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Acrosols  ithience chimate dicectly by affecting the
radiative balanee of the carth and indircetly by changing
the cloud microphysica! prapertics (Charlson et al, 1992,
Natural source of acrosol in the atmosphere are sea salt.
voleanie aerosol, biogenie acrosol and desert dust while
anthropogenic sources are biomass burning and combustion
of fossil fuel. Thus, depending upon their source, size and
formation process, acrosols exhibit o farge varability
on o globad seale. Typically, size distribution is bimedal
constituting ot fine mnde acrosols of anthropogenic origin
and naturally produced eaarse made actosols (Fek ot all.
Fou). Thus, kirge spatial and temporal variabiliy of
acrosol concentration with short residence time hinder
the understanding of radiatve effects on Fardhy's rudiation
budget (HCC, 2007).

Radiative properties ol uerosols (single scattering albedo.
w and phase function, g) and the Angstrom parameters
e 1Y ave mfluenced significantly by spectral dependenee
ol acrosels. Such o charactenization i useful wal for
whentitying the acrosel source region and thew evolution:
morcover it s also signdficant in modehing the radiative
cftect of acrosols, retricval of acrosol paramcter by remate
sensing technigue and applying atmospheric correction for
vecianographic studies for optical remote sensing {(Fek ot
al, 1999). The wavelength dependence of acrosol varies
depending upon phvsical and chemical properties vfacrosol
and Angstrém warelength exponent () is commonly used
to quantity this spectral dependence.

The Angstrom wavelength exponent s refated o Junge
or power Law size distribution (Junge, 1955). However,
size distribution of acrosel typicatly does not foliow the
Junge distoibution. Departure from these conditions olten
introduces curvature in the in AOD and In A relationship.
hence a sccond order polynomial tit s introduced to
account tor this curvature,

ldentification ot acrosol type by investigating the curvature
spectra has gained significant importance during recent

studies of acrosol over Indian subcontinent {e.g.. Singh et
ab., 2004; Madhavan ctal., 2008; Becgum et al.. 2009:Kedia
ctab. 2001 Gularia ot al., 2012). Apart from this, extensive
investigations on curvature assessment have been carried
out over the Northern India Ocean in the recent past {kedia
et al.. 2009; Kalapureddy et al.. 2009; Kaskaoutis et al |
2010, 201 1).

Under the agers of aerosol radiative forcing {ARFI),
continuous  observations of acrosol optical depth and
samplings were pertormed at different stations across India.
In Gea. the measurements were initiated since December
2007, The report explains the microphysicaf charactensties
of aerosol during the year 2008, 2009 and 2010.

The

asonal variabifity of AOD and Angstrém parameters,
wheretn vanation of « in shert and long wavelength
reglons has been analysed i conjunction with sccond
order Angstrom exponent ¢ and coceftictents of the second
order polynomial it et and «2 have been probed to look
for possible acrosal doninant type.

2.1. Study arca and general meteorology

Goa is a tiny state along the west coast of India. surrounded
by Arablan Sca at the west and Western Ghats at the
cast (Fig. 1), June o Seprember demarcates south-west
monsoon while December to March constitute north-east
monsoon over this region. The period April May and
OctoberNovember represent the transition between the
seasons, Thus, the study site experiences four distinet
seasons. namely winter monsoon {December. January,
February and March. WMS). spring inter-monsoon (April
and May, SIMS) summer monsoon (June, July. August
and September: SMS) and fall inter-monsoon (Qctober
and November: FIMS).The sampling site is located at
Goa university campus (15.460N and 73.830E). which is
~0.7 kms from Arabian Sea and ~3 kmis from capital city
Panjim. Bemg a coastal location. tand-sea breeze is a local
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phenomenon within the boundary layer. Several industrial
sites are located in the proximity of the sampling site and
closest among all 1s the Murmagao port (Fig. 1b). Ore
produced as an outcome of mining, which is a significant
activity in Goa, Is transported to Murmagao port mainly
through Mandovi and Zuari rivers,

