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Abstract. To better characterize the tropical aerosols aerosols during long-range atmospheric transport is also sig-
in Indian region, PMp samples collected from Chen- nificant in this region. This study provides the baseline data
nai, India (13.04N; 80.17 E) were analyzed for carbona- of carbonaceous aerosols for southern part of the Indian sub-
ceous and water-soluble ionic components. Concentraeontinent.

tion ranges of elemental carbon (EC) and organic car-
bon (OC) were 2.4-14pgmi (ave. 6.5ugmd) and 3.2—
15.6 ugm3 (ave. 9.1ugm?3) in winter samples whereas
they were 1.1-2.5ugn? (ave. 1.6pgm3) and 4.1-
17.6 g m (ave. 9.71g m°) in summer samples, respec- glemental carbon (EC) and particulate organic matter (POM)
tlve!y. Concentration of secondary organic carbon (Soc)contribute to 5-9% and 20-50% of the continental fine
retrieved from EC-tracean_qethod was 4B8ugnt? in (PM,5) aerosol mass in mid-latitudes, respectively (Sil-
winter and 4.32.8ugnr* in summer. OC accounted |50 et al., 2005). In tropical forested areas, POM alone
for 38.5:14 % ( = 49) of combined concentrations of conihytes up to 90% (Kanakidou et al., 2005). EC is
carbonaceous and ionic components in 18M We also  tormed by fossil fuel combustion and biofuel/biomass burn-
found that OC concentratlong are generally h|g£1e_r thang (anthropogenic sources). POM, a complex mixture of nu-
those of S§ (8.&2.5ug m*® and 4.E2.7pgm> in - mergys organic compounds, is directly emitted from anthro-
winter and summer, respectively), which was the most,,qenic sources or secondary formed through atmospheric
abundant ionic species (57 %) followed by NH15%)  (yidation of reactive organic gases and subsequent gas-to-
>NOj; >Cl~>K*>Na">Ca*>MSA~>Mg?". The mass  particle conversion (Yu et al., 2004). In contrast, inorganic
fractions of EC, organic matter (OM) and ionic species var-materials comprise up to 70% of the total aerosol mass

ied seasonally, following the air mass trajectories and corregmitted from both natural and anthropogenic sources (Ali-
sponding source strength. Based on mass concentration rffohamed, 1991).

tios of selected components and relations of EC and OC to The atmospheric aerosols have an impact on climate as
marker species, we found that biofuel/biomass burning is gye|| as hydrological cycle and human health at local, re-

major source of atmospheric aerosols in South and Southeagfona| and global scales (Ackerman et al., 2000; Menon

Asia. The high concentrations of SOC and WSOC/OC ratiosgt g, 2002; Ramanathan et al., 2001). The impacts of
(ave. 0.45n = 49) as well as good correlations between SOC aerosols largely depend on their chemical composition. Ele-
and WSOC suggest that the secondary production of organigyental carbon (EC) is a strong absorber of solar radiation and
causes both positive (warming) and negative (cooling) radia-
tive forcing at top of the atmosphere and the surface, respec-

Correspondence tK. Kawamura tively (Haywood and Ramaswamy, 1998; Jacobson, 2001).
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highly reflective to light and thus cause cooling effect (Hay- 40
wood and Ramaswamy, 1998; Kiehl and Briegleb, 1993).
Further, water-soluble OC (WSOC) including dicarboxylic 30
acids enhances the capability of aerosols as cloud condense
tion nuclei (CCN) (Kawamura and Usukura, 1993; Saxena et — 20 -
al., 1995; Sun and Aria, 2006; Miyazaki et al., 2009). °

In South and Southeast Asia, pollutants are highly emit- :'é 104
ted to the atmosphere due to growing economies, particu-£
larly India (World Bank, 2000), and due to biomass burn- = ] / © Chennai
ing including forest fires as well as widespread use of bio- ‘ —— Early winter
fuels (dung cake, wood and agricultural waste) for cooking 4. . — Late winter
(Reddy and Venkataraman, 2002a, b; Tata Energy Researc| — g;’;‘;‘:;‘ded
Institute, 1997). Conversely, heavily polluted atmospheres
have been more often observed for last decades (Lelieveld e 55 40 50 60 70 80 90 100 110 12
al., 2001), which cover a long-term dimming in the region Longtide (°E)
that extends over the equatorial Indian Ocean (Ramanathan
et al., 2001). For example, high mass loading {ig nT %) Fig. 1. A map of South and Southeast Asia with sampling site,
of organics have been reported in the atmospheric aerosolshennai (13.04N; 80.17 E), India together with plots of 10-day
over the northern Indian Ocean whereas their concentrationsackward air mass trajectories arriving at an altitude of 500 m over
were negligible south of the Intertropical Convergence ZoneChennai in winter (23 January to 6 February) and summer (22-31
(ITCZ) (Lelieveld et al., 2001). Further, a drastic decreaseMay), 2007 showing three major pathways reflecting early winter,
in mean clear-sky solar radiative heating has also been obate winter and summer.
served in 1998- and 1999-winter at the Indian Ocean surface
(Satheesh and Ramana.than,'ZOOO) as a consequence of h'%l?j the atmospheric aerosol (R§) samples collected from
loading of aerosols in this region.

Novakov et al. (2000) reported that fossil fuel combustion S::l?sna(l:é éng:j:j w&) (V:V)I n;ird avr\]lgt;t_j;m%rl’e 2|grc1)|7c fgérsag?grﬁs_
and biomass burning would contribute about 80 % and 21 % P '

. ) ere, we discuss the contribution of biofuel/biomass burn-
of carbonaceous aerosols over the tropical Indian Ocean, re o and secondary production of carbonaceous aerosols dur-
spectively. On the other hand, Guazzotti et al. (2003) found. 9 yp

: . . . .Ing long-range transport from distant source regions in South
that the predominance of submicron, chemically mixed parti- : ) )
; : and Southeast Asia based on mass concentration ratios and
cles contain abundant carbon and potassiurn, @tracer for

biofuel/biomass burning; Andreae and Merlet, 2001; Chowlme‘?Ir relations of 'selected lonic species, EC, .OC and or-
etal., 1994), implying a biemass burning origin of aerosols in ganic marker species (levoglucosan) together with backward

. ; . o . air mass trajectory analyses. The results of carbonaceous
this region. Recently, the relative contributions of fossil fuel ; :
. . . . . components of this study would become as baseline data
combustion, open biomass burning and biofuel combustio

or southern part of the Indian subcontinent. Water-soluble

to BC in India were estimated to be 25 %, 33 %, and 42 %, . T - . . . )

: organic species including dicarboxylic acids, ketoacids and
respectively, whereas those to OC were to be 13%, 43 %, -dicarbonyls in the Chennai aerosol samples have been re-
and 44 %, respectively (Venkataraman et al., 2005). Stone et y P

