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Abstract The sources and formation processes of dicarboxylic acids are still under investigation.
Size-segregated aerosol (nine-size) samples collected in the urban site (Raipur: 21.2°N and 82.3°E) in
eastern central India during summer of 2013 were measured for water-soluble diacids (C2-C12), ω-oxoacids
(ωC2-ωC9), α-dicarbonyls (C2-C3), and inorganic ions to better understand their sources and formation
processes. Diacids showed the predominance of oxalic acid (C2), whereas ω-oxoacids showed the
predominance of glyoxylic acid (ωC2), and glyoxal (Gly) was a major α-dicarbonyl in all the sizes. Diacids,
ω-oxoacids, and α-dicarbonyls as well as SO2�

4 , NO�
3 , and NHþ

4 were enriched in coarse mode, where Ca2+

peaked, suggesting that they are preferentially produced in coarse mode via adsorption as well as
heterogeneous and aqueous-phase oxidation reaction of precursors on the surface of water-soluble
mineral dust particles having more alkaline species. Strong correlations of diacids and related compounds
with NO�

3 (r=0.66–0.91) and aerosol water content (AWC) (r=0.63–0.93) further suggest the importance of
heterogeneous and aqueous-phase production in coarse mode. We found strong correlations of C2/(C2-C12),
C2/ωC2, and C2/Gly ratios with AWC in coarse mode (r=0.83, 0.86, and 0.85, respectively), indicating that
enhanced AWC is favorable for the production of C2 diacid through aqueous-phase oxidation of its higher
homologous diacids, ωC2, and Gly. These results demonstrates unique reactivity of water-soluble mineral
dust particles for the enhanced production of diacids and related compounds in aqueous-phase, having
implications on the aerosol-cloud interaction, solubility, and hygroscopicity of a dominant fraction of
water-soluble organic aerosol mass.

1. Introduction

Dicarboxylic acids, ω-oxocarboxylic acids, and α-dicarbonyls are major class of secondary organic aerosols
(SOA) in urban [Miyazaki et al., 2009; Agarwal et al., 2010; Wang et al., 2012], marine [Sempéré and
Kawamura, 2003; Fu et al., 2013], and polar region [Kawamura et al., 1996; Kerminen et al., 1999]. These
compounds enhance the hygroscopic properties of aerosols and allow them to activate as cloud condensa-
tion nuclei (CCN), and thus, they have an influence on radiative forcing of aerosols [Kumar et al., 2003;
Kanakidou et al., 2005]. They are involve in a series of chemical reactions occurring in the atmosphere in
gas-phase and aqueous-phase [Ervens et al., 2003; Kawamura et al., 2003]. Diacids and related compounds
are significantly formed via secondary processes such as photooxidation of volatile organic compounds
(VOCs) and unsaturated fatty acids (UFAs) of anthropogenic and biogenic origin [Ervens et al., 2003;
Warneck, 2003; Pavuluri et al., 2015]. Diacids and related compounds are directly emitted from fossil fuel com-
bustion and biomass burning, including wood and agricultural waste burning and forest fires [Cong et al.,
2015; Kawamura and Bikkina, 2016]. Oxalic acid (C2) is often recognized as the major diacid in atmospheric
aerosols. Myriokefalitakis et al. [2011] used a 3-D model embedded with an aqueous-phase chemical scheme
to simulate global distribution of C2 and proposed its formation via in-cloud processes. Laboratory experi-
ments have proposed the formation of C2 by aqueous-phase oxidation of precursors such as ω-oxoacids
and α-dicarbonyls as well as longer-chain diacids [Ervens and Volkamer, 2010; Pavuluri et al., 2015].

South Asia is one of the densely populated regions over the globe, where atmospheric aerosols are com-
posed of a mixture of anthropogenic and natural emissions [Ramanathan and Ramana, 2005; Srivastava
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and Ramachandran, 2013]. The combustion of huge amount of fossil fuels and biomass in India are enhancing
anthropogenic organic aerosols in the South Asian atmosphere [Ramanathan et al., 2007; Gustafsson et al.,
2009]. Raipur (population, 1.2 million) is one of the highly polluted regions in eastern central India, and there-
fore, its air quality is an essential environmental issue [Deshmukh et al., 2013]. Verma et al. [2007, 2008, 2010]
found high loadings of PM2.5 (average 239μgm

�3) and PM2.5-10 aerosols (average 245μgm
�3), and gaseous

pollutants such as SO2 (average 95.2μgm�3) and NO2 (average 115μgm�3) in the atmosphere of Raipur. A
cluster of coal-based industries and growing vehicular population as well as use of firewood and cow dung
for domestic cooking are considered as emitters of considerable amount of aerosol particles in Raipur. The
locally produced and long-range transported mineral dust particles from arid regions also substantially influ-
ence the air quality of Raipur. It is remarkable that high ambient temperature and strong solar radiation in
summer may induce an enhanced production of secondary aerosols in the atmosphere of eastern central
India. With this background Raipur is a unique place to investigate the sources and formation processes of
diacids and related compounds. A few earlier studies in India have focused on diacids, ω-oxoacids, and
α-dicarbonyls in TSP [Miyazaki et al., 2009; Hegde and Kawamura, 2012; Hegde et al., 2016] and PM10 aerosols
[Pavuluri et al., 2010], whereas there is no study on the size-segregated characterization of diacids and related
compounds in the atmosphere of India. The size distributions of diacids and related compounds can provide
evidences for their sources and formation processes in the atmosphere.

Size-segregated aerosols in nine-size bins were collected during summer of 2013 in the urban area of Raipur
in eastern central India and measured for water-soluble diacids (C2-C12), ω-oxoacids (ωC2-ωC9), α-dicarbonyls
(C2-C3), and inorganic ions. Here we discussed the molecular distributions of diacids and related compounds
in size-segregated aerosols as well as their sources and formation processes based on their size distributions.
The size distributions of inorganic ions are also discussed in this paper. Finally, we examine the influence of
aerosol water content (AWC) on the production of diacids and related compounds in aqueous-phase in
coarse mode aerosol particles and verify the formation processes through the correlation analysis.

2. Materials and Method
2.1. Study Area and Meteorology

Size-segregated aerosol samples were collected in the city of Raipur (21.2°N and 82.3°E) in eastern central
India. The geographical location of Raipur and its surroundings in South Asia is shown in Figure 1. The city
covers a surface area of 226 km2 and located at an elevation of 297m above the sea level.

The weather of Raipur is semiarid. According to the Indian Meteorological Centre guidelines for Raipur, this
region experiences four distinct seasons: winter (December, January, and February), summer (March, April,
and May), monsoon (June, July, and August), and postmonsoon (September, October, and November).
Meteorological variables during the campaign for the observation site were taken from the meteorological
station of Raipur. The air temperature ranged from 18 to 46°C with an average of 33 ± 3.3°C. The relative

Figure 1. A map of South Asia with sampling site Raipur (21.2°N and 82.3°E) on the eastern central region of India.
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humidity (RH) varied from 10 to 89% with an average of 38 ± 11%. The prevailing wind direction was
westerly and northwesterly with wind speed ranging from 1.5 to 15.6m s�1 (average 5.3 ± 3.1m s�1). The
sunshine duration ranged from 5.2 to 11.5 h d�1 (average 9.0 h d�1) during the campaign. The rainfall
event occurred occasionally during the campaign with the total amount of 30.9mm and 5.3mm on 8 and
25 May, respectively.

2.2. Size-Segregated Aerosol Collection

Eleven sets of size-segregated aerosol samples were collected during summer from 18 March to 29 May
2013 on a roof of an academic building about 15m above the ground level on the campus of
Ravishankar University in Raipur. Nine-stage Andersen sampler model TE 20-800 (USA) with a flow rate of
28.3 Lmin�1 was used for the sample collection. Each set of sample comprises nine filters of size range
of Dp< 0.43, 0.43–0.65, 0.65–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, 5.8–9.0, and >9.0μm. The sampling
duration was 96 h for each sample to acquire enough materials for chemical analysis. Samples were
collected on 80mm quartz fiber filters that were prebaked at 500°C for 6 h in a furnace to remove the
adsorbed organic contaminants. One set of field blank was taken via installing a prebaked quartz fiber filter
into the sampler without sucking air. Prebaked glass vials with a Teflon-lined screw cap were used to store
the filters before and after the sample collection. The samples were kept in darkness at �20°C until
chemical analysis.

