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g r a p h i c a l a b s t r a c t
� We determine the homologous series
of low molecular weight monoacids
over BoB.

� The marine boundary layer over BoB
was influenced the IGP- and SEA-
outflow.

� Formic-to-acetic acid ratios (C1/C2)
were larger than unity in the IGP-
outflow.

� Propionic and isovaleric acids (C3 and
iC5) were higher in the SEA-outflow.

� Hydroxyacids (lactic and glycolic)
were higher in the IGP-outflow.
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Low molecular weight monocarboxylic acids (LMW monoacids) are most abundant volatile organic
compounds (VOCs) in the atmosphere and often act as important contributors to the acidity of precip-
itation in addition to inorganic acids. However, there is a large uncertainty in the sources and secondary
formations of these acids in the atmosphere. This study reports homologous series of LMW monoacids,
including normal (C1-C10), branched chain (iC4-iC6), aromatic (benzoic acid) and hydroxyacids (lactic and
glycolic acids) in the fine-mode (PM2.5) aerosols collected over the Bay of Bengal (BoB) during a winter
cruise (December 2008 to January 2009). The samples were associated with two distinct continental air
masses arriving from the Indo-Gangetic Plain (IGP-outflow) and Southeast Asia (SEA-outflow). The
molecular distributions of organic acids are characterized by the dominance of formic acid (C1) followed
by acetic acid (C2) and nonanoic acid (C9) in the IGP-outflow, whereas dominance of C1 or C9 was
observed in the SEA-outflow followed by C2. Formic-to-acetic acid (C1/C2) ratios were higher than unity
(mean: 1.3 ± 0.3) in the IGP-outflow, whereas they were less than unity (0.9 ± 0.5) in the SEA-outflow.
These results suggest that secondary formation of organic acids is largely important in the IGP-outflow
whereas primary emission is a major source of organic acids in the SEA-outflow. Based on the correlation
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coefficient matrix analysis and C1/C2 and C4/C3 ratios, we consider that the sources of C1 are probably
associated with the secondary formation via the oxidation of biogenic VOCs, while C2 has both primary
and secondary formations associated with anthropogenic sources in the IGP-outflow. On the other hand,
C1 and C2 have similar sources (both primary and secondary) originated from biomass burning and
bacterial activities via long-range atmospheric transport in the SEA-outflow, as inferred from the MODIS
fire spot data, significant concentrations of isovaleric acid (iC5), and a significant correlation (r ¼ 0.67)
between nss-Kþ and total LMW monoacids.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Low molecular weight monocarboxylic acids (LMW monoacids)
are ubiquitous and important class of organic compounds in the
atmosphere (Kawamura et al., 1985a, 2000; Paulot et al., 2011;
Rogge et al., 1993). Formic (C1) and acetic (C2) acids are most
abundant volatile organic acids among all monoacids (C1-C10).
Although inorganic acids like sulfuric acid and nitric acid are usually
the major contributors to the rain acidity (Brezonik et al., 1980;
Galloway and Likens, 1981), C1 and C2 are important contributors
to the rain acidity, especially in remote regions (Andreae et al., 1988;
Keene and Galloway, 1984). Since LMW monoacids are water-
soluble, they have a potential to modify the hygroscopic proper-
ties of atmospheric aerosols (Boreddy et al., 2016), influencing the
cloud condensation nuclei (CCN) activity of particles (Yu, 2000) and
having an impact on the earth's radiative forcing. Due to their high
vapour pressure, these compounds are more abundant in gas-phase
than in particle phase, however, their concentrations in aerosols are
sufficiently enough to activate the particles as CCN (Yu, 2000). In
addition, LMW monoacids affect the atmospheric processing of
aerosols by controlling pH (Vet et al., 2014). Thus, our study on
monoacids in the aerosol particles is a noteworthy attempt.

Homologous series of monoacids (C1-C10) have been determined
using a capillary gas chromatography (GC) in rain and fog samples
(Kawamura and Kaplan, 1983, 1984; Kawamura et al., 1985b, 2001),
Los Angeles air and motor vehicle exhaust (Kawamura et al., 2000),
and snow pack samples (Kawamura et al., 2012; Mochizuki et al.,
2016). LMW hydroxyacids are also reported over the Pacific using
GC (Miyazaki et al., 2014). Using ion chromatography, formate and
acetate were reported in a wide variety of sources and environ-
ments (Chebbi and Carlier, 1996; Khare et al., 1999), including
biomass burning (Talbot et al., 1988), vegetation (Talbot et al., 1990;
Tsai and Kuo, 2013), vehicular emissions (Grosjean, 1992), urban
(Tsai et al., 2013; Wang et al., 2007; Yuan et al., 2015), Antarctic ice
(de Angelis et al., 2012) and coastal Antarctic (Legrand et al., 2004)
samples.

LMW monoacids have different sources in the atmosphere
including the primary and secondary emissions from anthropo-
genic and biogenic sources (Chebbi and Carlier, 1996). Although C1
has small primary contribution from plants (Gabriel et al., 1999;
Keene and Galloway, 1984), ants (Gradel and Eisner, 1988),
biomass burning (Goode et al., 2000), and motor vehicle
(Kawamura et al., 1985a), it is mostly a secondary product by the
oxidation of various organic precursors of anthropogenic and
biogenic origin (Br�egonzio-Rozier et al., 2015; Paulot et al., 2011),
in-cloud and heterogeneous processes (Kerminen, 1997; Pommier
et al., 2016) and aqueous-phase cloud chemistry (Chameides and
Davis, 1983). Lactic (Lac) and glycolic (Glyc) acids are monoacids
with a hydroxyl group on the adjacent carbon and are classified as
a-hydroxyacids. Glyc is the smallest a-hydroxyacid and is highly
water-soluble. Recently, Miyazaki et al. (2014) documented high
abundances of hydroxyacids (lactic acid) along with formic and
acetic acids from marine microbial sources over the North Pacific.
Furthermore, microorganisms may emit branched chain (iC4-iC6)
monoacids (Allison, 1978) in the atmosphere, especially iC5. On the
other hand, wet and dry deposition process is important sink of
monoacids in the atmosphere (e.g., Kawamura et al., 2001) and to a
lesser extent through oxidation by OH radicals (Pommier et al.,
2016). However, knowledge on the sources and formations of
LMW monoacids in the atmosphere is still incomplete, despite the
progress made in elucidating these source types.