al. (2010) also estimated small contribution from diesel com—ported elsewhere (Pavuluri et al., 2010a).
bustion (4 %) and large contribution from biomass burning
(21 %) to OC in the Himalayas. 2 Experimental
However, chemical compositions of carbonaceous
aerosols have rarely been studied in South Asia (Ram ep.1 Aerosol sampling
al., 2008 and references therein) and no measurements of
carbonaceous components have been reported from southefine tropical aerosol (PM) samples were collected in a
part of the Indian subcontinent, although BC was studied bymega-city, Chennai (13.04; 80.17 E) located on the south
using optical methods (Babu and Moorthy, 2002; Babu eteast coast of India (see Fig. 1). The geographical fea-
al., 2002; Latha and Badrinath, 2003). Further, the studiegures of sampling site were described elsewhere (Pavuluri
on inorganic aerosols are also sparse in southern Indi@t al., 2010a). In Chennai region, winds follow a diur-
(Khemani et al., 1982; Mouli et al., 2006), although they nal pattern due to land/sea breeze circulation (Srinivas et
have been better documented in South and Southeast Asal., 2006, 2007) that may cause significant diurnal changes
(Ali-Mohamed, 1991; Negi et al., 1987; Parmar et al., 2001;in chemical composition (e.g. WSOC/OC ratios) of at-
Sharma and Patil, 1992). mospheric aerosols. In-situ photochemical production of
In order to clarify chemical characteristics of the tropical WSOC may cause to enhance the WSOC/OC ratios in day-
aerosols in Indian region and specify their sources, we studtime than nighttime because the onset of sea breeze develops
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the thermal internal boundary layer (TIBL) below the atmo- 2.2.2 Water-soluble ionic species
spheric boundary layer (ABL) that restricts the vertical dis-
tribution, whereas in nighttime, the TIBL disappears and theThe water-soluble ionic species (methanesulfonate: MSA
ABL moves down by the onset of land breeze that reducedCHsSG;), CI=, NO3, SO;~, Nat, NHJ, K+, Mg?* and
the influence of WSOC produced by in-situ secondary pro-Ca2+) were measured using a part of extracts prepared for
cesses through vertical distribution of pollutants. Further theWSOC by ion chromatograph (761 Compact IC, Metrohm,
origin of air masses; marine in daytime and inland in night- Switzerland). A mixture of 1.8 MM N&COz and 17 mM
time, could also influence the chemical composition of theNaHCG; and 40 mM SOy were used as eluent at a flow
atmospheric aerosols at Chennai. rate of 1.2 mL minm! and suppressor for anion measurement,
Sampling was performed on day- (approximately 06:00-respectively. The 4 mM kPO, was used as eluent at a flow
18:00LT) and night-time (18:00-06:00LT) basis, in win- rate of 1.0 mL min® for cation measurement. A calibration
ter (23 January to 6 February,=29) and summer (22— curve was evaluated for each sequence by the analyses of a
31 May, n = 20), 2007 on the rooftop of the Mechanical set of authentic standards and the analytical errors in dupli-
Sciences building~+18 m above the ground level), Indian cate analysis were within 6 % (Pavuluri et al., 2010b). The
Institute of Technology Madras (IITM), Chennai using a nss-SCﬁi nss-K+ and nss-C& were calculated using Na
high volume air sampler (Envirotech APM 460 DX, India) as a reference tracer for sea-salt correction.
and pre-combusted (48Q, 4 h) quartz fiber filters (Pallflex All the concentrations of carbonaceous and ionic compo-
2500QAT-UP, 2 25cm). The sample filter was placed in nents reported here are corrected for field blanks. The ad-
a pre-heated glass jar with a Teflon-lined screw cap beforesorption of organic gases on to the filter is considered to be
and after sampling. After sampling, the filters were stored innegligible and no correction is made for the concentrations
darkness at-20°C prior to analysis. of carbonaceous components reported here.

2.2 Chemical analyses 2.3 Estimated organic matter (OM) and secondary
organic carbon (SOC)
2.2.1 Carbonaceous components
Atmospheric concentrations of OM are normally estimated

EC and OC were determined using OC/EC Analyzer (Sun-by multiplying the measured OC concentrations with a con-
set Laboratory Inc., USA) following Interagency Monitoring version factor (1.6:0.2; Turpin and Lim, 2001). In this work,
Protected Visual Environments (IMPROVE) thermal/optical OM was estimated by using a factor of 1.7, as higher ratios
evolution protocol and assuming carbonate carbon to be negare possible for aerosols influenced by anthropogenic emis-
ligible. A filter disc (1.4cm in diameter) was placed in a sions (Turpin and Lim, 2001). In fact, Mayol-Bracero et
quartz boat inside the thermal desorption chamber of the anal. (2002) used a factor of 1.7 for organic aerosols over the
alyzer and then stepwise heating was applied in a He flowindian Ocean, which were considered to be transported from
at first and then after the initial ramp, He gas was switchedthe South and Southeast Asian countries.
to He/Q; mixture (Wang et al., 2005). The evolved €0 Primary OC (POC) and SOC were estimated following the
at each temperature step was measured directly by a noreC-tracer method (Castro et al., 1999; Turpin and Huntz-
dispersive infrared (NDIR) detector system and the transmitcker, 1995; Yu et al., 2004). EC is a good tracer of pri-
tance of light (red 660 nm) through the filter punch was usedmary combustion-generated carbon. Primary OC/EC ratio
for setting up OC/EC split point and thereby OC correction. js assumed to be relatively constant for a given area, season
The analytical errors in duplicate analysis were within 1.2 %and local meteorology because EC and POC typically have
for OC and 1.7 % for EC. The detection limit for both EC the same sources. Hence, the minimum value of OC/EC ra-
and OC are 0.2 pg cn. tios can be used to estimate the amount of SOC in the atmo-

Water-soluble organic carbon (WSOC) was determined asspheric aerosol for a specific region of interest (Castro et al.,
described in Wang et al. (2005). Briefly, an aliquot of fil- 1999) although it involves some degree of uncertainty.
ter (3 discs with 2cm in diameter) was extracted with 15ml  |n this work, we assume the following equations,
organic free Milli-Q water under ultrasonication for 20 min.

The extracts were then filtered using a syringe filter (Millex- [POQ = [OC/EC]min x [EC] +¢ (1)
GV, 0.22 pym, Millipore) and then WSOC was measured us-
ing TOC analyzer (Shimadzu 5000A). The analytical error in [SOQ =[OClmeas—[POG )

. . oo .
duplicate analysis was within 8 % (Payulurl etal., 2010a). where [OC/EChin is the minimum OC/EC ratio observed
The sum of EC and OC was considered as total Carborburin the sampling periode is a parameter to account
(TC). The difference between OC and WSOC was consid-f 9 ping p par: h
ered as water-insoluble OC (WIOC) or non—cpmbustlon sources contributing 'to the POC, gr)d
) [OClmeasis the measured OC concentration. Here, mini-

mum OC/EC ratios of 0.7 and 3.35 were used for winter and

summer, respectively, which are reasonable since the OC/EC
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Table 1. Statistical summary of carbonaceous and ionic components (Y im the tropical Indian aerosol (P)) samples collected on
day- and night-time bases in winter (23 January to 6 February) and summer (22—31 May) 2007 from Chennai, India.

Components| Winter | Summer
| Daytime | Nighttime | Daytime | Nighttime
| Range  Ave/Med SDP | Range  Ave./Med. SD| Range  Ave./Med. SD| Range  Ave./Med. SD
Carbonaceous components
EC 3.8-7.5 5.8/5.7 1.3 2.4-14.0 7.1/6.8 35 1.1-2.5 1.7/2.7 0.4 1.1-1.9 1.5/1.6 0.3
oc* 4.4-13.9 8.5/7.4 3.2 3.2-15.6 9.8/10.6 41 6.4-9.8 8.4/8.5 1.2 4.2-17.6 11.0/10.9 4.8
wsod 2.6-7.0 4.2/4.0 1.4 1.7-5.1 3.3/3.1 1.0 3.4-6.0 4.4/4.4 0.8 2.2-4.8 3.8/3.8 0.9
WIOC 1.6-8.0 4.3/3.0 2.2 1.5-11.6 6.5/5.8 39 2.9-5.4 3.9/3.9 0.7 2.0-12.9 7.3/6.8 4.1
POC 2.7-5.3 4.1/4.0 0.93 1.7-9.8 5.0/4.8 25 3.8-8.4 5.7/5.7 1.5 3.6-6.2 5.2/5.4 0.97
SOC 0.0-9.2 4.4/3.7 2.9 0.84-8.9 4,9/4.9 217 0.51-3.8 2.712.9 0.9 0.0-13.1 5.8/5.5 4.8
lonic components