2.3. Chemical Analysis
2.3.1. Dicarboxylic Acids and Related Compounds
The samples were measured for diacids (C2-C12), ω-oxoacids (ωC2-ωC9), and α-dicarbonyls (C2-C3) using a
capillary gas chromatography (GC) [Kawamura, 1993; Kawamura and Ikushima, 1993]. One fourth of filter
samples was extracted with organic-free pure water (10mL× 3, resistivity of >18.2MΩ cm) under ultrasonic
agitation (10min× 3) to isolate the substantial amount of aerosol particles retained on the filter. The extrac-
tion efficiency of this method is better than 95%. The aerosol extracts was passed through glass column filled
with quartz wool to remove filter debris and insoluble particles. The pH of water extract of aerosol was
measured using a Thermo Scientific Orion 3-Star pH meter and then the pH of the extracts was adjusted to
8.5–9.0 using 0.05M KOH for improving the recovery of smaller diacids [Hegde and Kawamura, 2012; Wang
et al., 2012]. The extracts were evaporated to dryness using rotary evaporator under vacuum and reacted with
14% borontrifluoride (BF3) in n-butanol at 100°C for 1 h. Acetonitrile and n-hexane were added into the
derived ester and acetal fraction and then washed with organic-free pure water. The hexane layer was
concentrated using a rotary evaporator and N2 blowdown, and then esters and acetals were dissolved in a
known volume of n-hexane.

A 2μL aliquot of the sample was injected into a Hewlett-Packard GC (HP6890) equipped with a fused silica
capillary column (HP-5, 25m long× 0.20mm ID× 0.5μm film thickness) and flame ionization detector.
Peaks on the GC chromatograms were identified by the retention times of authentic diacid dibutyl esters.
Peak identification was confirmed by comparing the mass spectra obtained by GC-mass spectrometer
(GC-MS) with those of authentic standards. Organic compounds, for which standards are not available, are
tentatively identified by comparing the characteristic of MS spectra with those of authentic standards
[Kawamura, 1993; Kawamura and Ikushima, 1993; Kawamura et al., 1996]. Recoveries of authentic diacids
spiked to a prebaked quartz fiber filter were 85% for oxalic acid (C2) and more than 90% for other diacids.
Replicate analysis of aerosol samples showed that analytical errors of measured diacids and related com-
pounds were within 6%, excluding ketomalonic (kC3), methylmaleic (mm), and 5-oxopentanoic acid (ωC5),
for which analytical error was 9.5%, 9.6%, and 9.2%, respectively.
2.3.2. Water-Soluble Inorganic Ions

Water-soluble major ions (Na+,NHþ
4, K

+, Mg2+, Ca2+, Cl�, NO�
3, andSO

2�
4 ) were measured using a DIONEX 4500i

ion chromatography (IC) [Verma et al., 2010]. A punch of 20mm of each filter was extracted with 15mL
organic-free ultrapure water in an ultrasonic bath for 30min. The extracts were filtered through a syringe filter
(Millex-GV, Millipore) of pore size 0.22μm. The cations were measured by CS12 analytical column and CG12
guard column with CSRS-Ultra Auto-suppressor, whereas anions were measured by AS12 analytical column
and AG12 guard column with ASRS-Ultra Auto-suppressor. The elution was performed with 20mMmethane-
sulfonic acid for cations and 2.7mM Na2CO3/0.3mM NaHCO3 for anions with a flow rate of 1mLmin�1 under
isocratic condition. A conductivity detector was used for the detection of ions. A calibration curve was
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evaluated for each sequence by the
analysis of a set of authentic standards.
The analytical error in the replicate
analysis of samples was within 5%.

The concentrations of diacids, ω-
oxoacids, α-dicarbonyls, and inorganic
ions reported here were corrected for
field blank.

2.4. Air Mass Backward
Trajectory Analysis

The air mass backward trajectories
(AMBTs) were processed using the
Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model
4.0 of the National Oceanic and
Atmospheric Administration (NOAA)
Air Resources Laboratory [Draxler and

Rolph, 2013]. The 5 day AMBTs at 500m above the ground level for the samples collected in Raipur is shown
in Figure 2.

2.5. Estimation of Sea-Salt Fraction of Ionic Components

Sea-salt fraction of ionic components in size-segregated aerosol samples was estimated based on the
assumption that total Na+ is derived from sea salts as follows:

ss-Ca2þ ¼ Naþs � 0:038

ss-Mg2þ ¼ Naþs � 0:129

ss-Kþ ¼ Naþs � 0:037

ss-SO2�
4 ¼ Naþs � 0:253

whereNaþs is the concentration of Na
+ measured in aerosol samples, and 0.038, 0.129, 0.037, and 0.253 are the

ratio of the concentration of Ca2+, Mg2+, K+, and SO2�
4 to Na+ in seawater [Henderson and Henderson, 2009].

3. Results and Discussion
3.1. Ionic Composition of Size-Segregated Aerosols

Figure 3 shows average concentrations of inorganic ions in size-segregated aerosols. A cutoff size 2.1μmwas

considered to define fine and coarse modes. SO2�
4 was a major anion followed byNO�

3 in all the sizes, whereas

NHþ
4 and K+ were major cations in fine

fractions and Ca2+ in coarse fractions.

The predominance of SO2�
4 suggests a

significant contribution from anthropo-
genic sources, including industrial emis-
sions in Raipur because it is produced
by the photooxidation of gaseous pre-
cursor (SO2) released from various
anthropogenic sources [Pakkanen et al.,
2001; Guo et al., 2010]. NHþ

4 is a second-
ary species of NH3 mainly derived from
combustion of biomass and biofuels,
and volatilization of animal excreta
[Pavuluri et al., 2010; Kang et al., 2013].
Most of cooking energy in eastern cen-
tral India comes from firewood and
cow dung [Deshmukh et al., 2013]. It

Figure 2. NOAA HYSPLIT 5 day air mass of backward trajectories at 500m
above the ground for the observation site in summer of 2013.

Figure 3. Average water-soluble ionic compositions in size-segregated
aerosols over the observation site in summer of 2013.
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Table 1. Concentrations of Water-Soluble Organic Compounds and Inorganic Ions Measured in Fine and Coarse Mode Aerosols From the Urban Area of Eastern
Central India in Summer of 2013

Compounds Abbreviation Chemical Formula

Fine Mode Coarse Mode

Mean SDa Min.b Max.c Mean SD Min. Max.