The ambient atmosphere over the Indo-Gangetic Plain (IGP)
region is characterized by pollutants from industrialization, ur-
banization, and growing human activities. Thus, continental
outflow in the north-eastern Indian Ocean is increasingly affected
by anthropogenic aerosols (Ram and Sarin, 2010; Rastogi et al.,
2016; Rengarajan et al., 2007; Srinivas and Sarin, 2014; Srinivas
et al., 2012; Sudheer and Sarin, 2008). On the other hand, long-
range atmospheric transport of biomass burning aerosols from
Southeast Asia to the north-eastern Indian Ocean may have a sig-
nificant impact on the regional climate and marine biogeochem-
istry (Bikkina et al., 2016; Bikkina and Sarin, 2013). The Bay of
Bengal (BoB) in the north-eastern Indian Ocean is geographically
present in the outflow regions of anthropogenic pollutants from
northern India (IGP) and biomass burning aerosols and their pre-
cursors from Southeast Asian countries (SEA) via long-range at-
mospheric transport.

Since organic aerosols are important constituents of atmo-
spheric particulate matter (Jimenez et al., 2009; Kanakidou et al.,
2005) with an influence on the earth's radiative forcing, we
collected fine-mode (PM2.5, i.e., particulate matter � 2.5 mm in
aerodynamic diameter) aerosols using a high volume air sampler
on board ORV Sagara Kanya (SK-254) as part of Integrated Campaign
for Aerosols, Gases and Radiation Budget during winter (ICARB-W)
during 27 December 2008 to 28 January 2009 over the entire BoB
(Moorthy et al., 2010). Although numerous studies have been
published on ICARB-W (Bikkina et al., 2016; Bikkina and Sarin,
2013; David et al., 2011; Kumar et al., 2010; Moorthy et al., 2010;
Srinivas et al., 2011), there is still a knowledge gap on the chemi-
cal composition of organic aerosols at a molecular level. Here, we
focus on the atmospheric abundances of homologous series of
normal (C1-C10), branched (iC4-iC6), aromatic (benzoic acid), and
hydroxyl (lactic and glycolic acids) monoacids in PM2.5 aerosols
over the BoB.We also discuss their sources and formation pathways
in the two distinctly different continental outflows (IGP and SEA)
over the BoB. To our best knowledge, this is the first time to
determine the homologous series of LMW monocarboxylic acids
over the BoB.
2. Instrumentation and methodology

2.1. Aerosol sampling

Sampling of atmospheric PM2.5 was conducted over the BoB.



S.K.R. Boreddy et al. / Atmospheric Environment 167 (2017) 170e180172
Fig. 1 depicts the geographical location of the BoB and the cruise
track along with air mass backward trajectories for the sampling
days and MODIS (MODerate resolution Imaging Spectroradi-
ometer) derived fire count data. PM2.5 samples (n ¼ 31) were
collected on pre-combusted (450 �C, for 6 h) quartz filters (PALL-
FLEX®

TM, 2500, QAT-UP) using a high volume air sampler (HVS).We
had used Thermo-Andersen HVS with nominal 50% cutoff diameter
for PM2.5 particles. The sampler was operated at a fixed flow rate of
~1.13 m3 min�1. The HVS was frequently calibrated using a NIST
certified orifice calibrator to ascertain the flow rate variations (if
any). Typically, the flow rate varied from 1.08 to 1.18 m3 min�1, with
an uncertainty of ±5% (Kumar et al., 2010). Field blank filters were
also collected without pumping air.

In parallel, we have also recorded the flow rate of the sampler on
a chart paper, which is almost exactly at 1.13 m3 min�1 for all the
period of PM2.5 collection over the BoB during the cruise. More
details about the cutoff traceability and calibration of the PM2.5
measurements have been described in elsewhere (Aggarwal et al.,
2013). The HVS was placed on the upper deck (15 m a.s.l.) in
front of the ship's navigation room. For each sample, marine air was
drawn for ~20 h (the volume of filtered air ranged from 1300 to
1400 m3) with a cruising speed of >10 knots/h, avoiding the in-
fluence from the ship's exhausts. After the sample collection,
sample and blank filters were placed in pre-combusted (450 �C, 6 h)
aluminium foils and then kept in zip-lock bags. These filters were
stored at �18 �C until the analysis for organic acids. The daily mean
air temperature, relative humidity, and wind speed over the
northern (southern) BoB were varied from 27.5 �C to 24.4 �C
(29.0e25.9 �C), 49.1%e74.4% (56.3e79.8%), and 1.2e5.6 m s�1

(1.8e6.3 m s�1), respectively during the cruise. More details about
meteorological parameter, aerosol sampling, and calibration pro-
cedure were described in previous studies (Kumar et al., 2010;
Srinivas et al., 2011).
2.2. Chemical analysis of aerosol samples

