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This study is an attempt to estimate the radiative characteristics of aerosols, namely, the scattering
coefBcient (bsc), absorption coefBcient (bab), extinction coefBcient (bex), single scattering albedo (x) and
the phase function P(h), on a seasonal basis, incorporating the concurrent measurements of aerosol mass
loading, size distribution and chemical composition at the tropical coastal site, Thiruvananthapuram.
The software package Optical Properties of Aerosols and Clouds (OPAC) has been made use for the
estimation of the radiative parameters. This paper presents the seasonal features of aerosol chemical
composition and their source characteristics also. Along with this, the association between size-resolved
number density of aerosols and their chemical characteristics were also investigated through correlation
analysis. The location is significantly inCuenced by human activities as seen from the dominance of the
anthropogenic component which is highest in winter (22%) with comparable values in pre-monsoon and
post-monsoon and minimum in monsoon (13%). The sea-salt contribution is found to peak in monsoon
(*40%) and attain a minimum in winter. The source characterization using principal component analysis
along with back-trajectory analysis showed the seasonally changing mixed aerosol sources over the region.
Accordingly, the radiative properties of aerosols also exhibit significant seasonal variations. bsc varied
from 0.04 to 0.14 km1 and bab between 0.01 and 0.05 km1 over a year. The single-scattering albedo
exhibited significant seasonal differences being *0.71 for winter and *0.89 (0.55 lm) for monsoon
season, indicating the presence of more absorbing aerosols in winter.
Keywords. Chemical composition; mass loading; number density; principle component analysis;
radiative properties.

1. Introduction
Atmospheric aerosols play vital roles in the
regional as well as global climate by interacting
with the solar/terrestrial radiation (through scattering and absorption) and altering the cloud
properties through microphysical processes, leading to indirect forcing (Hansen et al. 1997; Forster
et al. 2007; IPCC 2013; Levy et al. 2013; Goren and

Rosenfeld 2014). Unlike the greenhouse gases, the
lifetime of aerosols is \ 7 days in the troposphere
and hence exhibit large spatio-temporal variability, with impacts on the atmospheric regional
heating and the local weather systems (Charlson
et al. 1992; Ramanathan et al. 2001; Jethva et al.
2005; Gautam et al. 2009; Soni et al. 2017). The
potential of aerosol forcing on the regional climate
can vary in accordance with the spatio-temporal
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heterogeneities in aerosol size distribution, columnar number/mass concentration and chemical
composition. Aerosols are of inorganic or organic
nature with the predominant components being
sulphates, nitrates, sea-salts, mineral dust, organic
species, black carbon/elemental carbon and other
carbonaceous particles. Each of these major components typically contribute about 1–30% of the
overall mass load of aerosols (Colbeck 2008; George
et al. 2011; Ram et al. 2012). While some aerosol
types (e.g., black carbon and mineral dust) cause
positive forcing (warming), others (e.g., sulphates,
sea-salt, and water-soluble organics) cause negative forcing (cooling) (Dickerson et al. 1997; Haywood and Boucher 2000; Nair et al. 2010, 2013;
Srivastava et al. 2012; Singh et al. 2016). An
improved representation of aerosol parameters and
emission inventories is required in large-scale
aerosol models, if the uncertainty in aerosol-induced climatic impact is to be reduced (Kahn 2012;
David et al. 2018). The Brst step towards this is the
evolution of region-speciBc aerosol chemical models, representing the diverse sources (chemical
composition) and their seasonal changes along with
the information on number density-size distribution and mass loading (Hopkins et al. 2007; Roger
et al. 2009). Size-segregated chemical measurements are required for this, which should represent
the number-size distribution with several modes,
each mode mostly deBned by a log-normal distribution and its chemical composition (Claeys et al.
2017). The fractional contribution of different
aerosol components evolved from this is used in the
estimation of direct radiative forcing, making use
of radiative transfer models (Solomon et al. 2007).
Radiative forcing due to different aerosol species
namely sulphate, sea-salt, black carbon, organic
species and mineral dust are highly uncertain due
to the scarcity of in-situ measured data, difBculty
in determining their anthropogenic and natural
fractions, and their spatio-temporal variations
(Ramachandran and Kedia 2012; IPCC 2013). In
addition, the mixing state of aerosols also plays an
important role in modifying their radiative properties and consequently their radiative forcing
(Schladitz et al. 2011; Srivastava et al. 2016, 2018).
It has been shown that the continental outCow
from India (mineral dust internally mixed with
anthropogenic aerosols) increases the radiative
forcing over the surrounding oceans as compared to
externally mixed aerosol species (Lawrence and
Lelieveld 2010). Aerosol radiative forcing due to
composite aerosols is generally estimated utilizing
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the measurements of aerosol optical depths and
radiative Cuxes (Jayaraman et al. 1998; Babu et al.
2007; Moorthy et al. 2013). The RAWEX campaign which focussed on the entire Indian region
brought out a comprehensive picture on the vertical proBles of aerosol radiative parameters like
scattering, absorption and extinction coefBcients
along with single scattering albedo (Babu et al.
2016b). However, the estimates of radiative properties due to different aerosol species based on
simultaneous measurement of the physical and
chemical characteristics of aerosols are rare or nonexistent for the present study region. This paper
presents the results of such a study.
The present work is an extension of the earlier
studies conducted at the tropical coastal environment of Thiruvananthapuram (TVM) – the study
location – which were mostly based on groundbased multi-wavelength radiometry (Moorthy
et al. 1991; Nair 1993), in-situ measurements of
near-surface mass-size distribution using quartz
crystal microbalance (Pillai and Moorthy 2001),
and aethalometer-based black carbon measurements (Babu and Moorthy 2002; Babu et al. 2007).
Later, George et al. (2008) made a detailed study
on the inorganic chemical components in aerosols
at this location, based on the aerosol sampling
carried out during day time when sea-breeze (wind
from sea to land) prevailed over the site. It has
been reported that aerosols at this site, have contributions from anthropogenic (in-situ produced
and transported) and natural sources (George et al.
2008). Transport of sea-salt from south-western
oceanic regions and dust from western arid regions
during monsoon has also been reported (Rajeev
et al. 2010; Mishra et al. 2013). A study conducted
by Babu et al. (2016a), on aerosol particle numbersize distributions in *15–15,000 nm size range
based on one year data observed bursts of ultraBne
particles over the study site during land–sea breeze
transitions. Based on a limited dataset, Hegde et al.
(2015) brought out the Brst information on organic
aerosols and recently, a detailed account on the
carbonaceous aerosols at this location has been
published (Aswini et al. 2019).
This paper is based on the collocated and
simultaneous measurement of (1) aerosol number
density/size distribution, (2) total aerosol mass
loading, and (3) chemical composition, for a period
of 28 months from 2011–2013, and the detailed
analysis of the seasonal changes in the physical,
chemical and radiative properties of aerosols. The
day-to-day variability, as well as the seasonal
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variation of number-size distribution and mass
loading during this study period (2011–2013) along
with the meteorological features prevailing, are
detailed in Aryasree and Nair (2018). Here we focus
on the estimation of the radiative characteristics of
aerosols by using the data on the aerosol numbersize distribution, measured mass loading and mass
concentrations of various aerosol chemical components making use of the Optical Properties of
Aerosols and Clouds (OPAC) model. In addition to
this, the study also addressed the association
between size-resolved number density and chemical species in aerosols, based on correlation analysis, and has brought out several interesting results.
Detailed investigations on the source characteristics of aerosols were also carried out based on
principal component analysis (PCA), correlation
analysis and air mass back-trajectory analysis.
Even though this study is conBned to near-surface
aerosols, it represents the overall aerosol system to
a large extent, since the majority of the aerosol
sources are conBned to the surface of the earth.
Multi-year aerosol optical depth (AOD) measurement from this site indicates a general resemblance
in aerosol columnar properties to those at the nearsurface (Moorthy et al. 2007). Satellite-retrieved
columnar aerosol optical depth and near-surface
aerosol mass loading have shown positive association over the marine environment of Bay of Bengal
for pre-monsoon and winter season (Aryasree et al.
2015b).
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be found elsewhere (George et al. 2008; Aryasree
and Nair 2018). The site map indicating the local
geography along with the location of the experimental site TVM in India is shown in Bgure 1.
As per the local meteorological measurements by
an automatic weather station (AWS), the site
experiences typical hot and humid (wet) tropical
climate with temperature varying in the range of
33–38C with maximum occurring in pre-monsoon
(March–May) and minimum during June–
September (monsoon). RH ranges from 55% to 85%
with a minimum in winter (December, January and
February) and maximum during monsoon. The
monthly mean wind speed varied between 3 and 8
ms1 over a year. The monsoon season is characterized by heavy rainfall and strong south-westerly
winds with speeds often exceeding 10 ms1.
Detailed accounts on the AWS-based local meteorology are available in our earlier publication
(Aryasree and Nair 2018) and elsewhere (Babu
et al. 2016a; Kavitha et al. 2018; Aswini et al.
2019). The typical seasonal changes in the mean
wind (airCow) pattern over the Indian subcontinent and adjoining oceans in the 0–25N latitude
and 60–100E longitude sector at 925 hPa as
derived from ECMWF Re-Analysis (ERA) Interim
data at 0.75 resolution (Dee et al. 2011; http://
apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/) using NCL software, for 2012 is
given in Bgure 2. The wind direction is mostly
northerly/north-easterly during winter (DJF). As