Dicarboxylic Acidsd

Saturated Normal-Chain Diacids
Oxalic C2 HOOC-COOH 215 65.0 130 353 563 233 281 973
Malonic C3 HOOC-CH2-COOH 16.3 3.67 10.0 22.0 42.6 12.5 27.5 59.6
Succinic C4 HOOC-(CH2)2-COOH 49.1 27.8 17.9 112 72.9 32.6 34.9 132
Glutaric C5 HOOC-(CH2)3-COOH 9.53 4.09 4.29 18.2 17.0 5.39 10.4 25.6
Adipic C6 HOOC-(CH2)4-COOH 7.81 3.04 3.13 12.7 11.5 3.08 5.68 18.6
Pimelic C7 HOOC-(CH2)5-COOH 3.66 1.26 1.67 5.37 5.53 2.08 2.82 9.87
Suberic C8 HOOC-(CH2)6-COOH 1.88 3.30 0.00 8.42 1.10 2.10 0.00 5.43
Azelaic C9 HOOC-(CH2)7-COOH 21.6 6.00 13.8 31.6 32.9 6.86 22.7 42.5
Decanedioic C10 HOOC-(CH2)8-COOH 2.03 1.31 0.75 4.88 2.71 1.55 1.02 4.95
Undecanedioic C11 HOOC-(CH2)9-COOH 3.78 1.92 1.23 7.49 4.60 2.01 1.75 7.70
Dodecanedioic C12 HOOC-(CH2)10-COOH 0.71 0.86 0.00 2.43 0.83 0.88 0.00 2.25

Branched-Chain Diacids
Methylmalonic iC4 HOOC-CH(CH3)-COOH 1.44 0.47 0.70 2.18 2.65 0.62 1.67 3.86
Methylsuccinic iC5 HOOC-CH(CH3)-COOH 2.15 3.41 0.49 12.3 3.11 5.45 0.67 19.4
2-Methylglutaric iC6 HOOC-CH(CH3)-(CH2)2-COOH 1.14 1.25 0.26 3.86 2.00 1.04 0.77 3.78

Unsaturated Aliphatic Diacids
Maleic M HOOC-CH = CH-COOH cis 14.4 7.09 6.49 30.8 21.5 9.51 9.50 37.6
Fumaric F HOOC-CH = CH-COOH trans 5.84 0.79 5.08 7.59 9.67 0.84 8.70 11.0
Methylmaleic mM HOOC-C(CH3) = CH-COOH cis 6.32 3.13 2.64 13.0 8.11 2.36 5.20 11.6

Unsaturated Aromatic Diacids
Phthalic Ph HOOC-(C6H4)-COOH o-isomer 36.4 13.1 20.6 55.9 69.0 20.3 39.6 101
Isophthalic iPh HOOC-(C6H4)-COOH m-isomer 4.04 2.70 1.47 10.3 3.78 1.32 2.04 5.96
Terephthalic tPh HOOC-(C6H4)-COOH p-isomer 29.8 13.9 15.9 56.3 11.7 5.74 6.98 23.5

Multifunctional Diacids
Malic hC4 HOOC-CH(OH)-CH2-COOH 1.59 0.71 0.54 2.71 2.91 1.17 1.50 4.82
Ketomalonic kC3 HOOC-C(O)-COOH 1.91 0.50 1.28 2.87 3.19 1.08 1.68 5.08
4-Ketopimelic kC7 HOOC-CH2-CH2-HC(O)(CH2)2-COOH 1.36 0.47 0.68 1.96 1.47 0.57 0.83 2.51
Total diacids 438 130 261 702 894 319 514 1437

ω-Oxocarboxylic Acidsd

Glyoxylic ωC2 OHC-COOH 17.2 4.34 10.5 25.1 30.7 8.06 22.0 45.0
3-Oxopropanoic ωC3 OHC-CH2-COOH 1.57 0.64 0.76 2.72 2.13 0.98 0.78 3.74
4-Oxobutanoic ωC4 OHC-(CH2)2-COOH 9.74 3.30 6.53 16.0 13.9 5.21 7.10 24.2
5-Oxopentanoic ωC5 OHC-(CH2)3-COOH 1.12 0.35 0.71 1.69 1.72 0.57 1.06 2.47
7-Oxoheptanoic ωC7 OHC-(CH2)5-COOH 2.07 0.55 1.41 3.13 2.79 0.54 1.68 3.63
8-Oxooctanoic ωC8 OHC-(CH2)6-COOH 1.38 0.69 0.86 2.71 1.50 0.67 0.74 2.50
9-Oxononanoic ωC9 OHC-(CH2)7-COOH 1.80 0.41 1.14 2.34 2.86 0.64 1.85 3.62
Total ω-oxoacids 35.6 6.38 25.6 43.6 55.6 12.8 37.1 71.6

Ketoacidd

Pyruvic Pyr CH3-C(O)-COOH 2.91 1.03 1.52 4.64 5.20 2.06 2.53 9.01

α-Dicarbonylsd

Glyoxal Gly OHC-CHO 9.55 2.09 6.08 12.2 16.2 3.76 10.4 22.1
Methylglyoxal MeGly CH3-C(O)-CHO 5.81 3.71 2.79 14.1 10.3 2.90 6.56 14.8
Total α-dicarbonyls 15.4 5.15 8.87 25.6 26.5 6.29 18.2 35.7

Inorganic Ionse

Na+ 2.29 0.85 1.62 4.21 4.05 1.53 2.00 6.46
NH4

+ 4.66 1.72 2.86 8.07 5.73 2.63 2.88 10.2
K+ 3.15 1.01 1.70 4.62 1.26 0.45 0.69 2.28
Mg2+ 0.86 0.36 0.42 1.61 2.63 0.92 1.49 4.69
Ca2+ 2.55 0.55 1.75 3.48 16.3 2.72 12.2 21.2
Cl� 2.72 0.38 1.85 3.15 1.81 0.28 1.35 2.39
NO3

� 2.83 0.63 2.08 3.90 5.76 1.29 3.80 7.57
SO4

2� 4.50 1.15 3.25 7.20 8.49 2.62 4.75 15.3
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has been noted that animal excreta also play a key role in NH3 emission in the atmosphere of eastern central
India [Verma et al., 2010]. These observations indicate that NHþ

4 in Raipur aerosols might be due to the
substantial emission of NH3 from biofuel burning and animal excreta.

The lifting of mineral dust particles and mechanical abrasion processes have been proposed as a major
source of Ca2+ [Wang et al., 2005; Zhang et al., 2008]. Mineral dust particles are mixtures of both water-soluble
and insoluble components. The analytical technique we used for the measurement of Ca2+ in Raipur aerosols
determines water-soluble mineral dust fraction because insoluble dust particles may be in part lost during
filtration of aerosol extracts using 0.22μm syringe filter. Therefore, the high abundance of Ca2+ in coarse
fractions indicates the existence of significant amount of water-soluble mineral dust particles in Raipur
aerosols. A considerable fraction of calcium is usually soluble in water, and therefore, the measured Ca2+ in
Raipur aerosols can be used as a tracer of water-soluble mineral dust particles [Rastogi and Sarin, 2005,
2006; Mochida et al., 2007; Ram et al., 2010].

3.2. Molecular Characteristics of Diacids and Related Compounds

Diacids and related compounds measured in size-segregated aerosols are listed in Table 1 together with their
concentrations in fine and coarse modes. Their molecular distributions in size-segregated aerosols are shown
in Figure 4. Diacids are characterized by the predominance of oxalic acid (C2) followed by succinic acid (C4) in
all the sizes. The predominance of C2 in size-segregated aerosol is reasonable because this diacid is produced
by photochemical chain reactions of various VOCs and UFAs of anthropogenic and biogenic origin and also
primarily derived from fossil fuel combustion and biomass burning [Lim et al., 2005; Legrand et al., 2007].
Raipur experienced abundant sunshine duration during the campaign. It is noteworthy that C2 is positively
correlated with sunshine duration in fine (r=0.55) and coarse (r= 0.58) modes (Figure S1 in the supporting
information). Although these correlations are not significant (P> 0.05), the positive correlations indicate that
longer sunshine duration is suitable for the photochemical production of C2 in the atmosphere of eastern
central India.