We analyzed the PM2.5 samples for LMW monoacids using the
improved analytical method of Kawamura and Kaplan (1984).
Fig. 1. 7-day isentropic air mass back trajectories computed using HYPLIT model for
the sampling period (27 December 2008 to 26 January 2009) along the cruise track
(green line) over the Bay of Bengal. Blue colored trajectories represent the Indo-
Gangetic Plain air masses (IGP-outflow) while Southeast Asian air masses (SEA-
outflow) indicated by black color. Red dots represent the MODIS inferred fire spots.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Briefly, a filter cut (half of 1.6 cm2) from each filter sample was
extracted with organic-free ultra pure water (resistivity of
>18 MU cm, Sartorius arium 611 UV) under ultrasonication. The
extracts were filtrated through a Pasteur pipette packed with
quartz wool to remove the filter debris and adjusted to pH 8.5e9.0
with 0.05 M KOH solution to form organic salts (e.g., CH3COO-Kþ).
These organic salts were concentrated down to 1 mL using a rotary
evaporator under vacuum at 50 �C. The concentrates were passed
through a cation exchange resin (DOWEX 500W-X4, 100e200
mesh, Kþ form) packed in a Pasteur pipette in order to make all the
organic salts to RCOO�Kþ form. The eluents were checked for
pH ¼ 8.5e9.0 and then concentrated using a rotary evaporator and
the nitrogen blow down system. The dried RCOO�Kþ salts were
reacted in acetonitrile (4 mL) with a, p-dibromoacetophenone
(0.1 M, 50 mL) as a derivatization reagent and dicyclohexyl-18-
crown-6 (0.01 M, 50 mL) as a catalyst at 80 �C for 2 h. The de-
rivatives (p-bromophenacyl esters) of monoacids including normal
(C1eC10), branched (iC4eiC6), and aromatic (benzoic acid) struc-
tures were measured using a capillary gas chromatograph (GC) (HP
GC6890, Hewlett-Packard, USA) equipped with a flame ionization
detector (GC/FID) and GC-mass spectrometry (GC/MS) (Agilent
GC7890A and 5975C MSD, Agilent, USA). Furthermore, OH func-
tional groups of organic acids in p-bromophenacyl esters were
reacted with 50 mL N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) with 1% trimethylsilyl chloride and 10 ml of pyridine at
70 �C for 3 h to derive trimethylsilyl (TMS) ethers of p-bromo-
phenacyl esters. The derived TMS ethers were determined with a
capillary GC and GC/MS. We detected hydroxymonocarboxylic
acids such as lactic and glycolic acids. More details of the analytical
procedure have been described elsewhere (Kawamura et al., 2012).
To check the recovery, authentic monoacid standards (Sigma-
Aldrich, purity 98%) were spiked on the pre-combusted quartz fil-
ters and analyzed as like a real sample using the above mentioned
procedure. The recoveries for formic and acetic acids were 92% and
93%, respectively. The detection limit for these organic acids was
0.02 ng m�3. The analytical errors in the replicate analyses are less
than 15%. The recoveries and uncertainty contributions to all the
measured monoacids are reported in Table S1. We also analyzed
laboratory blanks for LMWmonoacids. The blank levels were below
the detection limit by GC/FID. The concentrations of all LMW
monoacids reported in this study have been corrected for field
blanks. We also analyzed field blank filters. The levels of field
blanks were less than 10% of real samples.

Studies reported in the literature have documented that mea-
surements of LMW monoacids including C1 and C2 may be associ-
ated with evaporative losses (negative artifacts) due to their high
vapour pressures and lower Henry's law constant, leading to their
dominance in the gas phase over particulate phase (Andreae et al.,
1988; Khwaja, 1995). However, field studies from urban and rural
sites (Wang et al., 2007) and open ocean waters of the North Pacific
(Miyazaki et al., 2014) as well as coastal marine aerosols, like this
study, have shown detectable amounts of monocarboxylic acids in
aerosols, indicating that our understanding about the partitioning of
these compounds between gas and aerosol phases is rather limited.

The degree of evaporative losses during filter sampling may be
changed by meteorological parameters such as ambient tempera-
ture and relative humidity (RH) (Souza and Carvalho, 2001; Wang
et al., 2007) as well as chemical reactions. Recently, Zhang et al.
(2015) documented that gas-to-particle conversion of organic
acids is significant under high RH (>60%) conditions. In this study,
the average RH over the BoB is greater than 60% in both outflows
during the cruise, indicating minimal evaporative losses of organic
acids during the sampling. It should be noted that organic acids
originating from continental sources are reacted with inorganic
species such as Na and K during atmospheric transport toward the
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BoB forming organic acid salts that are not volatile. Therefore, the
artifacts caused by evaporative loss of organic acids in aerosol
phase should be less important in the marine atmosphere.

Furthermore, Zhang and McMurry (1987) evaluated the evap-
orative losses of impactor-based filter collection of particulate
phase chemical species. According to the study, the evaporation-
induced losses by the impactor filters are substantial and may be
more than 10% of the measured concentrations. Therefore, evapo-
rative loss of monocarboxylic acids in our PM2.5 sampling over the
BoB is not a serious issue. However, most of our interpretation is
based on the diagnostic mass ratios of formate/acetate and others.
The ratios are more conservative than absolute concentrations
because both chemical species undergo similar changes, if any,
rather than relying on absolute concentrations.

To support the inferences related to LMW monoacids over the
BoB, we used the chemical composition data such as inorganic ions
(Cl�, SO4

2�, NO3
�, Naþ, NH4

þ, Kþ, Ca2þ, and Mg2þ) and water-soluble
organic carbon (WSOC) from our earlier publications (Bikkina and
Sarin, 2013; Kumar et al., 2010; Srinivas et al., 2011). Inorganic
ions and WSOC are determined using Dionex-500 ion chromato-
graph equipped with suppressed conductivity detector (Srinivas
et al., 2011) and Shimadzu TOC-5000 analyzer (Bikkina and Sarin,
2013), respectively.

3. Results and discussion

3.1. Air mass origin and MODIS-derived fire spots

To better understand the influence of heterogeneity in air
masses to organic acids, we computed 7-day isentropic air mass
back trajectories at an altitude of 500 m for each sampling point
using the hybrid single particle Lagrangian-integrated trajectory
(HYPLIT) model (Draxler and Rolph, 2013) during a cruise period as
shown in Fig. 1. We also investigated the MODIS-derived fire count
data along with the back trajectories to understand the intensity of
biomass burning over South and Southeast Asia. Because air masses
sampled over the northern BoB originate from the IGP and influ-
enced from wood and waste burning as well as coal combustion
(Bikkina et al., 2016; Chakraborty et al., 2011; Kumar et al., 2015), it
is likely that emissions of anthropogenic/biogenic VOCs could be a
major source of LMW monoacids. Likewise, biomass burning
emissions in South-east Asia, as evidenced from air mass back
trajectories (Bikkina et al., 2016), could influence the molecular
distributions and other chemical properties of LMW monoacids in
PM2.5 collected over the southern BoB. Therefore, we try to
distinguish these two continental air masses (IGP- and SEA-
outflows) in terms of organic acid distributions over the BoB.

