the classification scheme boundary, which is caused by

large error in α and dα estimates or due to higher refrac-

tive index (i.e. larger than 1.4–0.001i assumed for the grid

lines). It is to be noted that the grid lines in the classifica-

tion scheme depend on the assumed value of refractive index

and, therefore, an assessment of modal radii Rf is qualitative

Ann. Geophys., 30, 1393–1410, 2012 www.ann-geophys.net/30/1393/2012/
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and one to be used to evaluate the relative size displacements

(G. P. Gobbi, personal communication). Few data points hav-

ing dα ∼ 0 and η < 50 % in the Fig. 4a, suggest the influence

of transported dust over the region from a west-northwestern

directions which can also occur in winter, although only oc-

casionally (Badarinath et al., 2010).

4.2.2 Pre-monsoon

As can been seen from Fig. 4b, the pre-monsoon data (α,

dα and AOD) exhibits the largest variety in values suggest-

ing diversity in the dominant aerosol types and a mixture

of both fine and coarse-mode particles. A pronounced dif-

ference between pre-monsoon and the other seasons is the

presence (∼ 10 %) of positive dα values. These values corre-

spond to high AODs (>0.6) in the vast majority of the cases

suggesting an enhanced presence of coarse-mode aerosols

(η < 60 %) in turbid atmospheres. On the other hand, the ma-

jority of the data points lie close to the Rf = 0.15 µm line

having larger values of η (>70 %) as the AOD increases, re-

vealing abundance of freshly emitted fine particles and it is

likely the result of secondary aerosol formation through gas-

to-particle conversion due to increased solar radiation. These

also lead to increased AOD values in late pre-monsoon sea-

son, which is also seen by the large α (1.3–1.6) and the neg-

ative dα values during that periods. The data clearly demon-

strate that majority of the aerosols in the turbid atmospheres

are fine-mode, mainly caused by local anthropogenic pollu-

tion or biomass burning, since forest fires are also more fre-

quent in this season due to hot and dry atmospheric condi-

tions apart from the agricultural burning. Furthermore, con-

tractually for nearly all the cases with AOD < 0.4, the α

values are much lower (<0.8) but with negative dα and

Rf > 0.2 µm. These cases correspond to aerosol size distri-

bution with a pronounced coarse dominance and can be at-

tributed to the presence of mineral dust particles or resus-

pended dust within the dry urban environment. Being lo-

cated in south-central India and far away from the major dust

source regions of Middle East, Arabia and Thar desert, the

environment over Hyderabad is not so strongly affected by

the dust as it was observed over northern India (El-Askary et

al., 2006; Prasad and Singh, 2007a; Gautam et al., 2009b).

These measurements also show cases of zero or even pos-

itive dα values (Fig. 4b), which correspond to bimodal size

distributions with considerable coarse contribution, and these

occur for larger AOD values and large α suggesting a mixing

of natural and anthropogenic aerosols (Eck et al., 2005).

4.2.3 Monsoon

Indian summer monsoon, due to its typical meteorological

and climatic characteristics, strongly affects the aerosol load

and properties over Peninsular India (e.g. Prasad and Singh,

2007b; Gautam et al., 2009a). The α vs. dα plot during mon-

soon (Fig. 4c) strongly differs from those obtained during

other seasons with the main difference being a shift towards

the lower α (<1.0) values and η (<70 %); thereby suggest-

ing a dominance of aerosols of coarse mode. The cases hav-

ing AOD < 0.2 are associated with negative dα values and

may correspond to cases with dilution of the large particles

after rain washout. It is to be noted that for these cases, the η

values are above 70 %, while they lie near to Rf = 0.25 µm.

This Rf value is larger than those found in winter and post-

monsoon, suggesting water uptake and increase in size of the

water-soluble urban aerosols due to humidification processes

(see Gobbi et al., 2007) as the RH over Hyderabad is usually

above 75 %. Such aerosol particles are composed of a large

fraction of nitrates and sulfates, which are strongly hygro-

scopic in nature (Ferrare et al., 2000). The increasing AOD

results in a shift towards zero dα and lower η values. On the

other hand, α values are much more sensitive to the changes

in Rf (Reid et al., 1999; Schuster et al., 2006); therefore, for

AOD > 0.6, the Rf values are close to 0.3 µm and α < 0.4

indicates significant dust presence over the region. We can

therefore conclude that the turbid atmospheres over Hyder-

abad in monsoon are related to sea-salt and dust occurrence,

which is also seen in air mass trajectory analysis discussed

later (see Fig. 9c). Kaskaoutis et al. (2009) have reported

unique episodes of aerosol type associated with very high

AOD (∼1.0) and very low α (∼0.2) values during the sum-

mer monsoon over Hyderabad.