Phthalic acid (Ph) was the third most abundant diacid followed by terephthalic acid (tPh) in fine fraction and
azelaic acid (C9) in coarse fraction. The predominance of Ph after C2 and C4 diacids in size-segregated aerosols
indicates an enhanced emission from anthropogenic sources such as coal burning in Raipur. Ph is primarily
generated by incomplete combustion of fossil fuels and secondarily produced by the photochemical oxida-
tion of polycyclic aromatic hydrocarbons such as naphthalene that are mainly derived from coal combustion
[Kawamura and Yasui, 2005]. Burning of solid wastes such as plastics may be the source for the high levels of
tPh in fine fraction [Simoneit et al., 2005; Fu et al., 2010; Kawamura and Pavuluri, 2011], whereas emissions of
biogenic UFAs such as oleic acid (C18:1) from terrestrial higher plant leaves followed by heterogeneous oxida-
tion of double bond at C-9 position can produce C9 diacid in coarse fraction [Agarwal et al., 2010;Wang et al.,
2012]. Approximately 33% of the geographical area in Raipur is covered with forest that can emit significant
amount of UFAs over the observation site. This result suggests that atmospheric processing of biogenic aero-
sols associated with UFAs is important over eastern central India during the campaign. ω-oxoacids (ωC2-ωC9)
and α-dicarbonyls (C2-C3) were also detected in size-segregated aerosol samples. ω-oxoacids showed the
predominance of glyoxylic acid (ωC2), whereas glyoxal (Gly) was more abundant than methylglyoxal
(MeGly) in all the sizes.

Table 1. (continued)

Compounds Abbreviation Chemical Formula

Fine Mode Coarse Mode

Mean SDa Min.b Max.c Mean SD Min. Max.

Total water-soluble ions 23.6 5.24 18.5 35.8 46.1 10.2 32.8 67.9

aStandard deviation.
bMinimum.
cMaximum.
dValues are in ngm�3.
eValues are in μgm�3.
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3.3. Size Distribution
3.3.1. Inorganic Ions
The size distributions of water-soluble ions measured in Raipur aerosols are shown in Figure 5. Pearson
correlation coefficients (r) among the measured ions in fine and coarse modes are given in Table 2. The

Figure 4. Average molecular distributions of water-soluble diacids and related compounds in size-segregated aerosols.
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size distributions of Na+ are bimodal with a major peak in coarse mode and a minor peak in fine mode,
whereas Ca2+ and Mg2+ showed unimodal size distributions with a peak in coarse mode (Figures 5a–5c).
Na+, Ca2+, and Mg2+ show tends to accumulate in coarse mode because they are derived from mineral
dust and sea-salt particles [Wang et al., 2005; Zhang et al., 2008].

Raipur is literally situated between two industrial complexes on its eastern and western outskirts. The emis-
sions of large amount of primary aerosol particles in coarse sizes from several coal and cement industries
have a significant influence on the air quality of eastern central India. Although AMBTs showed that Raipur
was affected by long-range transport of air masses from arid regions of Arabia and Iran (Figure 2), mineral
dust associated with coarse mode particles has quite short lifetime in the atmosphere. This observation

Figure 5. Size distributions of water-soluble inorganic ions measured in Raipur aerosols in summer of 2013.
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suggests that the contribution of mineral dust particles from local sources is more significant than long-range
transport in Raipur during the campaign. Although Raipur is an inland location, as shown in Figure 2, sea-salt
may also be transported to the site during the campaign. The contributions of ss-Ca2+ and ss-Mg2+ to total
Ca2+ and Mg2+ in coarse mode are on average 0.9% and 20%, respectively. It is notable that estimated
sea-salt fraction of Ca2+ and Mg2+ are even overestimated because Na+ in coarse mode may also be
derived from mineral dust particles in eastern central India [Verma et al., 2010; Deshmukh et al., 2013].
Interestingly, we found a strong correlation between Ca2+ and Mg2+ (r=0.93) in coarse mode. These results
suggest that sea-salt contribution to Ca2+ and Mg2+ in coarse mode is negligible in Raipur and that they are
significantly derived from mineral dust particles. Meteorological conditions such as wind speed usually
influence the transport of mineral dust particles from the source regions. Concentration of coarse mode
Ca2+ is strongly correlated (r= 0.80) with wind speed (Figure S2), indicating that high abundance of Ca2+ in
Raipur was most likely caused by high speed winds that carried large amount of mineral dust particles both
from outside and local areas. The significant correlation of Na+ with Ca2+ or Mg2+ (r=0.71) in coarse mode
suggests that coarse mode Na+ is also derived from mineral dusts in addition to sea salts. A small peak of

Table 2. Pearson Correlation Analysis Among Water-Soluble Inorganic Ions and Organic Compounds Measured in Fine and Coarse Mode Aerosols Over the Urban
Area of Eastern Central India in Summer of 2013a

Na+ NH4
+ K+ Mg2+ Ca2+ NO3

� SO4
2� C2 C3 C4 C5 C9 Ph ωC2 ωC9 Pyr Gly MeGly

Fine Mode
NH4

+ 0.70b

K+ 0.62c 0.91b

Mg2+ 0.63c 0.37 0.28
Ca2+ 0.50 0.53 0.21 0.36
NO3

� 0.39 0.33 0.03 0.18 0.55
SO4

2� 0.76b 0.55 0.46 0.39 0.52 0.66c

C2 0.89b 0.69c 0.59 0.57 0.51 0.43 0.66c

C3 0.63c 0.60c 0.55 0.45 0.26 0.29 0.52 0.85b

C4 0.81b 0.66c 0.53 0.33 0.56 0.42 0.68c 0.93b 0.82b

C5 0.79b 0.65c 0.59 0.31 0.44 0.30 0.66c 0.92b 0.83b 0.98b

C9 0.69c 0.81b 0.78b 0.46 0.56 0.43 0.63c 0.78b 0.75b 0.77b 0.78b

Ph 0.33 0.41 0.33 0.28 0.51 0.23 0.56 0.52 0.43 0.49 0.52 0.57
ωC2 0.07 0.63c 0.60 0.41 0.33 0.07 0.50 0.62c 0.50 0.08 0.15 0.03 0.03
ωC9 0.59 0.66c 0.65c 0.43 0.51 0.45 0.63c 0.72b 0.75b 0.75b 0.77b 0.95b 0.53 0.07
Pyr 0.73b 0.69c 0.67c 0.35 0.37 0.20 0.40 0.86b 0.68c 0.77b 0.81b 0.71b 0.68c 0.28 0.58
Gly 0.66c 0.73b 0.75b 0.53 0.43 0.28 0.42 0.76b 0.63c 0.63c 0.66c 0.83b 0.76b 0.19 0.78b 0.83b

MeGly 0.89b 0.62c 0.51 0.33 0.47 0.30 0.63c 0.89b 0.66c 0.92b 0.88b 0.62c 0.30 �0.03 0.58 0.68c 0.53
AWC 0.82b 0.83b 0.76b 0.55 0.48 0.43 0.63c 0.90b 0.78b 0.77b 0.78b 0.80b 0.62b 0.33 0.70b 0.69c 0.68c 0.68c

Coarse Mode
NH4

+ 0.36
K+ 0.03 0.03
Mg2+ 0.71b 0.51 0.36
Ca2+ 0.71b 0.65c 0.66c 0.93b

NO3
� 0.60c 0.77b 0.35 0.69c 0.83b

SO4
2� 0.35 0.73b 0.38 0.82b 0.78b 0.75b

C2 0.76b 0.72b 0.50 0.75b 0.80b 0.91b 0.77b

C3 0.37 0.72 0.36 0.45 0.65c 0.75b 0.49 0.68c

C4 0.68c 0.60c 0.35 0.73b 0.76b 0.87b 0.73b 0.88b 0.63c

C5 0.73b 0.63c 0.33 0.78b 0.79b 0.87b 0.69c 0.91b 0.73b 0.95b

C9 0.53 0.80b 0.31 0.51 0.61c 0.73b 0.53 0.68c 0.53 0.55 0.68c

Ph 0.50 0.61c 0.49 0.77b 0.85b 0.83b 0.76b 0.88b 0.80b 0.85b 0.83b 0.40
ωC2 0.85b 0.39 0.50 0.71b 0.75b 0.80b 0.40 0.85b 0.45 0.70b 0.77b 0.53 0.85b

ωC9 0.66c 0.51 0.39 0.51 0.60 0.76b 0.49 0.69c 0.60 0.63c 0.62c 0.96b 0.40 0.60
Pyr 0.87b 0.38 �0.05 0.63c 0.71b 0.68c 0.28 0.55 0.51 0.45 0.48 0.47 0.50 0.69c 0.55
Gly 0.50 0.47 0.50 0.81b 0.81b 0.82b 0.78b 0.86b 0.50 0.81b 0.79b 0.48 0.82b 0.80b 0.48 0.62c

MeGly 0.82b 0.28 �0.18 0.76b 0.75b 0.66c 0.45 0.63c 0.25 0.67c 0.67c 0.38 0.59 0.62c 0.45 0.85b 0.68c

AWC 0.66c 0.86b 0.03 0.59 0.80b 0.88b 0.82b 0.93b 0.65c 0.79b 0.86b 0.82b 0.77b 0.85b 0.79b 0.66c 0.80b 0.63c

aSee Table 1 for abbreviation.
bP ≤ 0.01.
cP ≤ 0.05.
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Na+ in fine mode may be caused by anthropogenic sources such as waste incineration [Zhao et al., 2011;
Wang et al., 2013].

