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h i g h l i g h t s
� The r550sp is found to be 7.8%, reduction from weekdays to weekends.
� The low backscattering ratio is observed during the post-monsoon and higher in the summer.
� The boundary layer height is negatively correlated (R ¼ �0.68) with r550sp .
� A significant þve correlation has been observed between r550sp and BC.
� RH versus r550sp for ambient aerosols shows positive relation where as WS and AT is showed reciprocally.
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a b s t r a c t

Continuous real-time measurements of aerosol scattering properties were investigated at Anantapur (14
�

62
0
N, 77

�
65

0
E, 331 m asl), a semi-arid region in southern India for the period of January 2011eDecember

2011, using a three-wavelength Integrating Nephelometer. Aerosols scattering properties like the scat-
tering coefficient (ssp), backscattering coefficient (sbsp), scattering Ångstrom exponent (�A), backscat-
tering ratio (bl) and asymmetry parameter (gl) were measured for the period of study. The average
values of (�standard deviation) ssp, sbsp at 550 nm (s550sp , s550bsp ) and

�A(700/450) were found to be 97 (�9.2)
M m�1 and 14 (�0.93) M m�1 and 1.02 (�0.3), respectively. The estimated average values of bl and gl at
550 nm from s550sp and s550bsp were 0.13 (�0.09) and 0.59 (�0.1), respectively. The maximum asymmetry
parameter at 550 nm was found to be 0.63 � 0.01 in the month of October and minimum (0.52 � 0.03)
during March, which shows the opposite trend with backscattering ratio. Significant correlation co-
efficients were noticed between different aerosol optical properties. The highest values of s550sp were
observed during weekdays whereas low values during weekends. Scattering Ångstrom exponent for the
summer and winter seasons has been consistent with the input of fine mode particles from anthropo-
genic origin.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosol particles are one of the most variable
components of the Earth’s atmosphere and are known to influence
the energy budget and climate. Aerosol particles affect the Earth’s
radiative balance and climate directly by absorbing and scattering
of solar radiation (Haywood and Shine, 1997; Foster et al., 2007)
and indirectly supports for cloud condensation and thus changing
opal).

All rights reserved.
the microphysical properties of clouds (Kaufman et al., 2005;
Foster et al., 2007). The magnitude and sign of the aerosol forc-
ing effect are determined, in part or by both the horizontal and
vertical distribution of the aerosol particles (Haywood and
Ramaswamy, 1998). Also, aerosol particles play a major role in
atmosphere chemistry and so affect the densities of other minor
atmospheric constituents like ozone (Schwartz et al., 1995).
Furthermore, aerosol particles have been implicated in human
health effects (Dockery and Pope, 1996) and visibility reduction in
urban and regional areas (Horvath, 1995). Knowledge of the light
scattering properties of atmospheric aerosol particles is of vital
importance in estimating the radiative forcing of climate and in
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global radiation budget studies. Uncertainties in the global aerosol
direct and indirect effects are nearly the same or twice as much as
the magnitude of the effect itself as estimated by the International
Panel on Climate Change (IPCC) in its 4th assessment report (IPCC,
2007). The optical properties of aerosols are related to both their
chemical composition and particle size distributions. The atmo-
spheric aerosols in different regions consist of varying composition
and size mode, which lead to different radiative impacts on
regional climate.

The backscattering ratio, is the ratio of light scattered in the
backward hemisphere to the total light scattered by a particle or
group of particles. The backscattering ratio has also been used to
infer the particle properties in situ. The backscattering ratio is
found to be used to derive the slope of the particle size distribu-
tion and also provides an estimate of the bulk refractive index of
particles in the atmosphere. Asymmetric parameter (g) is another
parameter which also depends both on the size distribution and
composition of aerosol particles and also a function of the relative
humidity. Radiative transfer computations use parameterizations
of the angular distributions of scattered light or the aerosol phase
functions of different aerosol distributions. Many workers have
been dedicated to study the aerosol optical properties and their
variation at different locations worldwide (Bodhaine and Dutton,
1993; Bodhaine, 1996; Parameswaran et al., 1998; Bergin et al.,
2001; Formenti et al., 2002; Colland Coen et al., 2007; Lyamani
et al., 2008; Andreae et al., 2008; Jung et al., 2009; Pereira et al.,
2011).

In this paper, we report the intensive measurements of aerosol
optical properties such as aerosol scattering and Backscattering
coefficients over a semi-arid region in southern India, and then
analyzed their diurnal variation. Secondly, correlation between
aerosol optical parameters was investigated by scattered plots. The
influence of meteorological parameters on the aerosol scattering
properties has also been analyzed. This study helps in under-
standing the aerosol scattering effects in the context of regional and
global climate change.