4.2.4 Post-monsoon

The changing air masses from northern directions in post-

monsoon have a direct influence on the aerosol optical prop-

erties, which approach those observed in winter. Similar to

winter and the monsoon, the low AOD cases show large

negative dα values associated with a wide range of α (0.7–

1.4). The data presented in Fig. 4d, reveal that for increas-

ing AOD, the data points exhibit larger α values without

significant variation in η. The increase in α is closely as-

sociated with decrease in Rf to about 0.15 µm. This clearly

suggests an enhanced presence of fine-mode aerosols, either

freshly emitted locally or transported from northern India.

The kharif crop residue burning in northern India and the

northerly winds usually spread the biomass-burning aerosols

over central and south India in the post-monsoon season

(Badarinath et al., 2009). In fact, in northern and western

parts of India, where rainfall is high and winter temperature

is fairly low, only one crop of rice is grown during the month

from June to November. The study of the size and mass dis-

tribution of particulate matter due to crop residue burning in

northern India shows that the fine particulate matter (PM2.5)

contributed almost 55 % to 64 % to the respirable suspended

particulate matter (RSPM), and its aerosol load of PM2.5,

increases by about 80 % during the rice crop residue burn-

ing compared to the wheat crop residue burning (Awasthi

et al., 2011). Even though during the post-monsoon season,

the atmospheric conditions are somewhat similar to those
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Fig. 5. Same as in Fig. 3, but using the seasonal mean α and dα

values for each AOD group (i.e. AOD values from <0.2 to >1).

The size of the symbols denotes the AOD group for each season.

The size of each symbol corresponds to the AOD value; the larger

the size the higher the AOD500.

observed in pre-monsoon and winter due to larger contri-

bution of the fine-mode aerosols under turbid atmospheres,

there is much lower contribution of transported dust com-

pared to pre-monsoon. Thus, there are only few cases asso-

ciated with low α and η values and dα close to zero. On the

other hand, in contrast to winter, a slight marine and dust in-

fluence still exists in post-monsoon, which is revealed from

the tail of data points towards the origin in Fig. 4d.

4.2.5 Seasonal average characteristics

As seen in the Fig. 4, even though several conclusions re-

garding the aerosol characteristics over Hyderabad are ap-

parent, a large scatter in the data does lead to visual uncer-

tainties. Therefore, for each AOD group as shown in Fig. 4,

we have computed the seasonal mean α and dα values along

with the standard deviations given in Table 1. The data in

the table show a large seasonal change in the mean values as

well as across the AOD range except during the winter sea-

son, where the data show the most homogeneous atmosphere

since the variation of α and dα for increasing AOD is negli-

gible. In the Fig. 5, we have plotted the seasonal mean α and

dα values for each AOD group in order to better delineate the

aerosol modifications with increasing AOD. The size of each

symbol corresponds to the AOD value; the larger the size

the higher the AOD500. Such large differences in the aerosol

field highlight the strong influence of the local and regional

meteorology in atmospheric dynamics and aerosols. During

winter season for the AOD < 0.2 group, the seasonal mean

value of Rf = 0.2 µm associated with absolute dominance of

fine particles (η ∼ 99 %, α = 1.2 and dα = −0.6). Increas-

ing AOD leads to increase in α, but with a slight decrease in

dα, η and Rf. The decrease in Rf, although being very small,

indicates freshly emitted soot aerosols, which can be verified

by the higher BC concentrations in winter over Hyderabad

and the whole of India (e.g. Beegum et al., 2009). On the

other hand, increase in AOD causes decrease in both η and

dα suggesting an increase in coarse-mode volume fraction.

Reid et al. (1999) also suggested that the coagulation process

is more favorable under high turbid conditions and the larger

aerosols are more efficient scatters. According to this, there is

larger possibility for coagulation and condensation processes

resulting in increase of the coarse-mode fraction.

In pre-monsoon the atmospheric condition is strongly

changed with increased η, α and more negative dα values as

AOD increases (except for AOD < 0.2). The seasonal mean α

vs. dα relationship shows a shift towards fine-mode particles

along the steady Rf = 0.15 µm. This suggests an increase in

the volume fraction of fine particles, without considerable

shift in the Rf. During monsoon the atmospheric situation

further changes with a clear dominance of coarse-mode parti-

cles. With an increase in AOD, the data points present a clear

shift towards the origin along a nearly constant Rf of 0.2 µm.

The fine-mode fraction shows a dramatic decrease from 90 %

for AOD < 0.2 to 30 % for AOD > 0.6. According to Gobbi

et al. (2007) a shift of the data points towards the origin

shows cloud contamination. Since our measurements were

taken under clear skies the hydration process seems to be

more active. Furthermore, the shift towards lower values of

α and η for increasing AOD may be an evidence of dust influ-

ence, as has been observed in Beijing and Kanpur (Gobbi et

al., 2007) and in north African locations (Basart et al., 2009).