3.2. Molecular distributions

The molecular distributions of LMW monoacids provide valu-
able information about the sources and formationmechanisms. We
observed significant differences in the molecular distributions of
LMW monoacids over the BoB between IGP- and SEA-outflows
(Table 1), In the IGP-outflow, molecular distribution was charac-
terized by the predominance of C1 followed by C2 and C9, while C1

and C9 are most abundant in the SEA-outflow followed by C2. It is
reported that biomass burning emits unsaturated fatty acids such
as oleic acid, which are subsequently photochemically decomposed
into C9 (Kawamura and Gagosian, 1987; Kawamura et al., 2013),
resulting in more C9 concentrations in the SEA-outflow than in the
IGP-outflow over the BoB (see Table 1). This observation suggests
their different sources and/or formation pathways for the IGP and
SEA-outflows. For example, the predominance of C1 in the IGP-
outflow may be due to the secondary formation via the oxidation
of anthropogenic and biogenic precursors during long-range at-
mospheric transport. On the other hand, biomass burning-derived
primary emissions, plant emissions and soil emissions associated
with microorganisms may be responsible for the occurrence of C1
in the SEA-outflow. Based on correlation coefficient matrix analysis
and mass ratios of organic acids, we have discussed this point
meticulously in section 3.4. Overall, the concentrations of longer
chain LMW monoacids generally decreased with increasing carbon
numbers, except for C9.

3.3. Spatial and temporal variations

The spatial distribution of major LMW monocarboxylic acids,
including aromatic and hydroxyacids over the BoB showed signif-
icant differences between the IGP- and SEA-outflows (Fig. 2). We
found higher concentrations of total monoacids in the SEA-outflow
(average: 101 ng m�3; median: 65 ng m�3) than those in the IGP-
outflow (82.1 ± 9.7 ng m�3; median: 69 ng m�3). However, propi-
onic acid (C3), emitted from both automobile combustion
(Kawamura et al., 2000) and biofuel/biomass burning (Gottlieb,
1844), showed twice higher concentrations (p < 0.05) in the SEA-
outflow (3.3 ± 2.8 ng m�3) than those of the IGP-outflow
(1.6 ± 0.4 ng m�3). This observation suggests a significant contri-
bution of LMW monoacids from biomass burning emissions in
South-east Asia over the BoB. As stated in section 2.1, the potential
contamination from ship's exhaust should be minimal. Therefore,
contribution of the ship exhaust to C3 is not significant during the
sampling period.

Isopentanoic acid (iC5), a tracer for biological source andmajorly
produced from microbial activities (Allison, 1978), showed signifi-
cant difference (p < 0.05) between the IGP- (7.4 ± 2.3 ng m�3) and
SEA-outflows (12.2 ± 8.8 ng m�3). Similarly, nonanoic acid (C9), a
tracer for photochemical oxidation of biogenic unsaturated fatty
acids (Kawamura and Gagosian, 1987), showed higher concentra-
tions in the SEA-outflow (average: 27.6 ± 24.6 ng m�3; median:
26.4 ng m�3) than those of IGP-outflow (average:
19.0 ± 20.0 ng m�3; median: 13.2 ng�3) but the difference is not
statistically significant because most of the samples of C9 showed
below detection limits in the SEA-outflow (Fig. S2 and Table 1).

Benzoic acid is directly emitted from fossil fuel combustion
(Kawamura et al., 1985a) and also formed in the atmosphere via
oxidation of hydrocarbons such as toluene (Ho et al., 2015). In this
study, concentrations of benzoic acid in the IGP-outflow (0.3
± 0.1 ng m�3) overlap with the SEA-outflow (0.3 ± 0.2 ng m�3). On
the other hand, lactic acid is primarily produced by soil microbial
activities (Huysman and Verstraete, 1993) and from the plant tis-
sues (Raja et al., 2008). Lactic acid can also be formed secondarily by
the oxidation of isoprene with ozone (Nguyen et al., 2010). We
found higher concentrations of lactic acid in the IGP-outflow
(54.0 ± 31.0 ng m�3) than those of the SEA-outflow
(38.6 ± 30.9 ng m�3). Similarly, glycolic acid is derived from
photochemical oxidation of biogenic precursors such as isoprene
(Lim et al., 2005; Sorooshian et al., 2006) and biological activities
(Kataoka et al., 2001) and showed higher concentrations in the IGP-
outflow (5.3 ± 1.7 ng m�3) than the SEA-outflow (4.6 ± 2.9 ng m�3)
over the BoB. Total concentrations of hydroxyacids (lactic
acid þ glycolic acid) showed higher values in the IGP-outflow
(59.6 ± 36.4 ng m�3) than in the SEA-outflow (43.1 ± 24 ng m�3).
These results suggest an importance of secondary production of
hydroxy monoacids over the BoB from various VOCs in the IGP-
outflow.

3.4. Possible sources and formation mechanisms

It has been suggested that the formic to acetic acid (C1/C2) ratio



Table 1
Statistical report of all measured LMW monoacids (ng m�3) along with chemical constituents (mg m�3) in PM2.5 aerosols over the BoB. The symbol, *, indicates the significant
level (p) at 0.05.

