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Long-term measurements of spectral aerosol optical depth (AOD) using sun/sky radiometer for a period of five
years (2009-2014) from the remote island location at Kavaratti (KVT; 10.56°N, 72.64°E) in the southern Arabian
sea have been analysed. Climatologically, AODs decrease from October to reach maximum of ~0.6 (at 500 nm) in
March, followed by a sudden fall towards May. Significant modulations of intra-seasonal timescales over this gen-
eral pattern are noticed due to the changes in the relative strength of distinctively different sources. The corre-
sponding changes in aerosol inversion parameters reveal the presence of coarse-mode aerosols during spring
and fine-mode absorbing aerosols in autumn and winter months. An overall dominance of a mixed type of aero-
sols (~41%) with maximum in winter (~53%) was found via the AODsgo vs. Angstrom exponent (0t440_s70) rela-
tionship, while biomass-burning aerosols or thick urban/industrial plumes contribute to ~19%. Spectral
dependence of Angstrém exponent and aerosol absorbing properties were used to identify the aerosol types
and its modification processes. Based on air mass back trajectory analysis, we revealed that the advection of aero-
sols from Indian subcontinent and western regions plays a major role in modifying the optical properties of aero-
sols over the observational site. The shortwave aerosol direct radiative forcing estimated via SBDART model
ranges from —11.00 W m 2 to —7.38 Wm 2 —2151Wm 2to —1433 Wm 2 and 3.17 Wm 2 and
10.0 W m~2 at top of atmosphere, surface and within the atmosphere, respectively. This atmospheric forcing
translates into heating rate of 0.62-1.04 K day~ . Furthermore, the vertical profiles of aerosols and heating
rate exhibit significant increase in lower (during winter and autumn) and mid troposphere (during spring).
This may cause serious climate implications over Kavaratti with further consequences on cloud microphysics
and monsoon rainfall.
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1. Introduction

Atmospheric aerosols significantly modulate the radiation budget,
cloud properties, atmospheric thermodynamics and overall climate of
Earth-atmosphere system (IPCC, 2007). The rapid economic growth
and budding energy demands, drastically increase the aerosol emission
and their possible local/regional and global climate impacts, especially
over the South Asia, which make essential to characterize the aerosols
over both land and ocean (Satheesh et al., 2006a; Yoon et al., 2012,
2014; Moorthy et al., 2013). Despite the progress achieved in past few
decades in understanding the radiative effects of aerosols, still signifi-
cant uncertainties persist in the global climate studies due to inadequate
understanding of the spatio-temporal heterogeneity in optical and
physical properties of aerosols and their complex nonlinear interaction
with atmospheric constituents (Boucher et al.,, 2013). Thus, it is impor-
tant to improve the aerosol characterization with an adequate knowl-
edge of its properties (physical, chemical and optical) and their impact
on regional as well as global climate change with high spatial and tem-
poral resolutions (Dey and Di Girolamo, 2010; Lodhi et al., 2013; Tiwari
et al., 2015). Moreover, the investigation of aerosols over oceans are im-
portant to understand their anthropogenic and natural impacts as well
as their contribution in estimation to radiative forcing (e.g., Haywood
et al,, 1999; Moorthy et al., 2009; Kaskaoutis et al., 2010, 2011). Howev-
er, the large spatio-temporal variability and limited measurements of
aerosol properties over oceanic regions hamper to understand their im-
pacts on weather and hence climate change (Smirnov et al,, 2009). Due
to these reasons, the oceanic regions around Indian subcontinent have
always been the subject of importance for extensive investigation
through various experimental campaigns.

Indian subcontinent and its surrounding oceanic regions are consid-
erably influenced by the long-range transport of aerosols
(e.g., Ramanathan et al., 2001; Niranjan et al., 2007; Lawrence and
Lelieveld, 2010; Patel and Shukla, 2015). Satellite observations showed
that the transport of aerosols from the Asian continent to the adjoining
oceans increases from winter (December-February) to pre-monsoon
(March-May) and maximize during the summer monsoon season
(June-September) (Nair et al., 2005). The Arabian Sea (AS) region has
a unique weather pattern because of the varying atmospheric dynamics
driven by the contrasting monsoons with its associated seasonal wind
reversal. It is a location, where the pristine air masses from the Southern
Indian Ocean and the polluted air from Asia meet during winter and
spring season, providing a very interesting area for aerosol studies
(e.g. Ramanathan et al., 2001; Kalapureddy et al., 2009; Kaskaoutis
et al.,, 2010). Detailed investigations on the aerosol characterization
over the AS were conducted during the Indian Ocean Experiment
(INDOEX) (Ramanathan et al., 2001), the Arabian Sea Monsoon Experi-
ment (ARMEX-I and ARMEX-II) (Vinoj and Satheesh, 2003; Babu et al.,
2004; Moorthy et al.,, 2005) and the Integrated Campaign for Aerosols,
gases and Radiation Budget (ICARB) (Moorthy et al., 2008). During sum-
mer monsoon, large sea-salt contribution to the aerosol optical depth
(AOD) over the Southern AS is directly associated with stronger sea-
surface winds (Satheesh et al., 2006b). During the pre-monsoon, intense
plumes of mineral dust originating from the West Asian Deserts engulf
almost the entire Arabian sea and reach at least up to the west coast of
Peninsular India (e.g. Nair et al., 2005; Mishra et al., 2010; Patel and
Shukla, 2015), causing a large impact to the radiative forcing in these re-
gions (e.g. Satheesh et al,, 2006a). On the contrary, the advection of con-
tinental polluted aerosols from Indian subcontinent, aided by
favourable air mass during the winter season, perturb the pristine oce-
anic environments (Moorthy and Satheesh, 2000; Li and Ramanathan,
2002 and reference therein), which reduce the diurnal mean surface
downwelling solar flux by about 15 to 35 W m™~2 (Ramanathan et al,,
2001). Notwithstanding the large number of new findings, all these
campaigns have been limited in their temporal coverage, the longest
of these being the ICARB and as such, providing only a short sample
that is subjected to temporal variations associated with the synoptic

and meteorological variables (Beegum et al., 2008). A few reports, avail-
able based on the extensive cruise measurements, are mostly season-
specific or species specific and mostly serve as case studies. They are
limited to a given season of the year and covered a very large oceanic re-
gion with embedded heterogeneity. Consequently, the spatial variabili-
ty is coupled with the temporal variabilities. Though, the conclusion
drawn from those papers (e.g., Vinoj and Satheesh, 2003; Moorthy
et al., 2005, 2008; Kedia and Ramachandran, 2008a, b; Kalapureddy
et al,, 2009; Kaskaoutis et al., 2010 and reference therein) are valuable
and suggestive but suffering from the above limitations. Therefore,
long-term measurements of aerosol properties from the small island lo-
cated in far oceanic regions, under the influence of populated and indus-
trialized diverse continental landmass, provides a platform to define the
impacts from different source regions, aided by favourable air-mass
types in perturbing the rather oceanic environments through long-
range transport (Moorthy and Satheesh, 2000; Li and Ramanathan,
2002; Moorthy et al., 2003). The only study has been carried out is the
all-seasons aerosol characterization in the Southern Arabian Sea by
Satheesh and Moorthy (2000) and Vinoj et al. (2010) based on exten-
sive multi-year data from the island station Minicoy. To continue this
study, the observations from a new remote island site over Kavaratti
(KVT), Lakshadweep in southern AS developed under the calibration
and validation (CAL-VAL) program of Space Applications Centre (SAC),
Indian Space Research Organization (ISRO) (Shukla et al., 2013; Patel
and Shukla, 2015; Patel et al., 2016) has been analysed.