A shift of data points towards lower α and η values was also

observed over far AS (Kaskaoutis et al., 2010) for distances

>400 km from the Indian coast where the anthropogenic in-

fluence is not so prominent. The similar results over urban

Hyderabad in the monsoon highlight the influence of marine

air masses also carrying dust aerosols from the west.

As seen in Fig. 4, the aerosol characteristics and the mod-

ification processes during post-monsoon season are similar

to those found in winter. The main difference between them

is the long tail towards the origin along a nearly constant Rf

of ∼0.18 µm associated with large AODs for post-monsoon

season. For the aerosol group (0.6 < AOD < 0.8) 14 out of 17

cases have similar values (α ∼1.4, dα ∼ −0.4, η ∼ 90 %).

However, two of them are far away from this group (see

Fig. 4d) thus, affecting the mean α, dα values. If these two

cases are removed the aerosol modification for increasing

AOD will be slightly modified (Table 1), having the same

characteristics as in winter.

4.3 Intercomparison study with the conventional

techniques

In the previous analysis we have applied the classification

scheme for the study of the aerosol optical properties and

modification processes in the atmosphere over Hyderabad.
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Table 1. Seasonal mean α and dα values for each AOD group.

Winter Pre-monsoon Monsoon Post-monsoon

AOD group α dα α dα α dα α dα

AOD < 0.2 1.18 ± 0.09 −0.62 ± 0.13 1.10 ± 0.16 −0.83 ± 0.27

0.2 < AOD < 0.4 1.23 ± 0.12 −0.42 ± 0.15 0.68 ± 0.31 −0.25 ± 0.15 0.67 ± 0.18 −0.56 ± 0.31 1.21 ± 0.14 −0.42 ± 0.14

0.4 < AOD < 0.6 1.23 ± 0.18 −0.38 ± 0.12 0.95 ± 0.23 −0.09 ± 0.17 0.67 ± 0.26 −0.25 ± 0.16 1.19 ± 0.22 −0.31 ± 0.19

0.6 < AOD < 0.8 1.24 ± 0.12 −0.40 ± 0.11 1.15 ± 0.25 −0.11 ± 0.25 0.57 ± 0.29 −0.14 ± 0.08 *1.25 ± 0.41 −0.36 ± 0.162

0.8 < AOD < 1.0 1.37 ± 0.09 −0.23 ± 0.23 0.18 ± 0.15 −0.12 ± 0.06

* Removing two cases with low α, dα values in post-monsoon the seasonal mean will be modified to α(440–870) = 1.39 ± 0.16; dα = −0.41 ± 0.07.

It is worth comparing the present analysis with the conven-

tionally used methods. Traditionally, the aerosol characteris-

tics from the spectral radiance measurements of a MT-II have

been determined using AOD-α scatter plot and the inversion

technique to retrieve optical equivalent aerosol size distribu-

tions and refractive indices.

4.3.1 AOD versus Ångström exponent

In the Ångström’s formula, α and the turbidity coefficient

β are considered independent from the wavelength. How-

ever, it is well known that these two parameters α and β are

strongly dependent on the wavelength used for its determi-

nation. A different kind of information can be revealed from

α determined at shorter and longer wavelengths (αλ); thus,

the value of α at shorter wavelengths is more sensitive in

changes in the radius of fine aerosols, while α at longer wave-

lengths provides sufficient information about the fine-mode

fraction (Reid et al., 1999; Schuster et al., 2006). Thus, the

relationship between α at shorter (380–500 nm) and longer

(675–870 nm) wavelengths with AOD500 for different sea-

sons as shown in Fig. 6a–d, can give us concurrent informa-

tion about the changes in Rf and η with increasing AOD500.

It is seen from the figure that the scatter plot for the winter

period does not show any change for α675−870 values with in-

creasing AOD while a slight decreasing trend is seen for the

α380−500 data. This indicates a small increase in Rf accompa-

nied with negligible variation in η for increasing AOD. How-

ever, Fig. 5 (described in Sect. 4.2) shows that the increase

in AOD causes a small decrease in Rf (from 0.2 to 0.17 µm)

and a small decrease in η. The results seem to be contradic-

tory but it can be seen that both techniques reveal negligible

variation in αλ, Rf and η with increasing AOD and are well

within the uncertainties in the correlations (i.e. large scatter

in Fig. 6a).