Compound IGP air masses (n ¼ 15) SEA air masses (n ¼ 16) Statistical analysis

Min Max mean ± stdev Min Max mean ± stdev t -score df p-value

Aliphatic acids
Formic, C1 12.8 44.3 27.6 ± 9.8 1.0 127 27.2 ± 30 0.05 29 p > 0.05
Acetic, C2 12.4 31.5 21.1 ± 5.5 11.0 82.9 24.7 ± 17 0.78 29 p > 0.05
Propionic, C3 1.1 2.5 1.6 ± 0.4 0.7 9.3 3.3 ± 2.8 2.25 29 P < 0.05*
Isobuthyric, iC4 1.6 4.0 2.1 ± 0.6 0.1 11.7 2.0 ± 3.0 0.21 29 p > 0.05
Butyric, C4 0.2 0.6 0.3 ± 0.1 0.3 1.9 0.5 ± 0.4 1.51 29 p > 0.05
Isovaleric, iC5 5.2 14.9 7.4 ± 2.3 3.1 39.1 12.2 ± 8.8 2.06 29 p < 0.05*
Valeric, C5 0.3 1.0 0.5 ± 0.2 0.1 2.5 0.5 ± 0.6 0.17 29 p > 0.05
Isocaproic, iC6 0.0 0.5 0.1 ± 0.2 0.0 0.8 0.1 ± 0.2 0.19 29 p > 0.05
Caproic, C6 0.0 1.2 0.5 ± 0.3 0.0 2.6 0.6 ± 0.6 0.21 29 p > 0.05
Heptanoic, C7 0.0 0.1 0.1 ± 0.0 0.0 0.5 0.1 ± 0.1 1.18 29 p > 0.05
Octanoic, C8 0.1 0.4 0.2 ± 0.1 0.0 1.5 0.4 ± 0.4 1.67 25 p > 0.05
Nonanoic, C9 0.2 75.8 19.0 ± 20 0.1 61.4 27.6 ± 24.6 0.82 18 p > 0.05
Decanoic, C10 0.8 2.4 1.4 ± 0.5 0.4 8.2 2.0 ± 1.9 1.21 28 p > 0.05
Subtotal 82.1 ± 9.7 101 ± 11.2
Aromatic acids
Benzoic, Benz 0.1 0.5 0.3 ± 0.1 0.0 0.9 0.3 ± 0.2 0.02 29 p > 0.05
o-Toluic 0.0 0.1 0.0 ± 0.0 0.0 0.0 0.0 ± 0.0 0.53 29 p > 0.05
m-Toluic 0.0 0.6 0.2 ± 0.2 0.0 5.1 1.2 ± 1.9 1.60 16 p > 0.05
p-Toluic 0.0 0.1 0.1 ± 0.0 0.0 0.3 0.1 ± 0.1 0.10 29 p > 0.05
Subtotal 0.6 ± 0.1 1.6 ± 0.6
Hydroxyacids
Lactic, Lac 19.6 128 54 ± 31 5.9 117 38.6 ± 30.9 1.31 29 p > 0.05
Glycolic, Glyc 2.9 10.3 5.3 ± 1.7 2.0 14.4 4.6 ± 2.9 0.85 29 P > 0.05
Subtotal 59.6 ± 36.4 43.1 ± 24
Ratios and other parameters
C1/C2 0.7 1.9 1.3 ± 0.3 0.1 2.0 0.9 ± 0.5 2.40 29 P < 0.05*
C4/C3 0.7 2.1 1.4 ± 0.4 0.03 2.5 0.7 ± 0.5 2.75 29 P < 0.05*
WSOC (mg m�3) 1.5 8.3 4.4 ± 2.4 0.5 4.1 2.2 ± 1.3 3.04 28 P < 0.05*
nss-SO4

2- (mg m�3) 2.6 28.5 11.9 ± 7.7 1.3 12.1 6.7 ± 3.1 2.42 28 P < 0.05*
P

(C1-C10)/WSOC (%) 0.3 4.3 1.17 ± 1.0 0.5 13.1 2.5 ± 3.1 1.57 29 p > 0.05
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is a good indicator for the source (primary or secondary) identifi-
cation (Fisseha et al., 2006; Khwaja, 1995; Souza and Carvalho,
2001; Verma et al., 2017) because C1 is largely derived from sec-
ondary sources (Millet et al., 2015; Pommier et al., 2016) while C2 is
majorly emitted from primary sources (Kawamura et al., 2000),
although they have a small contribution from other sources. If C1/C2
ratio is > 1, it means the dominance of secondary sources, whereas
the ratio is < 1 it indicates the dominance of primary sources
(Talbot et al., 1988). In this study, C1/C2 ratio ranged from 0.7 to 1.9
(mean: 1.3 ± 0.3) in the IGP-outflows and 0.1 to 1.9 (0.9 ± 0.5) in the
SEA-outflows (see Table 1 and Fig. 3). These results suggest the
predominance of secondary organic aerosols in the IGP-outflow
whereas primary emissions from biomass combustion are impor-
tant in the SEA-outflow air masses over the BoB. This observation is
also supported by the C4/C3 ratios (Fig. 3) because C3 and C4 are
mostly emitted into the atmosphere as primary and secondary
sources, respectively (Kawamura et al., 2000).

We found significant (p < 0.05) higher C4/C3 ratios in the IGP-
outflow (range: 0.7e2.1 and mean: 1.4 ± 0.4) than those in the
SEA-outflow (0.03e2.5 and 0.7 ± 0.5), suggesting important sec-
ondary and primary sources in the IGP- and SEA-outflows over the
BoB, respectively (see Table 1 and Fig. 3). Furthermore, higher
concentrations of water-soluble organic carbon (WSOC) and nss-
SO4

2- (correlation coefficient of r ¼ 0.82 between WSOC and nss-
SO4

2-) may also support the significant secondary formation of
organic acids in the IGP-outflow (see Table 1). In addition, C1/C2 and
C4/C3 mass concentration ratios show good correlations with
WSOC/OC ratios (0.68 and 0.40, respectively) in the IGP-outflow
(Figs. S3a and b), suggesting an importance of secondary sources
in the IGP-outflow over the BoB. Interestingly, the mean C1/C2 ratio
in the SEA-outflow is very close to unity (0.9), suggesting that both
primary and secondary sources are important for the formation of
organic acids over the BoB.

We found higher correlation coefficient (r ¼ 0.92) between C1
and C2 in the SEA-outflow (Table 2) than in the IGP-outflow (0.67).
This observation indicates that C1 and C2 have most common
sources in the SEA-outflow than in the IGP-outflow. Consistently,
butyric acid (C4), a photochemical oxidation product of volatile
hydrocarbons and aldehydes in the atmosphere (Kawamura et al.,
2000), showed excellent correlations with C1 (0.93) and C2 (0.98)
in the SEA-outflow compared with the IGP-outflow (0.62 and 0.75,
respectively). From this result, we infer that the production of C1
and C2 over the BoB is closely linked with the photochemical
oxidation of anthropogenic/biogenic VOCs; however this process is
more intense in the SEA-outflow. On the other hand, C3 showed
good correlation with C2 (0.68) and poor correlation with C1 (0.23)
in the IGP-outflow, suggesting that the C1 may be associated with
secondary formation whereas C2 has both primary and secondary
formation in the IGP-outflow. This inference is further supported by
a significant correlation of C1/C2 ratios with C1 (r ¼ 0.75) but not
with C2 (0.02) in the IGP-outflowwhile C1/C2 ratios correlated with
C1 (0.63) and C2 (0.34) in the SEA-outflow (Fig. S4). Likewise, C4/C3
ratios correlated with C1 and C2 in both outflows over the BoB
(Fig. S4).