2.2, In-situ measurements
2.2.1. Meteorological factors

Acrosol spatial and temporal variability are governed by
metcorological factors and the parameters were measured
using automatic weather station (AWS). Rainfall data for
the study period was obtained from [ndian metcorological
departiment situated ~4 kms tfrom the study site. Seasonal
mean variation of the metcorological factors is shown in
Table 1. Wind speed increased from 1.09 mis in WMS
to 1.37 m’s in SIMS and attaining a peak of 2,10 m/s
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during SMS. further it reduces to | mvs during FIMS, Tt is
observed that winds are mostly south/ southeasterly during
WMS and southwesterly during SIMS. During SMS,
wind direction changes entirely to westerly which attains
southeasterly during FIMS. Relative humidity shows an
increasing trend from WMS till SMS, thereafter decreases
as FIMS approaches. SMS receives above normal raiafall
over the study region where rainfall of 725 mm is recorded.
Considerable amount of precipitation s also seen during
FIMS (161mm). which is a transition phase. Rainfall
during April’May constitutes to a scasonal mean of 30
mim of precipitation. Negligible amount of precipitation is
noticed in December during WMS (<17 mm).

Synoptic wind at surface (850 hPa), using National Center
for Prediction (NCEP) data, revealed that during WMS.,
winds are moderate and casterly, while during SIMS weak
north westerly arc observed. Further, during SMS, winds
are strong originating trom southwest and moderate north
~easterly during FIMS (Fig. 2).

Long-range transport of acrosol has been investigated
using Hybrid Single Particle Lagrangian Interpolated
Trajectory (HYSPLIT) model (http/ready.arl.noaa.gov/)
(Drexler and Rolph, 2003). Five days back trajectorics at
500 m and 1300 m have been classified into three distinct
source regions namely (a) Continental (b) Maritime and
(c) West Asia (Table 2). These heights were chosen to
understand the flux of acrosol at the surface and within
the ptanetary boundary layer, which is n the range of
1.5 kms to 2.0 kms (Dharmaraj ct al.. 2006). Percentage
contribution from continental source, maritime source and
west Asia are shown in Table 2. Back trajectory revealed
that contribution trom continental source was the highest
during FIMS at both the heights (500 m and at 1500 m).
On the other hand least contribution was seen during SIMS
and SMS. Upon examining the maritime source, highest
contribution was scen during SMS and comparably low
(<50"%) was obscerved during WMS and FIMS. West Asian
contribution was maximum during SIMS at both the levels.
On the other hand negligible (< 1) contribution was noticed
during SMS and FIMS.

2.2.2. Aerosol optical Depth

Microtops I sunphotometer was used to generate aerosol
optical depth (AOD). at five different wavelengths bands
centered at .380, 0.440, 0.500, 0.675 and 0.870 pm,
following a standard protocol (Frouin ct al, 2003), on
cloud free days from the period January 2008 to December
2010 and seasonal average has been considered in the
present study. The instrument computes AOD  using
internal calibration cocfficients and the coordinates of the
observation points provided by a Global Position System
(GPS) attached to it (Morys ctal,, 2001), Daily observations
were carried out from 0900 to 1730 hrs local time at 30
minutes interval, avoiding the period of obstruction of the
sun by passing clouds. Since details on sunphotometer
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were given in Menon etal. (2014), the same is not repeated
here.

2.3 Methodology
2.3.1.Angstrom parameters

Size distribution parameter a is computed using Angstrom
(1961), following equation ( 1). It represents the ratio offine
to coarse mode aerosol while p is the turbidity coefficient
representing the atmospheric turbidity.

(D
In the present study, a is computed using least square fitof

AOD spectra in a log-log scale applying both equation 1
and Volz (1951) method,

dinr

dinX In(ji) A

Where Aland X2 are any pair of wavelengths expressed in
lim and x| and 2 are the corresponding AODs.

The range of wavelengths used to estimate a are 0.440 -
0.500 pm and 0.675 - 0.870 |im. In addition, least square
fit method was applied to the entire wavelength band 0.440
-0.870 pm.

23.2. Second order derivative

The second order polynomial fit to examine the curvature
in aerosol spectra can be written as

Inx=a2(InA.)2 +al InA+a0 3)

Where a0, al and a2 are constants wherein a2 represents
the curvature in the spectral curve.