MSA~ 0.18-0.48 0.30/0.30 0.09 0.13-0.64 0.30/0.22 0.17 0.07-0.16 0.11/0.10 0.04 0.04-0.18 0.08/0.09 0.04
Cl— 0.12-2.0 0.63/0.45 0.56 0.32-3.1 1.6/1.7 081 0.05-0.35 0.15/0.12 0.10 0.06-0.70 0.26/0.22 0.21
NO5 0.22-1.26 0.66/0.66 0.27 0.46-3.1 1.1/0.95 0|67 0.39-1.0 0.58/0.50 0.21 0.21-1.06 0.65/0.58 0.29
SO§7 6.9-15.3 9.6/8.8 2.3 4.2-11.9 7.8/8.2 2|4 1.5-11.8 4.8/4.8 3.1 0.96-8.9 3.3/2.6 2.1
Nat 0.18-1.40 0.51/0.42 0.32 0.18-0.66 0.38/0.38 0,16 0.25-0.76 0.46/0.46 0.15 0.13-0.93 0.48/0.47 0.20
NHI 0.38-2.79 1.82/1.96 0.66 0.29-3.9 2.3/2.5 1.2 0.48-35 1.4/1.3 0.97 0.34-3.1 1.1/0.93 0.76
K+ 0.44-1.1 0.80/0.78 0.20 0.49-1.0 0.77/0.79 0j20 0.28-0.62 0.40/0.38 0.11 0.14-0.46 0.31/0.32 0.09
M92+ 0.04-0.82 0.24/0.18 0.22 0.01-0.34 0.14/0.13 0.11 0.03-0.09 0.05/0.04 0.03 0.01-0.08 0.04/0.04 0.02
cat 0.12-2.0 0.61/0.39 0.52 0.07-0.55 0.28/0.23 0(17 0.15-0.80 0.37/0.33 0.19 0.08-0.29 0.14/0.13 0.06
nSS-SCi7 6.8-15.1 9.5/8.7 2.3 4,1-11.8 7.8/8.1 24  1.4-11.6 4.714.7 3.1 0.92-8.7 3.2/25 2.1
nss-K 0.42-1.08 0.78/0.76 0.20 0.47-1.02 0.75/0.78 0.20 0.26-0.60 0.38/0.36 0.11 0.14-0.43 0.29/0.30 0.09
nss-C&+ 0.10-1.9 0.60/0.38 0.50 0.06-0.53 0.27/0.22 0(16 0.13-0.78 0.36/0.31 0.19 0.08-0.25 0.12/0.11 0.05

2 Ave. = average; Med. = MediaR;SD = Standard Deviatior¥: OC data from Fu et al. (2010“];WSOC data from Pavuluri et al. (2010a).

ratio depends on the type of biofuel/biomass and burn ratelmost same in both the cases in winter. Further the average
(Stone et al., 2010), and the POC contribution from non-SOC estimated using the lowest 10 % OC/EC values across
combustion sources was assumed to be negligible. each category of seasons within winter; early- and late-winter
The possible uncertainties in SOC estimation were(see Sect. 2.5 for details on classification of seasons based on
checked using the lowest 10 % of OC/EC values as primarysource region) and day and night, did not show any signifi-
OC/EC ratio instead of the minimum OC/EC ratio across cant variation. Thus, this sensitivity analysis supports that
the entire sampling period. The lowest 10% OC/EC ratiosthe SOC estimated using minimum OC/EC ratio as the pri-
are most likely controlled by primary carbonaceous aerosoimary OC/EC in winter and summer in this study is reason-
(Lim et al., 2002). The SOC values estimated using the low-able.
est 10% OC/EC value were found to be always lower than
that estimated using the minimum OC/EC ratio. The un-2.4 Meteorology
certainty for the average SOC was 20 % in winter and 24 %
in summer and 18%, 22 %, 43% and 16 % in winter-day, According to meteorological station of IITM (sampling site),
winter-night, summer-day and summer-night, respectively.the ambient temperature and relative humidity were varied
In fact, these uncertainties are comparable to th&8(%) from 14.2 to 34.9C (ave. 23C) and 38% to 89 % (ave.
reported in other study, in which the primary OC/EC value 68 %) in winter, whereas in summer their ranges were 28.3—
was estimated from linear regression of the datasets of thd1°C (ave. 32C) and 31-81% (ave. 60 %), respectively.
primary-dominated OC-EC concentrations (Miyazaki et al., No rainfall was observed during the campaigns. Due to a
2006). Further the average contribution of SOC, estimatedstrong land/sea thermal gradient, a clear diurnal oscillation
using the minimum OC/EC ratio, to OC was 47 % in winter was observed in wind speed and wind direction (Pavuluri et
and 38 % in summer, which are also comparable to that (aveal., 2010a) but such a wind contrast decreases with height
46 %) reported in the literature (Lim et al., 2002). and disappears above 1 km (Srinivas et al., 2006).
The average SOC estimated using the lowest 10% of
OC/EC values across the entire year (winter and summeR.5 Backward air mass trajectories
data together) was higher by a factor of 2.7 than that esti-
mated using the lowest 10 % OC/EC values across only th&en-day backward air mass trajectories that arrive in Chen-
season, contributing 82 % to OC, in summer although it wasnai at an altitude of 500 m for every 6 h were computed
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Table 2. Concentrations of EC and OC and mass ratios of OC to EC and EC&mTE@mospheric aerosols from different locations in South
Asia.

Location Sampling period Size Concentrations (Igin Concentration ratios Reference

EC ocC OC/EC EC/TC
Chennai, India January—February (winter) 2007 18M 6.5£2.7 9.1:3.7 1.5£0.47 0.42:0.08 This study
Chennai, India May (summer) 2007 Ry 1.6+0.37  9.A3.7 6.2£3.0 0.15£0.04  This study
Hisar, India December 2004 TSP 8.4 33.6£17.9 847219 NAP Rengarajan et al. (2007)
Manora Peak, India December 2004 TSP 6683 4.9:1.3 5.96:1.92 NA Rengarajan et al. (2007)
Manora Peak, India February 2005-November 2006 TSP 1.1 8.7 +284 NA Ram et al. (2008)
Mt. Abu, India May 2005—-February 2006 TSP 0.5 3.7 46210 NA Ram et al. (2008)
Mumbai, India January—February 1999 PM 12.4+5.1 37.3t10.5 3.%0.5 NA Venkataraman et al. (2002)
Kanpur, India January 2007—March 2008 M 3.8+£2.3 25.8£16.1 7.4:3.5 NA Ram et al. (2010)
Kathmandu valley, Nepal February—May 1999, 2000 18M 1.5+0.9 14.4:15.6 9.6 NA Carrico et al. (2003)
Himalaya, Nepal February—May 1999, 2000 M 0.48+0.38 3.4:4.2 7.1 NA Carrico et al. (2003)
Godavari, Nepal January—December, 2006 oBM 1.0+0.8 4.8t4.4 4.8 NA Stone et al. (2010)
Dhaka, Bangladesh March—April 2001 TSP 22.0 45.7 2.08 0.32 Salam et al. (2003)
Lahore, Pakistan September 1992—October 1993 TSP  +10.8 76.%39.1 4.37 NA Smith et al. (1996)
Bay of Bengal March-April 2006 TSP 0.4 1.9 7.4 NA Sudheer and Sarin (2008)
Indian Ocean February—March 1999 PM 2.5+1.4 3.4:2.0 1.36:1.1 0.42:0.09 Mayol-Bracero et al (2002)

a EC = Elemental carbon; OC = Organic carbon; TC = EC + BEA = Not Available.

using Hybrid Single Particle Lagrangian Integrated Trajec-17.6 ugnt3 (ave. 9.4 ugm3) (n = 49), respectively. EC
tory (HYSPLIT) model of the National Oceanic and At- concentrations showed higher values in winter than summer
mospheric Administration (NOAA)http://www.ready.noaa. (see Table 2). But OC did not show significant difference be-
gov./ready/open/hysplit4.htl The obtained plots showed tween winter and summer (see Table 2). It is also of worth
three major transport pathways with three different sourceto note that OC was found to be the most abundant in the
regions during the campaigns (see Fig. 1). In winter (23 Jancombined fraction of carbonaceous and ionic components
uary to 6 February), the air masses that arrived in Chennadf PMyp. On the other hand, WSOC and WIOC concen-
originated from the Middle East and/or the Indian mainland tration ranges were 1.7—7 pgrh(ave. 3.9 uygm?) and 1.5—
(ME/IN) in January and Southeast Asia (SEA) in February 12.9 ugnt23 (ave. 5.5 pg m3) (n = 49), respectively. On av-
passing over the Bay of Bengal, except for few cases. Basedrage, both WSOC and WIOC did not show significant vari-
on these trajectories, winter is further classified into two sea-ation between winter (3:81.3 pgnt3, 5.4+3.3ug n13, re-
sonal categories; early- (23-28 January) and late-winter (2&pectively) and summer (4D.9 ug n73, 5.6+3.3 ug 13,
January to 6 February). However, the trajectories of 31 Janrespectively). Similarly, SOC in winter (&62.8 pg n3)

uary (night) and 1 February fall in the category of early win- was also comparable to that in summer 4338 pg nm3) but

ter. Meanwhile, the results of 29 January (day), 30 JanuanPOC was little lower in winter (451.9 ug nT3) than sum-
(night), 31 January (day), and 2 February (day) were not in-mer (5.4:2.8 ug nr3). However, all the components, except
cluded in either categories and handled as such, because th&C in most of summer samples, showed a clear diurnal vari-
air masses originated from mixed regions. In summer (22—3lation (see Table 1; Fig. 2; Sect. 3.4).