In the IGP-outflow, C9 (a biogenic tracer) showed very good
correlations with C1 (0.74) and iC5 (0.74), whereas benzoic acid (an
anthropogenic tracer) showed fairly good correlations with C2
(0.65) and C3 (0.68) but not with C1 (0.13). These results demon-
strate that photochemical oxidation of biogenic VOCs is important
for C1, while primary anthropogenic sources may contribute to C2 in
the IGP-outflow. Our inference is further supported by Stavrakou
et al. (2012), who suggested that 90% of C1 are produced from the



Fig. 2. Spatial distributions of selected monocarboxylic acids in fine mode (PM2.5) aerosols collected from the marine atmospheric boundary layer of the Bay of Bengal during a
winter cruise. The grey colored data points in Fig. 2a, b, and d were not included in the color scale due to the far away from the other data points (see Table 1 or Fig. S1). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Temporal variations in C1/C2 and C4/C3 ratios in fine mode (PM2.5) aerosols
collected over the Bay of Bengal during a winter cruise. The IGP- and SEA-outflows are
divided by a vertical dotted line.
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secondary biogenic sources using satellite-derived measurements.
On the other hand, both benzoic acid and C9 strongly correlate with
C1 (0.90 and 0.92, respectively) and C2 (0.90 and 0.83) in the SEA-
outflow. Further, C4 strongly correlates with all acids except for C3
in the SEA-outflow, suggesting that primary emissions from
biomass burning and secondary (or mixed) photochemical pro-
duction of organic acids are both important for LMW monoacids in
the SEA-outflow. This point is further supported by the dominance
of MODIS-derived fire spots (see Fig. 1) and higher ratios of nss-Kþ/
EC in the SEA-outflow (mean: 0.39 ± 0.09) than those in the IGP-
outflow (0.29 ± 0.09) over the BoB.

Interestingly, C3 is not correlated with any other organic acids in
the SEA-outflow, suggesting a different source in the SEA-outflow,
perhaps related to primary emissions from the combustion of C3
Table 2
Pearson correlation coefficient (r) matrix among monoacids in (a) the IGP- and (b) SEA-ou
are significant at 95% confidence level (p < 0.05).

C1 C2 C3 iC4 C4 iC5 C5 iC6

(a) IGP-outflow

C1 1
C2 0.67* 1
C3 0.23 0.68* 1
iC4 0.47 0.61* 0.26 1
C4 0.62* 0.75* 0.60* 0.72* 1
iC5 0.5 0.60* 0.28 0.96* 0.80* 1
C5 0.48 0.58* 0.3 0.92* 0.85* 0.97* 1
iC6 �0.15 �0.28 0.1 �0.18 �0.02 �0.06 0.04 1
C6 0.2 0.50* 0.39 0.65* 0.65* 0.70* 0.73* �0.2
C7 0.2 0.37 0.13 �0.13 0 �0.17 �0.15 �0.3
C8 �0.08 �0.03 0.12 0.50* 0.3 0.55* 0.60* 0.48
C9 0.74* 0.44 0.03 0.70* 0.67* 0.74* 0.70* �0.1
C10 0.03 0.17 0.2 0.54* 0.22 0.48 0.49 0.35
Benz 0.13 0.65* 0.68* 0.09 0.4 0.06 0.16 �0.1
Lac �0.21 0 0.02 �0.29 �0.11 �0.19 �0.1 0.1
Glyc 0.62* 0.68* 0.57* 0.04 0.50* 0.06 0.13 �0.2

(b) SEA-outflow

C1 1
C2 0.92* 1
C3 0.35 0.25 1
iC4 0.87* 0.96* 0.22 1
C4 0.93* 0.98* 0.29 0.94* 1
iC5 0.71* 0.82* 0.38 0.70* 0.82* 1
C5 0.92* 0.97* 0.29 0.97* 0.99* 0.79* 1
iC6 �0.26 �0.21 �0.32 �0.18 �0.22 0 �0.18 1
C6 0.90* 0.92* 0.39 0.89* 0.95* 0.81* 0.94* �0.2
C7 0.87* 0.89* 0.36 0.79* 0.93* 0.86* 0.88* �0.1
C8 0.78* 0.80* 0.4 0.77* 0.80* 0.77* 0.80* �0.1
C9 0.62* 0.83* 0.04 0.88* 0.77* 0.57* 0.80* �0.2
C10 0.83* 0.90* 0.16 0.92* 0.89* 0.71* 0.93* 0.02
Benz 0.90* 0.90* 0.28 0.85* 0.89* 0.75* 0.90* �0.1
Lac 0.58* 0.60* 0.19 0.67* 0.60* 0.56* 0.67* 0.23
Glyc 0.90* 0.94* 0.26 0.96* 0.93* 0.71* 0.95* �0.2
plants. For instance, Bikkina et al. (2016) reported that the contri-
bution of primary organic aerosols from the combustion of C3
plants in the SEA-outflow sampled over the BoB. Likewise, Pavuluri
et al. (2011) suggested that the combustion of C3 plants contribute
to organic matter in Chennai aerosols when the air masses are
delivered from SEA regions. In light of these studies, it may be
feasible that primary organic acids are emitted from the combus-
tion of C3 plants and are transported as SEA-outflow over the BoB.

Except for iC6, all branched chain acids showed excellent cor-
relations (>0.90) among them in the IGP-outflow. iC5 significantly
correlates with C2 (0.60), C4 (0.80), C5 (0.97), C6 (0.70), and C9 (0.74)
in the IGP-outflow, indicating that the soil/plant derived microbial
sources are also important contributors to LMWmonoacids such as
C2 in the IGP-outflow. On the other hand, contribution of C1 and C2
from the combustions of plant derived species are important in the
SEA-outflow, as inferred from good correlations of iC5 with C1
(0.71), C2 (0.82) and all other organic acids (�0.75), except for C3.