In pre-monsoon period the correlation behaviour is very

different and both α(380–500) and α(675–870) increase with

AOD, with the larger increase for α675−870, indicating a de-

crease in Rf and a pronounced increase in η. These results

are in excellent agreement with those arrived from the clas-

sification scheme described in Fig. 5 for pre-monsoon sea-

son, which also shows a decrease in Rf value (from 0.2 to

∼0.15 µm) associated with a large increase in η (from ∼55 %

to ∼75 %). It is worth noting that the lowest AOD group

(0.2 < AOD < 0.4), from Fig. 6b, does lead to the increasing

trend in the α380−500; by excluding these values, the trend

becomes neutral, leading to negligible variation in Rf as seen

Fig. 5.

The scatter plot of αλ with AOD500 in monsoon (Fig. 6c) is

quite different, showing no variation for shorter wavelengths

and a strong decreasing trend for the longer ones. The results

are in close agreement with those arrived from classification

scheme (Fig. 5) for monsoon season indicating a large de-

crease from 90 % to 30 % in η and no variation in Rf. Note

also that the strong negative correlation between α675−870

and AOD in monsoon corresponds to the largest decrease in

the fine-mode fraction and the similar result can also be seen

from Fig. 5. In the case of post-monsoon period (Fig. 6d), the

characteristics of the α(380–500) and α(675–870) are simi-

lar to that seen in the classification scheme analysis (Fig. 5).

The increase in AOD causes a slight decrease in α675−870

(Fig. 6d) and in η (Fig. 5). However, the only notable in-

consistency between the two methods during this period is

for α380−500 values, since Fig. 6d shows a decreasing trend

of this parameter with AOD, while the data in the Fig. 5 sug-

gests a decrease in Rf. This may be attributed to uncertainties

for the data points having AOD < 0.2 (some of the seasonal

mean data point lie outside from the classification scheme in

Fig. 5). Removing these data from both figures, the variation

of Rf becomes negligible as from Fig. 5 and the regression

line of α380−500 in the Fig. 6d tends to be neutral.

From the comparison of the results obtained using two dif-

ferent methods as discussed above, a fair degree of consis-

tency between the two is shown, even though data used in

Figs. 4 and 5 correspond to different parameters and differ-

ent spectral bands.

4.3.2 Aerosol columnar size distribution

The aerosol size distribution is a crucial parameter for accu-

rate assessment of radiative forcing. As described in Sect. 3,

the CSDs for each AOD group during different seasons were

retrieved by inverting the seasonal mean spectral AODs using

King’s algorithm. The CSDs were parameterized using sev-

eral model fits until the fitted size distribution agreed well

with the retrieved one. Log-normal distributions with two
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Fig. 6. The AOD500 versus Ångström exponent (α) at shorter (380–500) and longer (675–870) wavelengths for each season over Hyderabad

during the period April 2009–March 2010. The α at shorter wavelengths is more sensitive in changes in the radius of fine aerosols (Rf), while

α at longer wavelengths provides concurrent information about the fine-mode fraction (η) with increasing AOD500.

modes namely, bimodal given by Eq. (7), a unimodal (UM),

power law (PL) and/or a combination of PL for fine mode

and UM for coarse mode distributions shown as Eq. (8) were

used for the retrievals.

n(r) =
2

∑

i=1

N0i√
2πσir

exp

[

−
(lnr − lnrmi)

2

2σ 2
i

]

(7)

n(r) = N01r
−ν +

N02√
2πσ2r

exp

[

−
(lnr − lnrm2)

2

2σ 2
2

]

(8)

where N0i is the columnar aerosol number concentration, rmi

and σi are the mode radius and the standard deviation of the

mode radius, respectively, while i = 1 represents the fine and

i = 2 the coarse mode. ν is the power law index (aerosol size

index), varying from ∼2 to ∼5 for ambient aerosol distri-

bution and is highly sensitive to biomass-burning and an-

thropogenic aerosols; a large value of ν indicates the dom-

inance of sub-micron particles (Nair et al., 2008). The values

of the best fit parameters for each AOD group correspond-

ing to different season are summarized in Table 2. The re-

trievals are plotted in Fig. 7. The left panels in the figure

show the measured spectral AODs and the reestimated val-

ues from the retrieved CSDs, while the right panels give the

retrieved CSDs during the present analysis. It is seen from the

figure that for all the seasons and AOD groups, the agreement

between measured and estimated spectral AODs is satisfac-

tory thereby allowing an accurate retrieval of the CSDs. An

intercomparison of the data plotted in Fig. 7 clearly shows

that the simulated fits strongly differ among the AOD groups

and depend on the season. Properties of the columnar size

distributions retrieved from the present data during different

seasons are discussed in the following section.
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Table 2. Statistical parameters of the fitted simulation curves in CSDs for each season and AOD group. [UM: unimodal, PL: power law,

PL + UM: combination of power law and unimodal, BM: bimodal].