The size distributions of K+ and Cl� are bimodal with two peaks in fine and coarse modes (Figures 5d and 5e).
K+ is directly emitted from biomass burning as fine particles and thus allowing to use as a tracer of biomass
burning, whereas coarse mode K+ can be attributed to both soil dust and sea salts [Yamasoe et al., 2000;
Huang et al., 2012]. A peak of K+ in finemode indicates the origin frombiomass burning, especially wood burn-
ing in Raipur during the campaign.We found that contribution of ss-K+ to total K+ in coarsemodewas on aver-
age only 10%, indicating the importance of soil dust as amajor source of K+ in coarsemode in the atmosphere
of eastern central India. Vegetation fire and coal combustion mostly emit Cl� as fine particles [Zhao and Gao,
2008; Cao et al., 2015]. The formation of KCl is important in freshly emitted aerosol particles from biomass
burning, which can be produced through the reactions of K+ with HCl vapor or chloride containing com-
pounds [Liu et al., 2000]. The finemode Cl�was strongly correlatedwith finemode K+ (r=0.80), indicating that
it is emitted from combustion sources and possibly present as KCl. The occurrence of KCl in finemode particles
has also been proposed in bulk analyses of biomass burning aerosols from other locations [Yamasoe et al.,
2000; Li et al., 2003]. A peak of Cl� in coarse mode may be due to the influence from sea salts.

Bimodal size distributions of NO�
3 and SO2�

4 were observed with a major peak in coarse mode and a minor
peak in fine mode (Figures 5f and 5g). The ambient temperature and concentration of alkaline coarse mode
particles may influence the size distribution of NO�

3 in Raipur aerosols. NOx is the precursor of NO�
3 , which

forms HNO3 and then reacts with NH3 to form NH4NO3 in fine particles [Kouyoumdjian and Saliba, 2006;

Seinfeld and Pandis, 2006]. The equivalent concentration ratios of NHþ
4 to SO2�

4 in fine mode (average 2.3)
indicate that there is enough NH3 after neutralization of H2SO4 to form NH4NO3. However, NH4NO3 is highly
volatile [Huang et al., 2006; Kumar and Raman, 2016], and thus, high ambient temperature in Raipur during
the campaign may enhance the dissociation of NH4NO3 into gaseous NH3 and HNO3. Moreover, the vapor
pressure on the surface of fine particles is usually higher than that of coarse particles, and thus, thermal
decomposition of NH4NO3 in fine particles under high temperature is significant, leading to lower the
concentrations of NO�

3 in fine mode particles.

The major peak of NO�
3 in coarse mode is entirely same with a peak of water-soluble Ca2+ (Figures 5b and 5f).

This result suggests thatNO�
3 was produced in coarsemode by adsorption of NO2 emitted from anthropogenic

sources and gaseous HNO3 derived from thermal decomposition of NH4NO3 on water-soluble mineral dust
particles enrichedwith Ca2+ via heterogeneous reaction. A strong correlation ofNO�

3 with Ca
2+ (r= 0.83) further

confirms thatNO�
3 was largely associatedwithCa

2+ andmay exist as Ca(NO3)2 in coarsemode.SO2�
4 is produced

in coarse mode by the heterogeneous reaction of SO2 or interaction of SO2�
4 with alkaline mineral dust and

sea-salt particles [Huang et al., 2006; Kumar et al., 2008]. The contribution of ss-SO2�
4 to total SO2�

4 concentra-

tions in coarse mode is on average 13%, suggesting that SO2�
4 in Raipur is largely derived from anthropogenic

sources. A significant correlation of SO2�
4 withNO�

3 (r= 0.75) in coarse mode suggests that SO2�
4 is produced by

the process similar to that of NO�
3 . The coarse mode SO2�

4 in Raipur may likely be produced through the
adsorption of SO2 followed by heterogeneous oxidation on water-soluble alkaline mineral dust particles. A

very small fraction of SO2�
4 in fine mode is possibly produced by a homogeneous gas-phase oxidation of

SO2 followed by gas to particle conversion or aqueous-phase oxidation of SO2 in preexisting fine particles.

The size distribution of NHþ
4 is similar to those of NO�

3 and SO2�
4 in Raipur aerosols (Figure 5h). NHþ

4 is
secondarily produced through heterogeneous reaction of its gaseous precursor NH3 with acidic species such
as HNO3 and H2SO4 [Kumar et al., 2008; Zhang et al., 2008]. The enrichment ofNHþ

4 in coarse mode indicates its
unique formation process in Raipur, which is different from the cases of the East Asian continental outflow
region, including the Sea of Japan [Massling et al., 2007] and North Pacific [Sullivan et al., 2007], where NHþ

4

is often enriched in fine mode as NH4HSO4 or (NH4)2SO4 under the Asian dust outflow.

Shi et al. [2008] have investigated that NO�
3-free dust particles, even though they contain SO2�

4 do not absorb
water when RH was increased from 15% to 90%, whereas NO�

3 -rich dust particles absorb water even at 15%
RH. Mineral dust particles are composed of a mixture of different materials such as carbonates and alumino-
silicates. CaCO3 is regarded as the most chemically reactive component in dust particles due to the strong
alkaline nature [Rastogi and Sarin, 2005, 2006]. Interestingly, the heterogeneous reactions of NO2 or
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gaseous HNO3 with mineral dust particles largely transform insoluble or slightly soluble CaCO3 to highly
water-soluble Ca(NO3)2 [Sullivan et al., 2009; Tobo et al., 2010]. The formation of Ca(NO3)2 is significant in
coarse mode aerosol in Raipur as discussed above, which may absorb substantial amount of moisture from
the air even at minimum RH condition in summer and form aqueous layer on the surface of mineral dust
particles in coarse mode. Highly alkaline and water-soluble NH3 gas may rapidly transform to NHþ

4 via
neutralization reaction on the surface of deliquesced mineral dust particles, which are enriched with
acidic components. The reaction of NH3 with H2SO4 is usually favored over the reaction with HNO3 because
(NH4)2SO4 is more stable than NH4NO3. Interestingly, the formation of NH4NO3, which is highly volatile, is
unlikely in Raipur due to high ambient temperature during the campaign as discussed above. Therefore,
NH3 derived from biofuel combustion and animal excreta may be trapped by water-soluble mineral dust

particles enriched with SO2�
4 and possibly organic acids such as oxalic acid. The equivalent concentration