Hydroxyacids, such as lactic acid (Lac), are not correlated with
other acids in the IGP-outflow; however, Lac showed significant
correlations with all organic acids (except for C3 and iC6) in the SEA-
outflow. This observation indicates that the sources of Lac in IGP-
outflow are different from the SEA-outflow. On the other hand,
glycolic acid (Glyc) significantly correlated with C1 (0.62) and C2

(0.68), and benzoic acid (0.54) in the IGP-outflow whereas in the
SEA-outflow these correlations are higher (C1: 0.90, C2: 0.94, C4:
0.93, and benzoic acid: 0.83) than those in the IGP-outflow, sug-
gesting that the photochemical processes are important sources of
hydroxyl acids over the BoB. Further, we found a significant cor-
relation (0.66) between Lac and Glyc in the SEA-outflow, suggesting
tflow over the BoB. The symbol, *, indicates that correlations between organic acids

C6 C7 C8 C9 C10 Benz Lac Glyc

3 1
9 0.24 1

0.46 �0.45 1
6 0.50* �0.02 0.38 1

0.33 �0.21 0.75* 0.22 1
1 0.25 0.4 �0.23 �0.23 0.05 1

�0.06 0.08 �0.24 �0.46 �0.29 0.4 1
2 0.32 0.64* �0.34 0.23 �0.22 0.54* �0.1 1

7 1
5 0.86* 1
3 0.90* 0.69* 1
1 0.70* 0.57* 0.60* 1

0.85* 0.74* 0.82* 0.74* 1
5 0.84* 0.85* 0.65* 0.63* 0.82* 1

0.58* 0.51* 0.73* 0.45 0.85* 0.51* 1
4 0.90* 0.80* 0.82* 0.77* 0.89* 0.83* 0.66* 1
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that these hydroxyacids can be produced by microorganisms such
as lactobacillus, yeasts, and acetic acid bacteria (Kataoka et al.,
2001; Kawamura et al., 2012) in the SEA-outflow; however, no
such correlation was observed in the IGP-outflow.

Further, we performed correlation analysis between the con-
centrations of total monoacids (C1-C10) and C9 and nss-Kþ in order
to support the importance of secondary biogenic and biomass
burning emissions in the IGP- and SEA-outflows over the BoB. We
found a strong correlation (r ¼ 0.86; p < 0.05) between the con-
centrations of total monoacids and C9, indeed C1/C2 mass ratios are
greater than unity for most of the data points (Fig. 4a). This result
clearly demonstrates that the secondary formation of LMW
monoacids from biogenic sources is important in the IGP-outflow,
whereas a significant correlation (r ¼ 0.67; p < 0.05) between to-
tal monoacids and nss-Kþ in the SEA-outflow indicates the
important contributions of biomass burning to monocarboxylic
acids in the SEA-outflow (Fig. 4b). Based on the molecular distri-
bution, temporal variability, correlation coefficient matrix analyses
of organic acids, nss-Kþ/EC ratios, and MODIS-derived fire spot
data, we infer that C1 is most likely produced by the photochemical
oxidation of biogenic VOCs, whereas C2 has come from primary
anthropogenic sources, such as fossil fuel combustion in the IGP-
outflow, however, secondary sources are also important for C2 in
the IGP-outflow. On the other hand, both C1 and C2 have almost
similar sources in the SEA-outflow, such as primary emissions from
the combustions of C3 plants and secondary formations from
photochemical oxidation of biofuel/biomass burning emissions are
important via long-range atmospheric transport in addition to
microorganisms.
Fig. 4. Regression analyses for (a) nonanoic acid (C9) in the IGP-outflow and (b) nss-Kþ

in the SEA-outflow with total monoacids. C1/C2 mass ratios are shown as color scale.
The data point in the parenthesis in Fig. 3(b) is not included in the regression analysis.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
3.5. Percent contribution

Fig. 5 presents the percent contributions of individual LMW
monocarboxylic acids to total monoacids (C1-C10) on a temporal
scale over the BoB. Among all monoacids, C1 is a major contributor
to total monoacids, followed by C2 and C9 in the IGP-outflow, while
C2 is a major contributor to total monoacids followed by C1 and iC5
in the SEA-outflow. The contribution of C1 ranged from 23 to 43%
(mean: 35 ± 5%) in the IGP-outflow and are higher than those in the
SEA-outflow (range: 3e60%; mean 29 ± 16%). In contrast, the
contributions of C2 varied between 18 and 43% (29 ± 7%) in the SEA-
outflow, which are lower than those in the IGP-outflow (range:
24e50%; mean: 32 ± 7%). The percent contributions of C3 and iC5
ranged from 1 to 3% (mean: 2 ± 0.8%) and 5e14% (mean: 10 ± 3%) in
the IGP-outflow, which are lower than those in the SEA-outflow
(C3: 1e13% and 5 ± 3%; iC5: 4e41% and 18 ± 11%). On the other
hand, we found higher contributions of C4 (2e4%, 3 ± 0.8%) and C9
(0e43%,16 ± 14%) in the IGP-outflow than those in the SEA-outflow
(0.3e4%, 2 ± 1% and 0e47%, 9 ± 15%, respectively). All these results
again suggest that the abundance of secondary formation of
monoacids in the IGP-outflow and primary organic acids are
important in the SEA-outflow along with photochemical oxidations
from the biomass burning combustion sources over the BoB.