AOD group UM (r,σ ) PL (ν) PL + UM BM (r1,σ1) UM (r,σ ) PL (ν) PL + UM BM (r1,σ1),

(ν/r2, σ2) (r2,σ2) (ν/r2, σ2) (r2,σ2)

Winter Pre-monsoon

<0.2 0.05, 0.57, 0.34, 0.30

0.2–0.4 4.44 3.58

0.4–0.6 4.86 5.47

0.6–0.8 3.89/0.30, 0.33 3.84

0.8–1.0 4.39

Monsoon Post-monsoon

<0.2 3.43/0.22, 0.64 5.24

0.2–0.4 3.56/0.29, 0.50 0.14, 0.39

0.4–0/6 3.49/0.31, 0.46 0.35/0.26, 3.95

0.6–0.8 3.56/0.32, 0.40 0.09, 0.49

0.8–1.0

Fig. 7. Mean-aerosol columnar size distribution (right panels) for each AOD group retrieved from the inversion of Eq. (1) for each season

over Hyderabad. The measured and reestimated spectral AODs used for the columnar size distribution retrievals are shown in left panels.

Winter

During winter, the lowest AODs in winter are best fitted

by a bimodal distribution with two distinct modes for sub-

micron particles, i.e. nucleation mode (r1 = 0.05, σ1 = 0.57)

and (r1 = 0.34, σ1 = 0.30) for the accumulation mode (see
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Fig. 7a). These mode radii are much lower than those found

for fine-mode aerosols over coastal India (r = 0.15), tropi-

cal Indian Ocean (r = 0.12) and AS (r = 0.10) region (Ra-

machandran and Jayaraman, 2002) and are comparable to

those reported for nucleation mode and accumulation mode,

respectively, over BoB (Ganguly et al., 2005). The large

ν values (4.44 and 4.86) for the PL distributions and the

r2 = 0.30 µm for the PL + UM distribution (Table 2), suggest

the large abundance of fine particles in winter over the urban

environment, consistent with the increased biomass burning.

The increase in AOD causes a pronounced increase in nc

for the fine and accumulation-mode aerosols (0.1 < r < 0.6),

while lower concentrations are found for the coarse-particles

(r > 1 µm) under turbid atmospheres.

Pre-monsoon

During pre-monsoon all CSDs are best represented by PL

distribution (i.e. Junge distribution) with large ν values

(3.58–5.47) in general (Fig. 7b). These values are larger than

even those found over AS (3.8 to 4.2) in pre-monsoon sea-

son during the ICARB experiment (Nair et al., 2008). The

changes in values of CSDs parameters for increasing AOD

suggests a shift towards higher concentration of fine and

accumulation-mode particles similar to those concluded in

Figs. 4 and 5. For the several cases dominated by coarse-

mode aerosols, they have no clear signal in the mean CSDs,

and increase in AOD associated with increase in fine-mode

particles. This may be caused by the mixing of natural and

anthropogenic aerosols within the urban environment. It is to

be noted that even though aerosol distribution is governed by

the power law, the nc values for the coarse aerosols are much

larger in the pre-monsoon season compared to the other sea-

sons.

Monsoon

In the monsoon season all the CSDs are better parameterized

with a combination of PL and UM distributions (Fig. 7c). A

comparison between various AOD groups does not show any

clear trend in the value of ν with the increasing AOD (Ta-

ble 2). However, the increased AOD does affect r2, for which

the values increased from 0.22 µm to 0.32 µm along with a

progressive reduction in the width of the distribution σ2 as

seen in Table 2. This indicates a shift of the CSDs towards

larger radius for the coarse-mode aerosol. Such a feature is

characteristic for the mixture with considerable influence of

dust particles (Duchi et al., 2011). Furthermore, for increas-

ing AOD the CSDs present a shift towards larger nc affect-

ing slightly more the coarse modes. This agrees with the de-

crease in α, dα and η values observed in monsoon season

(see Fig. 5, Table 1). On the other hand, the aerosol optical

properties depend on size, shape and chemical composition

of the particles, as well as on ambient RH. Because of their

hygroscopic nature these aerosols are very sensitive in wa-

ter uptake resulting in size enlargement, increase in Rf and

reduction in α.

Post-monsoon

During post-monsoon season, the CSDs show a wide va-

riety depending on the AOD value (Fig. 7d). For the low-

est AOD group < 0.2, the distribution is best parameterized

with a PL with a steep power-law index ν = 5.24. This large

value indicates considerable presence of soot aerosols as it

was seen in the winter and pre-monsoon seasons (Table 2).