May), the air masses originated from the Arabian Sea and/or Higher concentrations of EC suggest that contributions
the Indian Ocean (AS/IO) passing over southern part of th&rom anthropogenic sources are larger in winter than in sum-
Indian subcontinent. mer. Comparable concentrations of OC between summer and
winter suggest that the organic aerosols have an additional
source(s) (e.g. biogenic emissions) in summer because the

3 Results and discussion intensity of secondary production may be equally significant

3.1 Characteristics and temporal variations in both the seasons as the prevailing solar radiations and tem-
peratures over the region are high enough to promote photo-
3.1.1 Carbonaceous components chemical processes. Conversely the average POC and SOC

were comparable in both winter and summer but WIOC was
The statistical summaries of concentrations of carbonaceoukigher than WSOC in both the seasons, indicating that part
components in the tropical Indian aerosol (RMsamples  of WIOC was secondary. Further the differences in type of
from Chennai are given in Table 1. Their temporal varia- anthropogenic sources, particularly biofuel/biomass burning,
tions are shown in Fig. 2. Concentrations of EC and OCmight have also influenced the concentrations of EC and OC
ranged from 1.1 to 14 ugni (ave. 4.5ugmd3) and 3.2 to  seasonally. The OC/EC ratios in particulates show a broad
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Fig. 2. Temporal variations of carbonaceous components in the  os{ (h) Mg™*
tropical Indian aerosol (PM) samples £ = 49) collected on day- o
and night-time bases in winter (23 January to 6 February) and sum- 021 Selo A

mer (22—-31 May), 2007 from Chennai, India. Open and solid circless 26— — —————

show the day- and night-time concentrations, respectively. i 0
1.04
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range (0.6—4.2) depending on type of biofuel and burn rate SESSSSS22RRSSSSE5885585583
(see Sect. 3.4.1; Stone et al., 2010) and degree of secondar, Monthidats

formation.
The seasonal distributions of EC and OC are consistenﬁ_:g' 3. Temporal variations of water-soluble ionic components in
e tropical Indian aerosol (P)j) samples § = 49) collected on

with the origins of air masses th_at arrived in Chenn'au; ME/IN day- and night-time bases in winter (23 January to 6 February) and
an_d_SEA in winter and AS/IO in summer. The air _mass_essummer (22—-31 May), 2007 from Chennai, India. Open and solid
originated from ME/IN and SEA, where anthropogenic emis- circles show the day- and night-time concentrations, respectively.
sions including forest fires (Streets et al., 2003) are larger

(Lelieveld et al., 2001), are enriched with EC and other pol-

lutants. In contrast, the air masses originated from AS/IO ) ) ) o

passing over southern part of the Indian subcontinent, wherd'€ given in Table 1. Their temporal variations are shown
the burning of cow-dung (Reddy and Venkataraman, 2002bjn Fig- 3. On averagen(= 49), SG_ was found as the
and livestock emissions (e.g. GH3arg et al., 2001) are sig- Most abundant ionic species (6.9 uginfollowed by NH;
nificant, are enriched with OC rather EC. Marine biota and (1.7 ug nT3). They account for 57 % and 15 % of total ionic
livestock emissions are the significant sources of OC. Cow-mass, respectively. NP (0.78ugnt3) was found as the
dung combustion is known as more important source of OCthird most abundant species followed by GD.74 pg n3),
than EC (Stone et al., 2010). High abundances of OC inK* (0.61 pgnt3), Na™ (0.46 ugnr3), C&* (0.37 ugnr3),
PM;g also suggest that contributions from biospheric (bio- MSA™ (0.22 ug n73) and Mg (0.13 ug n3) (n = 49). The
genic/biomass burning) sources are higher than fossil fuetontributions of nss-Sb, nss-Kt and nss-C& to the to-

combustion in this region. tal so};, Kt and C&" concentrations were on average
97.7 %, 96.5% and 93 % (range, 93-99.6 %, 91-99.3 % and
3.1.2 Water-soluble ionic components 78-98.6 %), respectively, demonstrating the dominant con-

tributions from anthropogenic sources compared to marine
The statistical summaries of water-soluble ionic species insources. Seasonal distributions of ionic species showed
the tropical Indian aerosol (P}d) samples from Chennai peak concentrations in wintertime (Fig. 3). The average
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concentrations of ionic species, except Né@nd Na, were 500
2 to 5 times higher in winter than in summer (Table 1). How-
ever, NG, showed a little higher average concentration in
winter (0.89 pg m3) than summer (0.61 ugm). Further-
more, most ionic species, except for MSACI~, NO; and
NHZ{, showed a clear diurnal variation with daytime maxima
(see Table 1; Fig. 3; Sect. 3.4).

High abundances of Sfp in ionic mass of Chennai
aerosols suggest that the contributions from fossil fuel com-
bustion are higher than other sources, e.g., biomass burning.
In contrast, its concentrations, which is twice higher in winter 1004 ¢ Summer
(ave. 8.8 ug m3) compared to summer (ave.4.1 ug# to- O day;r=0.99
gether with the air mass trajectories (Fig. 1) demonstrate that 0 . . ° ”'ght'rl = 0.8
the source strength and/or source type are different in each 0 100 200 300 400 500
season because industrial emission ob $&significant not Sum of cations (neq)
only in northern part of India but also in southern tip of In-
dia (Mayol-Bracero et al., 2002). On the other hand, averagerig. 4. Linear regression plots between sum of cation equivalents
concentration of NE{I that contributes from biomass burn- (neq) and anion equivalents (neq) in the tropical Indian aerosol
ing as well as animal excreta (Olivier et al., 1998) was twice (PM10) samples collected on day- and night-time baseg)mwin-
higher in winter (2.1 ugm°) than in summer (1.3ugn?)  ter (23 January to 6 February) afty) summer (22-31 May), 2007
whereas N that emits from fossil fuel combustion (Olivier from Chennai, India.
et al., 1998) did not show significant seasonal variation (Ta-
ble 1).