Second order derivative of the Angstrom (d) was derived
using Eck et al. (1999) as shown below,

Using equation (1) and (3),
a= =-2a2 (5)

3.1. Spectral variation of AOD

Spectral variation of AOD shows strong wavelength
dependence during the study period. In addition the
variability exhibits temporal characteristics (Fig. 3). A
flat spectra is noticed in the long wavelength during June,
August and September (months in SMS), which can be
associated with large contribution from coarse mode
aerosols, and such large influx of coarse maritime aerosols
during the SMS is associated with increased wind speed
,which subsequently enhances the sea-salt generation. On

Fig. 3

Fig.3. Mean intraannualspectral variation in AOD over the study
areafor theperiod 2008-2010. The vertical bar denotes £lo.
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the other hand, steep spectra are observed during restofthe
months. Moreover, AOD variability is large, as depicted
by large standard deviation, in the shorter wavelength
and considerably low standard deviation is observed at
longe wavelength. Several studies have been carried out
to investigate this fact, and one such study is by Schuster
etal. (2006), which established that the fine mode particles
have much greater effect on AOD in the visible region.
Therefore, such a variability is attributed to aerosol
optical properties (Single scattering albedo, asymmetry
factor, particle size distribution) (Lyamani et al., 2004;
Reid et al., 1999).Variations are more conspicuous at
shorter wavelength (A < 0.650jxm), wherein submicron
aerosol contributes significantly to AOD. These particles
are believed to be formed from secondary production
mechanism (i.e. gas to particle conversion) and grow by
microphysical properties and thus are associated with
anthropogenic activities (Ramanathan et al., 2001). On the
other hand, the coarse particles which influence the longer
wavelength are short lived. Similar observations were
made by by various authors (Bhuyan et al., 2005; Moorthy
et al., 2007). To analyze these characteristics further,
temporal variability of AOD at 0.500 |xm (an intermediate
wavelength) is presented below.

3.2. Aerosol optical depth

Seasonal variation in AOD (0.500jam) for the period
2008- 2010 is shown in Figure 4. Highest AOD was
observed during SIMS (0.43+0.18) and lowest during SMS
(0.32+0.10). During WMS observed AOD was 0.42+0.12
while in FIMS it was 0.39+0.11. In order to understand
the inter-annual variability, monthly mean AOD at 0.500
lim during different months from 2008 to 2010 has been
analysed. Total number of observations considered for the
study was 994, with vertical bars denoting the standard
deviation (xlo). On examining AOD at 0.500 |un, it
was found that AOD gradually increased from January
(0.38+0.2) reaching a value of 0.41+ 0.05 during February
followed by 0.52+ 0.03 during March. Thereafter AOD
attained a peak value of 0.61+ 0.08 during April. Further,
itwas noticed that AOD decreased drastically to 0.37+0.13
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Fig.4. Seasonal mean variation in Aerosol Optical Depth (AOD)
at 0.500 ftm, during (a) WMS (b) SIMS (c) SMSand (d) FIMSfor
the period 0 f2008- 2010. The vertical bars denotes xlo.

during May and reached a minimum value during June
(0.24+0.04). From August onwards, AOD starts building up
gradually from 0.37+ 0.08 to 0.38+0.05 during September.
Subsequently, it increased to 0.47+0.11 during October and
thereafter starts decreasing from 0.34+0.09 in November to
0.29+0.06 in December.

To understand the heterogeneity in aerosols spectral and
temporal variation, meteorological factorsand airmass back
trajectories were analsyed extensively in the present study.
During April/May (SIMS), since the local meteorology
reveals decrease in influx of continental type of aerosol
(wind direction changes from south-southwesterly to west-
southwesterly), considerable amount of maritime aerosols
are expected over this region. However, back trajectory
analysis revealed remarkable results, which exhibit high
advection of airmass from west Asia during SIMS. Such
a change in air mass type is certainly responsible for rapid
buildup of AOD during April (a month in SIMS) over the
study region. Long range transport of aerosols from west,
contributing mainly dustaerosols have been investigated by
Li and Ramanathan 2002, wherein mineral dust transport
was found to cross northern Arabian Sea and reach the
west coast of India, thus increasing the AOD. Similar build
up was investigated in various studies (e.g., Moorthy etal.,
1993; Satheesh and Shrinivasan, 2000; Vinoj et al., 2004).
However, in tropical region (Latitude < 230N) peak was
attained during summer or pre-monsoon months (March,
April, May) whereas at higher latitudes (latitude > 230N)
the peak was observed during May or June (Bhuyan et al.,
2005). For example Ranjan et al. (2007) reported highest
AOD during month of July over Rajkot and attributed it
to increased vertical mixing , dry surface and windblown
dust, whereas Sagar et al. (2004) reported peak AOD
during June over a region in central Himalaya, although
the magnitude of AOD varies from region to region. An
increase in AOD could be due to either of the following
factors or due to both 1) decrease in wind speed (increase
in residence time of aerosol) and 2) hygroscopic growth
due to increase in relative humidity. Analysis revealed that
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though both the above factors are not favorable during
April, AOD increases (Menon et al., 2014).

