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Abstract Aerosol samples collected over a tropical location, Thumba, southernmost West
Coast of India were analyzed for the abundance of homologous dicarboxylic acids (C2 to C12),
oxocarboxylic acids (ωC2 to ωC9, pyruvic acid), α-dicarbonyls (glyoxal and methylglyoxal),
organic and elemental carbon. Among the measured organics, oxalic acid was found to be the
most abundant species followed by succinic and/or malonic acids. As oxoacid and α-carbonyl
groups, glyoxylic acid and glyoxal, respectively, were observed to be dominant. On average,
dicarboxylic acids accounted almost 2.1 ± 0.7 % of the aerosol total organic carbon. Among
the aerosols over Thumba, two types of formation pathways were noticed for oxalic acid.
During the post-monsoon and winter periods, the photo-oxidation of biogenic and anthropo-
genic volatile organic compounds lead to the formation of oxalic acid through a chain reaction
involving glyoxal, methylglyoxal, pyruvic and glyoxylic acids. In contrast, during the pre-
monsoon, the oxidative degradation of the biogenic unsaturated fatty acids give rise to succinic
acid, which can be decomposed to malonic acid and then to oxalic acid. The observed seasonal
variations in acid concentrations are consistent with photochemical production and the subse-
quent accumulation under favourable meteorological conditions prevailing over the region.
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1 Introduction

The carbonaceous components account for an important fraction of atmospheric aerosols,
consisting of light-scattering organic carbon (OC) and light-absorbing elemental carbon (EC).
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A large fraction of OC mass includes water-soluble species and therefore considered as an
important part of the global cloud condensation nuclei (CCN) budget (Jacobson et al. 2000).
Most of the atmospheric aerosols tend to have a mixed chemical composition, including a
variety of organic and inorganic species (Graedel et al. 1986). Previous studies have shown
that CCN activation capability of OC is comparable to that of sulfate aerosols, which are
considered to be the most effective CCN among the atmospheric aerosols (Acker et al. 2002;
Matsumoto et al. 1997). When it comes to the fine aerosol mass over the continental mid-
latitudes, OCmay contribute 20 to 50 % of aerosol mass (Saxena and Hildemann 1996; Putaud
et al. 2004). On the other hand, OC contribution to the fine aerosol mass in forested areas in
tropics may substantially increase up to 90 % (Andreae and Crutzen 1997; Talbot et al. 1988;
Artaxo et al. 1988; Roberts et al. 2001).

Over the coastal regions, physical and chemical properties of the cloud droplets are mainly
controlled by the presence of organic constituents (Fletcher et al. 2007; Sciare et al. 2009).
Among the predominant part of the organic CCN (such as vegetation emissions and biomass-
burning), mono and dicarboxylic acids make an important contribution (Hobbs et al. 1974; Yu
2000). Compared to the monocarboxylic acids, dicarboxylic acids are more hydrophilic due to
the presence of two COOH groups and exist typically in particulate form in the ambient
atmosphere (Kawamura and Kaplan 1987). Among the dicarboxylic acids, the oxalic acid
exhibits the highest CCN ability, which is comparable to that of important water-soluble cation
species such as ammonium (Hori et al. 2003).

Dicarboxylic acids and related polar compounds can be generated from primary or sec-
ondary sources including fossil fuel combustion, biomass burning and domestic cooking
emissions (Kawamura and Kaplan 1987; Narukawa et al. 1999; Rogge et al. 1991;
Kawamura et al. 1996a, b, c; Satsumabayashi et al. 1990; Allen and Miguel 1995; Gao
et al. 2003; Mayol-Bracero et al. 2002; Graham et al. 2002; Decesari et al. 2006; Falkovich
et al. 2005; Narukawa et al. 1999). Total dicarboxylic acids account for about 1 to 3 % of the
total particulate carbon in the urban areas and even above 10 % in the remote marine
environment (Kawamura and Ikushima 1993; Sempéré and Kawamura 1994; Kawamura
et al. 1996b, c; Kawamura and Sakaguchi 1999; Kerminen et al. 2000). The most abundant
dicarboxylic acid is oxalic acid, comprising ~40 to 60 % of total diacids, followed by malonic,
succinic, azelaic and phthalic acids. Biogenic contributions of dicarboxylic acids are common,
especially in nonurban environments. In the absence of anthropogenic precursor compounds,
ozonolysis of biogenic unsaturated fatty acids containing a double bond predominantly at the
C-9 position is the dominant formation mechanism for the production of azelaic acid
(Yokouchi and Ambe 1986; Kawamura and Gagosian 1987; Kawamura and Kaplan 1987;
Stephanou and Stratigakis 1993). On the other hand, oxidation of cyclohexene by ozone forms
adipic acid, which makes it a potential tracer of continental aerosol from urban areas (Grosjean
et al. 1978; Hatakeyama et al. 1985; Grosjean and Fung 1984).