The current work examines the aerosol characteristics using 5-years
of continuous data (constrained by the weather conditions) from a fixed
location, which offers insights into the aerosol climatological features
and important inputs for the regional aerosol model. This paper scruti-
nizes the optical and radiative properties of AS aerosols using long-
term continuous measurements obtained from the island station Kava-
ratti located in the Lakshadweep Archipelago in the southern AS, close
to southwest edge of the Indian subcontinent (see Fig. 1). The analysis
utilizes the sun/sky radiometer retrievals from October to May for five
years (2009-2014) in order to study the temporal variations of aerosols,
dominant aerosol types based on correlation between aerosol optical
properties and modification processes in the atmosphere. The aerosol
transport pathways and source identifications using Hybrid Single Par-
ticle Lagrangian Integrated Trajectory (HYSPLIT; Draxler and Rolph,
2016) model are also examined along with columnar and vertical aero-
sol direct radiative forcing (ADRF) and atmospheric heating rate (HR)
using the Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART; Ricchiazzi et al., 1998) model. The results are specifically im-
portant to understand the impacts of continental aerosols over oceanic
environments and their implications to regional radiation budget.

2. Experimental site details
2.1. Observational site

Continuous measurements of columnar spectral AODs were carried
out at Kavaratti (KVT; Fig. 1), the administrative capital of the Union
Territory of Lakshadweep islands, a chain of islands spread from 8°N
to 14°N and 71°E to 74°E in the southern AS. The island KVT lies
360 km off the coast of Kerala state in the Indian subcontinent at
10.57°N 72.64°E, and is located between Agatti island on the west and
Andrott island on the east. Maximum length of the island is 5.8 km
and width is 1.6 km. The total geographical area is ~4.22 km? and has
population of about 11,201 (census 2011), with a growth rate of
10.78% during the last decade. The northwest side of the island is cov-
ered with the lagoon area having a length of about 6 km and area of
~4.96 km?. The measurements were carried out on the terrace of the
CAL-VAL laboratory (10.55°N; 72.60°E; marked as a red dot in the
Fig. 1) building at about 12 m above the ground level, established
under the CAL-VAL program (Shukla et al., 2013). The site located in
the southern tip of the AS near to Indian subcontinent and it opens to
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Fig. 1. The location of Kavaratti Island situated in the Lakshadweep Archipelago in the southern Arabian Sea. The red solid circle shows the meteorological laboratory at Kavaratti.

the arid regions in the west side. Therefore, the site is influenced by an-
thropogenic continental aerosols from the Indian subcontinent, desert
dust from the western deserts and maritime aerosol from the AS,
which are seasonally and intra-seasonally varying due to variation in
hydrological cycle and movements of Inter-Tropical Convergence Zone
(ITCZ; Kaskaoutis et al., 2015). The island is free from the industrial ac-
tivities and characterized by dense forest and vast water bodies. Thus, it
provides a clean marine platform for long-term measurements of aero-
sols over AS to study the background aerosol and influence of long-rang
transport.

2.2. Local meteorology

The station experiences a typical tropical climate with extensive
rainfall. The local meteorological parameters such as temperature, rela-
tive humidity, wind speed and wind direction along with rainfall were
obtained from met buoy and disdrometer, respectively, to understand
the local meteorology over the measurement station (Shukla et al.,
2013). The annual distribution of climatological mean monthly total
rainfall is shown in Fig. 2a. The distribution shows negligible rainfall
during January-March, with a gradual increase reaching maximum
values by August (~780 mm). This persists till October with varying in-
tensities, thereafter gradually decrease towards December. The climato-
logical monthly mean of ambient temperature and relative humidity
(RH) during the study period is plotted in Fig. 2(b-c). The mean maxi-
mum and minimum temperatures are in the range of 28.05-32.08 °C
and 26.41-28.78 °C, respectively, with a hottest period during March-
May. The averaged meteorological features revealed relatively low RH
(<80%) from December to May, and high RH during June-November.
The present study focuses on three seasons, autumn (October-Novem-
ber), winter (December-February) and spring (March-May). For re-
maining season of summer (June-September), the number of data
points was less because of the adverse sky conditions associated with

extensive monsoon rainfall and the prevailing very high RH, which con-
struct unfavourable environments for the CIMEL measurements.

The winds are crucial for the study of aerosol characterization and
plays a very critical role on the monsoon circulation over Indian region
(Moorthy and Satheesh, 2000; Satheesh et al., 2006a). The climatologi-
cal mean seasonal wind pattern over the island is shown in Fig. 2(d-g).
The color gives the magnitude of wind speed (in m s~ !). The weak
(<6 m s~ 1) north-easterly winds during winter from the Indian subcon-
tinent brings dry air mass, which may possess a large fraction of anthro-
pogenic aerosols (Vinoj et al., 2008; Patel and Shukla, 2015). The winds
are rather week (<4 m s~ !) and fluctuating between two extremes dur-
ing autumn which is dominated by north-easterlies and easterlies. The
transition of winds in spring is dominated by the northwesterly
winds, carrying dust from the arid/semi-arid areas in Saharan and Ara-
bian Peninsula (Kalapureddy and Devara, 2010; Kaskaoutis et al., 2010;
Patel and Shukla, 2015). The strong westerly winds in summer follow-
ing the onset of Indian summer monsoon, is significantly influence the
regional climate with the dominance of marine components.

3. Measurements and methodology
3.1. Columnar aerosol measurements

Ground-based measurements of columnar aerosol properties were
carried out over KVT Island using an automatic sun/sky radiometer
(CIMEL CE-318). The five years of observations from October 2009 to
May 2014 are analysed in the current study, since during June-Septem-
ber, the instrument stopped its operation due to the presence of dense
clouds and extreme weather conditions. The CIMEL sun/sky radiometer
measures the direct sun irradiance and diffuse sky-radiance at eight
spectral bands centered at 340, 380, 440, 500, 670, 870, 940 and
1020 nm and 440, 670, 870 and 1020 nm, respectively. The measure-
ments at 940 nm are used for the estimation of columnar water vapor
content (WVC) and the remaining spectral bands are used to retrieve
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Fig. 2. The climatological distribution of (a) total rainfall, a monthly mean of (b) air temperature (in °C) and (c) relative humidity (in %) describes as a floating bars and the square in the bar
represents the monthly mean values. (d-g) wind-rose plots describe the percentage contribution of seasonal variation of wind direction and wind speed over the period 2009-2014 at

Kavaratti.

the columnar AOD. The filters used in the sun/sky radiometer are nar-
row bands with bandwidth of 10 nm except for 340 and 380 with band-
width 2 nm. On the other hand, sky almucantar radiances from principal
plane measurements are used to retrieve the optical and microphysical
properties of aerosols such as Single Scattering Albedo (SSA), Asymme-
try parameters (g), Volume Size Distribution (VSD) and refractive index.
The measurement schedule for this instrument broadly consists of di-
rect sun measurements every 15 min, and diffuse sky measurement at
every 30 min. Triplets of sun measurements are performed at 20 s inter-
val for cloud screening. Further details about the instrument character-
istics and aerosol retrievals are given elsewhere (Estellés et al., 2012;
Patel et al., 2016). The AOD, Angstrém exponent () and WVC are re-
trieved for each scan under the clear-sky, while the inversion parame-
ters are given on daily-mean basis.