Furthermore, the average concentrations of MSand

Winter
O day; ¥ =067
4004| @ night; r*=0.85

®

300- 00¢®
O
2004

Sum of anions (neq)

and hence bSO, and NH{HSO, were present in addition to
CI-, which are generally considered to be of marine origin, (NH4)25Qs, NHsNOs and NHCI. The enhanced cation to
were higher in winter (0.3 ugn? and 1.1 ugm?3) than in  anion and NIj‘/SOf1 ratios in summer suggest a plausible
summer (0.1 ug m? and 0.2 ug m3) by a factor of 3 and 5,  association of catio_ns., including NH wi_th organic acids.
respectively, although the air masses that arrived in Chenndifowever, the association of acidic species with metals (such
originated from oceanic region in summer and continenta/@s Mg and C&") might be insiginificant as their concen-
region in winter (Fig. 1). In fact, biomass burning produces trations were low in Chennai aerosols (Table 1).

dimethyl sulfide (DMS) (Meinardi et al., 2003), a precur- ) . o

sor for MSA™ (von Glasow and Crutzen, 2004), as well as 3-2 Comparison of EC and OC in Chennai with

CI~ (Keene et al., 2006; Watson et al., 2001; Yamasoe etal.,  Previous studies in South Asia

2000). Thus, the distributions of these signature ions suggest )
that biofuel/biomass burnings rather than fossil fuel combus-Table 2 compares the concentrations of EC and OC and mass

tion are significant sources in South and Southeast Asia. ~ concentration ratios of OC to EC and EC to TC in Chennai
aerosols together with those from different locations in South

3.1.3 lonic balance Asia including the Bay of Bengal and the Indian Ocean.
In winter, the average concentration (6.5 pginof EC in
Average equivalent ratios of total cations (NaNHj, K+, Chennai is higher than those reported in Hisar, Manora Peak

Mg?* and C&") to anions (Ct, NO; and SG~) were 0.85  and over the Indian Ocean but lower than that reported in
(range, 0.67—1.07) in winter and 1.21 (range, 1.01-1.58) ilMumbai (Table 2). In summer, EC concentration in Chennai

summer. The linear regression lines for total cations and anis comparable to that reported in Kathmandu valley, higher
ions are shown in Fig. 4 for day- and night-time samplesthan those reported in remote Himalayas and over the Bay of
in winter and summer. A significant cation deficiency was Bengal and lower than that reported in Dhaka (Table 2). In

found in winter, probably due to the exclusion of Hsug-  contrast, the average concentrations of OC in Chennaiin both
gesting that the Chennai aerosols are more acidic in winwinter and summer are lower than that reported in Hisar in

ter than summer. Ammonia is a dominant alkaline gas thawinter and in Kathmandu valley in summer (Table 2). These

neutralizes the acidic particles in the atmosphere. How-comparisons to other locations are similar to the case of EC
ever, NI—[{/SO‘%‘ equivalent ratios were only 0.63 in winter (Table 2).

and 0.81 in summer. In fact, concentrations of dicarboxylic The major sources of carbonaceous aerosols in Kath-
acids were higher (range, 351-1030 pginin winter than ~ mandu valley, remote Himalaya and Godavari are expected
summer (range, 226-652ugnr) (Pavuluri et al., 2010a). to be biofuel combustion (cow-dung cake, wood and agri-

The low NI—[{/SO?[ equivalent ratios, particularly in win- cultural waste) and biomass burning (Carrico et al., 2003;
ter, suggest that Ngwas insufficient to neutralize all SO  Stone et al., 2010). Similarly, the major contributions of
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carbonaceous aerosols in Hisar, Manora Peak and Mt. Abu as
well as over the Bay of Bengal were attributed to be biomass
burning (Ram et al., 2008; Rengarajan et al., 2007; Sudheer

and Sarin, 2008). In contrast, fossil fuel combustion is ex- 35 1

pected to be the major source of EC and OC in mega-cities; 1 (a) Early winter
Mumbai (Venkataraman et al., 2002), Dhaka (Salam et al., 30 :

2003) and Lahore (Smith et al., 1996). Further, emissions T

from fossil fuel combustion (60—-80 %) and biomass burning 254

(20—-40 %) in South and Southeast Asia are considered as the
sources of EC and OC over the Indian Ocean (Mayol-Bracero
etal., 2002).

20+

154

3.3 Seasonal changes in mass fractions of EC, OM and 1
ionic species in PMg: role of source regions

Distributions of mass fractions of EC, OM and ionic species
in PMjo for three seasons; early winter, late winter and sum-
mer, as categorized by the source regions of air masses that
arrived in Chennai during the campaigns (see Sect. 3.1 and
Fig. 1), are given by box-and-whisker plots in Fig. 5. The
mass fractions of EC, Sfp and K* were higher in late win-

ter than early winter when the air masses originated from
SEA and ME/IN, respectively (Fig. 1). They are lowest in
summer when air masses arrived in Chennai from AS/IO
(Fig. 1). Meanwhile, mass fractions of OM and $Hvere
higher in late winter than in summer and in early winter.
However, MSA", CI~ and NG, did not show any significant
difference between early- and late-winter. In contrast, mass
fractions of M@ and C&* were higher in early winter and
Na* fraction was higher in summer.

It is well known that biomass burning including forest
fires are commonly occurred in South and Southeast Asia but 1 —
the amount of vegetation burned in Southeast Asia (331 Tg 1 (c) Summer
dry matter) are almost twice large compared to those of P
South Asia (178 Tg; Streets et al., 2003). Similarly, the
consumption of bio-fuel, in particular cow-dung (Reddy and
Venkataraman, 2002b), and livestock emissions (e.gs;CH
Garg et al., 2001) are higher in southern part of India than
any other parts of the Indian subcontinent. Thus the ori-
gins of the air masses and their source strength should have
played a vital role in changing the concentrations of carbona-
ceous and ionic components from season to season. These
considerations also indicate that biomass burning is a signif-
icant source of EC, OC, Sfp and Nl—ﬁ as well as MSA,

ClI~ and NG; and the intensity of biomass burning emissions
are higher in SEA than ME/IN. The less abundant EC mass
fraction in summer is likely because biofuel combustion less
contributes to EC compared to OC (Stone et al., 2010).

Mass fractions in PM,, (%)

Fig. 5. Box-and whisker plots of mass fractions of EC, OM and
ionic species (MSA, CI~, NO3, Soi_, NH;, K+, Mgt and
Cat) in the tropical Indian aerosol (P)\j) samples collected from

Chennai, India ina) early winter,(b) late winter andc) summer,
2007.
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3.0 OC/EC ratios in Chennai winter aerosols are similar to
(a) Winter © daytime those reported over the Indian Ocean (Table 2) and compa-
2.51 ©_nighttime rable to those €4.0) reported for urban locations (Table 2;
204 Cao et al., 2003). In addition, EC/TC ratios are also sim-
} ilar to those reported over the Indian Ocean (Table 2) and

1.5- comparable to those (0.56) reported in road tunnel aerosols
(Gillies et al., 2001). EC mass fraction in TC was also always
1.04 } ] higher than 10 %, a typical value for wood burning (Andreae
z ﬂ i% and Merlet, 2001). These results and comparisons suggest
o8} 2 that the contributions from fossil fuel combustion could be
ood— | | | | omP¥ | T 0g0m0% highly significant in winter. However, this is not necessarily
the actual case.

0.5+

Mass concentration ratios

12 (b) Summer Al The air masses that arrived in Chennai originated from
104 ¢ montime ME/IN and SEA in winter (Fig. 1) where biofuel/biomass
burning including forest fires are significant (Streets et al.,

814 2003). EC emission from biomass burning depends on burn
6. rate (kg IT1) and type of biomass (Habib et al., 2008; Stone

§ et al., 2010) that can lead the OC/EC and EC/TC ratios to

44 be comparable to those of fossil fuel combustion emissions.