Another factor attributing to increase in AOD during
SIMS is the increased convective activities within the
boundary layer which could lead to mixing of aerosols.
The meteorological parameters are favorable for such
phenomena, i.e heating of land mass and increase in the
wind speed, which augment the pumping of aerosol from
dry surface. Moreover, in their studies Aloysius et al.
(2011) have brought out the significance of vortices and
convergences in spatial distribution of aerosol. Coastal
aerosols are hygroscopic in nature and hygroscopic growth
of particles can occur during period of high relative
humidity (Menon et al., 2011). However, Eck et al (2001)
suggested that it is not certain that RH reaches significantly
high in order for aerosol growth to occur. Interestingly,
no clear correlation could be established between AOD
and RH in the present case, though there exists one to
one corresponding between RH and AOD in some (June,
August and September) months. In a typical aerosol model
study by Hanel (1976) and Shettle and Fenn, (1979), effect
of RH on the growth of particles leading to increase in
the mode radii was shown. In this context, Moorthy et al.
(1990) in their observational study over Trivandrum found
thatthese results does nothold true entirely. However, some
studies focusing on daily variation o f AOD have found that
diurnal variability of the relative humidity follows that of
AOD (Kaskautis et al., 2006, Gerasopoulos et al., 2003).

The study region experiences maximum rainfall during
June-September (SMS). Wind speed is particularly high
during this season, which gradually increases and peaks
to 2.10 m/s and decreases towards the end of September.
This period experiences westerly to south-westerly with
high relative humidity. In their study Moorthy etal. (1990)
reported a weak westerly in the beginning of the season
which advances along with the season. Such a strong
wind results in sea surfand whitecaps and production of
considerable marine aerosols due to surf. Further, these
marine aerosols are transported over the coastal regions.
Suzuki and Tsunogai, (1998) also reported such transport
of marine aerosols over coastal Japan. Same scenario is
depicted from the long range transport analysis wherein
95% to 98 % ofthe air mass type is maritime in nature. This
confirms that there is a large influx of marine aerosol over
the study region during SMS. Lowest AODs are recorded
during this season, nevertheless an increasing trend is seen
from June to September wherein the AOD lies between
0.24 and 0.38.The increased rainfall augments the wet
removal processes and large particle are removed faster
due to gravity (Junge et al., 1955).Thus we conclude that,
large wet scavenging reduces AOD drastically, moreover
the particles are coarse maritime in nature, thereby
enhancing this reduction. Modeling studies by Flossmann
et al. (1985) showed that concentration of aerosol particle
is reduced by 48% - 94% through the rainout process and



the reduction is mainly confined to larger particles. Similar
reduction was noticed by various authors (Moorthy et al.,
1990; Paramashewaran et al., 1994; Vinoj et al., 2004;
Bhuyan et al., 2005). Observations during the monsoon
months are possible only during break period and such
days are observed mostly during August and September,
June and July experiences extreme rainfall over the study
region. Any depletion of aerosols by washout would be
replenished atleast partially due to increased production
owing to higher wind speed .This could be ascribed as the
reason for comparatively higher AOD’s during August and
September (i.e. from 0.24 in June to ~ 0.38 during August
and September).

FIMS is a transition period with considerable amount of
rainfall. During FIMS (October and November), mean
wind speed reduced almost by 50% of that as observed
during SMS, and the synoptic wind is from south-west
to north-easterly direction (Fig. 2). Production of marine
aerosols became weak due to decrease in wind speed.
However, increased AOD is observed during October,
which exhibits the secondary peak in AOD, thus making the
AOD variation bi-modal. Interestingly, major contribution
is from marine source during October, while continental
source during November. This increases the complexity
of the atmosphere, which is reflected by higher standard
deviation during these months. Moreover, as discussed
earlier, isolated rains causing washout of aerosol is only a
local event and washed aerosols are replenished quickly by
the transport of aerosols from surrounding region. Menon
et al. (2014), reported that lowest wind speed experienced
in October would increase the residence time of aerosol,
coupled with development of atmospheric convergence
and vortices, increases AOD in October.