However, this value is associated with a larger degree of

measurement uncertainty, as discussed earlier. For the higher

AOD group of 0.2–0.4, the distribution becomes UM with

r = 0.14 and σ = 0.39. For the AOD group of 0.4–0.6, the

best fit corresponds to a PL with ν value of 0.35 and a UM

component with r2 = 0.26 and σ2 = 3.95. With the further

increase in AOD, the CSD once again becomes UM with

r = 0.09 and σ = 0.49. It is seen in Fig. 7 that nc in the size

range ∼0.15–0.7 µm increases significantly with the increas-

ing AOD, thereby suggesting additional presence of fine-

and accumulation-mode aerosols, similar to the results from

Figs. 4 and 5. It is to be noted that the low concentrations of

coarse-mode particles for high AOD is similar to that found

during the winter season. The observed lower r value ∼0.09

for the highest AOD group is also confirmed from the classi-

fication scheme for this season (Fig. 5).

Derived parameter

The derived parameters namely effective radius (Reff), mass

loading (ML), total (NT), submicron (Na) and supermicron

(Nc) and the ratio (Nc/Na) from CSD is shown in Fig. 8a–

d for the different seasons and AOD groups same as pre-

sented in Figs. 3 and 4. All the aerosol size derived param-

eters showed the large seasonal variation indicating the in-

fluence of the changes in synoptic meteorology affecting the

aerosol distribution. The variation of Reff is relatively fea-

tureless except for post-monsoon season which show the in-

creasing Reff with increasing AOD. Moreover, the significant

seasonal variation in Reff being higher value during monsoon

and pre-monsoon and lower in winter and post-monsoon sea-

sons for the same AOD group suggest the large sensitiv-

ity of Reff with the coarse mode fraction. As expected, the

other parameters namely ML, NT, Na, and Nc showed the in-

creasing trend with increasing AOD for all the season except

post-monsoon which showed the lower values for the higher

AOD. The detailed comparison study between the results ar-

rived from aerosol size derived parameters and classification

scheme (discussed earlier) is presented in the following sec-

tion.
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Fig. 8. Variation of the retrieved parameters Reff (mL, NT, Na, Nc, and Nc/Na) from the columnar size distributions on a seasonal basis for

the different AOD groups over Hyderabad.

www.ann-geophys.net/30/1393/2012/ Ann. Geophys., 30, 1393–1410, 2012



1406 P. R. Sinha et al.: Characteristics of aerosols over Hyderabad in southern Peninsular India

Comparison of the retrieved parameters from the CSDs

and the classification scheme

The retrieved parameters from the CSD analysis are plotted

in Fig. 8 for each season and AOD group. A comparison of

different parameters across the AOD ranges during differ-

ent seasons is quite instructive. The clear differences are also

seen in the relative trends during different seasons. In an ef-

fort to establish a relative measure of aerosol properties using

CSDs and classification scheme techniques, the comparative

characteristic of the derived parameters Rf, η from the clas-

sification scheme with the corresponding ones Reff, Nc/Na

retrieved from the CSD analysis are discussed. It should be

noted that such a comparison is only qualitative in nature and

not quantitative. Even though in both the cases, the parame-

ters represent similar quantities, i.e. size and fine-mode frac-

tion, the definitions for the two sets are quite different. For

example, the Rf corresponds to the modal radius of the fine-

mode particles, while Reff is the effective radius of the com-

posite aerosol loading.

From the comparison between the two sets of character-

istic variables, we note that during the winter period the

Reff changes non-linearly, i.e. increases initially and then de-

creases (Fig. 8a). This is consistent with the slight variation

in Rf seen in the results from Fig. 5. The Reff value of ∼0.17

for the 2nd and 4th AOD group is similar to the Rf of the re-

spective AOD groups in Fig. 5. As seen in Fig. 8a, all param-

eters related to aerosol load (mL, NT, Na, Nc) increase with

increasing AOD, while no pronounced variation is shown for

the Nc/Na ratio; except for a slight increase, which is in ac-

cordance with the slight decrease in η value shown in Fig. 5.

In the pre-monsoon season (Fig. 8b), the slight decrease in

Reff and Nc/Na with increasing AOD is in general agreement

with the variation in Rf and η, respectively, suggesting lower

particle size and increased fine-mode fraction; however, the

variation in Nc/Na is not as intense as that in η.