2. Site description

Anantapur district in Rayalaseema region (14
�
620 N, 77

�
650 E) of

Andhra Pradesh is geographically situated in a semi-arid zone and
occupies the second place to Rajasthan. Anantapur district is the
driest part of the state of Andhra Pradesh. Nearly 85 percent of the
population is affected by drought in this district, due to low
rainfall, high temperature and severe dry winds during monsoon
periods. The observation site, Sri Krishnadevaraya University (SKU:
14

�
620 N, 77

�
650 E and 331 m above sea level) is situated at about

12 km away from the southern edge of the Anantapur town
(Fig. 1). The study area is also at a relatively short distance from
two national highways (NH 7 and NH 205) and the town area is
situated between north and southwest side of the sampling site
(Balakrishnaiah et al., 2011a). Within a 50 km radius, this region is
surrounded by a number of cement plants, limekilns, brick slab
polishing industries and stone crushing machines. Gold mines are
situated in southwest region about 40 km away from the obser-
vational site. These industries release large quantities of particu-
late matter into the atmosphere every day. Being far away from
east and west coasts, this district is deprived of the full benefits of
both the monsoons and consequently droughts are frequently
experienced here. It receives the lowest average rainfall of about
450 mm compared to the Andhra Pradesh state average of about
900 mm. During April, June and November months the mean
rainfall varies from 10 mm to 50 mm. Clear sky days and full
sunshine prevails in the remaining months in this region. Anan-
tapur town and its surroundings experience strong winds
(>5 m s�1) during July, August and September months. During
October, wind patterns start shifting in direction from southwest
to northeast. Most of the winds are prevailing from south-westerly
direction during the total observation period. The continental
conditions prevailing at this site are responsible for large seasonal
temperature differences. On other hand, forest fires and trans-
ported dust are the other factors responsible for additional source
of aerosol particulates (Badarinath et al., 2009, 2010). During
winter, domestic heating (mainly wood, charcoal and diesel cen-
tral heating) contributes more pollutants to the atmosphere
(Kumar et al., 2011).

3. Instrumentation

The Integrating Nephelometer TSI model 3563 has been used to
measure the total scattering (7

�
e170

�
angular integration) and the

hemispheric backscattering (90
�
e1700) coefficients at three visible

wavelengths (450, 550 and 700 nm each with a bandwidth of
50 nm). The instrument is kept on the top floor of a three stored
building (12 m). An inverted funnel with screws fitted at the
entrance of the instrument to avoid the dust, rainwater and insects
entering into the system. This instrument draws the ambient air
through a stainless steel tubing (Diameter ¼ 3.2 cm and
Length ¼ 1.8 m) inlet at a flow rate of 20 LPM, and the sample is
illuminated with a halogen lamp and measures scattered light at
450, 550 and 700 nm using three photomultiplier tubes. The
nephelometer contains one humidity and two temperature sensors.
The humidity sensor and one temperature sensor are located near
the sample outlet and the other temperature sensor is located at
the sample inlet.

The scattering coefficient shows a minimum dependence on RH
at <50% and sharp increase at >80% RH (Anderson and Ogren,
1998; Xu et al., 2002). Calibration of the nephelometer has been
carried out twice per year by using CO2 as high span gas and filtered
dry air as low span gas. These data are recorded with a temporal
resolution of 1 min, and the zero signals are measured for every
5 min in a hour. The total scattering and backscattering data are
corrected on a systematic basis considering the angular truncation
errors (Anderson and Ogren, 1998).

The meteorological parameters like Air Temperature (AT),
Relative Humidity (RH), Rain Fall (RF), and Wind Speed (WS) have
been measured by using Mini Boundary Layer Mast (MBLM)
installed near the measurement location. The daily surface wind
flow patterns at Anantapur site have been obtained from NCEP/
NCAR reanalysis data (http://www.cdc.noaa.gov).

4. Methodology

The scattering and backscattering coefficients at three different
wavelengths are measured by using TSI Model 3563 Integrating
Nephelometer. The scattering Ångstrom exponent (�A) represents
the wavelength dependence of scattering coefficient and can be
related to amean size of the particle. It was calculated using the 450
and 700 nm channels as follows (Pereira et al., 2011).