2. Experimental site and meteorology
The observational site Thiruvananthapuram
(TVM), is a tropical location situated on the west
coast of India, close to the southern tip of the
mainland and *500 m away from the coastline
(145–325 azimuth) of Arabian Sea. The terrain is
fairly Cat, sandy and mostly free from thick vegetation, large scale agricultural activities and
industries. Being a tropical coastal site, the meteorological changes at the study region are moderate
and the seasonal changes are not perceptible as in
temperate latitudes, except for the systematically
appearing Asiatic monsoon which brings in heavy
rainfall. The city of Thiruvananthapuram is located *10 km due south-east of the experimental site
whose north and north-east part is surrounded by
moderately populated region. The population of
the city is *8 lakhs with a density of 1,508 people
per km2 (Census 2011). More details of the site can

Figure 1. The location of the experimental site Thiruvananthapuram (TVM) in India, along with the local geography.
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Figure 2. Seasonally varying mean synoptic wind speed and wind direction over the Indian region from ERA Interim data at
925 hPa for the year 2012.

seen in the Bgure, a strong Cow from south-east
Asia and the northern part of India through the
Bay of Bengal reached the experimental site during
this season. This Cow will be rich in continental
aerosols with a significant anthropogenic component in Bne mode (Pillai and Moorthy 2001).
The prevailing winds strengthen, and direction
shifts to south-westerlies during monsoon bringing
in marine air mass richer in sea-spray aerosols to
the experimental site. Associated with this, monsoon rains also start from June and last till
September resulting in significant wet removal of
aerosols (Moorthy et al. 2007). The months of
October and November are the post-monsoon
season with moderate north-easterly winds and
rains (returning monsoon). The study region
experiences an annual average rainfall of 1600 mm
with 70% occurring in the monsoon months of
June to September (Asnani 1993). April and
October are the transition periods when the wind
direction changes to southwesterly and northeasterly, respectively. More details on the regional
meteorology are given by Aryasree and Nair
(2018).

Since the site is on the sea coast, it experiences
strong and systematic mesoscale circulations
namely sea breeze (SB) and land breeze (LB)
activity due to diurnally varying land–sea thermal
contrast. Strong on-shore (landward) wind (SB)
blows over the site during daytime bringing pristine marine air mass and oAshore (seaward) wind
(LB) which prevails from late night to early
morning carries relatively polluted air mass from
inland.

3. Instruments and data
The number density of aerosols is measured using
the Aerosol Spectrometer (model 1.108, GRIMM,
Germany), operating at 15 discrete channels of
aerosol sizes with aerodynamic diameter [ 0.3,
[ 0.4, [ 0.5, [ 0.65, [ 0.8, [ 1, [ 1.6, [ 2, [ 3,
[ 4, [ 5, [ 7.5, [ 10, [ 15 and [ 20 lm and capable of counting up to 29106 particles l1. The
Aerosol Spectrometer works on the principle of
light scattering by a single particle (Grimm and
Eatough 2009) and essentially consists of a
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sampling head, a precision optical system comprising of a laser source and detector assembly.
More details on instrument and retrieval method
are available with Aryasree and Nair (2018). In
this study, the number density of particles with
size (aerodynamic dia) between 0.3 and 1 lm is
referred as Bne mode (PM1) and those larger
than 1 lm as coarse mode (PM [ 1).
Aerosol samples were collected using a highvolume sampler (HVS) (model GH 2000, Graseby
Anderson, USA) loaded with pre-conditioned
Quartz Bbre Blters of 400 (110 mm) diameter
(Whatman QMA 4). The sampling is based on
the principle of impaction of aerosols on substrates by aspiration (Harrison and Van Grieken
1998), the process by which particles are drawn
from ambient air through an opening by using a
built-in vacuum pump. The HVS used in this
study has a Cow rate of 20 cubic feet per min (566
litres per minute) and collects particles down to
0.01 lm. The sampling time was adjusted such
that sufBcient aerosol mass is collected for
chemical analysis and also to avoid bounce-oA of
particles. In the present study, aerosol samples
were collected during SB and LB regimes. In
general, the sampling duration was 3 hrs centred
about noon for the SB regime and midnight for
LB, as conBrmed by monitoring the wind direction. The sampling protocols, preconditioning
steps and gravimetric estimation of total aerosol
mass loading are described in George et al. (2011)
and Aryasree et al. (2015a). A total of 110
samples collected during the study period
(2011–2013) have been analysed in the present
study. Among this, 32 samples fall in the winter
season, 38 samples in pre-monsoon and 20
samples in monsoon and 20 during post-monsoon.
Rainy days restricted the sampling during the
monsoon months. The results discussed in the
following sections are based on the concurrent
measurements of the aerosol mass loading by
HVS and the number density size distribution by
an aerosol spectrometer.
The aerosol samples collected using the HVS is
extracted with appropriate solvents and subjected
to chemical analysis for the identiBcation and
quantiBcation of various chemical species (the
extraction protocols are referred in George et al.
2011). For analysing the water-soluble components, a quarter of the collection substrate is
extracted using deionized water (Milli-Q water
with 18.2 MW resistivity), and for analysing the
acid-soluble components, one half of the Blter is
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extracted with 3 ml suprapur HNO3 (65%) and
50 ml deionized water and microwave digested.
Different analytical techniques suiting to the
species and their concentration levels were used to
quantify the chemical components. The analytical
techniques/instruments used in the present study
include:
(1) An ion chromatograph (IC), is used to separate
water-soluble ions from the solution. Separation of ions is achieved based on differences in
the extent to which they are partitioned
between the stationary phase (column) and
the mobile phase (eluent). For the watersoluble cationic species Na+, K+, Ca2+, Mg2+
and NH4+ IC model Metrohm 882 plus
(Switzerland) is used, and Metrohm 883 plus
for the anionic species SO42, NO3, NO2,
Cl, PO4, F, and Br.
(2) Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES model Optima 4300 V
of Perkin Elmer) for the acid-soluble species
Fe, Al, Zn, Pb, Co, Ni, Cu, Cr, Mn, etc. In this
instrument, the characteristic radiation emitted by the excited atoms is isolated with the
help of Echelle gratings used as a polychromator and detected by an advanced Segmented
Charge Coupled Device (SCCD). For the
excitation, ICP-AES uses high temperature
inert-gas plasma, in this case, Argon plasma,
with temperature in the range of 7000–10,000
K. The aerosol sample is introduced into the
plasma as droplets get volatilized, atomized
and excited.
(3) Atomic absorption spectroscopy (AAS modelVarian Spectr AA 250 plus) was employed for
the analysis of Na and K. The atoms are
excited in air-acetylene Came and the absorbed
characteristic radiation is detected for estimating their concentrations.
(4) Autotitrator (Metrohm, model 848 Titrino
plus) for bicarbonate.
The instruments are calibrated prior to each set
of analysis. The measured chemical composition,
aerosol mass loading and number density were used
to estimate the aerosol scattering coefBcient,
absorption coefBcient, extinction coefBcient, single
scattering albedo and the phase function of aerosols
at this location by using the OPAC model. OPAC
is the software package which estimates the optical
or radiative properties of atmospheric aerosols in
the solar and terrestrial spectral range from 0.25
to 40 lm and for modelled aerosol types, either
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deBned within the model or the user-provided
input which is the present case (Hess et al. 1998).
4. Results and discussions
4.1 Monthly variation of aerosol mass loading
and number density
The aerosol mass loading (ML) showed significant day-to-day variability during the study
period, with values ranging from *30 to
*100 lg m3. The mean value of ML for the
entire study period of two years is obtained as
67 ± 30 lg m3. The mean monthly variation of
ML averaged for the period of September
2011–December 2013 along with their standard
deviation is shown in Bgure 3 (red colour). There
exist two peaks in ML, one in the winter season
(DJF) and other in monsoon season (JJAS). ML
decreases during the summer months of MAM.
The minimum ML is observed during SON after
which it increases.
The aerosol spectrometer was operated round
the clock and, on an average, 10 days per month
including the days on which sampling was done.
The estimated monthly average total number
density (N) of aerosols (aerodynamic dia [0.3 lm)
along with standard deviation are also shown in
Bgure 3 (black colour). The aerosol number density
depicts a different seasonal pattern compared to
that of ML. The aerosol number density peaks
during the winter months (DJF) with a mean value
of 3.3 9 108 m3 and decreases from the month of
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March through May (pre-monsoon) with a mean
value of 1.93 9 108 m3. During the monsoon
months of June–September (JJAS), the number
concentration reduces drastically with the mean
value reaching *1.2 9 108 m3. Babu et al.
(2016a) reported maximum aerosol number density
in winter and minimum during monsoon which
includes ultraBne particle also (15 nm to 15 lm). A
season-wise comparison of number density and
mass loading values reported from the current
location since 2003 is given in table 1.
It is interesting to note that the seasonal
variation of ML and N (Bgure 3) are not exactly
matching except that both of them exhibit peak
during winter months (DJF). While the number
density dips during monsoon, ML shows an
enhancement during June–July. Here, it is to be
noted that, large-sized particles contribute more
to the total aerosol mass. The increased loading
of sea-salt particles generated by the strong
monsoon winds or transported dust, which lie
mostly in large/coarse size range, could be partially responsible for the increase in ML during
monsoon (George et al. 2008). The hygroscopic
growth of particles, owing to the high humidity
conditions, may also contribute to enhanced
sizes and hence mass. For post-monsoon months
also, presence of marine air mass (along with
continental) is seen which brings in sea-salt over
the site. The wintertime enhancement is due to
the prevailing northerly/north-easterly winds
which bring in polluted air mass loaded with
anthropogenically produced Bne particles from
inland towards the experimental site. MAM
(continental to marine) and ON (marine to
continental) represents the transition period for
wind. Due to enhancement in temperature values during pre-monsoon, the convective activities get strengthened, mixing the air vertically
to higher altitudes reducing the near-surface
aerosol loading. More details on the aerosol mass
loading, number size distribution and their seasonal characteristics are discussed in Aryasree
and Nair (2018). The chemical composition of
aerosols reveals its source characteristics during
these seasons.