In the Northern Hemisphere, the southwest Asian countries contribute to a rising burden of
atmospheric aerosols, which are released by industrial toxic effluents, biomass burning,
vehicular traffic and coal-fired power plant emissions. Due to high solar insolation/ambient
temperature and adequate availability of oxidants, tropical areas are considered to be the most
important regions to study the formation, distribution and seasonal variation of dicarboxylic
acids. Exclusives studies have conducted in the past over the Indian subcontinent on aerosol
inorganics, bulk organics, and atmospheric trace gases at different timescales (Kulshrestha et al.
1995; Gadi et al. 2002; Chinnam et al. 2006; Nair et al. 2006; Rastogi and Sarin 2006; Safai
et al. 2007; Chowdhury et al. 2007; George et al. 2008; Hegde et al. 2007; George et al. 2011).

J Atmos Chem



However, much is not known about tropical organic aerosols at molecular levels though
there were a few studies in the recent past (Chowdhury et al. 2007; Sharma et al. 2003;
Pavuluri et al. 2010), although inorganic constituents were investigated (e.g., Negi et al. 1987;
Chandra Mouli et al. 2006; Sharma et al. 2007; George et al. 2008). Thumba is a coastal site in
the tropical region situated on the southwest coast of the Indian subcontinent where several
studies were carried out on aerosols during the past few decades. Most of the earlier studies
focused mainly on the physical and optical properties of aerosols including the measurements
on mass concentration of ambient black carbon particles and inorganic species in aerosols
(Moorthy et al. 1991; Pillai and Moorthy 2001, Parameswaran et al. 2004; Babu and Moorthy
2002; Moorthy and Babu 2006; George et al. 2011; Nair et al. 2014). In the present study, we
report the molecular distributions of water-soluble dicarboxylic acids, oxocarboxylic acids,
and α-dicarbonyls in the tropical Indian aerosols from the coastal site Thumba situated on the
southwest coast of the Indian subcontinent.

2 Experimental details

2.1 Aerosol sampling

For the present study, the aerosol samples were collected using a high volume air sampler
(Model GH 2000 of Graseby Anderson, USA). The sampler was installed on the terrace at a
height of 4 m from ground (to avoid local contamination), which is located at Thumba (8.5°N,
76.9°E, 3 m asl). The samples were collected on pre-combusted (400 °C, 4 h) 10 cm diameter
quartz fibre filter circles (Whatman) during September 2009 to March 2010. The sampled
filters were placed on a preheated glass jars with a Teflon-lined screw cap and stored in
darkness at a temperature of −20 °C. The instrument has a flow rate of 20 CFM. The total
sampling duration was ~3 h. Field blank was collected at the end of the sampling by setting the
filter in the filter holder of the air sampler without sucking the air. In total 6 field blanks were
collected for the entire sampling campaign. The mass concentrations of total suspended
particulate matter (TSPM) in air were calculated gravimetrically on the basis of volume of
air sampled and the weight of the aerosol particles using microbalance of Mettler (Model AT
20) with a sensitivity of ±2 μg. They were weighed before and after the sampling under the
same laboratory conditions. The sampling location is ~500 m from the Arabian sea and is a
coastal sandy terrain. It is devoid of any major industrial activities or distinct anthropogenic
sources in the vicinity. However, the surroundings are moderately vegetated. The observation
site is ~10 km northwest of the city, Thiruvananthapuram that has a population of ~752,490 (as
per the 2011 census). Figure 1 depicts the geographic location of Thiruvananthapuram along
with topographical features.