Besides spectral AOD, o and its spectral dependence, an inversion al-
gorithm can provide valuable information combining the direct sun and
diffuse sky radiance measurements. In contrast to AERONET and
SKYNET inversion algorithm, we have used a new open source package
[ESR.pack; (Estellés et al., 2012)], which is based on Skyrad.pack (ver-
sion 4.2) algorithm used in SKYNET. The ESR.pack has been modified
and adapted for application to CIMEL CE-318 sun/sky radiometer. It is

a combination of two basic modules i) Sunrad, for the retrieval of direct
sun products (e.g. AOD, o and WV) from the solar extinction measure-
ments and ii) Skyrad, a modified version of Skyrad.pack version 4.2
(Nakajima et al., 1996; Kobayashi et al., 2010), to invert the sky radiance
to obtain other aerosol characteristics such as phase function, VSD
(dV(r)/dInr), SSA, g and refractive index. In addition, the basic
Smirnov et al. (2000) cloud screening algorithm was also implemented
in order to assure the data quality and avoid cloud contamination. De-
tails about ESR algorithm, methodology, uncertainties, calibration and
intercomparison with the AERONET and SKYNET are presented else-
where (Campanelli et al., 2004, 2007; Estellés et al., 2012; and refer-
ences therein).

3.2. Angstrom exponent and its derivatives
AOD and o are the two most crucial parameters to understand aero-

sol burden in the atmospheric column. o can be calculated from the
Angstrém power law given by Angstrém (1964),

Ta(N) =P\
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where \ is the wavelength in micrometres, T, is measured AOD for the
wavelength \, o is Angstrom exponent, and 3 is turbidity coefficient
that is equal to columnar AOD at N\ = 1 um. o depends on the size dis-
tribution of aerosols, with higher value (o > 1) indicating an enhance-
ment of accumulation-mode aerosols and lower value (o < 1)
indicating enhancement of coarse-mode aerosols (Eck et al., 1999,
2010). Multimodal size distribution in the column introduces the uncer-
tainty in the Eq. (1) for a wide range of wavelengths due to the different
types of particles transported from different emission sources. Taking
the logarithms at both sides of Eq. (1) yields:

InT, = —a In\+ Inp (2)

For two different wavelengths (\; and \;), « is given by
o=— ln(T)\]/T)\z)/ ll‘l()\]/)\z) (3)

where, Ty1 and Ty, represent the AOD at two wavelengths \; and \,.
This equation assumes that o is invariant in the spectral range \; to
N,. This assumption is valid only when the particle size distribution in
the vertical column follows an inverse power low (Beegum et al.,
2009). A more precise empirical relationship between aerosol extinc-
tion and wavelength is obtained with a second-order polynomial fit
(Eck et al., 1999; Kaskaoutis and Kambezidis, 2006) as

InTy = az( InN)? + o ( InN) + g 4)

where ag, a; and a, are constants that can be obtained from the sun/sky
radiometer measurements. The coefficient a, accounts for a curvature
often observed in sun-photometry measurements. This curvature can
be an indicator of the aerosol particle size, with negative curvature indi-
cating aerosol size distribution dominated by fine mode and positive
curvature indicating size distribution with significant contribution by
the coarse mode aerosols (Schuster et al., 2006).

3.3. Aerosol inversion products

Besides spectral AOD, a and its spectral dependence, an inversion al-
gorithm can provide valuable information combining the direct sun and
diffuse sky-radiance measurements. The column-integrated aerosol
VSD (dV(r)/dInr) is one of the crucial parameter for understanding the
aerosol scattering processes and radiative impact (Sinha et al., 2013).
VSD has been estimated at 22 radius bins ranging from 0.05 to 10 um
and exhibits bimodal distribution that can be characterized by the
sum of two log-normal distributions (Seinfeld and Pandis, 1997).

2
dv(r) Ci_ {(lnR— lnRv‘,-)} )

2
dinr ~ &5 /20, 207

where, C,; denotes the particle volume concentration, R, is the volume
geometric mean radius, and oj is the standard deviation. In addition to
VSD, the inversion algorithm provides the spectral SSA and ASY at
four wavelengths (440, 675, 870 and 1020 nm), which are the impor-
tant parameters to understand the absorption/scattering nature of par-
ticles. Additionally, the spectral absorption optical depth (AAOD) has
been computed from the extinction AOD and SSA following previous
studies (i.e. Bergstrom et al., 2007; Russell et al., 2010; Dumka et al.,
2014), as:

AAOD(N) = [1—SSA(N)] x AOD(N) (6)

AAOD provides useful information about the absorbing optical prop-
erties of aerosols in the atmospheric column. Using the Angstrém power
law (AAOD (\) = KN~ %), where K correspond to the absorbing aero-
sol loading, the absorption Angstrém exponent (AAE) and extinction
Angstrém exponent (EAE) have been computed by the negative slope
of the fitted line of the natural logarithm of spectral variations in

AAOD and extinction aerosol optical depth (EAOD), respectively
(Russell et al., 2010), which is analogous to the Angstrém relationship
(Angstrom, 1964). These quantities are crucial to identify the particle
size and characterize the dominant particle type or optical mixture
(Giles et al., 2011).

34. Vertical aerosol measurements

In addition to ground based measurements, the vertical distribution
of extinction coefficient is obtained from Cloud-Aerosol Lidar with Or-
thogonal Polarization (CALIOP) on-board the satellite CALIPSO
(Winker et al., 2009) to examine the vertical distribution of aerosol
and its impact on ADRF and atmospheric HR (Srivastava and
Ramachandran, 2013). The extinction coefficients at 532 nm were ob-
tained from the CALIOP level-2 version-3 data with 5-km horizontal res-
olution. Young and Vaughan (2009) used Hybrid Extinction Retrieval
Algorithm (HERA) to derive the extinction coefficients, where the esti-
mated measurement uncertainty in CALIOP derived aerosol extinction
profiles is about 40%. The method by Misra et al. (2012) was employed
to extract extinction profiles influenced by clouds. The monthly-mean
profiles are obtained by averaging all the available profiles from
CALIOP tracks within a spatial window of 1° x 1° around the study re-
gion due to low orbit repetivity and narrow swath of CALIOP.

3.5. Estimation of ADRF and atmospheric heating rate

The ADREF at the top of the atmosphere (TOA) and surface (SFC) de-
fines the net change in radiative flux caused by atmospheric aerosols,
which is:

AFroa;surrace = (Fa)toa/surrace = (Fna)toa surrace )

where, F, and F,, are the net radiative flux with aerosol and without
aerosol conditions. Further, the amount of solar radiation absorbed by
aerosols within the atmosphere (AFam; = AFroa — AFsec) defines the
net atmospheric forcing (ATM). If AFaty is positive, the aerosols pro-
duce a net gain of radiative flux in the atmosphere leading to a warming,
while a negative AFamy indicates a net loss and thereby cooling.

The clear sky ADRF is estimated via SBDART model. The basic input
parameters for the estimation of ADRF are spectral AOD, SSA, g, WVC,
ozone concentration and surface albedo, along with astronomical pa-
rameters, like solar zenith angle. The spectral AOD, SSA, g and WVC
were directly obtained from the sun/sky radiometer. In addition to the
aerosol properties, the standard tropical atmospheric profiles
(i.e., temperature, RH, pressure and ozone), from ECMWF reanalysis
data and the MODIS (both Terra and Aqua) surface albedo (8-day,
Level 3, Global 500 m SIN Grid product) at seven wavelengths (0.645,
0.859, 0.469, 0.555, 1.24, 1.64 and 2.13 pum) are used in SBDART model
(Dumka et al., 2014; Srivastava et al., 2014, Bisht et al., 2015; Tiwari
et al,, 2016). The ADRF calculations are performed using eight streams
to obtain the TOA and surface upward and downward fluxes at every
hour of a day with and without aerosols conditions in the wavelength
range from 0.3-4.0 pm. The diurnally averaged radiative forcing at
TOA and surface is then obtained as the difference between net fluxes
(down - up) with and without aerosols. The atmospheric heating rate
(HR) due to absorption of solar radiation by aerosols in the atmosphere
(net atmospheric forcing AFaty) is estimated from the first law of ther-
modynamics and hydrostatic equilibrium as:

AFamm

g Fam 24<h /day)x3600 /) (8)

* G-

where 0T/0t is the heating rate (K day™!), g is the acceleration due to
gravity, C, is the specific heat capacity of air at constant pressure and
AP is the atmospheric pressure difference between top and bottom
boundaries of the atmosphere in which most of the aerosols occur and
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is considered as 300 hPa (e.g. Kaskaoutis et al., 2013; Dumka et al.,
2014).