4.2 Chemical characteristics of aerosols
Figure 3. Mean monthly variation (Sep 2011–Dec 2013) and
their standard deviation of aerosol mass loading (ML) and
aerosol number density for the study period at TVM (number
density pattern taken from Aryasree and Nair 2018).

The collected aerosol samples were subjected to
chemical analysis using different analytical techniques mentioned in section 3 and the observed
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Table 1. The season wise features of aerosol physical, chemical and radiative properties
measured over the tropical coastal site Trivandrum for the last two decades along with
trend in AOD since 1988.
Year

Measured parameter

References

Physical properties
Number density (>0.1 µm )
Mass loading
Oct 2003–Jan 2005

Pre-monsoon: 1632 cm–3

Pre-Monsoon: 50 µg m–3

Monsoon

: 998 cm–3

Monsoon

: 65 µg m–3

Winter

: 1973 cm–3

Winter

: 56 µg m–3

–3

Pre-monsoon: 72 µg m–3

Pre-monsoon: 1946 cm

: 1298 cm–3

Monsoon
Sep 2011–Dec 2013

Monsoon

Post-monsoon: 1737 cm–3

: 53 µg m–3

Post-monsoon: 52 µg m–3

: 3346 cm–3

Winter

George et al. 2008

Present study

: 79 µg m–3

Winter

Pre-monsoon: 3970 cm–3
: 1695 cm–3

Monsoon

Post-monsoon: 2385 cm–3
Jan–Dec 2013

--------------------

Babu et al. 2016a

–3

Winter

: 3907 cm

Chemical mass closure (%)

Oct 2003–Jan 2005

2011–Jan 2013

Season

WS

Pre-M

38

M
W

BC

MD

POM

RF

6

16

29

11

44

5

9

25

17

29

11

8

51

1

WS

BC

MD

POM

RF

Pre-M

42

2.7

29.4

23.1

2.5

M

53.2

1.8

16.9

24.5

3.4

Post-M

45.3

4.7

25.1

24.7

0

W

26

5.6

10.8

34.2

23.3

George et al. 2008

Present study

Radiative properties
Jan 2000–Dec 2003

AOD at 500 nm

Pre-monsoon: 0.40±0.03
Monsoon

: 0.29±0.03

Post-monsoon: 0.38±0.04
Winter

: 0.43±0.01

Moorthy et al. 2007

Pre-monsoon: 0.85±0.04
Monsoon
Angstrom exponent (α)

: 0.32±0.02

Post-monsoon: 1.20±.01
Winter

: 1.10±0.03

Pre-monsoon: 0.78–0.81
Jan 2000–Dec 2003

SSA at 500 nm

Monsoon

(range of values)

Post-monsoon: 0.82–0.85
Winter

2011–Jan 2013

SSA at 500 nm

: 0.81–0.84

: 0.70–0.74

Pre-monsoon: 0.83
Monsoon

Babu et al. 2007

Present study

: 0.86

Post-monsoon: 0.77
Winter
Trend in α
1988–2012
Trend in AOD

: 0.71

~0.011 ± 0.003 year–1
~0.009 year–1

Babu et al. 2013
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Figure 4. 7-day air mass back-trajectories reaching the experimental site for the four seasons as obtained from HYSPLIT
back-trajectory analysis.

temporal features are presented here. In addition to
this, the in-situ measured BC concentration using
aethalometer (model AE-41, Magee ScientiBc
USA) operated during the same period, the details
of which are available in Kompalli et al. (2013), is
also used in this study.

4.2.1 Seasonality in chemical composition
and synoptic meteorology
Synoptic scale meteorology plays a key role in
controlling the seasonal behaviour of pollutants at
the study region (Moorthy et al. 1991; Pillai and
Moorthy 2001; Babu et al. 2004, 2016a; David and
Nair 2011). Air mass back trajectory analysis pertaining to the location is a potential tool in identifying the source regions of aerosols. In view of
the short lifetime of near-surface aerosols, the 7-day
air mass back trajectories arriving at the observation site at 925 hPa (within the boundary layer) for
the mean sampling time (the non-uniformity in the
number of trajectories in the Bgure is based on the

varying number of samples taken in different
seasons) are simulated by running the Hybrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph
2003) (www.arl.noaa.gov/ready/HYSPLIT.php),
and presented in Bgure 4.
The measured mass concentrations of various
species exhibited large day-to-day variability and
seasonality. The most dominant species in aerosols
over this region include the marine species Na+ and
Cl and the anthropogenic component SO
4 , the
mean concentrations being 5.1 ± 3.0, 6.1 ± 4.1
and 7.3 ± 4.2 lg m3, respectively. The seasonal
behaviour of the major aerosol components
namely, the anthropogenic which includes SO4,
NO3, NH4+ and BC along with K+ (biomass
burning/anthropogenic activity); the oceanic,
which includes Na+, Cl and Mg; and the crustal
comprising of Fe, Ca, HCO3 and Al are shown in
Bgure 5(a–c). George et al. (2008) have given Brstcut information on the monthly characteristics of
aerosol chemical composition at this location as
observed for the period 2003–2005 based on daytime measurements when SB prevailed.
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Figure 5. Seasonal variation of mean mass concentration of
various chemical species in aerosols over the study region for
(a) anthropogenic, (b) oceanic, and (c) crustal (combined
according to their sources). Error bar gives the standard
deviation for the averaged value.