2.2 Chemical analysis

The detailed chemical analysis of aerosol filters was carried out at the Institute of Low
Temperature Science, Hokkaido University, Sapporo. Samples were analyzed for dicarboxylic
acids, oxoacids, and α-dicarbonyls following the method adopted by Kawamura and Ikushima
1993 and Kawamura 1993. In brief, a part of the filter cut was extracted with ultrapure Milli-Q
water under ultrasonic agitation. The extracts were concentrated to almost dryness using a
rotary evaporator under vacuum and then derivatised with 14 % borontrifluoride (BF3)/n-
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butanol at 100 °C for 1 h. This process will change the carboxyl groups to butyl esters and the
aldehyde groups to dibutoxy acetals. The derivatives were determined using a capillary gas
chromatograph (GC) equipped with a flame ionization detector (FID). Recoveries of dicar-
boxylic acids in the analytical procedure were 94 % for oxalic acid and better than 88 % for
other species. Based on the repeated analysis, the analytical precisions of dicarboxylic acid
measurement were brought down to less than 6 %. The minimum detection limits for the
measured organic species range from ca. 0.01 ng m−3 to ca. 0.03 ng m−3. Field blanks were
also analysed using the same procedures. For any species detected, the filed blank concentra-
tion levels were less than 4 % of real samples. The data reported here are corrected for the field
blanks but not corrected for the recoveries.

Organic and elemental carbon in the samples were measured using an OC/EC analyzer
(Sunset Laboratory Inc., Portland, OR, USA) following the IMPROVE - B thermal protocol
(Agarwal et al. 2010). A small part of the filter cut (area 1.5 cm2) of the sample was placed in a
quartz tube, inserted inside the thermal desorption chamber of the analyzer. The concentrations
of OC were measured by introducing helium at ~120°, 250°, 450° and 550 °C. Subsequently,
oxygen (2 %) was introduced and EC concentrations were determined at temperatures from
~550° to 900 °C. The pyrolytic conversion of OC to EC was monitored and corrected by using
a He-Ne laser. The calibration of the instrument was performed using the known amount of
sucrose at 4 different concentrations (20, 40, 60 and 80 μgC). The detection limits of OC and
EC, which are defined as three times the standard deviation of field blanks, were found to be

Fig. 1 The geographic location of Thiruvananthapuram city over the south-western tip of the Indian subcon-
tinent with topographic features
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0.26 and 0.01 μgC m−3, respectively. On the other hand, these values are lower than the
detection limit of 0.5 μgC m−3 provided by the manufacturer.

2.3 Meteorology

Being a coastal station, the ambient meteorology over the sampling site is dominated by
mesoscale phenomenon i. e. sea breeze and land breeze circulation. The annual total rainfall
over the region is ~150 cm (http://www.imd.gov.in), in which greater part (more than 70 %)
occurs during the southwest monsoon season (June to September). Therefore, aerosol samples
could not be collected during this period. Diurnal and seasonal variations of the surface
meteorological parameters were measured using an automated weather station and the
hourly mean temperature (T), relative humidity (RH), wind speed (WS) and wind direction
(WD) during the observation period are depicted in Fig. 2. It is clear from the figure that, by
the end of September the monsoon showers withdraw as evident from the lowered wind speed,
reduced temperature and reduced mean relative humidity (< 60 %). On average, the sea breeze
(onshore flow) prevails mostly during the daytime and the land breeze (offshore flow) during
the nighttime and early morning. For most of the study period, the prevailing surface wind is
sea breeze, which sets in between 0900 to 1100 local time. The sea breeze is most intense in
the afternoon and weakens towards evening. After sunset, the wind direction changes seaward

Fig. 2 Diurnal and seasonal variation of surface meteorological parameters, (a) temperature, (b) relative
humidity, (c) wind speed, and (d) wind direction during study period over Thumba, India
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(land breeze), which sets between 1800 and 2100 h local time (Narayanan 1967; Prakash et al.
1992). In the present study the daytime sample collection represents the sea breeze (N = 17)
condition and nighttime represents the land breeze (N = 3) condition.

Apart from the sea and land breeze circulations, the observation station also experiences
changes in weather and air mass type due to mesoscale changes in the prevailing winds
associated with the Asian monsoon (Das 1986). To analyze such variability during the
observation period, plotted in Fig. 3 is the mean synoptic wind pattern at 925 hPa as obtained
from the NCEP/NCAR reanalysis (http://www.esrl.noaa.gov/psd). During September, October
and November (post monsoon season), the lower Tropospheric synoptic winds represent the
marine air mass directed northwesterly. The wind pattern almost reverses during the winter
months (December, January and February) representing continental air mass period with north
easterly wind direction. March month is the transition period and marks the commencement of
the premonsoon season. During this period the direction of the synoptic circulations changes
from strong northwesterly to westerly.