During WMS i.e the period from December to March,
synoptic wind pattern shows a distinct easterly wind
originating from north-east region of Indian subcontinent,
such that continental nature of the prevailing airmass
is highly conducive for higher aerosol loading. This is
clearly reflected with a gradual build up of AOD during
WMS. With negligible rainfall (-2% of annual rainfall)
and moderate wind speed the atmosphere is conducive
for higher aerosol loading. Ramanathan et al (2001)
reported that aerosol have their longest residence time
during this period making them amenable for long range
transport. Similarly, Saha et al. (2005) in their study over
Trivandrum, reported a similar increase in AOD during the
winter season and attributed it to the lack ofwet removable
processes. Thus it is established that local meteorological
factors in addition to distant sources enhances the AOD
loading during WMS over the study region.

3.3. Variability in Angstrom parameters (a,

Values of alpha a > 1 may suggest a large anthropogenic
component of submicron particles associated with
secondary generation mechanism, while a < 1 suggests
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Fig.5. Variability o f (a) Angstrom exponent (a) and (b) turbidity
coefficientfi during different season.

influence of larger sea salt/ mineral dust particles or
particles grown under high relative humidity (Nakajima
et al., 1996; Reid et al., 1999; Eck et al., 1999). Figure
5a represents seasonal mean values of a computed during
WMS (n=569), SIMS (n=131), SMS (n=38) and WMS
(n=256), in the wavelength range 0.440 - 0.870 |im,
applying the least-square methods. Highest a was observed
during FIMS which is as high as 1.23 + 0.19 followed
by 1.1640.32 during WMS. a remains lowest during the
SMS (0.75+0.34) whereas it was 0.85+0.25 during SIMS.
Higher standard deviation is observed during SMS and
WMS. Further, p analysis revealed a contrasting trend,
wherein p remained least during FIMS (0.17+0.05) and
during WMS (0.19+0.06). On the other hand, highest
P is noticed during SIMS (0.25+0.10) followed by SMS
(0.20+0.08). As observed from the analysis of both local
meteorology and back trajectory, higher a during FIMS
and WMS over the present study arises due the increased
influx of submicron continental type aerosols, whereas
lower a during SMS is due to the fact that the environment
is governed predominantly by coarse maritime aerosols
during southwest monsoon. Further, p is higher during
SIMS, which may be due to the large contribution from
dust aerosols from west Asia. However, the variability of
P is found to be less conspicuous as compared to that ofa
(Fig. 5b). Highera during post-monsoon and winter season
whereas comparatively lower values during monsoon and
pre-monsoon season , coupled with lower P during post-
monsoon and winter while higher during monsoon and
pre-monsoon are reported by various authors. Table 3
represents a and P computed over different regions of the
Indian subcontinent .Thus, it is clear that high a (>1) are
consistent feature over most of the Indian landmass during
WMS and FIMS, however local variation are expected
depending upon region specific nature of the site (e.g
industrial/urban/ coastal / arid).

3.4. Wavelength dependence of AOD

Angstromexponenta, expressesthe wavelength dependence
of AOD and it is expected that different aerosol type affect
its spectral behavior (O’ Neill et al., 2001, 2002). This



made authors to determine a from different spectral bands.
Different a values were determined in different spectral
bands by various authors (Eck et al 1999; Reid et al 1999).
Schuster et al. (2006) suggested determination ofa in short
(0.400 - 0.500[i.m) and long (0.675 - 0.870 (im) wavelength
spectral regions, which can provide information on type
of aerosols dominating the region. In this context AOD’s
at 0.500 }im during different seasons are correlated with
a computed at short (a0.440-0.500), long (a0.675- 0.870)
and whole ( a0.440-0.870) wavelength regions (Fig. 6).
The large spread at shortas well as long wavelength regions
arises due to low turbid condition i.e. at lower AOD’s. This
feature is observed in present case during all the seasons.
However, it is interesting to note that this feature is strong
in the shorter wavelength region as compared to long
wavelength region. It is observed that in general a 0.440-
0.500 shows a decreasing trend during SIMS, SMS and
FIMS and increasing trend during WMS. While a0.675-
0.870 shows an increasing trend during WMS and SMS,
decreasing trend during FIMS and a neutral trend during
SIMS. Further, a0.440-0.870 shows almost a neutral trend
during SIMS and SMS, while increasing during WMS and
decreasing during FIMS. With weak correlation between
a0.440-0.870 and AOD at 0.500jim, during SIMS and
SMS, itis established that the atmosphere consists of mixed
aerosol type. a0.670-0.870 exhibit higher values under
turbid conditions, which is also evident in the present study
where a0.670-0.870 remains greater than zero almost for
all data during SIMS and as discussed earlier, this season
experiences high aerosol load.