The mass concentrations of oceanic species
which attain peak in monsoon are comparable
during pre-monsoon and post-monsoon, but significantly low in winter (Bgure 5b). Sea-salt is a
major component of particulate matter in marine
and coastal atmospheres (Prospero 2002; Pierce
and Adams 2006). Due to the proximity of the
study location to the Arabian Sea, dominance of
Na and Cl are seen throughout the year (Bgure 5b)
with significant enhancement in monsoon. Moreover, the site is also inCuenced by the SB activity
throughout the year causing the presence of marine
species (Moorthy et al. 1991; George et al. 2008).
For monsoon, the air mass (Bgure 4) is from the
marine environments of the Indian Ocean (IO) or
Arabian Sea (AS) from where strong westerlies/south westerlies originate. Thus, the observed
monsoon high in ML is partly due to the increased
production of sea-salt by strong south-westerly
winds which blow during this period (Bgure 2).
During pre-monsoon and post-monsoon, the air
mass trajectories of mixed origin (oceanic as well as
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continental) arrives at the site (Bgure 4). The
presence of oceanic species can be noted (Bgure 5b)
during these two seasons, due to the marine air
mass arriving at the measuring site, and the eAect
of SB. A recent study on the generation and/or
evolution of sea-salt aerosols showed naturally
enhanced generation of sea-salt aerosols in the
marginal seas and at the sea-beach site even at
lower wind speeds (Feng et al. 2017). However,
the concentration of Cl is relatively low during
winter (1.46 ± 0.9 lg m3) compared to monsoon
(10.5 ± 3.4 lg m3) and pre-monsoon/postmonsoon (6.3 ± 3.1 lg m3/5.4 ± 2.5 lg m3). In
winter, the air mass is mostly of continental origin
(Bgure 4), loaded with less oceanic species and a
higher concentration of anthropogenic species like
SO42, NH4+, BC and K+ which peaks during this
season (Bgure 5a). Also, winds are calm (\ 2
ms1), and hence sea-salt production is minimal.
Species of anthropogenic origin like SO42,
NH4+, BC and K+ peaks in winter season and
reduces during monsoon (Bgure 5a). These species
attain minimum in monsoon and are relatively
higher in pre-monsoon. The reduced levels of Cl in
winter is partially attributed to the reactions
involving Cl and species like SO42, NO3, etc.,
releasing Cl or compounds of chlorine (e.g., HCl).
The depletion of sea-salt components, mostly
chloride, is well documented in the studies conducted over various oceans and coastal environments (Johansen et al. 1999; Quinn et al. 2002;
George et al. 2008; Aryasree et al. 2015a). This
process leads to loss of Cl and hence lower values
of the chloride to sodium ratios. The Cl/Na ratio
for winter is obtained as 0.6 which is far below their
seawater ratio (1.8), indicating significant depletion of chlorine over the site during this season,
while the ratio is 1.04 for pre-monsoon, 0.99 for
post-monsoon, and 1.5 for monsoon. The percentage chlorine deBcit is estimated (based on Quinn
et al. 2002) as 72% in winter, 58% in pre-monsoon,
22% in monsoon and 42% in post-monsoon. The
Cl/Na ratios reported by George et al. (2008)
during the period of 2003–2005 for the same location, is 0.72 during winter, 1.61 during pre-monsoon, and 1.67 during monsoon. The present values
are relatively low probably due to an increase in
anthropogenic species over the study region for a
period of 10 years (2003–2005 to 2011–2013). In
fact, a 25% increase in mass concentration of
SO42, and 50% increase in NO3 are noted. Nair
et al. (2018) observed an increasing trend in precursor gases like surface O3, surface NO2,
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tropospheric NO2 and XCH4 during 2005–2015
whose major sources are fossil fuel combustion,
biomass burning and other anthropogenic activities. A positive anomaly in organic carbon is also
observed by Aswini et al. (2019) which was
accounted in terms of secondary reactions controlled by temperature, humidity, photochemistry,
availability of precursor gases, etc.
The winter peak in anthropogenic species can be
attributed to (1) inCuence of continental air mass,
(2) low boundary layer height (BLH), (3) low
temperature and calm winds leading to less ventilation coefBcient (product of BLH and wind speed),
and (4) inefBcient wet removal processes resulting
in longer residence time of aerosols (Moorthy et al.
2003; George et al. 2008; Nair et al. 2009; Aryasree
and Nair 2018). Sulphates and black carbon aerosols, both having fossil fuel combustion as sources,
are considered as tracers for anthropogenic activities (Wolf and Hidy 1997; Myhre et al. 2013). NO3
is mostly formed from the oxidation of NOx produced from fossil fuel combustion, emissions from
soil and lightning discharges (Zhang et al.
2001, 2003; Seinfeld and Pandis 2006). NO3 and
SO42 showed significant positive correlation during pre-monsoon (0.5) and winter season (correlation coefBcient R = 0.7 (Bgure 7a) pointing to
their anthropogenic origin. George et al. (2008)
have shown that in this study region, SO2
4 exists
in the form of ammonium sulphates ((NH4)2SO4)
where NH4 is the best neutralizer of sulphates.
The crustal species including Fe, Al, and Ca
(Bgure 5c) show predominantly high values during
pre-monsoon period. This is attributed to the longrange transport from arid regions on west/northwest of the site as revealed by the synoptic airCow
during this period (Bgure 2). Making use of lidarbased probing of the atmosphere and by estimating
the depolarization ratio, Rajeev et al. (2010)
inferred that during pre-monsoon/monsoon, longrange transport from north and north-western
regions is active, bringing mineral/soil dust to this
location. It is also observed that the study region
lies within the mineral dust plumes that arise from
the arid locations and spreading almost over the
entire Indian region (Mishra et al. 2013). Thus, the
enhanced presence of crustal species during monsoon and pre-monsoon period provides observational evidence for the long-range transport of
mineral dust during these periods. Bicarbonates
were also found in significant quantities at this
location with the mass concentration ranging from
3.1 to 4.9 lg m3 and peaking in pre-monsoon.
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Figure 6. Ternary plot showing the relative percentage
contributions of NO3, SO42 and Cl for the three seasons
(winter, pre-monsoon, and monsoon).

Carbonates and bicarbonates have crustal and
marine sources. Soil containing dolomite form the
crustal source and sea-salt in the form of calcium
carbonates/bicarbonates constitute the marine
source (Chow et al. 2004). The high bicarbonate in
pre-monsoon along with Fe and Al also support the
long-range transport of mineral dust.
To have a better understanding of the relative
contributions of the different species/ components,
the ternary diagrams were generated (using Origin
Pro 8.5 software). The relative contributions of
NO3, SO42 and Cl for the three seasons (premonsoon, winter, and monsoon) are given as ternary diagram in Bgure 6. Ternary plots display three
major components and at any point inside the
Bgure gives a sum of 1 (or 100%) which displays
the total fraction. The vertex represents the pure
region of the respective component and the centre
of the plot indicates the well-mixed part with all
three components having equal contributions. In
the Bgure, the maximum percentage contribution
(100%) of Cl appears at the right vertex, NO3 at
the top vertex and SO42 over left. For the winter
season (red colour), clear high percentage contributions of SO42 and nitrate (*40%) are seen with
the relatively lower contribution of Cl \20%
which indicates high Cl depletion for this season.
On the other hand, the pre-monsoon (blue) period
shows a spread of particles from SO42–NO3 axis
to Cl–NO3 axis indicating lower chloride depletion for this season. As pre-monsoon air is more
loaded with dust aerosols (as seen in Bgure 5c),
they provide additional reactive sites for the acidic
species. This in turn, reduces the reaction on seasalt particles. The monsoon period (green) shows
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Figure 7. (a–c) Regression plots of SO42, NO3 and Ca for the winter season Btted with linear regression curve and (d) Ternary
plot showing the relative contributions of Ca, NO3 and SO42 for the three seasons.

more percentage contribution shifted towards the
Cl and the majority of points lie along the
Cl–NO3 axis.
Though nitrates and sulphates mostly originate
from anthropogenic sources, a significant fraction
also originates from regional soil dust. A correlation analysis (Bgure 7a–c) shows that for the
winter season, a significant linear correlation is
observed between SO42, NO3 and Ca2+
(R [ 0.5) This points towards the dominant contribution of SO42 from the gypsiferous soil present
in south India (Jacks et al. 1994) and that of NO3
from local dust sources present over the region.
This observation is quite different from those
reported from other studies conducted at different
regions of India (e.g., Rengarajan et al. 2007),
where SO42 and NO3 were not correlated well
with Ca. The interdependence of these species is
also presented as a ternary plot in Bgure 7(d) for
the three seasons. This clearly shows the dependence of Ca with sulphates rather than nitrates.
Apart from the presence of Ca compounds in
gypsiferous soil, Ca also exists as carbonates. A
significant amount of HCO3 found over the site
for all the three seasons (Bgure 5c), conBrms this.
Calcium carbonates are major neutralizing species
present in the atmosphere. Also, chemical uptake

of acidic species by calcium carbonate in mineral
aerosols and the in-situ neutralization are the most
likely mechanisms under humid environment
(Maxwell-Meier et al. 2004; Rastogi and Sarin
2005, 2006).
During pre-monsoon, the correlations are different. Mg and Ca showed a significant positive
correlation with NO3 (R = 0.7 and R = 0.6,
respectively) indicating the crustal source of NO3
over the location (Bgure not shown). For this season, Cl also correlates well with Al (R = 0.76),
nss-Mg (R = 0.63) and nss-Ca (R = 0.66), which
can be attributed to crustal component present in
the soil (Santhosh and Masuda 1991).