3.6. Transport pathways

In order to understand the possible pathways and source identifica-
tion of aerosol types and properties, seven-days air-mass back-
trajectories over KVT are obtained from the HYSPLIT model (Draxler
and Rolph, 2016) for the individual days of sun-photometer measure-
ments. For the analysis, model is initiated with the 6 hourly Global Data
Assimilation (GDAS) reanalysis fields at 1° x 1°. A clustering technique
is used to classify different trajectories from various sources. The
HYSPLIT model-simulated back trajectories are used to identify the gener-
al pathway of aerosol plume propagation and its evolution during autumn
to spring (October-May). The trajectories are calculated at four times a
day for the entire study period at three different heights (500 m-mixed
layer height; 1000 m-boundary layer height and 2000 m-above the
boundary layer where the aerosols can be lifted by convection and
transported over long distances). The trajectory cluster analysis is per-
formed to distinguish different aerosol transport pathways in the hori-
zontal direction. Similar trajectories are paired to form clusters in the
clustering analysis from which maximized differences are found. Further
details of the clustering technique can be found in the references and the
manual of the HYSPLIT model (Draxler and Rolph, 2016).

4. Results and discussion
4.1. Temporal variations of aerosols

AOD is representative of the aerosol burden in the atmospheric col-
umn, while a provides useful information on the aerosol size and con-
stitutes. The temporal variability of instantaneous values of AODsqo,
Qa40-g70 and WVC are shown in Fig. 3. The blue line in the figure repre-
sents monthly mean values of AODsqg, 0t440-870 and WVC along with its
standard deviation. The AODsqg ranges from ~0.06, corresponding to

clean-background conditions over KVT, up to ~1.5 or even ~2.3 on cer-
tain cases with severe aerosol loading in the atmosphere due to influ-
ence of dust storms, as those cases are associated with very low o4o-
g70 values (<0.11). The large day to day variability in both AODso and
QLa40_g70 indicates the variability of aerosol types over the region due
to transported air masses of different emission sources, either by long-
range transport from Arabian Peninsula and Saharan or by advection
from Indian subcontinents. The multi-annual variability shows a dis-
tinct behaviour of o with the large values (fine-mode aerosols) during
November-February and low values during March-May (coarse-mode
aerosols). Fig. 3 also reveals that the small variability in AODsoo and
(Ly40-g70 from November to February corresponds to more homogenous
atmospheric condition, while the large variability from March to May,
indicating significant variations in air-mass origin and characteristics.
The low AODsgg and 0uy40_g70 eXist during October corresponding to
wind-generated marine aerosols due to the extension of Indian summer
monsoon (see Fig. 2), whereas the high AODsqg and 0449_g70 during
winter season associated to transported anthropogenic pollution
plumes and biomass-burning from Indian subcontinent. During the
whole period, the mean values of AODsgg and 0t440_g70 are found to be
0.51 £ 0.16 and 1.36 £ 0.3, respectively. The annual distribution of cli-
matological mean monthly WVC is shown in Fig. 3¢, which exhibits a
large seasonal variability. The WVC distribution showed a gradual de-
crease from October to February reaching minimum in February, there-
after gradually increase towards May. Strong westerlies/south-
westerlies wind due to Indian summer monsoon carries a large amount
of moisture from the oceanic region in May.

4.2. Climatology of aerosol properties

Fig. 4 shows the monthly variation of AOD values at three wave-
lengths (340,500 and 1020 nm),  value at three wavelengths bands
(440-870 nm, 440-670 nm and 670-870 nm) and WVC in Box-
Whisker plots. The difference in o values between short and long-
wavelengths defines the sign and magnitude of the curvature

(@)
- T T L T T “T T T | PP ¢ T L T T | G ] “T T T J TT T “T T T I T T T T
20 2009*‘-— 2010 —-l——zon——l——zonz | 2013 fe—2014

I Mty Mo, i pA

0.4

0.0

K M S S N = S ,
,(©)

~ 61

§ s

N’

> 4

2 3

0,

I.

XD T FMAM ONDJIFMAM ONDJFMAM ONDJFMAM ONDJ FNMAM.

Fig. 3. The variation of instantaneous values of (a) aerosol optical depth at 500 nm (b) Angstrém exponent at 440-870 nm and (c) columnar water vapor (in cm) in gray shade over KVT
during the study period. The blue line represents the monthly mean values along with standard deviation. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(Schuster et al., 2006), while inter-band variation of o values in short
and long-wavelengths provides the information about the variation in
fine-mode radii and fine-mode fraction, respectively. The monthly
mean AOD shows a distinct pattern with decreasing tendency from Oc-
tober to February and it shows a pronounced increment in March. Sub-
sequently, it has sudden fall from March to May, illustrating a bimodal
AOD distribution with primary and secondary maxima in March and Oc-
tober, respectively. As expected, the AODsyo is larger in all months com-
pared to AODsgp and AOD1,0, While the significant monthly variation in
the range of AOD at the particular wavelengths indicates more or less
homogeneity in the aerosol burden. The large intra-monthly variability
in aerosol burden exhibits in the October, March and April. The large
range of Box for AOD340 and AOD; gy in October gives a sign for large
variability in the fine and coarse mode aerosols. Also, note that,
throughout the year, the large range of AOD34o box compare to
AODsqo and AOD; o indicates the presence of fine mode aerosol burden
in the atmospheric column, expressing the influence of continental an-
thropogenic aerosol from the Indian subcontinent. On seasonal basis,
the AODsqg is found to be 0.53 + 0.20, 0.45 4+ 0.06 and 0.56 + 0.17 in
autumn, winter and spring, respectively.

The monthly mean distribution of & value (Fig. 4b) illustrates a def-
inite increase from autumn to winter (~0.9 to 1.3), thenceforth gradual-
ly decrease during spring (~1.2 to 0.7). The lowest values of o during

April-May indicate a clear dominance of coarse-mode aerosols due to
long-range transport of dust (Srivastava et al., 2014) along with marine
aerosols (sea-salt) produced by the strong sea-surface winds over the
Arabian Sea (Kaskaoutis et al., 2010; Patel and Shukla, 2015). The o
values ~1.0 to ~1.2 during November-February reveals a rather mixing
of fine and coarse mode aerosols (Eck et al., 2005).The similarity be-
tween 0ty40_670 and tg70_g70 in November-February indicates a bimodal
size distribution with lower curvature and nearly equal contributions by
fine and coarse modes, while the larger values of cty49_g70 compared to
Qg70-g70 during April-May, suggest a positive curvature, indicating clear
dominance of coarse particles (Schuster et al.,, 2006), as shown in Fig. 5.
In general, the monthly pattern of o values follow the pattern of pervi-
ous study carried out over Minicoy Island (Vinoj et al., 2010), while sea-
sonal variability shows larger o values in winter 1.52 4 0.08, compared
to autumn 1.33 £ 0.24 and spring 0.97 4 0.39. The WVC exhibits a sim-
ilar pattern of AOD (Fig. 4c), with increasing values from winter to
spring peaking at ~5.2 in May. This pattern of WVC is following the
onset pattern of Indian summer monsoon.