3 Results and discussion

3.1 Molecular distributions of dicarboxylic acids, oxocarboxylic acids
and α-dicarbonyls

Organic compounds detected in aerosol over Thumba include a homologous series of dicar-
boxylic acids (C2 to C12), oxocarboxylic acids (ωC2 toωC5,ωC7 toωC9 and pyruvic acids),
aromatic (phthalic, isophthalic and terephthalic acids) dicarboxylic acids, and α-dicarbonyls
(glyoxal and methylglyoxal). Some of the aliphatic unsaturated acids (maleic, fumaric and
methylmaleic acids) and multifunctional dicarboxylic acids (malic, ketomalonic and 4-
ketopimelic acids) were also detected. The average mass concentrations of these compounds
as well as TSPM, OC and EC are summarised in Table 1. The bar charts of average molecular
distributions of these organic acids are shown in Fig. 4.

The temporal variations in the concentrations of TSPM, total dicarboxylic acids (diacids),
total oxocarboxylic acids (oxoacids), and total α-dicarbonyls are shown in Fig. 5. From the top
panel of Fig. 5, it is clear that concentrations of TSPM and dicarboxylic acids co-varied.

Fig. 3 Mean airflow pattern at 925 hPa during (a) postmonsoon (September, October and November 2009), (b)
winter (December 2009, January and February 2010), and (c) premonsoon (March 2010) periods over the Indian
region
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Table 1 Concentrations of dicarboxylic acids, oxocarboxylic acids, and α-dicarbonyls as well as TSPM (total
suspended particulate matter), OC (organic carbon) and EC (elemental carbon) in the aerosol samples collected at
Thumba, India