4.2.2 Mesoscale phenomenon and day/night
variation
Being a coastal station, the study location experiences strong mesoscale circulations like sea
breeze/land breeze (SB/LB) which can inCuence
the concentration of various aerosol species. At the
study region, SB onsets between 07:30 and 11:30
with seasonal differences in onset time (Prakash
et al. 1992). The SB prevails till night until the LB
sets in by 19–20 hrs (IST) normally. Previous
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Figure 8. Day/night variations of mass concentration of various chemical species (oceanic (Na, Cl, Mg), crustal (Fe, Al) and
anthropogenic (SO42, NO3 and K) origins) with standard error as error bars during the period of (2011–2013). Seasons
depicted as monsoon (M), post-monsoon (Po-M), winter (W) and pre-monsoon (Pre-M).

measurements done over the station revealed that
the period from November to May is favourable for
strong SB–LB circulation and June–September for
extended SB due to strong prevailing synoptic
south-westerlies and less thermal contrast. Subrahamanyam et al. (2001) reported vertical extent of
SB circulation cell of *1 km and the horizontal
seaward and landward extensions of *100 and
*75 km, respectively, from the sea/land interface,
based on the measurement and modelling data. In
the present study, the aerosol sampling is done
between 11:30 and 16:00 hrs (during day time/SB
regime) and between 21:00 and 05:00 hrs (at night/
LB regime), hereafter, the samples collected during
SB regime is named as ‘day’ sample and LB regime
as ‘night’ sample.
The mass concentrations of various aerosol
species during daytime and night-time are shown
in Bgure 8. The oceanic species Na and Cl showed

an increase in concentration during day-time for all
seasons except monsoon when extended SB front
exists with strong wind speed. Mg and Ca which
has both marine and crustal components (as shown
in section 4.2.1) showed day-time high for all seasons except for winter when synoptic winds are
north-easterlies bringing continental air mass to
the measurement site. Crustal species Fe and Al
also showed a night-time increase during winter as
well as post-monsoon.
The concentration of species with anthropogenic origin like SO42, NO3 and K was found
to be higher during daytime for all seasons except
winter. The night time increase for the anthropogenic species can be attributed to their continental sources and being transported to the site
through LB or synoptic scale north-easterlies/
easterlies, while the daytime peaks can be due to
photochemistry, vehicular emissions along with
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their marine sources and the circulating residual
component in the SB–LB cell. NH4 concentration
showed significantly higher values during nighttime for all the seasons which is similar to the
pattern of elemental carbon as observed by
Aswini et al. (2019) from the same measurement
site. NH3 is of both natural and anthropogenic
sources like sewage, agricultural activities and
fossil fuel-based emissions (Ianniello et al. 2010;
Wang et al. 2017), which gets neutralized by
H2SO4 and HNO3 in the atmosphere forming
(NH4)2SO4, NH4HSO4, and NH4NO3 in particulate form (Erisman and Schaap 2004; Walker
et al. 2004). The SB–LB contrast is less pronounced for many of the species during seasons
other than winter because of (1) proximity to the
sea and (2) the strong SB–LB activity circulates
the particulates within the circulation cell. Thus,
the synoptic-scale airCow has a major role in the
aerosol chemical composition.

4.2.3 Source identiBcation using PCA
PCA is a mathematical procedure used to simplify
the complexity in high-dimensional data while
retaining trends and patterns. The task of principal
component analysis is to identify the patterns in
the data by highlighting their similarities and
differences. It does this by transforming the data
into fewer dimensions, called principal components,
which act as summaries of the features. To identify
the possible sources that determine the aerosols
over the study region, the PCA technique was
applied to aerosol chemical composition data by
using the Statistical Package for Social Sciences
(SPSS)-version 12 and quantitative inferences were
made on the sources based on the factor loadings.
The term ‘factor loadings’ refers to simple correlations between the factors and the variables (here
the chemical species). The chemical components/
species are clustered according to similarities in
variations of their concentrations (depending on
species of similar origin) (Olmez et al. 1994). Factor
loading determines the most representative species
in each factor and a loading [ 0.7 is typically
regarded as excellent, whereas a loading \ 0.3 is
considered non-significant (Stevens 1996). Higher
the factor loading, greater will be the association
of that species to the source. PCA has been used
eAectively for identifying aerosol sources from
various locations over the Indian region (Srivastava et al. 2008; Chakraborthy and Gupta 2009;
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Hegde and Kawamura 2012; Kulshrestha et al.
2014).
The PCA was carried out by grouping the
chemical composition data (mass concentration of
each species) of aerosols on a seasonal basis, for the
four seasons discussed above. For each season, the
major factors along with the loading were obtained
using SPSS and given in table 2. The eigenvalues,
% variance and the cumulative percentages of the
obtained factors are also listed in the table. The
eigenvalues refer to the total variance explained by
each factor, while standard deviation measures the
variability of the data. Most of the loadings were
C0.7, suggesting that the extraction of all the factors is reasonable to make inferences in this
analysis.
For pre-monsoon season, the Brst factor showed
loadings of 0.9 with Al, Fe, Mg and Ca which are
mostly of crustal origin. This factor represents
crustal or soil re-suspension and accounts for 34.9%
of the variance. The wind pattern (Bgure 2) and
the airCow back-trajectories (Bgure 4) clearly show
transport from Arabia and the arid locations of
India to the site for this season. The second factor
correlates with NH4+, SO42, K+ and NO3. Both
NO3 and SO42 are largely produced as secondary
aerosols during the process of coal combustion,
biomass burning and vehicular emissions (Seinfeld
and Pandis 2006). Thus, Factor 2 represents an
anthropogenic source for the pre-monsoon season.
Factor 3 which shows high loadings for Cl, Na+
and K+ is identiBed as marine sources.
During winter, the Brst factor comprises of
33.2% of the total variance with high loadings of
NO3, Cl, K+, Ca, Fe and Al which have contributions from various sources. For this season,
the air mass originates from the highly polluted
Indo-Gangetic Plains which brings in continental
species to the site. Thus, during winter continental species are prominent over the site. The
second factor is contributed by the anthropogenic species SO42 and NH4 existing as
probably (NH4)2SO4 or NH4HSO4. Factor 3 has
Mg and Al which possess crustal sources. The
study location TVM and nearby regions have
laterite soil which is rich in Al and Mg (www.
keralasoils.gov.in).
For monsoon season, the Brst factor (32.7% of
variance) comprises of the marine species Na and
Cl along with K and Ca, which are also having an
oceanic contribution. Back trajectories (Bgure 4)
show that the origin of air mass during this season
is mainly from the oceanic environment. The
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Table 2. The extracted factors in aerosol species (factor matrix) along with % of variance and
cumulative % for different seasons as revealed from PCA (the blue, red, green and yellow
represents the crustal, anthropogenic, marine and mixed type of aerosols, respectively).
Species/variables