4.3. Volume size distribution

The aerosol optical properties are strongly dependent on columnar
size distribution, which is closely related to «, fine mode fraction and
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its variations (Eck et al., 2010; Sinha et al., 2012). Fig. 5(a)-(d) shows
the monthly-mean and seasonal-mean of VSD over KVT, while the ver-
tical bars correspond to one standard deviation from the mean. The
overall uncertainty in the estimation of the VSDs is around 15%
(Kaskaoutis et al., 2013). The monthly variability of VSD reveals a bi-
modal size distribution, which may depend on various factors e.g.
growth of large particles by condensation of gas-phase reaction, mixing
of two air masses (Hoppel et al., 1985), homogenous hetero-molecular
nucleation and meteorological parameters. The size distribution reveals
two distinct modes: fine (particle radii < 0.6 um) and coarse (particle
radii > 0.6 um). The values of monthly mean variation in the parameters
(volume concentration (V) and volume geometric radius (Ry)) of the bi-
modal log-normal volume size distribution for each mode are shown in
the Fig. 5. The volume geometric radius of fine mode particles is found to
be large in the autumn and winter, indicating a coagulation of the an-
thropogenic aerosols, whereas the swelling of aerosols in the presence
of abundant atmospheric water vapor (Fig. 4c) (Parameswaran and
Vijayakumar, 1994) in the month of May, resulting the larger particles
(~0.303), as seen in Fig. 5(c). On the contrary, the variation in volume
geometric radius of coarse mode particles is found to be similar during
the study period. This could be due to the influence of larger maritime
aerosols (i.e. sea-salt) throughout the year. The large volume concentra-
tion of fine mode aerosol in the winter and coarse mode in the spring
suggest the influence of continental anthropogenic aerosols from
Indian subcontinent and long-range transport of dust from the Arabian
Peninsula, respectively, that is reflected in o values at all wavelength
bands (Fig. 4b). Although the fine and coarse-mode radius of VSDs do
not change significantly between the months, the fine-to-coarse mode

fraction exhibits a pronounced variation, which affect the large variabil-
ity of ag75_g70 between the months (Fig. 4b). The seasonal variability in
VSDs (Fig. 5d) is characteristic of seasonally-changed air masses, aerosol
properties and types and exhibits large similarities to the VSDs found
over Kanpur (Singh et al., 2004; Kaskaoutis et al., 2013) and Delhi
(Srivastava et al., 2014).

4.4. Single scattering albedo (SSA) and Asymmetry parameter (g)

SSA is one of the crucial aerosol properties that provide information
about absorption/scattering nature of particles, which is defined as the
ratio of scattering to total extinction (scattering + absorption) of solar
radiation due to aerosols. Hypothetically, SSA has a unit value for purely
scattering aerosols, like sulfate, and has low values for strongly absorb-
ing aerosols, like soot/black carbon. The spectral variation of SSA gives
useful information about the dominance of specific aerosol types (e.g.
black carbon, organic carbon, dust, sulfates) and can also be used in
combination with o and/or fine-mode fraction (FMF) for the identifica-
tion of aerosol types (Srivastava et al., 2012, 2014). In the present study,
the SSA is retrieved at four wavelengths (440, 675, 870 and 1020 nm)
over KVT during October-May 2009-2014 and its seasonal mean-
spectral variation is shown in Fig. 6(a). Spectral variation in SSA differs
substantially during different seasons, depending on the relative pro-
portions of absorbing and scattering components in the atmosphere. It
shows an increasing trend with wavelength in spring due to influence
of dust aerosol, which are highly scattering in visible and near-
infrared region (Dubovik et al., 2002). In contrast, during autumn and
winter, SSA is decreasing with increase in wavelength, indicating the
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loading of absorbing polluted aerosols, as the interaction of these aero-
sols with the incoming solar radiation is minimum at longer wave-
lengths. Earlier study by Smirnov et al. (2002) in the Persian Gulf, also
found a similar spectral variation of SSA, which indicate that the spectral
behaviour of SSA depends on the nature of aerosol particles. In the
spring (characterized by loading of dust), values of SSA are found
higher, indicates more scattering particles, compared to the winter
and autumn seasons, and characterized by a dominance of fine absorb-
ing continental aerosols. Singh et al. (2004) also suggested that the in-
crease in SSA during spring and summer may be also attributed to
hygroscopic growth of water-soluble aerosols under high WVC besides
the long-range transport of dust aerosols.

Asymmetry parameter (g) is the representation of the angular distri-
bution of light scattering by aerosol particles and depends on the size
and shape of the particle, which mainly controls the aerosols radiative
forcing (Ramachandran and Rajesh, 2008; Tiwari et al., 2013). Asymme-
try parameter can be defined by the cosine-weighted average of the
scattering phase function (Pandithurai et al., 2008). Theoretically, the
range of g varies between — 1 (entirely backscattered light) to +1 (en-
tirely forward scattered light). However, the zero value represents a
pure symmetric scattering. Seasonal mean-spectral variation of g is
shown in Fig. 6(b) over KVT. It shows a strong wavelength dependency
in autumn and winter, which decrease with increase in wavelength.
However, during spring, g increases in the near-infrared region, which
can be attributed to the dominance of coarse-mode dust particles in
the atmosphere. The sharp spectral decrease in g during autumn indi-
cates the scattering by abundance of absorbing polluted aerosols,
which is further decreased from autumn to winter with increase in

e
0.921
0.90+
0.88

0.86+

0.84
—uE— Autumn

0.824 —e— Winter
—A— Spring

Single Scattering Albedo (SSA)

0.80
0.78

0.754

T (b)

0.72+

0.69+

e

i—l

0.66+

0.63- e
\

Asymmetry parameter (g)

0.60

057 I O (U N R L I L LT (L SO ARSI R O T
400 500 600 700 800 900 1000
Wavelength (um)

Fig. 6. Seasonal spectral variation of single scattering albedo and Asymmetry parameter.

absorbing aerosols. D'Almeida et al. (1991) suggested the g value of
nearly 0.72 represents the fine-mode dry aerosol particles. Srivastava
et al. (2011) found the g value 0.69 4 0.02 over Kanpur. Recently,
Tiwari et al. (2013) reported a value of 0.71 + 0.02 over Karachi, 0.68
=+ 0.02 over Lahore, 0.71 £ 0.01 over Jaipur, and 0.68 4+ 0.02 over Kan-
pur during the pre-monsoon period. The results observed in the present
study is somewhat similar to the several previous studies carried out
over IGB (Pandithurai et al., 2008; Srivastava et al., 2011; Tiwari et al.,
2013).