ratios of NHþ
4 to SO2�

4 in coarse mode (average 1.8) further indicate that neutralization process largely pro-
duces (NH4)2SO4, and there is excess NH3 to react with organic acids on coarse mode.
3.3.2. Dicarboxylic Acids
The size distributions of major diacids are shown in Figure 6. C2 shows bimodal patterns with a major peak in
coarsemode and aminor peak in finemode. The enrichment of C2 in fine or submicronmodewas observed in
urban [Kerminen et al., 2000; Huang et al., 2006; Agarwal et al., 2010;Wang et al., 2012; Cheng et al., 2015], rural
[Laongsri and Harrison, 2013], marine [Miyazaki et al., 2010; Xu et al., 2013], and Arctic aerosols [Kawamura et al.,
2007]. The accumulation of C2 in fine or submicron mode has been proposed due to the photooxidation of
gaseous organic precursors. The coarse mode peak of C2 and water-soluble Ca2+ appeared in the same size
bin of Raipur samples. The highest concentration of Ca2+ in coarse mode was found in the sample set
APR15-19 (21.2μgm�3), whereas lowest concentration was found in the sample set MAY07-11 (12.2μgm�3).
A similar variation was observed for the concentrations of C2 diacid and related compounds in coarse mode.
However, the coarse mode peak of C2 is comparable to or slightly higher than fine mode peak in the sample
set MAY07-11. This is possibly due to rain showers during the collection of sample MAY07-11, which may sig-
nificantly scavenge the coarse particles from the atmosphere and reduce the resuspension of dust particles.
These observations together with a strong correlation of C2 with Ca2+ (r=0.80) indicate that coarse mode
C2 is predominantly associated with water-soluble mineral dust particles. This result also indicates that forma-
tion of calcium oxalate may be significant in coarse mode via the reaction of oxalic acid with Ca2+, which is
associatedwithmineral dust particles. Sullivan and Prather [2007] and Furukawaand Takahashi [2011] reported
that oxalate is mainly mixed with mineral dust particles and exist as calcium oxalate in Asian dust samples.

The preferential enrichment of C2 in coarse mode suggests a predominant gas-phase source of oxalic acid
and its precursors over eastern central India. A strong correlation of C2 with NO�

3 in coarse mode (r= 0.91)
suggests that formation process of C2 is similar to that of NO�

3 , which is preferentially produced in water-
soluble calcium-rich dust particles. This result suggests that an enrichment of C2 in coarse mode is likely
because of the adsorption of gaseous C2 produced by gas-phase oxidation under high temperature as well
as heterogeneous oxidation of anthropogenic and biogenic precursors on the surface of alkaline water-
soluble mineral dust particles. Yao et al. [2002] and Wang et al. [2012] proposed that C2 can evaporate from
fine particles to gas-phase under high temperature and then condensed on coarse particles. Paciga et al.
[2014] and Häkkinen et al. [2014] considered that formation of inorganic salts of diacids significantly
suppresses the volatility of organic acids. Therefore, evaporation of C2 from fine particles may be minor in
Raipur because there are excess amounts of NH3, which may react with C2 to form nonvolatile ammonium
oxalate. Moreover, high abundances of C2 in coarse mode may be caused by the stabilization of oxalic acid
as nonvolatile calcium oxalate and ammonium oxalate.

The pH of aerosol water may also be important for the production of C2 in atmospheric aerosols. The mea-
sured pH of water extracts from aerosols showed that aerosols are acidic in finemode (6.38–6.82) and alkaline
in coarse mode (7.09–7.76). Higher abundances of C2 in coarse mode (average 563 ngm�3) than fine mode
(average 215 ngm�3) can be explained by the alkaline nature of coarse mode aerosols, which should readily
adsorb gaseous organic acids. Ervens et al. [2003, 2011] proposed that production of C2 is more efficient
under higher pH conditions. Mochida et al. [2003, 2007] also suggested that preferential partitioning of C2
and its anthropogenic and biogenic precursors into supermicron mode particles was due to its slightly alka-
line nature in the marine atmosphere.
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C2 can be produced by the oxidation of normal-chain diacids (C3-C12) in aqueous-phase via heterogeneous
reaction on the deliquesced coarse mode aerosols [Yang et al., 2009; Wang et al., 2015]. Interestingly, good
correlations of C2 with C3-C5 diacids (r= 0.68–0.91) were found in coarse mode, indicating that they might
have similar sources and formation processes and C2 may be produced by the sequential aqueous-phase
oxidation of its higher homologous diacids in coarse mode aerosols. This explanation is further supported

Figure 6. Size distributions of major water-soluble dicarboxylic acids measured in Raipur aerosols in summer of 2013.
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by the fact that C3-C5 diacids are also
enriched in coarse mode probably due
to their enhanced secondary formation
from heterogeneous and aqueous-
phase oxidation of anthropogenic and
biogenic VOCs and UFAs on the
water-soluble mineral dust particles
(Figures 6b–6d and Table 1). The small
peak of C2 in fine mode may be asso-
ciated with gas-phase production of C2
followed by gas to particle conversion
or aqueous-phase production from its
precursors followed by the adsorption
onto preexisting fine mode particles.
Moreover, C2 diacid may also be primar-
ily emitted from combustion sources as
fine mode particles. Several studies
have used the ratio of malonic to succi-
nic acid (C3/C4) as a proxy for assessing
the extent of photochemical processing
of diacids [Kawamura and Bikkina, 2016,
and reference therein]. The average
C3/C4 ratios in Raipur aerosols showed
higher values in coarse fractions
(average 0.62�0.80) and lower values
in fine fractions (average 0.30–0.50)
(Figure 7a). This result indicates that
production of C3 from C4 diacid occurs
more efficiently in coarse mode aerosols
possibly via aqueous-phase processing.
The average C3/C4 ratios in fine fractions
are comparable to those for primary
emission of diacids from automobiles
(average 0.35) and biomass burning
(average 0.51) [Kawamura and Bikkina,
1987; Cong et al., 2015], suggesting that
diacids in fine mode aerosols from
Raipur were relatively fresh and the

influence of primary emission source such as fossil fuel combustion and biomass burning is more significant
than photochemical production.

C9 diacid is a tracer of biogenic sources [Bikkina et al., 2015; Kawamura and Bikkina, 2016]. A bimodal size dis-
tribution of C9 was observed with a major peak in coarse mode and a minor peak in fine mode (Figure 6f).
Higher terrestrial plants emit UFAs into the air via wind abrasion mostly as coarse particles [Agarwal et al.,
2010; Wang et al., 2012]. The large peak of C9 in coarse mode suggests that heterogeneous oxidation of
UFAs emitted from higher plant leaves is significant in Raipur. C9 diacid and UFAs can also be emitted directly
as fine particles from biomass burning [Fine et al., 2001; Hays et al., 2005]. C9 diacid is significantly correlated
with K+ in fine mode (r=0.78), indicating that fine mode C9 diacid is directly emitted or secondarily produced
by the oxidation of gaseous UFAs derived from biomass burning, especially wood burning followed by the
condensation on preexisting fine mode particles.

Ph and tPh acids showed bimodal size distribution (Figures 6g and 6h). A major peak of Ph was found in
coarse mode, whereas tPh showed major peak in fine mode. Ph is a tracer of anthropogenic sources
[Kawamura and Yasui, 2005], whereas tPh is a tracer of plastic burning [Simoneit et al., 2005; Kawamura and
Pavuluri, 2011]. Naphthalene (NAP), a major precursor of Ph, is mostly present in gas-phase [Lee et al., 2001;

Figure 7. Box-and-whisker diagrams on ratios of malonic (C3) to succinic
(C4) and phthalic (Ph) to azelaic (C9) acids in size-segregated aerosols.
Lower and upper ends of the box show the quartiles at 25% and 75%,
whereas upper and lower bars of the whisker show the quartiles at 10%
and 90%, respectively. The cross bars in the box show the median,
whereas round circles show the average value.
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Schauer et al., 2002]. The major peak of Ph in coarse mode is possibly due to the gas-phase oxidation of
its precursor (NAP) followed by adsorption on the water-soluble alkaline mineral dust particles. tPh is
mostly produced by the burning of plastic bags and bottles and then accumulated on preexisting fine
mode particles.