Pre-monsoon
factors

Winter
factors

Monsoon
factors

Post-monsoon
factors

Cl

F1
0.0

F2
0.0

F3
0.6

F1
0.5

F2
F3
F1
–0.2 –0.6 0.9

F2
0.1

F3
0.3

F1
0.9

F2
0.1

F3
0.0

NO3

0.4

0.5

0.2

0.8

0.3

0.0

0.1

0.9

0.0

–0.1 0.9

0.0

SO4

–0.1 0.9

0.0

0.1

0.8

0.0

0.4

0.5

0.5

0.0

0.9

0.0

Na

–0.1 0.1

0.9

0.0

–0.5 –0.6 0.8

0.1

0.4

0.9

–0.1 –0.1

K

0.2

0.5

0.6

0.8

0.3

–0.1 0.9

0.3

–0.1 0.1

0.7

Mg

0.9

–0.1 0.2

0.1

0.0

0.8

0.0

0.3

0.9

–0.4 0.1

Ca

0.9

–0.1 0.1

0.9

–0.2 –0.1 0.8

0.6

–0.1 0.8

NH4

–0.5 0.5

0.2

0.1

0.9

Al

0.9

0.0

Fe

0.9

0.1

Eigen values
% Variance
Cumulative %

3.8 1.7 1.6 3.6 1.8 1.7 3.6 3.0 2.1 3.3 3.1 2.3
34.9 15.1 14.9 33.1 16.9 15.7 32.7 27.1 18.9 33.1 31.3 22.8
34.9 49.9 64.9 33.1 50.0 65.8 32.7 59.8 78.6 33.1 64.4 87.2

0.9

0.4

0.3

0.4

0.1

0.0

0.6

0.6

–0.1 0.8

0.0

–0.1 0.7

–0.1 0.6

0.4

0.8

0.2

0.1

0.0

0.9

–0.2 0.9

0.1

0.3

0.6

0.3

0.1

0.2

0.9

0.4

Note. Blue: crustal; red: anthropogenic; green: marine; and yellow: mixed.

anthropogenic species NO3, NH4+, SO42 along
with mineral species Al and Fe contribute to the
second factor with 27.1% of the total variance,
which represents a mixed composition of aerosols
formed due to the processing of aerosols. Al and Fe
represent the transported mineral dust component.
Factor 3 presents the Mg, NH4+ and SO42 as main
constituents. During this season, both NH4+ and
SO42, seem to have two distinct sources (marine
and anthropogenic), as the components are equally
distributed among factors 2 and 3.
In post-monsoon season (also called the returning monsoon), the Brst factor is highly loaded with
marine species Na, Cl along with Mg and Ca,
having both marine and crustal components. The
second factor is contributed by anthropogenic
components SO24, NH4+, and NO3 along with
biomass burning species K+ accounts for 31.3% of
the total variance. The third factor has Al and Fe
as prominent components which are of crustal
origin. This analysis along with airCow and backtrajectory analysis revealed a comprehensive and
quantitative picture on the source characteristics
of aerosols at this location.

4.3 Dependence of size-resolved aerosol number
density on the chemical composition
The main uncertainty in predicting the radiative
forcing eAects of aerosols arise due to the poor
representation of their size-resolved chemical
composition in the radiative transfer models
(Nair et al. 2010, 2014; IPCC 2013). Even though
in the present study, the size-resolved chemistry
could not be included, simultaneous and concurrent measurements of number-size distribution, total aerosol mass concentration and mass
concentration of different chemical species were
done. A correlation analysis between the mass
concentration of different chemical species and
the averaged out number density of aerosols in
two-size regimes namely the Bne particle mode,
denoted as PM1 (aerodynamic diameter \1 lm,
(0.3–1.0 lm as discussed in section 3) and coarse
particle mode, PM [1 (aerodynamic diameter
[1 lm), were carried out using the linear
regression technique to understand their mutual
dependence. The number densities measured in
the respective size bins namely PM1 and PM [ 1
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Table 3. Correlation coefBcient (R) obtained through linear regression analysis between mass
concentrations of various chemical species and Bne mode and coarse mode aerosol number density
(Bold values indicates positive correlations with significance level p \ 0.001).
Correlation coefBcient (R)
Winter
Species
Na
Cl
Mg
NO3
K
SO4
Ca
Al
Fe
NH4

Pre-monsoon

Monsoon

Fine mode

Coarse mode

Fine mode

Coarse mode

Fine mode

Coarse mode

0.42
0.73
0.02
0.48
0.82
0.55
0.40
0.14
0.64
0.50

0.5
0.34
0.57
0.47
0.67
0.29
0.25
0.59
0.66
0.22

0.45
0.54
0.45
0.04
0.31
0.57
0.46
0.50
0.13
0.85

0.67
0.65
0.61
0.44
0.34
0.13
0.56
0.72
0.59
0.14

0.18
0.10
0.46
0.53
0.41
0.68
0.43
0.85
0.75
0.59

0.50
0.58
0.43
0.40
0.10
0.10
0.15
0.54
0.68
0.07

out on a seasonal basis and the regression coefBcients are listed in table 3. The correlation
coefBcients with significance level p [ 0.001 are
presented in bold letters. Since the analysis for
post-monsoon season showed less significant
p values, the results are not presented here. As an
example, in Bgure 9 (representative of winter) is
shown the scatter plots between the selected
chemical species (tracers of each chemical
component) and number density of Bne mode and
coarse mode particles (PM1 and PM [ 1,
respectively) for winter. Here, Cl represents
oceanic species, SO4 anthropogenic and Fe mineral dust. The major results of this analysis
include:

Figure 9. Regression plots (representative for marine (Cl),
anthropogenic (SO42) and crustal (Fe)) between mass concentrations of respective species with Bne mode and coarse
mode aerosol number density during winter.

were averaged for the period of aerosol mass
concentration measurements using HVS (which
also corresponds to the chemical composition
measurements) to avoid discrepancies while
comparing both values. This analysis was carried

(1) The oceanic species Na+ and Cl show a
positive correlation (R-value 0.6 with the
significance level of p \ 0.001) with PM [ 1
(coarse mode number density) during premonsoon and monsoon (table 3). This ascertains that majority of the sea-salt particles
are in coarse mode (diameter [1 lm). But
their correlation is negative or insignificant
with PM1 (Bne mode number density) in any
season.
(2) In winter, Na shows a negative correlation with
both Bne mode and coarse mode, but Cl shows
a positive correlation with both the modes. This
has the implication that sources other than
oceanic exist for Cl in winter. The PCA
presented has also revealed that Cl has crustal
sources too. PCA also showed that Cl is one
component in factor 1 in winter, but Na+
is not.
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(3) The mass concentration of anthropogenic
species SO4 and NH4+ are positively correlated with Bne mode (R [ 0.5) again conBrming
their formation mechanism as gas-to-particle
conversion (GPC).
(4) Another component of anthropogenic origin,
NO3 depicts a different picture. Its correlation is positive with both the modes in winter,
a coarse mode in pre-monsoon and Bne mode in
monsoon. This indicates either different
sources for this species or it undergoes season-dependent processing. The significant correlation observed for NO3 in coarse mode
suggests that their production is not through
GPC, but they originate from sources like
suspension from soil dust or processed with
dust/other salts by dissolution/coagulation
(WolA 1967; Yeatman et al. 2001). M€
uller
et al. (2010) showed that during dust events
about 90% of nitrate is found in the coarse
mode together with sea-salt particles. The
PCA also points towards this argument where
NO3 was found in factor 2 in monsoon and
post-monsoon along with crustal/continental
species. Ca behaves in a manner similar to
NO3 indicating multiple sources.
(5) K+, a tracer of biomass burning, shows strong
positive correlation in both the modes in
winter indicating that it has sources from
biomass burning other than the marine. Studies done over the same site by George et al.
(2008) had shown that the non-sea-salt component of K+ is 80% to total K+ during the
pre-monsoon season which could be due to
biomass burning.
(6) Fe and Al are positively correlated with a
coarse mode in all seasons. But during monsoon, it shows a positive association with Bne
mode also. It is observed that the transported
mineral dust is often in the size range of
0.1–1 lm (Kandler et al. 2009; Denjean et al.
2016). This analysis again supports the view
that long-range transport of mineral dust
from arid Arabian regions is active during
monsoon.