4.5. Identification of aerosol types

The characterization of aerosol types requires information on several
optical and physical properties of aerosols that depend strongly on
wavelength (e.g. Dubovik et al., 2002). The combined use of properties
associated to aerosol loading and aerosol size is the most common and
widely used technique for the discrimination different types of aerosol
(Pace et al., 2006; Kaskaoutis et al., 2007, 2009; Yu et al., 2016; Patel
and Kumar, 2015, 2016). The scatter plot of AOD vs. o is widely used
method to classify variety of aerosol types. Fig. 7(a) shows such scatter
plot using all instantaneous measurements over KVT. Furthermore, sim-
ilar AOD vs. o graphs have been found over several sites in India, like
Hyderabad (Kaskaoutis et al., 2009), Dehradun (Patel and Kumar,
2015), Pune (Vijayakumar and Devara, 2013), Jaipur (Verma et al.,
2015) as well as over Arabian Sea (Kaskaoutis et al., 2010) and Bay of
Bengal (Kaskaoutis et al., 2011). There is a wide range of ct449_g70 values
for low-to-moderate AODsqq suggesting large variability in the aerosol
properties and several types of aerosol are mixed in the atmosphere
over KVT. For quantifying the contribution of the major aerosol types,
some threshold values are taken to discriminate the aerosol types,
which are slightly deviated from the previous studies due to variation
in the aerosol range, synoptic meteorological conditions, and the emis-
sion sources. More specifically, marine aerosol type (MA) representing
the background conditions over KVT are considered as having AODsgq
< 0.3 and otg40-g70 < 0.9, while clean continental (cc) aerosols are for
AODs5gg < 0.3 and otg49_g70 > 1.0. Cases corresponding to turbid atmo-
spheres dominated by transported biomass burning aerosols or thick
urban/industrial plumes (BB/UI) are for AODsgo > 0.6 and 0t440_370
> 1.0, while long-range transported desert dust (DD) aerosols are char-
acterized by AODsqo > 0.6 and 440870 < 0.6 (Fig. 7a). Cases that do not
belong to any of the above categories are characterized as mixed type
(MT) aerosols. Fig. 7(b) shows the total and seasonal percentage contri-
bution of all five aerosol types at KVT. The MT are found to be dominate
(~41%) over KVT with maximum in winter (~53%). In the same way, BB/
Ul aerosols is found to be second most contributor (~19%) with varying
magnitude ranging from 16% to 23% and reaching maximum in winter
(23%), rendering that KVT is strongly affected by the advected anthro-
pogenically polluted aerosols from the Indian subcontinent. Indeed,
the smoke plumes from the agricultural crop-residue burning in the
southwest part of the Indian subcontinent are also influence the study
region (Sahu et al., 2015). Earlier study by Ramachandran (2004) has
also found about 90% anthropogenic contribution to the 5-yr (1996~
2000) mean AOD over Arabian Sea. Furthermore, marine aerosols hold
a significant fraction over the study region (17%) and contribute
throughout the year as the background aerosols. Due to the
neighbouring arid regions in west Asia that emit large amounts of
dust in spring, the DD aerosols possess an important factor of 14% and
peak in spring (~24%), while CC conditions over KVT are observed at
9% of the cases. It should be noted that the change in threshold values
may be strongly modifying the percentages, therefore the discrimina-
tion must be considered only qualitatively not quantitative.

Furthermore, aerosol classification using spectral AAE and EAE has
been widely used in recent times (Russell et al., 2010; Giles et al.,
2011; and reference therein). Giles et al. (2011) characterized the ab-
sorbing aerosols in three major categories: mostly dust (where iron
oxide in dust is dominant absorber), mostly BC (mixture of industrial
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pollution and biomass burning) and mixed dust and BC (optical mixture
of coarse mode dust and fine mode BC as dominant absorber). The ab-
sorbing aerosols over KVT have been classified based on the above pa-
rameters into: Mostly Dust (AAE > 1.8, EAE < 0.8), Mostly BC (0.8
< AAE < 14, EAE > 1.0) and Mixed Dust and BC (AAE ~ 1.5, EAE ~ 0.9).
The absorbing aerosols present over study location during autumn
and winter are mostly BC and followed by the mixture of BC and Dust
(Fig. 7¢), however their contribution vary. During Spring, atmosphere
over study location is characterized by presence of mixed BC and Dust
absorbing aerosols, however the contributions of BC remains over the
year at KVT, and significant during autumn and winter. It is observed
that mostly dust aerosols are present during spring over KVT. The find-
ings are pretty similar with Giles et al. (2011) and Kedia et al. (2014)
over Kanpur, however their relative contribution vary.

In addition, the modification in aerosol properties over KVT is exam-
ined using the graphical scheme proposed by Gobbi et al. (2007), which
combines the spectral information given by the determination of c in
different spectral bands with the fine-mode radii (R¢) and fine-mode
fraction () as grid parameters in grouped AOD. Therefore, the change
in o, da(0ta40-670 — X670-870) Pairs with increasing AODsq provides
valuable information about several aerosol modification processes in
the atmosphere (i.e. cloud contamination, hydration and coagulation-
aging), as examined in a series of previous studies (e.g., Gobbi et al.,
2007; Sinha et al., 2012; Kaskaoutis et al., 2010 and reference therein).
In the present study (Fig. 7d-f), the aerosol modification processes are
examined seasonally due to differing aerosol properties. A large varia-
tion is observed suggesting significant heterogeneity in the dominant
particle sizes with a mixture of both fine and coarse mode particles.
Negative da indicates the dominance of fine-mode aerosols, while
near zero or positive values correspond to bimodal size distribution
with the coarse one to have a large fraction. A higher value of AODsqg 0c-
curred for fine mode particles (i.e. anthropogenic aerosols/biomass

burning) associated with increase in m (>70%) with a larger AE differ-
ence and larger values of AE (>1.1) in winter. These are consistent
throughout the period, and reaching maximum in winter, while a signif-
icant increase in R¢ from ~0.15 um to ~0.18 pm is also shown for these
high-AOD data points, are linked to hygroscopic and/or coagulation
growth from aging of the fine particles. Similar modifications were
also found for aerosol over Hyderabad (Sinha et al., 2012), and over
northern Bay of Bengal (Kaskaoutis et al., 2011) in autumn and winter,
suggesting that such modification tend to be a general feature over India
during the winter period with abundance of fine-anthropogenic aero-
sols. Fine-mode fraction below 30% occurs for moderate-to-low AODs
over relative clean background marine regions due to the site location
in the Arabian Sea. In contrast, during the spring, the vast majority of
the data points exhibit 1) values < 50% or even <30% and 0t440_g7o usually
below 0.8 suggesting clear dominance of coarse-mode aerosols (Fig. 7f).
The shift in the data points towards the origin (o, dae = 0) with the in-
creasing AOD, with R¢ between ~0.10-0.13 um and continuous decreas-
ing values of 1, suggesting a significant increase in coarse-mode fraction
and a very small variation in fine-mode radii. The cases with 1)< 30% and
Ry may increase to 0.2-0.4 pm indicating nearly absence of fine mode.
These conditions are characteristics for environments strongly impact-
ed by intense dust storms. Earlier studies over Arabian Sea
(Kalapureddy and Devara, 2010; Kaskaoutis et al., 2010) have shown a
similar feature.