It is very essential to understand whether the atmospheric chemical processing of anthropogenic or biogenic
organic precursors is causing an increase in the concentrations of shorter-chain diacids (C2-C5) in coarse
mode. We found strong correlations of C2-C5 diacids with Ph (r= 0.80–0.88), whereas moderate correlations
were found for C2-C5 diacids with C9 diacid (r= 0.53–0.68) in coarse mode. These correlations suggest that
anthropogenic precursors are major source of shorter-chain diacids than biogenic precursors in coarse mode.
Interestingly, the moderate correlation of C2 with MeGly (r= 0.63), an oxidation product of biogenic VOCs
[Myriokefalitakis et al., 2011], further suggests less influence of biogenic precursors on the high abundance
of C2 diacid in coarse mode. The Ph/C9 ratios can be further used as a marker to assess the emission strength
of anthropogenic versus biogenic sources. The average Ph/C9 ratios in size-segregated aerosols in Raipur (1.6
to 2.7, Figure 7b) are similar to those observed in Chinese aerosols (1.9–2.3) [Wang et al., 2002; Ho et al., 2010;
Cheng et al., 2013] and urban Tokyo aerosols (2.6) [Kawamura and Yasui, 2005], where diacids was strongly
influenced by anthropogenic sources. Moreover, these values are much higher than those observed in aero-
sols from Indianmegacity Chennai (average 0.69) [Pavuluri et al., 2010], where diacids wasmore influenced by
biogenic sources. These comparisons further suggest that diacids in Raipur aerosols are more influenced from
anthropogenic sources than biogenic sources.

3.3.3. ω-Oxocarboxylic Acids and Pyruvic Acid
The size distributions of ω-oxoacids and pyruvic acid measured in Raipur aerosols are shown in Figure 8. ω-
oxoacids (ωC2-ωC9) have several sources, including primary sources such as fossil fuel combustion and
biomass burning, and secondary sources such as oxidation of anthropogenic and biogenic VOCs in gas-phase
and aqueous-phase [Kawamura and Yasui, 2005; Miyazaki et al., 2009]. They further oxidize to corresponding
diacids (C2-C9) through gas-phase and aqueous-phase chemical processing in the atmosphere [Kawamura
and Sakaguchi, 1999; Wang et al., 2012]. ωC2 showed a bimodal size distribution similar to that of C2
(Figures 6a and 8a). The major peak of ωC2 in the same size bin of water-soluble Ca2+ and a strong correlation
of ωC2 with NO�

3 in coarse mode (r= 0.80) suggest that ωC2 is produced in coarse mode possibly via
heterogeneous reaction of gaseous ωC2 and its precursors followed by the subsequent adsorption to
water-soluble mineral dust particles. ωC2 is a well-known precursor of C2 diacid in aerosols via aqueous-phase
processing and heterogeneous reactions [Pavuluri et al., 2015; Zhang et al., 2016]. We found similar size
distribution of ωC2 and C2 in coarse mode together with a strong correlation (r= 0.85), suggesting that C2
may be produced by aqueous-phase oxidation of ωC2 in coarse mode aerosols.

The aqueous-phase oxidation of Gly and MeGly with OH radicals usually produce ωC2 in the atmosphere
[Yasmeen et al., 2010; Myriokefalitakis et al., 2011]. Interestingly, ωC2 showed a strong correlation with Gly
(r= 0.80), whereas moderate correlation was found between ωC2 and MeGly (r= 0.62) in coarse mode. This
result suggests that thesourcesandformationprocessesofωC2andGlyareverysimilarorωC2maybeproduced
byaqueous-phaseoxidationofGly in coarsemodeaerosol particles. Remarkably,ωC2presents a strongcorrela-
tion with Ph (r=0.85), whereas weak correlation was found between ωC2 and C9 diacid (r= 0.53), suggesting
that oxidation of anthropogenic precursors are the major source of ωC2 in coarse mode. Size distribution
patternsof9-oxononanoicacid (ωC9)andpyruvic acid (Pyr)werealsobimodalwithamajorpeak incoarsemode
andaminorpeak infinemode (Figures 8gand8h). Interestingly,ωC9 showeda strongcorrelationwithC9diacid
(r= 0.96),whereasPyr showedastrongcorrelationwithMeGly (r=0.85) in coarsemode.ωC9 is alsoproducedby
the oxidation of biogenic UFAs similar to C9, whereas Pyr is an oxidation product of MeGly, which is largely
derived from the oxidation of biogenic VOCs such as isoprene [Volkamer et al., 2005; Yasmeen et al., 2010;
Huang et al., 2012]. These observations suggest that larger peaks of ωC9 and Pyr on coarse mode may be
involved with heterogeneous oxidation of UFAs and MeGly, respectively.

3.3.4. α-Dicarbonyls
Size distribution patterns of Gly and MeGly are same as those of C2 and ωC2 (Figures 9a and 9b). Gly and
MeGly are secondarily produced by the oxidation of anthropogenic VOCs such as toluene and benzene
[Volkamer et al., 2001; Legrand et al., 2007], and biogenic VOCs such as isoprene [Lim et al., 2005;
Myriokefalitakis et al., 2011]. They are also emitted directly to some extent into the atmosphere from
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combustion of fossil fuels, biomass, and biofuels [Schauer et al., 2001; Hays et al., 2002]. It is noteworthy that
Gly and MeGly as well as their precursor compounds largely exist in gas-phase in the atmosphere [Ervens and
Volkamer, 2010; Kawamura et al., 2013]. The major peak of Gly and MeGly in coarse mode in Raipur aerosol
may possibly be due to more active photochemical production in the gas-phase followed by adsorption
onto more alkaline water-soluble coarse mode particles. Another explanation for the pronounced coarse
mode peaks of Gly and MeGly is a selective partitioning of their gaseous precursors into water-soluble

Figure 8. Size distributions of ω-oxocarboxylic acids and pyruvic acid measured in Raipur aerosols in summer of 2013.
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mineral dust particles followed by het-
erogeneous oxidation. We found that
Gly strongly correlates with NO�

3

(r=0.82), whereas MeGly showed a
moderate correlation (r=0.66) in coarse
mode. This result suggests that Gly is
secondarily produced in coarse mode
via atmospheric processes being similar
to that of NO�

3 . Fine mode Gly showed a
good correlation with K+ (r= 0.75),
whereas fine mode MeGly showed a
weak correlation (r= 0.51), indicating
that a small peak of Gly in fine mode
might be associated with primary emis-
sion from biomass burning, mainly
wood burning in Raipur. Moreover, Gly
and MeGly in fine mode may be
produced by condensation of gaseous
Gly and MeGly onto preexisting fine
particles, which can hydrate with
water vapors.

There is a strong correlation of Gly with
Ph diacid (r= 0.82), whereas MeGly
presented weak correlation (r=0.59)
in coarse mode, indicating that oxida-
tion of anthropogenic VOCs are major
source of Gly in coarse mode.

Myriokefalitakis et al. [2011] proposed that approximately 80% of MeGly is generating in the atmosphere from
oxidation of biogenic VOCs such as isoprene. The weak correlation of MeGly withNO�

3 and Ph diacid in coarse
mode as discussed above could be due to an enhanced production from the oxidation of biogenic VOCs
derived from terrestrial higher plants and marine phytoplankton. Gly is a well-known precursor of ωC2 and
C2 via aqueous-phase processing [Ervens and Volkamer, 2010; Ervens et al., 2011], and therefore, a preferential
enrichment of Gly in coarse mode may be crucial to form C2 diacid in Raipur aerosols. A strong correlation
of C2 with Gly (r= 0.86) in coarse mode implies similar emission sources and formation processes or that
C2 may be produced via heterogeneous oxidation of Gly via ωC2 as an intermediate on water-soluble mineral
dust particles.