�A ¼ �
log

�
sl1sp

�
� log

�
sl2sp

�

logðl1Þ � logðl2Þ
(1)

In the above equation sl1sp and sl2sp are the scattering coefficients
obtained at the wavelengths of l1 (700 nm) and l2 (450 nm)
respectively.

The backscattering ratio is the ratio of the backscattering coef-
ficient over the scattering coefficient at a given wavelengths (450,
550 and 700 nm).

http://www.cdc.noaa.gov


Fig. 1. Geographical location of Anantapur over the India subcontinent and adjoin oceanic regions (top left panel). Also shown road map of the observation site, Sri Krishnadevaraya
University (top right panel) and satellite aerial view of monitoring site building in the SKU campus indicated with an arrow head(bottom panel).
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bl ¼
slbsp (2)

slsp

Where slsp and slbsp are scattering and backscattering coefficients
obtained at the same wavelength.

The asymmetry parameter (gl) is calculated from the back-
scattering ratio (bl).

gl ¼ �7:143889*b3l þ 7:464439*b2l � 3:9356*bl þ 0:9893

(3)

Where gl and bl are asymmetry parameter and backscattering ratio
obtained at the same wavelength. The above equation was
suggested by Andrews et al. (2006) based on the plot of Wiscombe
and Grams (1976) following HenyeyeGreenstein approximation for
asymmetry parameter.
5. Results and discussion

5.1. Diurnal variation in scattering (ssp), backscattering (sbsp)
coefficients and scattering Ångstrom exponent (�A)

The measured average diurnal variation of ssp and sbsp of at-
mospheric surface aerosols at three wavelengths (450, 550 and
700 nm) during the study period is shown in Fig. 2. Bi-peak diurnal
patterns were observed for ssp and sbsp at 0700 LT and 2100 LT,
respectively. The diurnal variation of ssp and sbsp is mainly



Fig. 2. Diurnal variation (a) scattering and backscattering coefficients at 450 nm,(b)
scattering and backscattering coefficients at 550 nm,(c) scattering and backscattering
coefficients at 700 nm.
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governed by the diurnal cycle of the boundary layer height and
local emission pattern as well as wind speed which play a potential
role.

The enhancement peak of ssp and sbsp was found during the
early morning hours that is just after an hour of local sunrise
(0700 LT) at different wavelengths are 185.85 � 34.31 M m�1

(450 nm), 156 � 29.9 M m�1 (550 nm), 105.43 � 19.4 M m�1

(700 nm) for ssp and 26.58 � 4.9 Mm�1 (450 nm), 20.76� 3 Mm�1

(550 nm), 16.5 � 2.7 M m�1 (700 nm) for sbsp respectively. The
morning peak is mainly due to the buildup of local anthropogenic
activities associated with the traffic rush and the low boundary
layer height. During night, the height of the planetary boundary
layer (PBL) decreased and the pollutants are entrapped in the lower
levels of the atmosphere and leads to high concentrations of
aerosols at the surface and results nocturnal peak.

The scattering and backscattering coefficients are declined at
the surface during the afternoon hours and obtained minimum
values for ssp and sbsp are i.e., 85.74 � 11.2 M m�1(s450sp ),

75.27 � 9.4 M m�1 (s550sp ) and 51.88 � 5.53 M m�1 (s700sp );

10.51 � 1.2 M m�1(s450bsp ), 9.96 � 1.1 M m�1 (s550bsp ) and

8.82 � 0.87 M m�1 (s700bsp ) around 1500 LT, respectively. These re-

sults are attributed to the boundary layer increase together with
the increase in convection throughout the day and also lead the
conditions for particle dilution within a larger volume of air.

Fig. 3 highlights the hourly average diurnal variation of the
scattering Ångstrom exponent for different wavelength pairs (700/
550, 700/450 and 550/450) during the study period. Diurnal vari-
ation of �A exhibits similar pattern as that of scattering and back-
scattering coefficients. Results showed two prominent peaks and
one was noticed (primary peak) during the morning hours
(1.53 � 0.03 (550/700), 1.1 � 0.02 (450/700) and 0.8 � 0.01 (450/
550)) at around 0700 LT and second one (1.46 � 0.02 (550/700),
1 � 0.02 (450/700) and 0.7 � 0.01 (450/550)) at around 2100 LT.
This indicates the dominance of fine mode particles over the
measurement location. The observed scattering Angstrom expo-
nent during 1100e1600 LT is less which may be due to the domi-
nance of coarse mode particles prevailing in the atmosphere. These
particles are mainly transported from the stone crushing industries
and the lift of the loose soil through high wind speed prevailing in
that region.
5.2. Monthly variation of scattering (ssp), backscattering (sbsp)
coefficients and scattering Ångstrom exponent (�A)