3.6. Comparison with other studies

Table 3 compares the concentrations of major LMW monoacids
in PM2.5 aerosols over the BoB with those from other sites around
the globe. It is of interest to note that, although higher concentra-
tions of total LMW monoacids were observed in the southern BoB
(SEA-outflow), we found higher concentrations of C1 and C2 acids in
the northern BoB (IGP-outflow) than those over the southern BoB
(SEA-outflow), indicating the different formation mechanisms of
monoacids between the IGP- and SEA-outflows over the BoB. We
observe no significant differences in the atmospheric abundances
of both C1 and C2 between the IGP- and SEA-outflows. The observed
concentrations of C1 (27.6 ± 9.8 ng m�3) and C2 (21.1 ± 5.5 ng m�3)
in the IGP-outflow are higher than those in the Pacific aerosols
(Miyazaki et al., 2014) and rural aerosols in Tanzania, East Africa
(Mkoma et al., 2012), but several times lower than biomass burning
influenced aerosols at Mt. Tai (Mochizuki et al., 2016; submitted to
Atmos. Environ.) and also lower than urban sites in India (Khare
et al., 2011; Verma et al., 2017), China (Wang et al., 2007; Yang
et al., 2005), Thailand (Tsai and Kuo, 2013), and south America
(Vasconcellos et al., 2011) (see Table 3). Concentrations of iC5, C9
and benzoic acid are several times lower than the biomass burning
aerosols at Mt Tai (Mochizuki et al., 2017; submitted to Atmos.
Environ.). Concentrations of lactic acid over the BoB are higher than
the Pacific aerosols, but several times lower than Mt. Tai biomass
burning aerosols. However, concentrations of glycolic acid over the
BoB are lower than those of biomass burning aerosols and more
biologically influenced aerosols from the Pacific. The observed
differences in hydroxyacids could be attributed to lesser biological
activity (i.e., linked to low primary productivity) in the surface
waters of the BoB than those of the Pacific Ocean.

4. Summary and conclusions

A homologous series of low molecular weight monocarboxylic
acids (C1-C10), including branched chain (iC4-iC6), benzoic acid and
hydroxyacids were determined in the fine-mode (PM2.5) aerosols
over the BoB during a cruise (27 December 2008e26 January 2009).
The 7-day HYSPLIT backward air mass trajectory analysis revealed
that the boundary layer over the BoB was influenced by the two
distinct continental air masses, which are originated from the



Fig. 5. Temporal variations of relative contributions of individual to total (
P

C1-C10) LMW monoacids over the BoB (upper panel) and in the IGP- and SEA-outflows (lower panel)
during the cruise period.

Table 3
Comparison of selected major LMW monocarboxylic acids (ng m�3) from this study with those around the globe.

Location Technique Size Sampling period C1 C2 C3 C4 iC5 C9 Benz Lact Glyc References

Bay of Bengal (Indian Ocean) GC-MS PM2.5 Dec 08-Jan 09
Northern BoB 27.6 31.5 1.6 0.3 7.4 19 0.3 54 5.3 Present study
Southern BoB 21.1 24.7 3.3 0.5 12.2 27.1 0.3 37 5 Present study
Mt. Tai, China GC-MS TSP July 2006
More field burning influenced 1410 1120 45 17 331 40 27 917 168 Mochizuki et al., 2017
Less field burning influenced 883 763 33 11 196 112 17 661 140 Mochizuki et al., 2017
Mt. Tateyama, Japan (ng g �1-snow) GC-MS Snow pits 19 Apr 2008 27.7 34.8 2.8 1.02 0.73 1.15 1.4 1.18 0.28 Kawamura et al., 2012
Pacific Ocean GC-MS TSP 29 Jul-19 Aug 2008
More biologically influenced 3.2 10.9 e e e e e 33.1 8.5 Miyazaki et al., 2014
Less biologically influenced 1.5 4.7 e e e e 10.9 4.8 Miyazaki et al., 2014
Los Angeles GC-MS e 1984e85 163 120 e e e e e e e Kawamura et al., 2000
Puli, Taiwan (Subtropical forest) IC PM2.5 Nov 2009 22.3 261 e e e e e e e Tsai and Kuo, 2013
Chaing Mai, Thailand (Urban) IC PM10 FebeApr 2010 58.2 335 e e e e e e e Tsai et al., 2013
Dayalbagh, Agra, India (suburban) IC PM2.5 2014e15 348 330 e e e e e e e Verma et al., 2017
Jorhat, India (subtropical) IC PM2.5 Winter 2007-08 330 240 e e e e e e e Khare et al., 2011
Beijing, China (Urban) IC PM2.5 2002e2003 154 84 e e e e e e e Wang et al., 2007
Morogoro, Tanzania (Rural) IC PM2.5 ApreMay 2011 5.4 0.71 e e e e e e e Mkoma et al., 2012
Sao Paulo, South America (urban) IC PM10 AugeSep 2008 78 40 e e e e e e e Vasconcellos et al., 2011
Nanjing, China IC PM2.5 Feb 2001 61 93 e e e e e e e Yang et al., 2005
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highly anthropogenic/biogenic IGP and biomass burning influenced
SEA regions over the northern and southern BoB, respectively. The
reflections of these air masses (IGP- and SEA-outflows) were clearly
seen in the molecular distributions of LMW monoacids. In the IGP-
outflow, molecular distribution was characterized by the predom-
inance of C1 followed by C2 and C9, while in the SEA-outflow C1 and
C9 are two major monoacids followed by C2.

Although there is no significant correlation of organic acids with
inorganic ions, based on C1/C2 mass ratios and the Pearson corre-
lation (r) coefficient matrix analysis, we consider that C1 is most
likely produced by the photooxidation of biogenic and anthropo-
genic sources, whereas C2 has come from primary sources such as
fossil fuel combustion. However, secondary sources are also
important for C2 over the IGP-outflow, as inferred from the signif-
icant correlation of C2 with C4, iC4, and iC5. On the other hand, both
C1 and C2 have almost similar origins such as primary emissions
from biomass burning/biofuel combustions and secondary forma-
tions via the oxidation of biogenic VOCs from terrestrial plants or
microorganisms via long-range atmospheric transport in the SEA-
outflow. These results are further supported by the high



S.K.R. Boreddy et al. / Atmospheric Environment 167 (2017) 170e180 179
abundance of MODIS fire spots and significantly good correlation
between the concentrations of total monoacids and nss-Kþ in the
SEA-outflow. However, further studies are required in order to
better understand the sources and formation pathways of organic
acids over the BoB. All these results may have implications related
to the climate forcing studies over the BoB.
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