Concentration

Chemical Formula Min Max Average SDc Mean

Saturated n-dicarboxylic acidsa

Oxalic, C2 HOOC-COOH 149 735 493 191 498

Malonic, C3 HOOC-CH2-COOH 39 178 92 41 83

Succinic, C4 HOOC-(CH2)2-COOH 53 170 105 33 100

Glutaric, C5 HOOC-(CH2)3-COOH 9.0 39 23 8.6 22

Adipic, C6 HOOC-(CH2)4-COOH 4.1 26 12 5.7 12

Pimelic, C7 HOOC-(CH2)5-COOH 0.49 24 7.3 6.3 5.9

Suberic, C8 HOOC-(CH2)6-COOH 0.42 3.5 1.9 1.0 1.7

Azelaic, C9 HOOC-(CH2)7-COOH 2.8 78 35 22 33

Sebacic, C10 HOOC-(CH2)8-COOH 0.53 9.0 3.5 2.2 3.3

Undecaneoic, C11 HOOC-(CH2)9-COOH 1.2 10 5.2 2.4 4.7

Dodecaneoic, C12 HOOC-(CH2)10-COOH 0.32 13 4.7 3.7 4.2

Branched dicarboxylic acidsa

Methylmalonic, iC4 HOOC-CH(CH3)-COOH 0.81 5.0 2.3 1.1 2.3

Methylsuccinic, iC5 HOOC-CH(CH3)-CH2-COOH 1.2 28 10 6.9 7.1

Methylglutaric, iC6 HOOC-CH(CH3)-(CH2)2-COOH 0.65 8.1 2.8 1.9 2.5

Unsaturated dicarboxylic acidsa

Maleic, M HOOC-CH = CH-COOH (cis) 0.76 7.3 3.5 1.7 3.2

Fumaric, F HOOC-CH = CH-COOH (trans) 10 25 16 4.9 15

Methylmaleic, mM HOOC-C(CH3) = CH-COOH (cis) 1.5 8.8 3.6 2.0 3.0

Phthalic, Ph HOOC-(C6H4)-COOH (ortho) 48 127 84 24 81

Isophthalic, iPh HOOC-(C6H4)-COOH (meta) 0.43 7.8 3.3 2.0 2.7

Terephthalic, tPh HOOC-(C6H4)-COOH (para) 0.92 13 5.8 3.4 5.7

Multifunctional dicarboxylic acidsa

Malic, hC4 HOOC-CH(OH)-CH2-COOH 0.65 8.3 3.7 2.2 4.1

Ketomalonic, kC3 HOOC-C(O)-COOH 0.78 10 3.9 2.2 3.6

4-Ketopimelic, kC7 HOOC-(CH2)2-C(O)-(CH2)2-COOH 0.56 14 5.7 3.9 4.6

Total dicarboxylic acidsa 326 1548 928 372 902

Oxocarboxylic acidsa

Pyruvic, Pyr CH3-C(O)-COOH 4.3 31 16 7.3 17

Glyoxylic, ωC2 OHC-COOH 8.0 62 39 16 41

3-Oxopropanoic, ωC3 OHC-CH2-COOH 2.2 10 6.1 2.1 5.9

4-Oxobutanoic, ωC4 OHC-(CH2)2-COOH 0.22 15 4.3 5.1 1.8

5-Oxopentanoic, ωC5 OHC-(CH2)3-COOH 0.16 3.0 1.2 0.88 0.89

7-Oxoheptanoic, ωC7 OHC-(CH2)5-COOH 3.2 27 15 7.0 14

8-Oxooctanoic, ωC8 OHC-(CH2)6-COOH 3.8 28 15 7.4 16

9-Oxononanoic, ωC9 OHC-(CH2)7-COOH 1.8 13 5.1 2.6 4.9

Subtotala 24 191 102 49 101

α-Dicarbonylsa

Glyoxal, Gly OHC-CHO 14 38 24 7.3 21

Methylglyoxal, mGly CH3-C(O)-CHO 1.4 14 6.4 3.3 5.8

Subtotal 15 52 30 11 27
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However, total oxoacids and α-dicarbonyls follow a different trend, which indicates that
chemically less stable (long chain carbon) compounds may have diverse mechanism in the
formation as well as the sources. The TSPM concentrations were found to be higher
(111 ± 43 μg m−3) during postmonsoon season and lower (70 ± 21 μg m−3) during winter
period. It must be mentioned here that based on the samples collected during October 2003 to
January 2005, George et al. (2008) showed that mass loading at the same location was high
during winter and monsoon months and low during October (postmonsoon).

The observed difference in TSPM concentrations between the present study and earlier
report (George et al. 2008) could be due to inter annual variations in aerosol mass

Table 1 (continued)

Concentration

Chemical Formula Min Max Average SDc Mean

Total (all detected species)a 365 1791 1059 432 1030

TSPMb 26 151 92 35 89

OCb 8.6 22 17 4.4 16

ECb 0.6 6.2 3.3 1.6 3.4

a Concentrations are in ng m−3

b Concentrations are in μg m−3

c SD standard deviation

Fig. 4 Average molecular distributions of dicarboxylic acids, oxo acids, and α-dicarbonyls in aerosol samples
collected at Thumba, Thiruvananthapuram, India. To highlight the minor species (average < 40 ng m−3), their
molecular distributions are also shown with an enhanced By^ axis scale. See Table 1 for abbreviations
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concentration and their seasonal patterns. The total dicarboxylic acid concentrations also show
a similar trend. Maximum average value of 1091 ± 323 ng m−3 was recorded during
postmonsoon, whereas, the concentrations were significantly reduced during winter
(770 ± 229 ng m−3). In general, the concentrations of total diacids varied from 326 ng m−3

to 1548 ng m−3 (with an average value of 928 ng m−3, N = 20). The annual average of total
diacid concentration in aerosols over Thumba is slightly higher than the previously reported
values over locations like Chennai (612 ng m−3; Pavuluri et al. 2010) and Nainital
(433 ± 108 ng m−3; Hegde and Kawamura 2012). Nonetheless, it was found to be lower than
that over New Delhi (2326 ± 2418 ng m−3; Miyazaki et al. 2009). It is worth mentioning here
that, the Asian Megacities like Tokyo (480 ± 905; Kawamura and Ikushima 1993), Sapporo
(406 ± 482 ng m−3; Aggarwal and Kawamura 2008), Beijing (898 ± 469 ng m−3; Ho et al.
2007) and Hong Kong (692 ± 818 ng m−3; Ho et al. 2006) also exhibit similar or slightly lower
total diacid concentrations.