The monthly evaluations of the daily mean values of scattering
and backscattering coefficients at three wavelengths (450, 550 and
700 nm) and scattering Ångstrom exponent for different wave-
length pairs (700/550, 700/450 and 550/450) are observed during
the study period are shown in Fig. 4(a), (b) and (c). The monthly
variations in the above properties are mainly attributed to the
prevailing meteorological conditions in respective months. The
maximums550sp , s550bsp and �A(700/450) values observed are
140 � 11.23 M m�1, 18 � 4.32 M m�1 and 1.5 � 0.09, respectively in
the month of January, where as minimum values for s550sp , s550bsp and
�A(700/450) are noticed as 40 � 5.23 M m�1, 6 � 1.32 M m�1 and
0.7 � 0.07 in the month of September. The observed maximum
values in the January and February are mainly due to the boundary
layer subsidence and leads confinement of aerosols. This type of
boundary layer dynamics is due to the surface temperature varia-
tion that could be the reason for the maximum scattering coeffi-
cient. During this period, the air mass pathway is from
northeasterly to the observing site (Fig. 11), which brings mostly
the continental air and leads to the enhanced anthropogenic
component. Biomass burning, local household biomass burning for
cooking, low prevailing temperature and wind speeds (Latha and
Badarinath, 2005; Pathak et al., 2010) are responsible for high
concentration during this period.

High values of Angstrom exponent were noticed during winter
which indicates the dominance of fine mode particles. During
summer most of the winds are from westerly, south-westerly
(Fig. 11) and bring the moist of the air from adjoining sea regions
along with occasional influx of some continental air masses
reaching from the North India region. During this episode, forest
fires are greatly responsible for the large input of particles detected
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Fig. 3. Diurnal variation (a) scattering Ångstrom exponent at (700/550), (b) scattering
Ångstrom exponent at (700/450) and (c) scattering Ångstrom exponent at (550/450).

Fig. 4. Monthly mean variation of scattering properties found at Anantapur during the
2011, (a) scattering coefficient (b) backscattering coefficient (c) scattering Ångstrom
exponent.
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over the site (Balakrishnaiah et al., 2011b). In this period dispersion
of aerosols are high owing to the large ventilation coefficient which
is a product of mixing height and local wind speed, therefore the
surface concentration are relatively low compared to winter
months.

Low values of�Awere observed during monsoon seasonwhich is
due to the pollutants carrying winds are mainly from south-
westerly and rich with marine air mass. Consequently, in this sea-
son coarse particle domination is more. The cloud precipitation
scavenging, removal out aerosols are due to overcast and rains, high
wind speed, low anthropogenic activities which play a significant
role in drastic reduction in the surface concentrations.
5.3. Weekday and weekend analysis ofs550sp , s550bsp and �A(700/450)

The diurnal hourly average values of scattering properties were
measured for weekdays (i.e., MondayeFriday) and weekend days
(i.e., Saturday and Sunday), to study the influence of anthropogenic
activities like traffic, industries and wood burning etc. over the
sampling site and also shown in Fig. 5.



Fig. 5. Temporal variation of measured optical parameters during weekdays and
weekends over semiarid region during study period, (a) scattering coefficient at 550 nm
(b) backscattering coefficient at 550 nm (c) scattering Ångstrom exponent (700/450).

Fig. 6. Spectral variation of (a) backscattering ratio and (b) asymmetry parameter.
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The diurnal variation of s550sp ,s550bsp and �A(700/450) for weekdays
and weekends shows two predominant note worth peaks in the
morning (0700 LT) and in the evening hours (2000 LT). The average
diurnal variations of s550sp were found to be 113 M m�1 and
104Mm�1 for weekdays andweekends and 7.8% of reduction in the
scattering from weekdays to weekends were observed. Similarly
14 M m�1 and 11 M m�1 have been noticed for s550bsp during week-
days and weekends respectively and 11% reduction in s550bsp from
weekdays to weekends. The lowest scattering values observed on
weekends compared to weekdays are due to the influence of the
fine mode aerosols concentration (possibly due to anthropogenic
origin). During early morning hours of weekend, the observed
higher values are due to capping action of aerosols released from
various anthropogenic activities by previous night. As the day
progress, there is a continuous increase in the boundary layer
height permitting an increased dilution of the aerosol.