4.6. Aerosol characterization inferred by absorption properties

The monthly mean spectral variation of AAOD in four wavelengths
with AAE in three bands (440-875 nm, 675-870 nm and 440-
675 nm) is shown in Fig. 8a, b, respectively. Both AAOD and AAE illus-
trate significant monthly variation over the study location. AAOD varies
in the range of 0.058-0.091, 0.02-0.06, 0.012-0.046 and 0.01-0.045 for
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440, 670, 870 and 1020 nm, respectively, whereas AAE varies within the
range of 0.87-2.2, 0.9-1.95 and 0.5-1.65 for 440-870 nm, 440-670 nm
and 670-870 nm bands, respectively. AAOD exhibits a similar monthly
variation as the spectral AOD, it takes peak values in October, February
and March, suggesting enhanced absorption either by biomass burning
in October or by advected anthropogenically-polluted aerosols during
winter (Fig. 8a). On the other hand, the larger values of AAOD corre-
spond to dust and organic aerosols or mixes between them (AAE
~1.5) during April and May, which absorb strongly in the ultraviolet;
AAE values ~1.0 reveal presence of BC aerosols, which show a strong ab-
sorption throughout the solar spectrum (Russell et al., 2010). Therefore,
the larger values of AAE in the spring months indicate the absorption by
dust mixed with other aerosols, in the shorter wavelengths, while the
mixing of marine aerosols with dust may reduce the absorbing efficien-
cy of dust, resulting in the lower value of AAE in May compare to April.
The values of AAE ~1.0 during November-February suggest the signifi-
cant contribution of absorbing aerosols, which are mainly composed by
black carbon advected from India landmass (Vinoj et al., 2010).
Furthermore, we seasonally analysed the difference between SSA at
440 nm and 1020 nm (dSSA = SSA1020nm — SSA440nm) and correlated
them with AAE in order to evaluate the absorbing aerosols and to asso-
ciate their absorbing capability with the absorbing particle types. More-
over, a single parameter (dSSA) represents the spectral distribution of
SSA, which is an advantage of this plot, and additionally, it provides bet-
ter accuracy compare to absolute SSA values since the retrieval of spec-
tral SSA dependence is more reliable than that of absolute values
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(Derimian et al., 2008; Dumka et al., 2014). In this study, we also utilize
the AAE, instead of AE, which can be used to distinguish between differ-
ent sources of aerosols due to the differences in chemical composition
that has an influence on aerosol light-absorption properties (e.g.
Andreae and Gelencsér, 2006; Hoffer et al., 2006; Kirchstetter and
Thatcher, 2012). The work by Moosmiiller et al. (2011) provides a
more in-depth view of its definition. The AAE close to 1 correspond to
negative values of dSSA will be related to strong absorption by BC con-
taining particles at 1020 nm, while the AAE > 1.8 associated with posi-
tive values of dSSA are related to stronger absorption by iron oxide
(mineral dust) at 440 nm. Whereas, the AAE between 0.8 and 1.4 asso-
ciated to nearly zero value of dSSA will be related to equal contribution
of BC and dust (mixed BC and dust). Fig. 8¢, d illustrates the scatter plot
and the density plot of dSSA vs. AAE (440-870) over KVT, respectively.
The gradual transition in the spectral SSA from stronger absorption at
1020 nm (negative dSSA) in autumn to stronger absorption at 440 nm
(positive dSSA) in spring, which represents the heterogeneity of aerosol
types and their chemical composition over KVT. The long-rage
transported dust in spring over study location increase the absorption
at 440 nm, indicates the contamination of iron oxide, which shows the
positive SSA with high value of AAE (>1.8). In contrast, negative SSA
with AAE ~1 indicates the dominance of BC in the advected anthropo-
genically polluted particles from the Indian landmass in winter and hav-
ing strong absorption at 1020 nm. There is absorption at both 440 nm
and 1020 nm associated to nearly zero SSA value though out the study
period, which could be attributed to the mixture of polluted aerosols
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with dust, having AAE from 0.8 to 1.4. Viewing the density plot (Fig. 8d)
a clear-defined area of large density (~50%) is revealed for the dSSA,
AAE pair of (~—0.01, 1.1), which indicates, in the vast majority cases,
the aerosol present over KVT are of mixed aerosols with a large fraction
of BC contamination. Other secondary large density areas are those of
(dSSA, AAE) of (~—0.025, 1.0) corresponding to mostly BC containing
fine-mode particles, having a strong absorption at 1020 nm. These anal-
yses clearly indicate the influence of anthropogenic pollution
transported from the Indian landmass to the remote island, throughout
the study period, having potential to modify the regional climate and
hydrological cycle.

4.7. Aerosol transport pathways

The preliminary knowledge of various aerosol types and their contri-
butions is inferred from the analysis of inversion properties and aerosol
type study over KVT. To know the source of these aerosols, their origin,
the possible pathways and their percentage contribution, we performed
the cluster analysis of HYSPLIT simulated backward trajectories over
KVT. Fig. 9 shows the seasonal mean transport pathways and source re-
gions of aerosols based on seven-days air-mass back trajectories

simulated by HYSPLIT model, ending over KVT at three altitudes
(500 m, 1000 m and 2000 m above ground level), as described in
Section 2.2. Polluted continental aerosols entrained from the Indian sub-
continent to the study region during autumn to winter, whereas the
transportation of dust from arid regions in the westwards dominates
during spring. In depth, the trajectories during autumn are mostly
from the Indian subcontinent (76%, 84% and 74% at 500 m, 1000 m
and 2000 m, respectively) enriched with anthropogenic aerosols from
urban areas, while a small fraction (~24%, 16%, and 26% at 500 m,
1000 m and 2000 m, respectively) corresponds to air masses coming
from Northern Indian Ocean contains the marine signature (sea-salt).
As a result, the 60% of AOD data are observed to be >0.5 with a high
value of AE (>1.2) in winter. The subsequent transitions of air-mass
pathways towards the arid regions in the Arabian Peninsula during
spring, carries the dust as a large fraction of air-mass from long-range,
which results increase in the coarse-mode volume concentration. The
transportation of polluted air mass at 1000 m (~24%) and 2000 m
(~35%) from east-side of the study location during spring, mixed with
the dust, as seen in Fig. 8(c). The cluster analysis along with meteorolog-
ical conditions suggests the monthly and seasonal variation in aerosol
pathways that affect the local aerosol field.
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4.8. Aerosol radiative forcing (ARF)

The ADRF at TOA, SFC and ATM are estimated on daily basis using the
measured aerosol optical properties and SBDART model as described in
Section 3.5. Fig. 10 summarizes the monthly variation of composite
aerosol columnar radiative effects over KVT during the study period.
The magnitude of ADRF at TOA, SFC and ATM exhibits significant vari-
ability between the months varying from —11.03 W m~2 (April) to
—7.38 Wm™? (November) (mean: —8.77 + 3.03 W m™?2) at TOA,
while at SFC ADRF ranges from —21.52 W m~2 (April) to
—14.33 W m™2 (December) (mean: —16.71 + 5.22 W m™~2). The re-
sultant ATM forcing ranges from 6.17 W m~2 (December) to
10.51 W m~2 (April) with a mean value of 7.94 4 2.76 W m~2. The
ADREF at SFC is a function of AODsqo, while the TOA ADRF depends
strongly on SSA, and on the underlying surface albedo (Chand et al.,
2009). Compared to TOA ADRF, the magnitude of ADRF at SFC is more
fluctuating, which is relatively high in autumn, low in winter and high
again in spring. An increase in AOD correlates the decrease in absorbing
aerosols (e.g. BC; as seen in Fig. 7(b)) in spring, increased SSA and hence
the SFC forcing. Conversely, the dominance of absorbing aerosols during
winter decreases the values of SSA. The large difference in between TOA
and surface ADRF exhibits that heating of the atmosphere due to ab-
sorption of solar radiation within the atmosphere, decreases eddy heat
convergence, and induces a reduction in surface temperature (Ge
et al., 2010). Moreover, the heating due to absorption of aerosol stabi-
lizes close to its uppermost level at its maximum that may suppress
the convective activity and present cloud formation (Koren et al.,
2004). Translating the ADRF estimates to mean forcing efficiencies
(forcing per unit AOD) are —17.27 W m~2 at TOA, —32.71 Wm~2 at
SFC with an average atmospheric forcing efficiency of ~15.44 W m™2,
which is close to the value reported by Vinoj et al. (2010) for Minicoy is-
land (~15 W m™2). The low atmospheric absorption due to low BC mass
fraction compared to Indian subcontinent resulting in the low atmo-
spheric forcing over a remote island (Vinoj et al., 2010). Similarly, earlier
studies over Arabian Sea (Vinoj and Satheesh, 2003; Moorthy et al.,
2005) reported a low BC mass fraction over Arabian Sea compared to
Indian subcontinent. The radiative and subsequently the climate impli-
cations of aerosols are assessed in terms of the atmospheric heating rate
(Eq. (3)). The large value of heating rate in spring (~0.90 K day~!) could
possibly be due to the long-range transported dust from the Arabian
Peninsula. This atmospheric heating in spring can have large implica-
tions for the regional climate, which can evaporate the low-level clouds
resulting in a decrease in cloud cover and planetary albedo (Ackerman
et al., 2000).