Habib et al. (2008) found a significant negative correlation
(r? = 0.5) between EC/PM ratio and burn rate. Stone et

v
FOT
o
o
—o—

01 —0el8 0% | grelm ~ g e al. (2010) reported extremely high EC/OC ratio (1.68) for
EP8E8E808R8R8y mango wood burning at low burn rate compared to that (0.24)
808888¥x¥yoghsoyg at high burn rate. In fact, most of cooking energy in South

AH=3 2 2apQQz2 ; ;
£23322900 50 and Southeast Asia come from biofuel (cow-dung, wood and
ggcc agricultural waste) combustion, generally at low rate, that

could contribute a larger amount of EC to the atmosphere.
Fig. 6. Mass concentration ratios of selected components in thelnterestingly, OCJ/EC ratios were higher and EC/TC ratios
tropical Indian aerosol (Ph) samples collected on day- and night- \yere |ower in summer than winter, which is mainly driven
time bases irfa) winter (23 January to 6 February) afi) summer  py FC, although the air masses originated from AS/IO passed
(22-31 May), 2007 from Chennai, India. over southern part of the Indian subcontinent where anthro-
pogenic emissions are significant, probably due to differ-
ences in types of sources (biofuel/biomass). In fact, con-
sumption of cow-dung (Reddy and Venkataraman, 2002b)
and live stock emissions (e.g. GH(Garg et al., 2001) are
higher in southern part of India than in other parts of India
3.4.1 Mass concentration ratios of selected components that may contribute negligible amount of EC. Further, the

OC/EC ratios, particularly in winter, are highly comparable
Figure 6 shows the mass concentration ratios of selectetb those reported in rural and mountain sites where the bio-
components in Chennai aerosols. The mass concentratioftiel/biomass burning was expected as a major source(s) (Ta-
ratios of OC/EC were higher in summer than winter whereasble 2).
EC/TC were higher in winter than summer (Table 2). OC/EC  On the other hand, nss#EC and nss-K/OC ratios
ratios did not show day- to night-time variation in winter, in Chennai aerosols ranged from 0.07 to 0.20 (&:0.34)
whereas in summer, they were higher in nighttime than day-and 0.05 to 0.16 (0.@20.03) in winter and 0.11-0.33
time (Fig. 6). It is apparent that the OC/EC ratios for most (0.21£0.05) and 0.01-0.06 (0.84€.01) in summer, respec-
of the urban sites around the world fall in the range betweerfively. They did not show any significant diurnal variation
1.0 and 4.0 and the OC/EC ratios exceeding 2.0 have beefFig. 6). These ratios are comparable to K/BC and K/OC
used to indicate the important presence of secondary organitios calculated from emission factors reported for tropi-
aerosols (Cao et al., 2003). On the other hand, it has bee@al forest (0.44 and 0.06, respectively) and the burning of
inferred that wood burning generally produces a small frac-agricultural residues (0.19 and 0.04, respectively; Andreae
tion of EC in TC, typically around 10 % or less (Andreae and and Merelet, 2001). In addition, nsstKEC ratios in Chen-
Merlet, 2001), whereas vehicular emissions especially fromnai aerosols are much higher than that (ave. 0.05) reported
diesel engines contain a larger fraction (about 50 %) of EC inin Christchurch, New Zealand, where wood and coal burn-
TC (Gillies et al., 2001). ing was considered as major sources of domestic energy

(Wang et al., 2005). These comparisons clearly imply that

3.4 Assessment of sources: biofuel/biomass burning
and secondary production during long-range
atmospheric transport
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biofuel/lbiomass burning are the major sources of Chennadof OC in PMy5 in winter (Yang et al., 2005). Miyazaki
aerosols. et al. (2006) reported that the median WSOC/OC ratios in
The ratios of nSS_Sﬁj/EC, nss-S@‘/OC, nss-cat/ec  Tokyo by semicontinuous measurements were 0.19 in win-
and nss-C&/OC in Chennai aerosols were found to be ter and 0.35 in summer and fall where fossil fuel combustion
1.5£0.59, 1.1:0.53, 0.14:0.06 and 0.130.05 in winter S expected as the major source. _
and 2.6-1.7, 0.44:0.3, 0.39-0.17 and 0.02:0.02 in sum- In addition, WSOC/OC ratios in Chennai aerosols are
mer, respectively, with daytime maxima in winter and sum- Nighly comparable to those from Kanpur (range 0.21-
mer (Fig. 6). These ratios are several times higher than thos@-7) and Hisar (0.320.14), India where biomass burning

(0.09, 0.1, 0.03 and 0.03, respectively) calculated from roadt"d/0r secondary production were expected to be the ma-
tunnel aerosols (Gillies et al., 2001). Although SUEC jor source(s) (Ram et al., 2010). Further it is also interest-

and NO;/OC ratios (0.14:0.06 and 0.12:0.05) found in ing to note that the average (median) WSOC/OC ratios (0.51

Chennai winter aerosols as well as JUDC ratios in Chen- (0.48)) reported for Kanpur in summer are little lower than

: in postmonsoon (0.54 (0.53)) (Ram et al., 2010), which in-
nai summer aerosols are comparable to those (0.08 and 0. : X
: . -~ icate that the source type or source strength is more impor-
respectively) obtained for road tunnel aerosols (Gillies et

al., 2001), NQ/EC ratios (0.31.7) in Chennai summer tant in controlling WSOC/OC ratios seasonally rather than

aer0sols are auite different. These comparisons also su secondary production. Because the ambient temperatures
4 ' P e high in all seasons, photochemical oxidation of organ-

gest that the Chennai aerosols have been seriously ianuenceg

by biofuel/biomass burning rather than fossil fuel combus-, >N the atmosphere may be .S|gn|f|cant. n al! seasons In
this region. Thus these comparisons again indicate that the

tion. Hence, we presume that EC might have also been con:. . : S .

; . . 2 iofuel/biomass burning emissions as well as photochemical
tributed from biomass burning at significant level. Recently, ina during | heri s
Gustafsson et al. (2009) found a much larger contribution® 0 oSSINg during ‘ong-range atmospheric transport are sig-

; nificant in South and Southeast Asia.

(46 and 68 %) of different fractions of black carbon from On average, WIOC/OC ratio was 0.55 in both winter and
biomass burning in South Asia based on radiocarbon anal-Summer Wheréas WIOC/EC ratios Wére 0.8 and 3.6 in win-
yses (A14C), which further confirms that our assumption is ; : - '
reasonable. ter gnd summer, re§p§ct|vely, which driven by. E(.:.concgn-
trations. Diurnal variations of WIOC/OC were significant in
WSOC/OC ratios ranged from 0.19 to 0.73 (ave. 0.45)poth winter and summer whereas WIOC/EC did not (Fig. 6).
in winter and 0.23-0.61 (ave. 0.45) in summer. We foundThe higher WIOC/OC ratios in nighttime than daytime are
that the ratios are higher in daytime (0.52 and 0.53 in win-gpposite to that of WSOC/OC but the distributions of WIOC
ter and summer, respectively) than nighttime (0.38 in bothyyere similar to that of SOC. This suggests that the origin
winter and summer) (Fig. 6). The WSOC/OC ratio has beenyf WwiOC and SOC may be similar and most of the SOC
proposed as a measure of photochemical processing or agnay be water-insoluble (Saxena and Hildemann, 1996). The
ing during long-range transport (Aggarwal and Kawamura,\w|OC/EC ratios in summer were higher by a factor about 3
2009; Yang et al., 2004). The higher WSOC/OC ratios foundthan those (range, 0.9-1.31) reported in Tokyo by semicon-
in Chennai aerosols suggest that they were subjected for phqmyous measurements, where fossil fuel combustion was ex-
tochemical processing during long-range atmospheric transpected as the major source (Miyazaki et al., 2006), suggest-
port and thus the contribution from secondary production iSing that WIOC might be contributed from other source (bio-
also significant. On the other hand, diurnal variations of f,e|/biomass burning) rather fossil fuel combustion. How-
WSOC/EC ratios were not significant in both winter and gyer, the WIOC/EC in Chennai winter aerosols 00832)
summer, suggesting that local emissions of EC (and OC) agere comparable to those reported in Tokyo (Miyazaki et al.,
well as in-situ photochemical production of WSOC may also 2006) that may be due to differences in emission factors of
be significant to certain extent in daytime. EC and OC depending on type of biomass and/or burn rate
Furthermore, WSOC/OC ratios in Chennai aerosols argHabib et al., 2008; Stone et al., 2010).
comparable to those found in other rural and some urban
sites where the contributions from biogenic/biomass burning3 4.2 Linear relations of EC and OC with nss-kK+ and
emissions and/or photochemical processing are significant. levoglucosan
The ratios are higher than those reported in some other ur-
ban sites where the fossil fuel combustion emissions werdVe now examine the linear relations of EC and OC with
expected to be significant. On average WSOC accounted fomarker species; nss?Kand levoglucosan, to determine the
66 % (range, 38-72%) in finelX, <1.5um) aerosols col- degree to which they are consistent with the source strength
lected from a rural site that situated on a forest clearing on thé€biofuel/biomass burning) based on mass concentration ra-
Great Hungarian Plain (Kiss et al., 2002), and 44 % (rangetios of selected compounds. *Kand EC are significantly
23-69 %) in Sapporo aerosols (TSP), which were considereémitted from biomass burning (Andreae, 1983) but the for-
as photochemically aged (Aggarwal and Kawamura, 2008)mer does not contribute from fossil fuel combustion and
At an urban site in Nanjing, China, WSOC contributed 30 % hence K~ can be used as marker for biomass burning.
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Levoglucosan is also an excellent marker for biomass burn- Winter . Summer
ing as it is produced by pyrolysis of cellulose during biomass @) O day, # =026 ®) O day; =043
burning. Scatter plots of EC and OC with ns3-kind lev- 16+ e night; = 05| 307 ® night; ©*=0.39
oglucosan are shown in Fig. 7. EC showed medium cor- +— s 2.5 o
relations (2<0.5) with nss-K in both winter and summer £ 204 °
(Fig. 7a, b) whereas OC showed good correlatich=~7), S s o %85 ©
except in summer nighttime (Fig. 7c, d). These correlations . 151 5 8/'60 *
suggest that carbonaceous components in Chennai aeroso 4 1.0 »
might be mainly originated from biofuel/biomass burning. 04—, ; ; ; 05 ; i ;
The weak correlation between OC and nss-i& summer BT 7 - T4 -
nighttime indicates an additional source, probably higher 1 N :fgﬁ;;fﬁ; 2o . :f’gy';;rf:off
plant emissions, which only contribute to OC. _ ' L e :