Fig. 5(c) presents diurnal variation of the �A exponent during
weekdays andweekendswhich specifies the size distribution of the
particles. During the weekdays, �A(700/450) was found to be in the
range of 0.9e1.7, whereas during theweekends�A(700/450) was found
in the range of 0.4e1.2. The observed �A(700/450) is high which rep-
resents fine mode dominance during the weekdays due to
enhancement of anthropogenic activities (vehicular sources,
burning etc.,) over the study area.

5.4. Spectral variation of backscattering ratio and asymmetry
parameter

The Fig. 6(a) shows the spectral variation of average backscat-
tering ratio for different months over the sampling site during the



Fig. 7. Relative frequency distributions of (a) scattering coefficient (550 nm), (b)
backscattering coefficient (550 nm) (c) Scattering Ångstrom exponent (700/450).

Fig. 8. Measured diurnal cycle of optical parameters during clear, hazy and cloudy
episodes (a) scattering coefficient (550 nm) (b) backscattering coefficient (550 nm) (c)
scattering Ångstrom exponent (700/450).
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study period. The backscattering ratio is very useful characteristic
parameter for describing the cooling effect of aerosol on climate, as
it is a measure of the fraction of the scattered radiation that is
returned to space. Backscattering ratio is weakly dependent on
concentration, provides us wealth information on the characteris-
tics of the particulate material, such as the index of refraction and
the angular dependence of scattering which are necessary for the
estimation of aerosol scattered diffuse radiation reaching the
ground. One of the main objectives is to examine the behavior of
the spectral particulate backscattering ratio in-situ, both in terms of
its absolute magnitude and its variability across three visible
wavelengths.



Fig. 9. Scatter plot of the scattering coefficient (550 nm) againstmetrological parameter
(a) relative humidity, (b) air temperature and (c) wind speed during study period.
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The backscattering ratio at 550 nm exhibits a little variability
during period of study and lies in the range 0.12e0.16. The higher
backscattering ratio at 550 nmwas observed in themonth of March
(0.15) and lower in the month of October (0.11). The observed low
backscattering ratio during the October shows the dominance of
coarse mode particles and found higher in themonth of March. Mie
theory predicts that backscattering ratio should be higher for fine
mode aerosol particles. These results are in good agreement with
Formenti et al. (2001) and Andreae et al. (2002). The value of
backscattering ratio was 0.13 reported for the Negev desert by
Formenti et al. (2001). Andreae et al. (2002) also reported that the
mean backscattering ratio was 0.13 over Sde Boker (Israel), under
continental pollution conditions.

However several studies have been found that the backscat-
tering ratio values are higher for dust and particles from forest fires
than other type of aerosol particles (Carrico et al., 2003; Doherty
et al., 2005). In previous studies it was found (based on theory
and observations) that the backscattering ratio was sensitive to
composition (organic content and particle size distribution)
(Twardowski et al., 2001; Boss et al., 2004).

The backscattering ratio and the asymmetry parameter are in-
dependent on the amount of aerosol presence in the atmosphere
and helps in determining aerosol intensive properties. Instead, this
ratio provides information about characteristics of the bulk particle
population (e.g. particle composition, mean size, shapes etc.).

The Fig. 6(b) describes the spectral variation of asymmetry
parameter (for different month) which exhibits opposite pattern to
the backscattering ratio. The asymmetry parameter is a simple,
single valued representation of the angular scattering and plays a
key role in controlling the aerosol contribution to the forcing
(Pandithurai et al., 2008) which depends on the size and compo-
sition of the particles. It is possible to derive the asymmetric
parameter from backscattering ratio employing the Equation (3)
given above. This optical property (asymmetry parameter) is use-
ful in the estimating aerosol forcing of climate and is used in most
radiative transfer calculations. The values of asymmetry parameter
show the decrease trend as wavelength increases in the visible
spectral region. This behavior is in good agreement with the view of
Pandithurai et al. (2008). It is pertinent to mention that significant
dependence onwavelength is mainly due to the location or air mass
type over the measurement site. The mean values derived for
asymmetry parameter at 550 nm ranged between 0.50 and 0.70
over the sampling site. The maximum asymmetry parameter at
550 nm was found to be 0.65 in the month of October due to the
domination of large particles over the regionwhere as minimum of
0.53 in the month of March, mainly due to small abundance par-
ticles loading from the stone crushing activities, air lifting soil
particles, and transport.