4.9. Vertical profile of aerosol and radiative forcing

Vertical profiles of aerosols are important and required for inferring
the regional aerosol-induced climate perturbations. The dependence of
vertical distribution becomes more important in view of aerosol absorp-
tion efficiency (Satheesh et al., 2010). Thus, the ADRF and HRs in the at-
mosphere are estimated based on the CALIPSO derived vertical profiles
of the extinction coefficient over the study location, as discussed in
Section 3.1. Fig. 11a shows the seasonal mean extinction profiles at
532 nm (average of day and night-time profile) over KVT. The observed
CALIPSO extinction was found maximum near the surface (0.32-
0.44 km~') in all seasons that decreases significantly above 1 km
heights, which are comparable to those observed over other urban con-
ditions in India (Dumka et al., 2014; Sarangi et al., 2016 and reference
therein). More specifically, the seasonal-mean extinction coefficient
profiles are found larger (>0.4 km™!) near the surface in winter and au-
tumn. In contrast, in spring, the profile of extinction coefficient reduces
near the surface, while elevated layer of aerosol is evident between 2
and 5 km. Based on the seasonal-mean extinction profiles and assuming
vertically homogenous SSA and g values (obtained from Sun/sky radi-
ometer), the vertical profiles of atmospheric forcing (Fig. 11b) and HR
(Fig. 11c) is estimated. The results revealed that the high atmospheric
ADRF was found for level below 2 km during autumn and winter. In con-
trast, atmospheric forcing between 2 and 5 km during spring can be
considered significant causing serious climate implications on the tem-
perature gradients, onset, intensity and duration of monsoon and distri-
bution of rainfall (Ramanathan et al., 2005; Gautam et al., 2009). The HR
profiles obtained by inclusion of vertical profiles emphasizing the signif-
icant contribution of anthropogenic forcing near the surface in winter
(~0.86 K day~ 1) and autumn (~0.78 K day~ '), and the influence of
dust at elevated layer (2-5 km) in spring (~0.3 K day ') over KVT.
The fractional part of wind generated marine aerosols near the surface
mixed with polluted aerosols may suppress the heating rate in autumn
compare to winter over KVT, as seen in Fig. 7b. The observed HR profiles
are lower than those observed over BoB (Moorthy et al., 2009), Delhi
(Srivastava et al., 2012) and Kanpur, Bareilly and Nainital (Dumka
et al,, 2014). However, the standard deviations indicate the uncertainty
involved in the profiles of ADRF and HR, since they are very much sen-
sitive on the vertical distribution of aerosols. However, implementing all
the uncertainties involved in the estimate of ADRF and HR profiles was
found to be ~12-15% as discussed in Kaskaoutis et al. (2013), similar to
that reported by other studies (Dey and Tripathi, 2008; Moorthy et al.,
2009). However, it has been shown that the large surface cooling and at-
mospheric heating can affect the regional hydrological cycle
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(Ramanathan et al.,, 2001b). This significant decrease in surface reaching
solar radiation has important implications on the regional climate and
monsoon circulations particularly in the context of the increasing
trend of surface temperature (Kothawale and Rupa Kumar, 2005). To
conclude this, the atmospheric warming near to surface and surface
cooling may trap the upward (from Earth's surface to atmosphere) radi-
ation (energy flow), resulting in the increase in low-level inversion and
reinforce the boundary layer stability (Ackerman et al., 2000; Menon
et al.,, 2002).

5. Conclusions

The present study analysed the aerosol optical and physical charac-
teristics, aerosol type identification and radiative forcing over Kavaratti,
Lakshadweep, a remote island located in the southern Arabian Sea from
the period of observations (2009-2014) using ground-based sun/sky
radiometer measurements. Changes in the microphysical properties of
aerosols associated with the changes in the source impacts caused by
changes in the advection pattern and their radiative implications are de-
fined. The major findings are summarized below:

1. Asignificant variation in daily-mean values of AODsgg and 0ty49_g7o rages
from ~0.06 to 1.5 with annual means of 0.51 £ 0.16 and 1.36 + 0.3, re-
spectively. On seasonal basis the AODsq, exhibits higher values in spring
(0.56 + 0.17) followed by autumn (0.53 + 0.20) and winter (0.45 +
0.06), while the low o values in spring (0.97 4 0.39) indicate dominance
of coarse-mode dust aerosols mixed with marine aerosols. Contrary, the
higher o values in winter (1.52 £ 0.08) and autumn (1.33 + 0.24) indi-
cated the anthropogenic influence from Indian subcontinent.

2. The analysis of aerosol volume size distribution, SSA and g showed
the aerosol field could be mostly characterized by the fine mode par-
ticles in autumn and winter, while the enhanced present of dust in
spring. The abundant atmospheric water vapor in late spring
resulting in swelling of aerosols. The SSA was found to be significant-
ly decrease with wavelength during autumn and winter (anthropo-
genically polluted aerosol), while it was increase with wavelength
in spring (dust aerosols). The sharp spectral decrease in g during au-
tumn and winter, indicate the scattering by loading of absorbing pol-
luted aerosols, while it increased in the near-infrared region, which
can be attributed to the dominance of dust in spring.

3. Aerosol type identification was attempted using the relationship be-
tween AODsq and 0440_g70. The results revealed a dominance of the
mixed type aerosols (~41%), with an important contribution of
advected biomass-burning aerosols or thick urban/industrial plumes
(~19%) and reaching maximum in winter (~53%), while marine
aerosols contribute to 17%. Long-range transported desert dust

corresponded to 14% (maximum in spring (~24%)) of the cases,
with the rest (~9%) correspond to continental conditions over
Kavaratti.

4. Avisualization scheme for scrutinizing the modification processes in
the atmosphere, verified the previous findings, thus giving support to
the accuracy of the retrievals and showed that increase in o during
autumn and winter is related to fine-mode aerosol emissions and in-
crease in fine-mode fraction, whereas the strong decrease in « in
spring and clear dominance of aerosols from dust origin.

5. Aerosol characterization inferred by absorbing properties revealed
the dominance of advected BC containing polluted particles from
Indian subcontinent in winter, having strong absorption at
1020 nm, while abundance of iron oxide contained transported
dust aerosol in spring increase the absorption at 440 nm with the
large value of AAE (>1.8). The large percentage density (~50%) corre-
spond to the (dSSA, AAE) pair of (~—0.01, 1.1), indicated the domi-
nance of mixed aerosols with a large fraction of BC contamination
over KVT.

6. The potential advection pathways have been identified by the trajec-
tory cluster analysis. It has been observed that the fine mode anthro-
pogenically polluted particles during winter are associated with
continental air masses originated from the Indian subcontinent,
while the spring coarse mode particles are mainly associated with
air masses, which originated from arid regions of the Arabian Penin-
sula via Arabian Sea.

7. ADRF estimates over KVT were found to range from —11.00 W m™
to —7.38 Wm™?and from —21.51Wm 2 to —1433 Wm™ 2 at
TOA and surface, respectively, with the atmospheric forcing varying
between 3.17 W m~2 and 10.0 W m~2 resulting in atmospheric
heating rates of 0.62-1.04 K day~'. Additionally, the impact of aero-
sols on the vertical profiles of solar heating was much larger near sur-
face in autumn and winter, while in spring, the heating rate wad high
between 2 and 4 km.
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