3.4. Influence of Aerosol Water Content (AWC) on High Abundance of Diacids and Related Compounds
in Coarse Mode

Water in aerosols influences aqueous-phase reaction for the formation of SOA by providing a surface for
heterogeneous oxidation of gaseous anthropogenic and biogenic organic precursors [Kreidenweis et al.,
2001; Wang et al., 2015]. ISORROPIA-II, a computationally efficient and rigorous thermodynamic equilibrium
model [Fountoukis and Nenes, 2007], was used to estimate AWC in size-segregated aerosols. This model
applies a Zdanovskii-Stokes-Robinson equation and treats only the thermodynamics of K+-Ca2+-Mg2+-NHþ

4 -

Na+-SO2�
4 -NO�

3 -Cl
�-H2O aerosol system to estimate AWC. The model was run as “reverse problem,” in which

temperature, relative humidity, and aerosol-phase concentrations of water-soluble inorganic ions measured
by IC were used as input for the estimation of AWC. We found two clear peaks of AWC in fine and coarse
modes (Figure 10). The average concentration of AWC was higher in coarse mode than fine mode. AWC
varied from 35.0 to 69.7μgm�3 with an average of 50.0 ± 10.7μgm�3 (average 38.5 ± 8.62% of aerosol mass)
in fine mode and 55.3 to 93.5μgm�3 with an average of 69.5 ± 18.9μgm�3 (average 33.3 ± 8.83% of aerosol
mass) in coarse mode.

High concentrations of AWC in coarse mode are mostly due to the high loadings of secondary inorganic

components including NO�
3 , SO

2�
4 , and NHþ

4 , which have been documented as major contributors to AWC

Figure 9. Size distributions of glyoxal (Gly) and methylglyoxal (MeGly) in
Raipur aerosols in summer of 2013.
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in atmospheric aerosols [Ansari and
Pandis, 1999, 2000; Speer et al., 2003;
Engelhart et al., 2011]. NO�

3 predomi-
nantly exists as Ca(NO3)2, whereas

SO2�
4 and NHþ

4 exist as (NH4)2SO4 in
coarse mode in Raipur aerosols as dis-
cussed above. Highly hygroscopic Ca
(NO3)2 absorbs substantial amounts of
moisture from the air even at low RH
conditions, enhancing AWC in coarse
mode. (NH4)2SO4 is also hygroscopic
and thus contributes to the increase of
AWC in coarse mode. Abundant AWC
in coarse mode further enhances the
formation of diacids and related
compounds via aqueous-phase oxida-
tion of organic precursors. We propose
aqueous-phase formation processes to
explain the preferential enrichment of
diacids, ω-oxoacids, and α-dicarbonyls
in coarse mode of Raipur aerosols dur-
ing the campaign (Figure 11), in which
highly hygroscopic inorganic salts first
form aqueous layer on the surface of
water-soluble mineral dust particles in
coarse mode and then gaseous diacids
and related compounds as well as
anthropogenic and biogenic VOCs
and UFAs significantly partition into
aqueous-phase and are subsequently
oxidized to diacids, ω-oxoacids, and α-
dicarbonyls via heterogeneous reaction.
The strong correlations of C2, ωC2, and

Gly with AWC (r= 0.93, 0.85, and 0.80, respectively) in coarse mode support that they are significantly pro-
duced via aqueous-phase oxidation of organic precursors.

The high abundance of C2, which is the major species among the measured diacids and related compounds
in coarse mode, is possibly due to the accumulation of more C2 precursors followed by aqueous-phase oxi-
dation on the surface of water-soluble mineral dust particles. Saturated normal-chain diacids (C3-C12) as well
as ωC2 and Gly are the major precursors of C2 diacid in the atmosphere [Lim et al., 2005; Ervens and Volkamer,
2010; Pavuluri et al., 2015; Zhang et al., 2016]. The correlations of C2/(C2-C12), C2/ωC2, and C2/Gly with AWC
may be therefore used as a proxy for aqueous-phase production of C2 from higher diacids, ωC2, and Gly,
respectively. We found a strong correlation of C2/(C2-C12) ratios with AWC in coarse mode (r=0.83), whereas
the correlation was weak in finemode (r= 0.38) (Figure 12). Likewise, C2/ωC2 and C2/Gly ratios showed strong
correlations with AWC in coarse mode (r= 0.86 and 0.85, respectively) compared to fine mode (r=0.65 and
0.59, respectively) (Figure 12). These results suggest that abundant AWC accelerated the production of oxalic
acid in coarse mode through aqueous-phase oxidation of higher diacids, glyoxylic acid, and glyoxal.

4. Conclusions and Atmospheric Implications

Eleven sets of size-segregated (nine-size) aerosol samples collected in the urban area of Raipur in eastern
central India during summer of 2013 were measured for water-soluble diacids (C2-C12), ω-oxoacids (ωC2-ω
C9), α-dicarbonyls (C2-C3), and inorganic ions to investigate their sources and formation processes. The pre-
dominance of oxalic acid (C2) was found among the measured diacids, whereas ω-oxoacids showed the

Figure 10. Size distributions of (a) aerosol water content (AWC) for each
sample and (b) average AWC.
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predominance of glyoxylic acid (ωC2). Glyoxal (Gly) was the major α-dicarbonyl in all the sizes. The

predominance of SO2�
4 among the ionic composition in all the size fraction of aerosols suggested a

significant contribution from anthropogenic sources, whereas high abundances of Ca2+ in coarse mode
aerosol indicated a significant contribution of water-soluble mineral dust particles in the atmosphere of
eastern central India.

The pronounced coarse mode peaks of diacids,ω-oxoacids, and α-dicarbonyls as well asSO2�
4 ,NO�

3, andNH
þ
4 in

the same size bin of water-soluble Ca2+ suggest that they are preferentially produced on water-soluble
mineral dust particles. In order to explain these observations, we proposed a formation processes, in which
highly hygroscopic inorganic salts form aqueous layer on the surface of water-soluble mineral dust, and then
gaseous diacids and related compounds as well as VOCs and UFAs of anthropogenic and biogenic origin
partition into aqueous-phase and are consequently oxidized to diacids, ω-oxoacids, and α-dicarbonyls via
heterogeneous reactions. The strong correlations of diacids and related compounds with NO�

3 and AWC
support their production via heterogeneous oxidation in aqueous-phase in coarse mode. The strong

Figure 11. A reaction scheme elucidating aqueous-phase formation processes of water-soluble diacids and related compounds from volatile organic compounds
(VOCs) and unsaturated fatty acids (UFAs) of anthropogenic and biogenic origin on the surface of water-soluble coarse mode mineral dust particles.
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correlations of C2/(C2-C12), C2/ωC2, and C2/Gly ratios with AWC further support that enhanced AWC is
favorable for the production of oxalic acid via aqueous-phase oxidation of higher diacids, ωC2, and Gly in
coarse mode, respectively. It is of interest to note that diacids and related compounds as well as secondary
inorganic ions may also be produced on insoluble fraction of mineral dust particles, which could have
different chemical processing in the atmosphere. These processes should be further examined in future
studies by field and laboratory measurements.

Figure 12. Correlations of the mass concentration ratios of oxalic acid (C2) to normal-chain diacids (C2-C12), glyoxylic acid
(ωC2), and glyoxal (Gly) with aerosol water content (AWC) in fine and coarse mode aerosols.
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The results of this work highlighted key processes for the enhanced production of diacids and related
compounds in coarse mode aerosols, which have several atmospheric implications. First, secondary organic
aerosols (SOA), including diacids, play a crucial role in solar radiation balance because they can act as CCN
and influence the lifetime of clouds. Second, enhanced production of diacids and related compounds in
coarse mode particles will alter their residence time and significantly decrease the abundances of SOA in
the atmosphere, which can further influence aerosol-cloud interaction and radiative forcing of the major
fraction of water-soluble organic aerosols. Third, the association of diacids with mineral dust particles will also
alter their solubility and hygroscopicity in the atmosphere. Oxalic acid is usually a dominant species in water-
soluble organic carbon. The association of oxalic acid with mineral dust particles could result in oxalate com-
plexes with divalent cations such as Ca2+ [Furukawa and Takahashi, 2011]. The formation of metal-diacid
complexes will lower the solubility of highly water-soluble fraction of organic aerosol mass and possibly
decrease the hygroscopic growth and cloud activation properties of aerosol particles containing diacids.
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