Ramachandran and Rajesh (2008) reported that asymmetry
parameter at 550 nm is corresponding to 30% RH in the 0.3e0.6
range over India. The median values range from 0.57 for free
tropospheric aerosol to 0.65 for marine aerosol at 550 nm wave-
length (Fiebig and Ogren, 2006). Formenti et al. (2000) found
slightly higher values (0.72e0.73) for Saharan dust aerosol. The
asymmetry parameter increases while backscattering ratio de-
creases and the similar type of findings were also reported by
Andrews et al. (2006).

5.5. Frequency distribution of s550sp , s550bsp and �A(700/450)

Fig. 7(a), (b) and (c) shows the measured daily average fre-
quency distribution ofs550sp , s550bsp and �A(700/450) for the study period.
The scattering Ångstrom exponent values provide the information
about the average size distribution of the particles. In the view of
the above the percentage occurrence are grouped for the �A values
into two categories i.e.,�A <1 (coarse mode aerosols) and�A >1 (fine
mode aerosols). The significant percentage occurrence of the �A
values in coarse mode and fine mode category may not purely
represent the aerosol size associatedwith it but is dominated by the



Fig. 10. Systematic variability of scattering coefficient at 550 nm with (a) scattering Ångstrom exponent (b) backscattering ratio (550 nm) (c) asymmetry parameter (550 nm) (d)
backscattering ratio (550 nm) vs asymmetry parameter (550 nm) (e) scattering coefficient (550 nm) vs backscattering coefficient (550 nm) (f) scattering coefficient (550 nm) vs
black carbon aerosols (BC) (g) scattering coefficient (550 nm) vs boundary layer height.
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respective size in the said category. It was observed that in the
sampling site, 40% of s550sp data points lie in the range of 30e
60 M m�1, 15% of data points lie in the range of 90e120 M m�1 and
3% of data points lie in the range of 240e270Mm�1. On other hand
37% of s550bsp the data points lie in the range of 5e10 M m�1, 15% of
s550bsp values lie in the range of 15e20 M m�1. The least data points
(2%) were observed in the range of 40e45 M m�1. The large vari-
ations in the �A(700/450) observed during the study period was in
between 0.2e1.8, which shows a higher frequency for �A(700/450). It
was pertinent to maintain that 29% of all �A(700/450) values lie in the
range of 0.4e0.6, 27% lie in the range of 0.6e1.0 and the reaming
44% of �A(700/450) values lie in the range 1.0e1.8. This result high-
lights the dominance of aerosols in the fine-mode during the study
period over the sampling site. The modal value observed around
1.3, indicating the dominance of fine-mode aerosols during the
winter and is due to biomass burning and fossil fuel combustion
sources. The observed �A(700/450) values are high and found to be
around 0.2e1.0. This is mainly due to the anthropogenic activities
prevailing around the observational site (Industries, brick factories,
stone crushing etc). The anthropogenic activities play a major role
in the formation of nucleation and growth of cloud droplets espe-
cially while relative humidity is very high.

5.6. Aerosol optical properties during clear, hazy and cloudy
conditions

The dailymean relative humidity (RH) is to be taken as RH< 35%
for a clear, 40 < RH < 65% for a hazy and RH > 65% for a cloudy
conditions in the variations of s550sp , s550bsp and �A(700/450). The classi-
fication of clear, hazy and cloudy days is based on the meteoro-
logical data collected from the Mini Boundary Layer Mast (MBLM)
station, which was installed at the observation site. Fig. 8(a) and (b)
shows the diurnal cycles of s550sp and s550bsp during clear, hazy and
cloudy periods. The average s550sp value is noted as 160 M m�1

during the hazy periods and 40 M m�1 during the cloudy episodes.
Maximum values are found in the hazy episodes and evidenced by
the maximum scattering and are due to dust, smoke, and vapor
presence in the atmosphere. Low s550sp and s550bsp values measured



Fig. 11. Mean synoptic wind vectors for different months at 850 mb pressure level over the site during study period.
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during the forecast period are mainly due to phenomenon of
washout results of lose aerosol particles. The s550sp value is found to
be minimum as 90 M m�1 for clear days during the observation
period compared to the hazy episodes. This is mainly due to
convective causes increasing boundary layer height and dispersion
of aerosols. The average s550bsp is found to be 22Mm�1, 17 Mm�1 and
5 M m�1 for hazy, clear and cloudy periods, respectively. The
calculated values show that 14% reduction of s550sp is during the clear
period and 40% reduction during the cloudy period compare to the
hazy period. The diurnal variation in �A(700/450) at the site has a
distinct highest values in the clear days compared to the hazy and
cloudy episodes as shown in Fig. 8(c). Fig. 8(c) corresponds to the
size of the aerosols and indicate the size of the particles in hazy
period are high compare to clear episode and which is due to dust,
smoke and vapor. During the cloudy periods, the water vapor
content is high in the atmosphere; consequently particles size
slightly increases which results in low scattering Ångstrom expo-
nent and indicates the dominance of coarse particles. The�A(700/450)
average values during the hazy, clear and cloudy periods are 0.79,
1.4 and 0.6 respectively.