Angstrom equation does not fit the data points exactly,
but a second order polynomial fit to INnAOD versus InX
data provides excellent agreement with measured AOD,
resulting in an uncertainty in the measurement with the
difference oftheorderof~0.01- 0.02, whilea linerfityields
significant differences with measured AOD (Kaskaoutis et
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Fig.6. Correlation between AOD (0.500 pm) and a computed at
short (a0.440-0.500), long (a0.675- 0.870) and whole (a0.440-
0.870) wavelength region during (a) WMS (b) SIMS (c) SMSand
(d) FIMS.

al 2006; Eck et al 1999,2001; O’Neill et al., 2001). Eck et
al. (1999), proposed second order derivative of In « versus
In Aso as to quantify the curvature of the AOD spectra
.The second order derivative is a measure of the rate of
change of the slope with respect to wavelength and thus
is a logical complement to the Angstrom exponent, which
is the negative of the slope (first derivative) of In « versus
InX

It is well established fact that the curvature effect in the
spectral distribution of AOD’s are better quantified by
deriving second order Angstrom exponent d and by fitting
a second order polynomial to the measured AOD spectra.
Positive values of d are characteristic of fine mode aerosol
dominating the aerosol size distribution (Biomass or urban
f/industrialized), while ~0 or negative values of d, implies
dominance of coarse mode aerosol in the size distribution
curve (Eck etal., 1999; O’Neill et al., 2001).In this context,
a is investigated over the study area and the percentage
during different seasons is presented in Table 4. It is
observed that percentage of the positive d decreased from
25% during WMS to 9% during SIMS. Further, during
SMS it is found to decrease to 8%, however towards FIMS
a drastic increase to 49% is noticed. Negative percentage
of the d value shows an opposite trend, wherein higher
percentage is observed during SMS (~92%) and SIMS
(89%).

The coefficient of the polynomial fit (al and a2) can be
used to get significant information about aerosol type in a
multimodal aerosol size distribution curve. Schuster et al.
(2006) pointed out that to a first approximation, a can be
computed from difference between a2 and al, this is due
to the fact that when the curvature is negligible in the AOD
spectra, i.e. when a2 is ~0 then a=- al following Angstrom
power law equation and second order polynomial fit
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equation , which would result @= o2~ ol.Schuster et al.
(2006), further revealed that AOD spectra for which a2-al
> 2 shows dominance of fine mode aerosol while 02- al <
1 shows dominance of coarse mode aerosols, while values
between 1 to 2 represent mixture mode environment o fine
mode.

To investigate this over the present study, correlation
between a and a2- al has been plotted (Fig. 7). It is observed
that the correlation between these two parameters is strong
during all the seasons with R2 value varying between 0.98
and 0.99. Kedia et al. (2011) showed a similar tend and
pointed out the validity of a2- al=o. Further Table 4 shows
the percentage of 02- al computed in above described
group ie a2-al €1, a2-al >2and 1 <a2-al <2. It
is observed that FIMS shows high percentage of 1 < a2-
al < 2, ie. 92% thereby indicating that the aerosol size
distribution spectra is dominated by either by wide range
of fine mode aerosol or mixture of modes. Moreover
SMS shows higher (89%) a2- al < 1, thus confirming the
presence of coarse mode of particle in the size distribution
spectrum. Interestingly not much dominant contribution
from fine mode acrosol was noticed, although WMS
shawed ~15% which is highest among all the season.

HEE B S TR ST ¥

AOD is analyzed for the period 2008-2010 over a coastal
site in Goa, the following preliminary conclusions are
drawn from the present study:

(1) Seasonal variability shows highest AOD during
SIMS (0.43), which is associated with considerable
influx of aerosol from west Asia. On the other hand
lowest is seen during SMS (0.32), wherein extensive
rainfall, responsible for wet removal process
thercby reduces AOD. Interannual variability
shows a primary peak during April and a secondary
peak during October. Significant buildup of AOD
is noticed from December to March, associated
with increasing continental air mass flux. Further,
spectral dependence is vivid from near flat spectra
during June, August and September, indicating
dominance of coarse mode aerosols.