During monsoon period (Fig. 8c), the aerosol load in-

creases significantly for increasing AOD, mainly made up

of coarse particles, while the Reff and the Nc/Na exhibit

their largest values. The effect of the coarse-mode aerosols

is clearly detected in both the CSD and the classification

scheme. The Rf values of ∼0.20–0.27 (Fig. 5) and its slight

variation are similar to those found for Reff. A small inconsis-

tency in terms of slight decrease of the Nc/Na for the largest

AOD group is seen in the data. However, the increase in

Nc/Na ratio during monsoon is larger than those found in the

other seasons and is in absolute agreement with the results

of Fig. 5, which show the large variation in η from 30 % to

90 %. It is also observed the pronounced decreasing trend in

α675−870, shown in Fig. 8c. During post-monsoon (Fig. 8d),

the Reff exhibits a considerable increase for the highest AOD

group, without such evidence in Rf (Fig. 5). It may be due

to the changes in Reff for the cases corresponding to large

coarse-mode aerosols. In general, the Nc/Na ratio remains

very low without any large variation which agrees with the

slight variation and the high values of η (Fig. 5).

The inter comparison of the derived parameters from dif-

ferent techniques, i.e. the classification scheme, the CSDs

and the relationship between AOD and α, reveal a fair de-

gree of consistency between them. Therefore, the classifica-

tion scheme method can adequately describe the aerosol opti-

cal properties and modification processes in the atmosphere.

4.4 Air mass trajectories and characteristics of aerosols

The characteristic of aerosols is substantially modified by

the synoptic-scale atmospheric transport patterns from differ-

ent sources. In this regard, a 7-day isentropic air-mass back-

ward trajectories cluster analysis was made for all the days of

MT-II observations at 07:00 (UTC) using the Hybrid Single

Particle Lagrangian Integrated Trajectory (HYSPLIT) model

(Draxler and Rolph, 2003), to reveal the sources of aerosol

types observed over Hyderabad. The backward air mass tra-

jectory simulations are obtained by running the HYSPLIT

model (http://ready.arl.noaa.gov/HYSPLIT.php). The cluster

analysis is a multivariate statistical technique and it has ad-

ditional advantages from the normal air trajectory because it

simultaneously accounts for the variation in transport speed

as well as the direction (Harris and Kahl, 1990). In this tech-

nique, each trajectory is considered as a cluster and the spa-

tial variance (SPVAR) is calculated for every combination of

trajectory pairs. SPVAR is defined as the sum of the squared

distances between the endpoints of the cluster’s component

trajectories and the mean of the trajectories in the same clus-

ter. In the next step, the total spatial variance (TSV)(the sum

of all the cluster spatial variances) is calculated and those

pair of clusters for which an increase in TSV is the lowest,

are combined. Following the above procedure, the data were

segregated for the four typical seasons and cluster mean tra-

jectories and their percentage contributions were estimated

at 1500 m above ground level as shown in Fig. 9a–d.

The results obtained from the classification scheme are

further discussed in view of the air-mass trajectories cluster

analysis. For each season, the trajectories were grouped into

five main pathways by means of cluster analysis discussed

above. The main pathways revealed from the cluster analysis

are (1) air masses from Africa–Arabia–Middle East, (2) air

masses from southern AS and North Indian Ocean (NIO),

(3) air masses from Indo-Gangetic Plain, (4) air masses from

Bay of Bengal and southeast Asia, (5) local air masses. The

air mass pathways for each season are related to aerosols

properties derived from MT-II (Table 3).

It is seen that during the winter period (Fig. 9a), the 72 %

of the air masses arrive from northern directions, where in-

tense fog and pollution-haze conditions occur during this sea-

son (Gautam et al., 2007; Das et al., 2008). The lower altitude

trajectories favor the transport of pollution aerosols over Hy-

derabad in winter. The 28 % of observed air masses arriving

from the west, 12 % from the Middle East and 16 % from the

Ann. Geophys., 30, 1393–1410, 2012 www.ann-geophys.net/30/1393/2012/
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(a) (b)

(c) (d)

Fig. 9. Seasonal mean clusters for air mass back-trajectories arriving over Hyderabad at 1500 m for the days of Microtops-II observations

during the period April 2009–March 2010. The percentage contribution of each cluster is also indicated. The air mass trajectories are obtained

via HYSPLIT model (http://ready.arl.noaa.gov/HYSPLIT.php).

Table 3. Seasonal mean of various aerosol parameters over Hyderabad during the period April 2009–March 2010. [NI: North India, AS:

Arabian Sea, AA: Africa-Arabia, AP: Arabian Peninsula, LC: Local Continental, SWAS: South-West Arabian Sea, IGP: Indo-Gangetic

Plain, SEA: South-East Asia].

Season Source region AOD500 α(440–870) dα β

Winter NI, AS, AA 0.39 ± 0.12 1.41 ± 0.15 −0.41 ± 0.16 0.15 ± 0.05

Pre-M AP, LC, 0.53 ± 0.12 1.11 ± 0.23 −0.17 ± 0.18 0.22 ± 0.05

Monsoon AP, SWAS 0.37 ± 0.11 0.67 ± 0.23 −0.2 ± 0.11 0.25 ± 0.1

Post-M LC,IGP,SEA 0.37 ± 0.12 1.26 ± 0.27 −0.4 ± 0.19 0.16 ± 0.06

Arabian Sea, are driven by the western synoptic circulation

pattern in northern mid-latitudes. Since these traverse the arid

regions of Arabia and Iran, these air masses normally carry

significant amounts of dust over the Arabian Sea and conti-

nental India on certain occasions (Badarinath et al., 2010).