5.7. Metrological parameter influence on s550sp

The scatter plots have been drawn for s550sp as a function of
meteorological parameters like relative humidity (RH), air tem-
perature (AT) and wind speed (WS), respectively, and are shown in
Fig. 9(a), (b) and (c). The correlation coefficient R ¼ 0.53 has been
obtained between s550sp and RH, which is attributed to hygroscopic
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growth of aerosols (Kumar et al., 2010). On other hand AT
(R ¼ �0.56) and WS (R ¼ �0.56) possess negative correlation with
s550sp . High scattering coefficients are therefore likely to occur with
certain maximum RH, and at low temperatures. It is found that
scattering coefficient observed during the clam wind (wind
speed < 0.5 m s�1) condition is remarkably larger than those in
strong winds (wind speed > 3 m s�1). For example, average s550sp in
calm wind (0.5 m s�1 > wind speed) is double to that of in strong
winds. This result highlights that at low wind speeds high aerosol
accumulation is observed and strong wind promotes the dilation
and dispersion of aerosols.

5.8. Relationship between various aerosol optical properties

In Fig. 10(a), indicates the relation between s550sp and the
respective�A(700/450). The variation of�A(700/450) shows an increase or
decrease with aerosol loading at the observational site. Keen
analysis of the results reveals that air mass origin and the absence/
presence of Indian and Arabian Sea coarse mode intrusion during
the monsoon season. High �A(700/450) values measured during the
winter season shows the winds contribution for the continental
loading from central India. The higher values of �A(700/450) suggest
the dominance of fine mode aerosols in the size distribution over
the measurement area. The variability in aerosol loading with
scattering Ångstrom exponent can be attributed to the changes in
aerosol type due to changes in source or changes in contribution of
a source (Eck et al., 1999; Dubovik et al., 2002; Toledano et al.,
2007). Ramachandran and Rajesh, 2008 reported that the higher
values of �A(700/450) over Indian regions, suggest the dominance of
fine mode aerosol.

Fig. 10(b), indicates the relation between the backscattering
ratio and scattering coefficient. This represents the value of back-
scattering ratio decreased gradually with increasing scattering co-
efficient. These observations are in consistent with the findings
made by Delene and Ogren (2002) at four different sites in
Northern America. The higher values of backscattering ratio at
lower aerosol loading indicate the greater contribution from
smaller accumulation mode particle (Andrews et al., 2011).

The asymmetry parameter measures the preferred scattering
direction (forward or backward) for the light encountering the
aerosol particles. The asymmetry parameter approaches gl¼þ1 for
scattering strongly peaked in the forward direction and gl ¼ �1 for
scattering strongly peaked in the backward direction. In general,
gl ¼ 0 indicates the scattering directions evenly distributed be-
tween forward and backward directions. The quantified observa-
tions are shown in Fig. 10(c). The scattered plot shows the s550sp
versus asymmetry parameter at 550 nm and is found to have
positive correlation (R ¼ 0.75). Asymmetry parameter is maximum
for large size particles and on the other hand scattering coefficient
also increases for large size particles. The high scattering coefficient
indicates the increase in the asymmetry parameter. A physical
interpretation of Fig. 10(c) highlights that the increase in asym-
metry parameter leads to more towards maximum value of 1 (i.e.,
totally forward scattered light) and reveals the scattering of
incoming radiation back is less to its source. This gives an idea that
there is a less aerosol forcing effect at the surface.

The aerosol particles have higher median backscattering ratio in
the summer suggesting a larger contribution from small accumu-
lation mode aerosol particles and are due to biogenic emission and
forest fire influence. The Fig. 10(d) shows negative correlation be-
tween asymmetry parameter at 550 nm and backscattering ratio at
550 nm and is found to be R ¼ �0.96 over the measurement site.
These parameters explain the size distribution of particles over the
region. Asymmetry parameter is significantly higher because it is
not considered the contribution of the smaller particles (0.1e
0.3 mm) which have a larger backscattering component and hence
weight the asymmetry parameter toward lower values. When the
forward scattering is dominating than the backward scattering,
then, asymmetry parameter increases. Larger particles have higher
asymmetry parameter. As the larger size particles favors the more
forward scattering (i.e. larger g and smaller b) than the smaller one.