(2) Large seasonal variability is observed in the
Angstrdm parameters, o and B. Angstrom exponent
a, is found to be high during FIMS (1.23) and
WMS (1.15), indicating the dominance of finer
mode aerosols. On the other hand low value of
0.74 during SMS, revealed the coarse mode aerosol
type. Variation in §, are less conspicuous, however
highest B is observed during SIMS (0.25), thus
indicating higher columnar loading during SIMS.

(3}  ocomputed at shortwave (a0.440-0.500), longwave
{a0.675- 0.870) and entire( a0.440-0.870) spectrum,
tevealed different values in different wavelength
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region. Correlation between AOD (0.500um) & 14,
in different wavelength region showed varing t: :ng
during different seasons. Neutral trend betv e
AOD (0. 500pm) and o 0.440-0.870 during SiM:
and SMS shows a bimodal aerosol size distribution

(4)  Second order Angstrdm exponent &, shows highe
percentage of & which is negative or ~ zero, durin,
SIMS (89%) and SMS (92%), thus indicatin;
aerosol size distribution with dominant coarse
mode or a bimodal distribution with coarse mode
particles. However, higher percentage of positive
& value is noticed during FIMS (49%), depicting
higher fine mode aerosols dominating the size
distribution.

(5) Difference between the coefficients of polynomial
fit {(02-al), reveal that large percentage of o2-al
are <I during SMS (89% ) confimning the presence
of coarse mode aerosols in the size distribution.
Moreover ~92% of u2-al are observed between 1
and 2, thus during FIMS, showing that a wide range
of fine-mode fraction or mixture modes prevail over
the study region.
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Table. 1. Seasonal mean variation of meteorological parameters during WMS, SIMS, SMS and FIMS for the period of 2008- 2010.

Meteorological parameters WMS(D,J,F.M) SIMS(AM) SMS(1J,A,S) FIMS(O,N)
Wind speed(m/s) 1.09+0.07 1.37+0.02 2.10£0.45 1.00£0.11
Wind Direction (deg) 171£14.91 2324270 226+6.95 153+3.42
Relative Humidity (%) 70£1.13 734211 88+5.2 80+9.7
Rainfall (mm) 1742222 30+£33.10 725+106 161+138

Table.2. Percentage contribution of air mass back trajectory at 500m and 1500m over the study area. The air mass trajectory from
northwest India crossing central and east coast of India, from central India and from northeast India represents continental source.
Area crossing Bay of Bengal, Arabian Sea and west coast of India represents maritime source. Trajectories originating from Arabian
peninsula crossing Arabian Sea and northwest India are identified and termed as West Asia.

Season Continental Maritime West Asia

Heights 500 m 1500m 500m 1500m 500 m 1500m
WMS 49 52 37 4] 14 7
SIMS I 20 78 56 22 24
SMS 2 4 98 95 0 1
FIMS 56 68 44 31 0 1

Table.3.Season wise variation of Angstrim exponent (o) and turbidity coefficient 8 over Indian Subcontinent and adjoining Sea.

Seasons Location [V B Reference

WMS Vishakapatnam 1.08+0.03 G.19 Ramachandran 2004
Trivandrum 1.0+£8.08 0.17 Ramachandran, 2004
Port Blair 1.24 0.14 Moorthy et al. 2603
Coastal [ndia X 1.4940.10 0.14 Ramachandran 2004
Bay of Bengal 1.2340.43 0.20 Satheesh et al. 2001

SIMS Bangalare 1.3020.01 0.13 Moorthy et al. 2005
Kanpur 0.60+0.31 Singh et al. 2004
Arabian Sea 1.17+0.03 0.21 Moorthy et al 2005
TVM 0.85+0.04 0.22 Moorthy et al. 2007

SMS Kanpur 0.66+045 Singh et al. 2004
Dibrugarh 0.6 Bhuyan et al. 2005
Arabian Sea 0.35+0.12 0.36 Vinoj and Satheesh 2003
TVM 0.3240.02 0.25 Moorthy et al. 2007

FIMS Bangalore 1.06+£0.02 0.12 Babu et al. (2002)
Kanpur 1.12=0.28 Singh et al. (2004)
TVM 1.20+.01 0.16 Moorthy et al. 2007

Table.4. Percentage representation of seasonal mean variation in positive and negative values of second order Angstrom exponent
& and coefficient of the polynomial fit (al and a2) grouped into a2-at < 1,1 <el-al <2anda?-al > 2 during different seasons.