However, the low frequency (12 % and 16 %) of occurrence

of arid and marine air masses in winter do not favor consider-

able presence of coarse-mode particles and the CSD is domi-

nated by fine-mode aerosols either produced locally or trans-

ported from northern India and it is in an excellent agreement

with the aerosol types discussed in the previous sections for

this season from different techniques (see Figs. 4a and 7a).

During pre-monsoon season (Fig. 9b), the 50 % of the air

masses arriving at Hyderabad originate from Arabian penin-

sula and Middle East and these are rich in coarse-mode

aerosols as the dust activity over the region is at its maximum

www.ann-geophys.net/30/1393/2012/ Ann. Geophys., 30, 1393–1410, 2012
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(Gautam et al., 2009b). On the other hand, in several cases

(48 %) the air masses come from the Indian sub-continent it-

self and which usually carry aerosols from biomass-burning

as a result of the crop residue burning during March–May

period. This leads to enhanced aerosol loading composed of

mixture of both fine and coarse particles. A large AOD mean

value of 0.53 ± 0.12, and a large value of α = 1.11 ± 0.23

during this season is also consistent with the mixed aerosol

types.

During monsoon period (Fig. 9c), the air-circulation pat-

tern is driven by the strong southwestern winds. Although

the air trajectories are clearly southwesterly with 67 % of the

air masses having an oceanic origin, the remaining 33 % that

originate from west Asia carry dust aerosols at higher alti-

tudes. Such an aerosol mix of air masses of marine and/or

desert origin leads to lower value of α (0.67±0.23). In post-

monsoon (Fig. 9d), the trajectory clusters exhibit low occur-

rence of air masses from Southeast Asia (10 %). The remain-

ing 90 % of the air masses are mainly originating from IGP

(53 %) and Southwest India (37 %), which carry an abun-

dant anthropogenic pollution and biomass-burning aerosols

in certain cases. This contributes to the presence of fine-mode

aerosols, high α values (1.26 ± 0.27) and conditions similar

to the winter season except for additional contribution arriv-

ing from the Bay of Bengal. A summary of the aerosol types

in different seasons along with seasonal mean optical param-

eters are listed in Table 3.

5 Conclusions

The present study focused on the classification of the aerosol

types and modification processes in the atmosphere over Hy-

derabad, India, using sun-photometer data. One year contin-

uous measurements were used to study the aerosol character-

istics on a seasonal basis. The aerosol optical and physical

properties are obtained using three techniques (i) α vs. AOD,

(ii) α, dα vs. AOD (classification scheme) and, (iii) CSD us-

ing the King’s inversion algorithm on seasonal basis. The

important findings and results obtained from this study are

summarized in the following:

1. The analysis of the seasonal data suggests the presence

of fine-mode aerosols under turbid atmospheres in win-

ter and post-monsoon, the concurrent presence of fine

and coarse aerosols in pre-monsoon and the significant

influence of marine mixed with dust aerosols in mon-

soon.

2. The seasonal variation in the aerosols modification pro-

cesses were inferred using the graphical visualisation

scheme as well as columnar aerosol size distribution

analysis. The results reveal a well mixed aerosol type

associated with the coagulation and condensation of

particles during winter and post-monsoon. During pre-

monsoon season freshly emitted fine particles associ-

ated with secondary aerosol formation through gas-to-

particle conversion and hydration process are observed.

The data suggest that humidification process lead to in-

creased hygroscopic growth of water soluble particles

mixed with dust aerosols during monsoon season.

3. Increasing of AOD did not led to large variation in

aerosol characteristics during post-monsoon and win-

ter seasons indicating more homogeneous atmospheres,

while the most turbid conditions in pre-monsoon were

associated with enhancement of fine-mode aerosol con-

centrations and fine-mode fraction. In contrast, increas-

ing of AOD in monsoon is strongly associated with a

dramatic increase in coarse-mode particles.

4. The results from the classification scheme were further

compared and discussed with those revealed from the

correlation between AOD500 and α at shorter and longer

wavelengths, and the columnar size distributions ob-

tained using the King’s inversion algorithm, as well as

with air-mass trajectory cluster analysis. The combina-

tion of the results clearly defined the usefulness of the

classification scheme and highlights its advantages for

the aerosol monitoring and study of seasonal variation

of the aerosol modification processes in the atmosphere.
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