Changes in relative humidity affect the real part of the visible-
wavelength index of refraction of an aerosol particle and can also
affect the particle size distribution by causing particle growth or
shrinkage. Thus aerosol backscattering can depend on relative hu-
midity, as well as on aerosol concentration, size distribution spectra
and also backscattering at different wavelength. The correlation
(R ¼ 0.87) between s550sp and s550bsp is shown in Fig. 10(e) and exhibits
the positive relationship between the parameters. The correlation
between s550sp and black carbon aerosols (BC) concentration has also
been studied at observation site and shown in the Fig. 10(f).

The scatter diagram of s550sp and boundary layer height is shown
in Fig. 10(g). The monthly mean Boundary Layer Height (BLH) at
12 UT in a grid of 1.5

� � 1.5
�
is retrieved from the European Centre

for Medium e range Weather Forecasts (ECMWF). This gives eight
values per day from 0 h to 21 h with an interval of three hours
(http//data-portal. ecmwf.int/data/interim daily). The plot shows
that boundary layer height was negatively correlated (R ¼ �0.68)
withs550sp which plays an important role in building up of aerosols
concentration. High scattering coefficient of aerosols is therefore
likely to occur with low boundary layer height. The maximum
scattering coefficient values are found in winter which signifies the
shallow of the boundary layer height.

5.9. Influence of the air mass on the aerosol particles

Airborne particles were detected in the observational site which
have been produced locally or transport from somewhere else. In
this section, the measured aerosol particles are associated with
surface wind paths. The surface wind flow is very important which
has influence of the emission sources in the aerosol load type over
the site, at the surface aerosol concentration.

Fig. 11 shows the synoptic winds at 850 mb pressure level,
covering the entire southern and oceanic regions of India from
January to December 2011. It is known that during the winter
season, the scattering coefficient values are high, which are due to
the winds from west across the central India. Also there is some
significant advection from the west coast of India and the Arabian
Sea. Consequently the back trajectories transferred the most of the
continental particles to the site, thus the fine mode domination
occurred during the winter. During winter scattering Ångstrom
exponent distribution is also shifted towards larger values >1.0, it
indicates the dominance of fine mode aerosol over the sampling
site and values lower than <1.0 become much less frequent. The
scattering coefficient in the post monsoon is significantly higher
than summer due to the increase in the aerosol load which is
related to input of fine particle transport from the Indo-Gangetic
plain (IGP) to the measurement site (Kumar et al., 2011). During
summer most of trajectories are from westerly winds with greater
speed (2e4 m s�1) and were found to be dominant which were
coming from the Arabian sea. Similar studies have been reported by
Reddy et al. (2010).

In the monsoon, minimum scattering coefficient occurs which is
due to the southerly winds and are related to oceanic nature
transportation from the Arabian oceans. This observation strongly
supports the scattering Ångstrom exponent distribution shifts to-
wards the lower values (<1.0) and higher values (>1.0) become
much less frequent. These results indicate the long-range transport
which play an important role in determining the concentration of
aerosols at the observation site.

mailto:http//data-portal.%20ecmwf.int%20/data%20/interim%20daily
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6. Conclusion

The aerosols light scattering properties near the surface (at
about 12m height), weremeasured from January to December 2011
at a semi-arid region Anantapur. All parameters investigated in this
paper show well defined diurnal, seasonal as well as intra-annual
variations. The main conclusions drawn from our study are sum-
marized as follows:

The diurnal average of s550sp (s550bsp ) was 113 M m�1 (14 M m�1)
and 104 M m�1 (11 M m�1) for weekdays and weekends respec-
tively and found to be 7.8% (11%) reduction in the scattering from
weekdays to weekends showing the influence of the submicron
aerosols concentration possibly of anthropogenic origin.

The �A(700/450) for weekly was distinctly higher than that of
weekend ones. The observed higher values of scattering Ångstrom
exponent represent the fine mode domination during the week-
days due to enhancement of anthropogenic activities over the study
area.

Spectral dependence of asymmetry parameter was higher at
smaller wavelengths and vice versa. High values of asymmetry
parameter in the month of October and lower values in March were
observed. In the case of backscattering ratio higher values at higher
wavelengths and vice versa were noticed. High values of back-
scattering ratio in the March and low values in October were also
observed.

Scattering coefficient is significantly influenced by the meteo-
rological parameters such as WS, AT and RH. A negative correlation
has been observed with wind speed and temperature and also
positive correlation with relative humidity.
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