The relations of EC and OC were positive with levoglu- “g 151 . e 151
cosan in both winter and summer (Fig. 7). However, the £ o o %° 4 * < .
plots between EC and levoglucosan were highly scattered 8 17 - «Q;O/’ by a0
(Fig. 7e, f). Itis likely that the emission factors of EC and 5 oO;c/:o/% 5 ® ¢
levoglucosan are highly dependent on type of biomass and ‘
burn rate, especially in Asian biofuels as discussed earlier " T 0s o8 10 12 oo o2 o4 oo
(Stone et al., 2010). In contrast, OC showed a strong correla- nss-K' (ug m*)
tion (-2 = 0.83) in winter daytime and medium correlations 20 35
in rest of the campaigns OG4>0.3), suggesting a larger @ o dayi =012 ® 0 day; = 0.1
fraction of OC (maybe EC too) is derived from biomass burn- 15 o night;*=000z) 307 ® ight; "= 0.08
ing rather than fossil fuel combustion. T % 2.5+ o

310-0 ®e ° 207 Od. ° o,
3.4.3 Relations between selected carbonaceous A PR % %o 1.5 o6 ° .
components o F 0 ol Do
0 T T T 0.5 T T T T
As shown in Fig. 8, EC and OC correlate well in winter 25 @ - 25 o) -
nighttime and summer daytime and weakly in winter day- © day.r =083 O day.r =0.32
. . . . . 204 ® night; r" = 0.32 204 @ night; r" = 0.46
time but no correlation was found in summer nighttime, sug-
gesting a significant contribution of EC and OC from com- "¢ 15 . o 15+
mon sources; biofuel/biomass burning. However, the weak 2 ° /,é»;/.S
and no correlation in winter daytime and summer nighttime, § "°]_— ¢~ 101
respectively, indicate an additional source(s) for either. As 548 2% i 5
noted earlier, land/sea breeze circulation causes the flow of i
0 T

marine and inland air masses onshore and offshore in day: ©
and night-time, respectively. This may weaken the corre-
lation in winter daytime. Marine sources contribute to OC
only, but not EC (except ship exhaust), whereas inland ailrig. 7. Scatter plots of EC and OC with nsstKa, b, ¢ andd) and
masses may be enriched with both. In fact, the higher endsevoglucosand, f, g andh) in the tropical Indian aerosol (Pj)
of EC in winter nighttime were almost twice to that of day- samples collected on day- and night-time bases in winter (23 Jan-
time whereas those of OC were just about 10 % (see Table 19ary to 6 February) and summer (22-31 May) 2007 from Chennai,
that indicate the significant contribution of OC from marine India. Levoglucosan data is obtained from Fu et al., 2010.
sources in daytime.

In summer daytime, EC contributions may be as signif-
icant as nighttime although sea breeze uplifts marine aira larger contribution of OC in nighttime. In fact, emis-
masses. The significant mixing of inland air masses is verysion of VOCs from tropical plants in India is higher in sum-
likely as the winds prevail from southwest in summer (Pavu-mer than winter (Padhey and Varshaney, 2005). Pavuluri et
luri et al., 2010a), passing over southern part of the Indianal. (2010a) also found high concentrations of long-chais (C
subcontinent, and hence the influence of marine air masseS;,) diacids in summer nighttime, which are likely formed
on EC and OC distributions may be insignificant. Interest-by oxidation of unsaturated fatty acids that are emitted from
ingly, EC concentrations were almost constant in summerhigher plants. Hence, we presume that production of sec-
day- and night-time whereas the higher ends of OC wereondary organic aerosol by the photochemical oxidation of
almost 45 % to those of daytime (see Table 1), indicatingVOCs emitted from higher plants might be significant in

0 100 200 300 400 0 50 100 150 200 250
Leveglucosan (ng m")
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Fig. 9. Linear regression plots between SOC and WSOC in the
Fig. 8. Scatter plots between EC and OC in the tropical Indian tropical Indian aerosol (PM) samples collected on day- and night-
aerosol (PMg) samples collected on day- and night-time bases intime bases irfa) winter (23 January to 6 February) afig) summer
(a) winter (23 January to 6 February) afiy) summer (22-31 May),  (22-31 May), 2007 from Chennai, India.
2007 from Chennai, India.

ther, the correlation coefficients are close to those reported

inland region during daytime and thus the inland air massesor Tokyo aerosols (Miyazaki et al., 2006).
become enriched with OC that are transported to sampling  gjopes (0.13-0.39) of the correlations between SOC and
site in nighttime by land breeze. WSOC in Chennai aerosols were lower in nighttime than

It is generally believed that SOC is nearly equivalent to daytime in both winter and summer (Fig. 9). They were
WSOC because secondarily produced OC preferably contwice to five times lower than those (0.61-0.74) reported in
tains the oxygenated chemical functional groups that arelokyo aerosols (Miyazaki et al., 2006). These low slope
water-soluble, although this has not been experimentallyalues in Chennai aerosols indicate that most of the SOC
demonstrated for ambient air. Kondo et al. (2007) reporteds not water-soluble. It is likely because some SOC com-
very high correlationsr€ = 0.87-0.93) between WSOC and pounds are considered to have large carbon-hydrogen chain
total carbon concentrations of oxygenated organic aerosolé>Cg) and functional groups, leading to water-insolubility
(defined as OOC). Miyazaki et al. (2006) found good corre-(Saxena and Hildemann, 1996). Interestingly, the increase
lations ¢2 = 0.61-0.79) between SOC and WSOC in Tokyo in WSOC was insignificant with increasing SOC in summer
aerosols, where fossil fuel combustion was expected to be thaighttime aerosols, suggesting that SOC originated from bio-
major source. The scatter plots between SOC and WSOC ifuel/biomass burning and terrestrial plant emissions are less
Chennai aerosols in winter and summer are shown in Fig. Qwater-soluble. Thus, the mass concentration ratios and lin-
We found high and medium correlations between SOC andear relations of selected ionic species, carbonaceous com-
WSOC in winter daytime and in winter and summer night- ponents and organic marker species indicate that Chennai
time, respectively, but weak in summer daytime (Fig. 9). Fur-aerosols are mainly derived by biofuel/biomass burning and
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secondary production during long-range atmospheric transbetween TIBL and ABL is significant once TIBL disappears
port from distant source regions in South and Southeast Asiaby the onset of land breeze in nighttime.
On the other hand, the onset of sea breeze in daytime may
3.5 Diurnal variations of carbonaceous and ionic uplift aged aerosols that are accumulated over oceanic re-
components: land/sea breeze circulation gion together with inland air masses transported offshore in
previous night. The aged aerosols may be enriched with sec-
All carbonaceous and ionic components showed a diurnaPndary species such as MSASG;™ and WSOC as well as
distribution in both winter and summer, except for few casesPrimary pollutants; K and Mg a”d_C&Jr- The former
(Figs. 2 and 3; Table 1). The diurnal distributions of EC WO Species are produced by photooxidation of DMS emitted
and OC were similar with nighttime maxima, except for few €ither from oceanic phytoplankton and/or biomass burning,
cases, but opposite on 28, 30 and 31 May (Fig. 2a and b)hereas K is emitted from biomass burning and l?/!gqnd'
WSOC and WIOC showed day- and night-time maxima, re.Cat are from crustal sources. In addition, local emissions
spectively, in both winter and summer (Fig. 2¢ and d). |n_from biofuel burning and_crustal sources might have also
terestingly, SOC also showed nighttime maxima in Oppositénfluenced the concentrations of pollutants_to some extent.
to that of WSOC (Fig. 2f) whereas POC did not show any Thus, MSA", .50421_' K, Mg”" and C&" might become
trend (Fig. 2e). Concentrations of MSASO‘Z(, K+, Mg+ predommant in .da'tytlme,.and henge ae.rosols.become rela-
and C&" showed daytime maxima whereas those of Cl tively more acidic in daytime than nlghttlmg (Fig. é_l). Con-
and NG showed opposite trend, except for few cases, inversely, CI" showed lower concentrations in daytime than