Season Positive & Negative & or aZ-al < 1 l<e2-al <2 a2-al =2
~ Zero

WMS 25 73 11 74 15

SIMS 9 89 60 38 2

SMS 8 92 . 89 11 G

FIMS 49 5t 4 92 4




Fig.1(a) Networko fstations under the Aerosol Radiative Forcing
over India (ARFI) project (b) ARFI station at Goa, different
industrial zones are shown as numbersfrom | to 9.

phenomenon within the boundary layer. Several industrial
sites are located in the proximity of the sampling site and
closest among all is the Murmagao port (Fig. Ib). Ore
produced as an outcome of mining, which is a significant
activity in Goa, is transported to Murmagao port mainly
through Mandovi and Zuari rivers.

2.2. In-situ measurements

2.2.1. Meteorological factors

Aerosol spatial and temporal variability are governed by
meteorological factors and the parameters were measured
using automatic weather station (AWS). Rainfall data for
the study period was obtained from Indian meteorological
department situated ~4 kms from the study site. Seasonal
mean variation of the meteorological factors is shown in
Table 1 Wind speed increased from 1.09 m/s in WMS
to 1.37 m/s in SIMS and attaining a peak of 2.10 m/s

Fig.2. Synoptic wind (m/s at 850 hPa) over India during (a) WMS
(b) SIMS (c) SMSand (d) FIMS.

ARFI ICARB RAWEX, 2014

during SMS, further it reduces to 1 m/s during FIMS. It is
observed that winds are mostly south/ southeasterly during
WMS and southwesterly during SIMS. During SMS,
wind direction changes entirely to westerly which attains
southeasterly during FIMS. Relative humidity shows an
increasing trend from WMS till SMS, thereafter decreases
as FIMS approaches. SMS receives above normal rainfall
over the study region where rainfall 0725 mm is recorded.
Considerable amount of precipitation is also seen during
FIMS (161mm), which is a transition phase. Rainfall
during April/May constitutes to a seasonal mean of 30
mm of precipitation. Negligible amount of precipitation is
noticed in December during WMS (~17 mm).

Synoptic wind at surface (850 hPa), using National Center
for Prediction (NCEP) data, revealed that during WMS,
winds are moderate and easterly, while during SIMS weak
north westerly are observed. Further, during SMS, winds
are strong originating from southwest and moderate north
-easterly during FIMS (Fig. 2).

Long-range transport of aerosol has been investigated
using Hybrid Single Particle Lagrangian Interpolated
Trajectory (HYSPLIT) model (http://ready.arl.noaa.gov/)
(Drexler and Rolph, 2003). Five days back trajectories at
500 m and 1500 m have been classified into three distinct
source regions namely (a) Continental (b) Maritime and
(c) West Asia (Table 2). These heights were chosen to
understand the flux of aerosol at the surface and within
the planetary boundary layer, which is in the range of
1.5 kms to 2.0 kms (Dharmaraj et al., 2006). Percentage
contribution from continental source, maritime source and
west Asia are shown in Table 2. Back trajectory revealed
that contribution from continental source was the highest
during FIMS at both the heights (500 m and at 1500 m).
On the other hand least contribution was seen during SIMS
and SMS. Upon examining the maritime source, highest
contribution was seen during SMS and comparably low
(<50%) was observed during WMS and FIMS. West Asian
contribution was maximum during SIMS at both the levels.
On the other hand negligible (< 1) contribution was noticed
during SMS and FIMS.

2.2.2. Aerosol optical Depth

Microtops Il sunphotometer was used to generate aerosol
optical depth (AOD), at five different wavelengths bands
centered at 0.380, 0.440, 0.500, 0.675 and 0.870 jim,
following a standard protocol (Frouin et al., 2003), on
cloud free days from the period January 2008 to December
2010 and seasonal average has been considered in the
present study. The instrument computes AOD using
internal calibration coefficients and the coordinates of the
observation points provided by a Global Position System
(GPS) attached to it (Morysetal., 2001). Daily observations
were carried out from 0900 to 1730 hrs local time at 30
minutes interval, avoiding the period of obstruction of the
sun by passing clouds. Since details on sunphotometer
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