4.4 Percentage contributions of major aerosol
components
In order to compute aerosol radiative properties
accurately, a realistic location speciBc aerosol
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chemical composition data is required. Earlier
reports on the radiative characteristics of aerosols
at this location were based mainly on the semiempirical approaches from literature (e.g., Hess
et al. 1998) including limited measured parameters
like BC concentration and AOD (Babu et al. 2007).
This study chose six aerosol types assuming to be
externally mixed spherical particles, as water-soluble (WSC), insoluble (INS), BC (soot), sea-salt
accumulation (SSM), sea-salt coarse mode (SSC),
and transported mineral dust (TMD). Later,
George et al. (2008) measured aerosol chemical
composition and evolved the Brst cut-aerosol model
for the location. They incorporated water-soluble
(WS), BC (soot), mineral dust (MD) components
accurately, but the organic carbon (OC) remained
uncertain due to lack of comprehensive measurements and reported an unaccounted value of
11–17% of total aerosol mass concentration. Hegde
et al. (2015) brought out the information on OC at
the study region for the Brst time based on limited
dataset. The recent study by Aswini et al. (2019)
presented a comprehensive picture on carbonaceous aerosols (Organic Carbon their water-soluble/insoluble components, primary/secondary
fractions and Elemental carbon) based on longterm measurements during the period 2012–2018
which reduced the uncertainty in the mass concentration of organic carbon and these values are
used in the present study.
Based on the seasonality in chemical composition, size information and source characteristics,
we deBne Bve major components, (1) sea-salt (SS),
(2) other water-soluble non-sea-salt components
(WSN), (3) mineral dust (MD), (4) particulate
organic matter (POM), and (5) BC for obtaining a
chemical mass closure over TVM. The mass concentration of sea-salt (SS) aerosols is estimated
from the mass concentrations of Cl and Na as:
SS = MCl + 1.47  MNa (Duce et al. 1983), where
1.47 is the seawater ratio of (Na+ + K+ + Mg2+
+ Ca2+ + SO42 + HCO3)/Na+. In this approach, the non-sea-salt K+, Mg2+, Ca2+, SO42
and HCO3 in the sea-salt mass is eliminated and
also allows for the loss of Cl through depletion
process. Mineral dust (MD) in the sample is estimated as MD = 2.2MAl + 2.49MSi + 1.63MCa
+ 2.42MFe + 1.94MTi (Malm et al. 1994). Uncertainties may arise in this method as MSi (mass
concentration of Si) is estimated by making use of
the mass ratio of Si/Al as 3.84. Since Ti was not
detected, it is not included in this estimation.
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Figure 10. Mass closure for aerosol chemical composition at
TVM for different seasons.

The POM is the least known component in
aerosols at this location and also over the Indian
region. An approximate estimate of POM can be
made based on the organic carbon (OC) concentration as POM ¼ 1:6  Moc (Turpin and Lim
2001), where 1.6 is a factor which represents the
average organic molecular weight per carbon for
the organic aerosol which varies with location,
season, and time of day (Turpin and Lim 2001).
Aswini et al. (2019) reported an average value of
8.6 ± 5 and 2.0 ± 1.5 lg m3 for OC and EC,
respectively, with the 7-year average OC values
being highest in winter (11.1 ± 4 lg m3) and
lowest for monsoon (4.4 ± 2.2 lg m3). For the
year 2009–2010, Hegde et al. (2015) observed
annual average concentrations of OC (17.0 ±
4.4 lg m3) as well as EC (3.3 ± 1.6 lg m3). In
this analysis, the seasonal values for OC is taken as
11 lg m3 for pre-monsoon, 8 lg m3 for monsoon
and 17 ± 4.2 lg m3 for winter as observed during
the study period by Aswini et al. (2019) which are
more or less in agreement with the mean values
measured by Hegde et al. (2015) and these values
are used for the estimation of POM. The watersoluble component WS is given by, WS = MCl
+MNO3 + MSO4 + MNa + MMg + MNH4 + MCa.
The other water-soluble species comprising mostly
of non-sea-salt particles of continental origin is
given as: WSN = WS–SS. The BC concentration
used in this analysis is that measured using
aethalometer at the experimental location during
the same study period (Kompalli et al. 2013). The
unanalysed mass or residual part, if any, is termed
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as the residual fraction (RF). The concentrations of
different aerosol components thus estimated on a
daily basis were grouped and averaged seasonally
to obtain the mass closure for each season and are
shown as pie charts in Bgure 10.
The component SS shows higher percentage
(40%) for the monsoon season and least in winter
(6%), and remained 20% and 25% in pre-monsoon
and post-monsoon seasons. WSN consisting of
sulphates, nitrates, etc. (mostly of anthropogenic
origin) contributes 20–22% in pre-monsoon, postmonsoon and winter with a minimum in monsoon
(13%). MD peaks in pre-monsoon (29%) with
monsoon and post-monsoon values being 25% and
17%, respectively, and least for winter (10%) even
though the winds are north-easterlies from the
land. BC and POM were highest in winter (*5%
and 34%, respectively). POM remained more or
less same (*23–24%) in all other seasons indicating the same type of sources. On the other hand,
BC attained its minimum in monsoon (2%) and
remained 3–5% in pre-monsoon and post-monsoon.
The results of the PCA also support these inferences. The PCA indicated the dominance of seasalt species like Na, Cl, etc., in monsoon and mixed
sources during post-monsoon and winter. The RF
remained high (23%) for the winter season and was
found to be negligible in post-monsoon. A comparison of aerosol chemical measurements and the
Brst cut model evolved before this study is given in
table 1, along with the increasing trend in aerosol
properties observed over a decade. These mass
concentrations of various aerosol components form
input for the model-based estimation of the radiative characteristics as discussed in the following
section.
4.5 Estimation of radiative parameters
of aerosols
The aerosol radiative characteristics like aerosol
scattering coefBcient (bsc) absorption coefBcient
(bab), extinction coefBcient (bex), single scattering
albedo (x) and the phase function P(h), optical
depth (s), etc., depend on both number density-size
distribution (NSD), mass concentration and
chemical composition of aerosols (McCartney 1976;
Kokhanovsky 2008). For any realistic estimation of
these parameters, experimentally measured aerosol
characteristics like mass concentration and/or
NSD and chemical composition are essential.
The scattering and absorption coefBcients of
composite aerosols are generally measured or
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inferred indirectly using the integrating nephelometer and the aethalometer, respectively. The
single-scattering albedo is derived from these
parameters. Quantitative information on aerosol
composition is required for the estimation of
these parameters, which is limited over the
Indian region (Srivastava et al. 2018). Hence,
the inferred aerosol composition through an
indirect approach is often used to estimate the
radiative properties as well as the radiative
forcing. In this method, the aerosol composition
is inferred through an iterative process, where
the respective number concentrations of individual species are tuned by matching the spectral AOD calculated by Mie theory with direct
measurements, either by ground-based radiometers (Babu 2005; Dumka et al. 2006; Nair et al.
2008) or satellite-derived aerosol products. The
accuracy of inferred composition from such a
process depends on the robustness of matching
criteria and choice of individual species in bulk
aerosol composition (Srivastava et al. 2018). In
the present work, the aerosol radiative properties were estimated by incorporating the realistically measured data on aerosol mass loading,
size distribution and chemical composition presented above and making use of the software
package OPAC (Hess et al. 1998). The seasonal
changes in the radiative properties are also
investigated in this study.
OPAC is capable of providing aerosol radiative
properties of aerosols such as bsc, bab, bex, x and
P(h) for a user-deBned set of aerosol components.
The estimated parameters bsc, bab, and bex depend
on the scattering, absorption and the extinction
eDciency, respectively, the refractive index of the
particle, wavelength k of the radiation and radius
of the particle having a number size distribution
n(r). The single-scattering albedo (x) is deBned as
the ratio of scattering coefBcient to extinction
coefBcient and given as, x = bsc/bex. The scattering phase function P(h) describes the angular
distribution of scattered radiation with respect to
the incident radiation.
In the present analysis, OPAC is conBgured for
Bve inputs, entered in an ASCII text Ble which
includes:
(1) Aerosol components: A new mixture is deBned
based on the mass concentrations of Bve
aerosol components: (a) sea-salt (SS),
(b) other water-soluble components including
organics, (c) BC, (d) mineral dust (MD), and
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(2)

(3)

(4)

(5)

(e) water-insoluble organic component (all
discussed in the previous section). The seasonal mean mass concentrations of watersoluble and insoluble organic components
reported by Hegde et al. (2015) and Aswini
et al. (2019) for this location are used.
The number density corresponding to each
aerosol component is estimated by making use
of their respective mass concentration. Assuming a single particle, and using the model, mass
of a single particle was retrieved. Based on this
information, the number density is estimated.
Wavelength range: Ten wavelengths 0.45, 0.5,
0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9 and 1.0 lm are
selected for which radiative parameters are
estimated.
Relative humidity (RH): The seasonal mean
RH pertaining to respective seasons obtained
from the RH measurements at the study
location was used as input.
Height proBle of aerosols: This is not included
in this study since columnar aerosol optical
depth is not estimated.
The estimated radiative parameters are bsc,
bab, bex, x and P(h) in the present study.