both winter and summer (Fig. 3). In contrast, Nshowed nighttime, because HCl is released from NaCl by the reaction
daytime maxima in winter but déytime minima. in summer With acidic sulfur species and is attached to aerosols after the

(Fig. 3e) whereas Nji showed an opposite trend to that of reaction with NH (Hara et al., 2004). Local emissions, such
Nat (Fig. 3f). as fossil fuel combustion, might be the major source o§NO

. and hence, it showed a peak in nighttime due to land breeze.
These diurnal changes may be caused by land/sea breeze . . L
The daytime maxima of Nain winter are caused by sea

circulation because wind speed and wind direction on thebreeze that brings marine air masses. Although its nighttime

near surface showed a clear diurnal oscillation during themaximainfew cases during summer (Fig. 3¢) are ambiguous
campaigns (Pavuluri et al., 2010a). The onset of sea breeze 9 . 9. \re ambig '
) . ; . we assume that the sea-salt particles might significantly ac-
in daytime causes the onshore flow of marine air masses

(Lu and Turco, 1994: Miller et al., 2003) and develops the cumulate between TIBL and ABL during development of the

. , TIBL and their atmospheric level become higher due to ver-
thermal internal boundary layer (TIBL) extending up to 50— . . ) ; o
. tical dispersion of pollutants, after TIBL disappears in night-
100 m above ground level under the atmospheric boundan{ime As described in Pavuluri et al. (2010b), animal exc-
layer (ABL) at the coast in Chennai region (Srinivas et al, reta -and biofuel/biomass burnin aré two mazor sources of
2007) that restricts the vertical distribution of pollutants. In 9 J

+ i i i i _
contrast, the TIBL disappears and the ABL moves down af-NH4 ' Hgnce, t'he alr masses upl.lfted by !and breeze in night
time during winter may be enriched with NHand those

ter the onset of the land breeze in nighttime. In addition, the _ . . '

oxidant concentration may stay high under nighttime smogb_y sea b_reeze in daytime during summer mlght_ become en-

condition at surface level (Miller et al., 2003) that may pro- iched with NH; as they passed over south Indian subcon-

mote the in-situ oxidation processes. tment_where cow-dung combustpn and animal excreta are
The onset of land breeze that transports the inland airm ore important than in central India (Reddy and Venkatara-

X : : o man, 2002b; Garg et al., 2001).

masses, enriched with anthropogenic emissions, to the sam-

pling site may increase the EC, OC and WIOC concentra-

tions in nighttime whereas in daytime, their concentrations i

might be reduced by dilution with aloft marine air masses.4 Summary and conclusions

The daytime maxima of EC in summer, for few cases, is

probably due to mixing of polluted inland air masses as theThe tropical Indian aerosol (P)) samples collected at

winds prevailed from southwest (Pavuluri et al., 2010a). TheChennai on day- and night-time bases in winter and summer,

daytime maxima of WSOC are likely as most of WSOC con- 2007 were studied for carbonaceous and ionic components.

sidered to be secondary that may be produced under strongC and ionic components showed higher concentrations in

solar radiation in daytime by in-situ photochemical pro- winter than summer, but OC was rather constant in both sea-

cesses. Further, the long-range transported marine aerosci§ns. EC and OC showed similar diurnal variations with

may also be enriched with WSOC. In contrast, the nighttimenighttime maxima in winter but EC showed daytime max-

maxima of SOC (Some SOC Compounds may not be Wateri.ma for few cases in summer. %OWas the most abundant

soluble; Saxena and Hildemann, 1996) might be due to largeionic species followed by NF. MSA—, SO;~, K+, Mgt

contributions of long-range transported aerosols because veand C&+, showing daytime maxima. In contrast, Cand

tical mixing of the aged air masses that were accumulatedNO; showed nighttime maxima in both winter and summer,
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except for few cases. On average, estimated SOC was founBlabu, S. S. and Moorthy, K. K.: Aerosol black carbon over a trop-
to be similar in both winter and summer. ical coastal station in India, Geophys. Res. Lett., 29(23), 2098,

The seasonal changes in mass fractions of EC, OM and d0i:10.1029/2002GL015662002. _ o
ionic species and the comparisons of EC and OC concentrdz’af%‘:éiésd* S?;hgif]:n iédK'tvalzr;ﬁ ?;ﬂg:y;fgf" ;g;oz'(:;r%d:ig\'/:
. . . | u u e\ 1a,
tions Wlth_ those report_ed f(_)r aerosols_ from_other locale in Geophys. Res. Lett., 29(18), 188@i:10.1029/2002GL015826
South Asia together with air mass trajectories suggest that 2002
the blofueI/blqmass burning is a major source of_South_andCao’ J.J., Lee, S. C., Ho, K. F., Zhang, X. Y., Zou, S. C., Fung, K.,
Southeast Asian aerosols. The mass concentration ratios of chow, J. C., and Watson, J. G.: Characteristics of carbonaceous

selected components, particularly nSé?KnSS'S@*, nss- aerosol in Pearl River Delta region, China during 2001 winter

C&* and NG to EC and OC and the relations between EC,  period, Atmos. Environ., 37, 1451-1460, 2003.

OC and marker species (nss-Kand levoglucosan) also in- Carrico, C. M., Bergin, M. H., Shrestha, A. B., Dibb, J. E., Gomes,

ferred that the biofuel/biomass burning as the major source L., and Harris, J. M.: The importance of carbon and mineral dust

of atmospheric aerosols in this region. The high concentra- 0 séasonal aerosol properties in the Nepal Himalaya, Atmos. En-

tions of SOC, WSOC/OC ratios and positive correlations be- _ Viron-, 37, 2811-2824, 2003. . ,

tween SOC and WSOC indicated that secondary productior%:aStrO’ L. M., Pio, C. A.,_Harnson, R. M., and Smith, D. J. T.: .

. . . . Carbonaceous aerosol in urban and rural European atmosphere:
of organic aerosols dunng_long-rapge transport s also an im- estimation of secondary organic carbon concentrations, Atmos.

portant source of the tropical Indian aerosols. The data sets g.iron. 33. 2771-2781. 1999.

reported here could serve as baseline observation of carbong,yayii. F.,’C. 'Facchini, S.’Decesari, M. Mircea, L. Emblico, S.

ceous aerosols for southern part of the Indian subcontinent, Fuzzi, D. Ceburnis, Y. J. Yoon, C. D. O’'Dowd, J.-P. Putaud, and

which could contribute to regional climate and air quality Dell’Acqua, A.: Advances in characterization of size-resolved
models. organic matter in marine aerosol over the North Atlantic, J. Geo-
phys. Res., 109, D242180i:10.1029/2004JD005132004.
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