4.6 Seasonal variation in estimated radiative
properties
The estimated parameters bsc, bab, bex, x and P(h)
for the 10 wavelengths and for the four seasons are
shown in Bgure 11(a–e). Scattering coefBcient
varied from 0.07 to 0.11 km1 with maximum
values during pre-monsoon and winter for shorter
wavelengths B0.5 lm. The scattering coefBcient is
decided by the mass concentrations of the WSN,
SS, POM and to a large extent by MD components
(which may have an absorbing fraction) and their
size regimes. The large bsc values at shorter
wavelengths indicate the presence of small-sized
scattering aerosols. At longer wavelengths, premonsoon values are higher than that of winter
season implying the abundance of large-sized
species of scattering nature during this period
mostly, anthropogenic/continental origin. The
absorption coefBcient varied between 0.01 and
0.055 km1 with maximum values in the winter
season (0.025–0.055 km1) indicating the presence of more absorbing aerosols. The largest percentage of BC observed during winter supports
this inference.
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Figure 11. Spectral dependence of the estimated bsc, bab, bex, x and P(h) for the four seasons.

The seasonal pattern of the extinction coefBcient
bex is also different and found to be wavelengthdependent. bex attains highest values in winter and
minimum in monsoon through pre-monsoon and
post-monsoon. However, the seasonal differences
decrease with an increase in wavelength. In short,
the inCuence of absorbing species in the study
region is clearly seen in this analysis. The relatively
higher value of scattering and absorption coefBcient observed during wintertime is more or less in
agreement with earlier studies conducted over
other urban environments in India (Man and Shih
2001; Wu et al. 2008; Gadhavi and Jayaraman
2010; Ram et al. 2012, 2016). The estimated bsc,
bab and bex values at 0.5 lm are comparable to
those estimated for continental aerosols and polluted maritime aerosols (d’Almeida et al. 1991).
Lidar-based measurement of extinction coefBcient
at TVM has shown values in the range
0.07–0.14 km1 at 550 nm (Parameswaran et al.
1998), and over Gadanki (13.5N, 79.2E) it was
found to be *0.01 km1 at altitudes [ 3 km
(Radhakrishnan et al. 2009). Also from ARFI

database of TVM, Babu et al. (2016a) reported
scattering coefBcient of 181 ± 66 and 160 ± 46
Mm1 for winter and pre-monsoon.
The single-scattering albedo, x, (Bgure 11) is
relatively low (*0.71–0.67) for the winter season,
showing the presence of a significant amount of
absorbing species like BC. The pie chart in
Bgure 10 also showed an abundance of BC (6%)
during winter. The OC/EC ratio over the site as
reported by Hegde et al. (2015) is 5 ± 1.2, which
indicates a contribution from biomass burning.
During other seasons, x is [0.77 with the highest
value being 0.89 for the monsoon season, due to the
presence of more scattering species like sea-salt. x
shows an increasing trend with wavelength during
pre-monsoon and post-monsoon seasons, which
might be due to the higher percentage contribution
of sea-salt aerosols in coarse mode (40% and 25%)
as discussed in section 4.4. While the trend in x
during pre-monsoon is slight decrease for the
higher wavelengths, and that during the postmonsoon is an increase towards higher wavelengths. The pre-monsoon season is loaded with
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more dust particles (contributing 29% of total
aerosols) which can explain the slightly decreasing
trend in x values towards higher wavelength region
([0.7 lm). This shows that the dust particles
either produced in the inland region or which is
long-range transported from the continental region
as shown in Bgure 4 can be of absorbing nature. It
has been shown that the transported dust particles
especially the iron oxides strongly absorbs solar
radiation (Zhang et al. 2015).
For winter season, a steady decrease is observed
in x, towards higher wavelength, which is due to
the presence of absorbing BC aerosols observed
during this season contributing more to the
absorption than scattering. Several reports on the
increase of x with wavelength for dust dominated
periods are available in the literature (Bergstrom
et al. 2007; Russell et al. 2010; Mor et al. 2017).
Aerosol chemical models (Bgure 10) also points
towards the same. Moreover, dust acts as absorbing species in ultra-violet and visible regions (Chin
et al. 2007), hence absorbing more incoming solar
radiation and causes significant atmospheric
warming.
Babu et al. (2007) showed low values for x
(B0.7) at 500 nm in winter over the same station
and values *0.8 for the other seasons. The value
of x in winter for TVM is lower than the values
reported over the Arabian Sea, and the Indian
Ocean during winter by several investigators
(Podgorney et al. 2000; Ramanathan et al. 2001)
and comparable to other urban locations. However, the presence of absorbing aerosols is revealed
throughout the year, which can contribute to low
single scattering albedo. Kedia et al. (2014)
reported x value [0.85 and exhibit large seasonal
and wavelength dependence over Kanpur and
Gandhi College during 2006–2010. The aircraft
based-RAWEX campaign has provided a comprehensive picture of the vertical distribution of x
and other radiative parameters (Babu et al.
2016b). The x values remained high close to the
surface and ranged from 0.75 to 0.85 over the
region under study covering the latitude regime of
17.48–30.38N.
The phase function also exhibits seasonal differences, particularly at h [ 608. Soni et al. (2010)
and Ganguly et al. (2006) reported x over Delhi
during winter as 0.74 ± 0.03 and 0.65, respectively, with more absorbing types of aerosols (26%)
contributing to the total load. Ram et al. (2012)
reported x as 0.82–0.93 over Kanpur. In short, this
study brings out the presence of a considerable
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amount of absorbing aerosols and mineral dust
at this location even though it is devoid of
major industrial activities and other urban
activities. Probably transport plays a key role
in bringing such aerosols to this relatively clean
coastal site.

5. Conclusions
Concurrent and collocated measurement of total
aerosol number density (N), number density size
distribution (NSD), mass loading (ML) and chemical composition were carried out at TVM and for
the Brst time, the radiative parameters namely
aerosol scattering coefBcient (bsc), absorption
coefBcient (bab), extinction coefBcient (bex), single
scattering albedo (x), and the phase function P(h),
were estimated by incorporating these realistic
measurements in OPAC model. In addition, the
seasonal characteristics of aerosol chemical composition and the source characteristics are also
examined in detail. The major results of this study
are highlighted below:
• Aerosol chemical composition over the tropical
coastal site Thiruvanathapuram exhibited significant day/night and seasonal variations with
respect to the synoptic and mesoscale features
prominent over the location. While the natural
component sea-salt showed a maximum concentration of 10.5 ± 3.4 lg m3 during the monsoon, anthropogenic species SO42 dominated for
the winter season with 8.3 ± 3.4 lg m3 due to
which significantly high (72%) Cl depletion is
observed.
• The source identiBcation based on Principal
Component Analysis along with back trajectory
analysis showed three prominent sources over
the region namely anthropogenic, crustal and
marine which varied seasonally. Strong mixing of
aerosols from these sources is also observed in
different seasons, in particular during the winter
season.
• Correlation analysis between the mass concentrations of various chemical species and sizeresolved number density indicated that the
anthropogenic species like NH4, SO4 are mostly
in Bne mode (diameter\1 lm) for all the seasons
while Na, Cl, Fe and Al in coarse mode (diameter [ 1 lm). Species Ca, NO3, K Mg, and Fe
are present in both the modes showing multiple
sources for these species.
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• Aerosol mass closure is calculated on a seasonal
basis including components sea-salt (SS), watersoluble non-sea-salt (WSN), mineral dust (MD),
particulate organic matter (POM) and black
carbon (BC). SS contributes maximum in monsoon (*40%) minimum in winter (with 6%) with
20% and 25% in pre-monsoon and post-monsoon,
respectively. WSN contributes 20–22% in
pre-monsoon, post-monsoon and winter with a
minimum in monsoon (13%). MD peaks in
pre-monsoon (29%) and showed least for winter
(10%) with monsoon and post-monsoon values
being 25% and 17%, respectively. BC and POM
were highest in winter (*5% and 34%, respectively). While POM remained more or less same
(*23–24%) in all other seasons. BC attained
minimum in monsoon (2%) and remained 3–5%
in pre-monsoon and post-monsoon.
• Estimates of the aerosol radiative characteristics
over TVM based on the measured aerosol
properties showed that the scattering coefBcient
varied from 0.04 to 0.14 km1 and absorption
coefBcient between 0.01 and 0.05 km1. Single
scattering albedo was 0.71 for winter and 0.89 for
monsoon season indicating the presence of more
absorbing aerosols in winter.
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