Total oxoacids and α-dicarbonyls present in the aerosols over Thumba also show signif-
icant temporal variations. It has been observed that higher concentrations of oxoacids are
present during postmonsoon period with a decreasing trend towards premonsoon period
(Fig. 5; lower panel). The annual average of total oxoacid concentration was found to be
102 ± 39 ng m−3, while the concentration of total dicarbonyls was 30 ± 8.6 ng m−3. These
concentrations are high compared to those at another coastal city Chennai, India (oxoacids:
51 ± 63 ng m−3; α-dicarbonyls: 10 ± 13.4 ng m−3; Pavuluri et al. 2010). On the other hand,
they are lower than those from New Delhi, India (oxoacids: 159 ± 289 ng m−3; dicarbonyls:
48 ± 113 ng m−3; Miyazaki et al. 2009).

In the atmosphere, diacids are produced from the photo-oxidation of aromatic hydrocar-
bons, acetylene, ethylene, and isoprene (Ervens et al. 2004; Lim et al. 2005; Sorooshian et al.
2006; Warneck 2003). In addition, biomass burning (Narukawa et al. 1999) and fossil fuel
combustion (Kawamura and Kaplan 1987) also contribute significantly to the production of
diacids. Disintegration of longer chain diacids (>C2) will lead to the formation of C2 as a final
product. Therefore, it is expected that, for normal diacids, the abundances of compounds
exhibit inverse relation with an increase in carbon chain length (Ho et al. 2010; Pavuluri et al.

Fig. 5 Temporal variations in (a)
total suspended particulate matter
(TSPM) and total diacids, and (b)
oxoacids and α-dicarbonyls in
aerosol samples collected at
Thumba, Thiruvananthapuram, In-
dia. The data points shown in
black colour represent nighttime
sample collection
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2010 and references therein). The relative abundances (%) of the individual diacids in total
straight-chain diacids are shown as stacked bar diagrams in Fig. 6. Among the measured
compounds, C2 was found to be the most abundant acid in all the samples. The relative
abundance of C2 in total diacids was 58 % in postmonsoon, 51 % in winter and 63 % in
premonsoon seasons with an annual average of 57 %.

These values are higher than those reported from urban Nanjing, China (49 ± 7.4 %; Wang
et al. 2002), but much lower than those reported in the remote marine aerosols from the central
Pacific (70 to 75 %; Kawamura and Sakaguchi 1999). The C2 concentrations varied from 170
to 735 ngm−3 (av. 593 ± 209 ngm−3) in postmonsoon, 149 to 511 ngm−3 (av. 362 ± 128 ngm−3)
in winter and 341 to 695 ng m−3 (av. 565 ± 143 ng m−3), in premonsoon seasons. The annual
average of C2 concentration in aerosols over Thumba was 493 ± 191 ng m−3 (Table 1). Earlier
studies have shown that, C2 is the most abundant species in aerosols from many regions
including remote marine (Kawamura and Sakaguchi 1999; Wang et al. 2006a), coastal marine
(Kawamura et al. 2004; Mochida et al. 2003; Pavuluri et al. 2010), metropolitan locations
(Kawamura and Kaplan 1987; Kawamura and Ikushima 1993; Yao et al. 2004; Huang et al.
2005; Ho et al. 2006; Hsieh et al. 2008; Miyazaki et al. 2009; Jung et al. 2010) as well as the
Himalayan free troposphere (Hegde and Kawamura 2012).

3.2 Sources and formation pathways of oxalic acid

The following two important atmospheric processes lead to the formation of oxalic acid and
contribute to atmospheric aerosols. In the first reaction scheme, the volatile organic com-
pounds (VOCs) such as benzene, toluene, and p-xylenes in the atmosphere after the oxidation
give rise to first generation products such as glyoxal and methylglyoxl (α-dicarbonyls)
(Volkamer et al. 2001). In order to understand the active photochemistry of VOCs on a global

Fig. 6 Stacked bars showing the
relative abundances (%) of
individual diacid in total straight-
chain diacids in aerosols collected
during (a) postmonsoon, (b) win-
ter and (c) premonsoon seasons at
Thumba, Thiruvananthapuram,
India
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scale, glyoxal is considered to be a marker compound (Volkamer et al. 2007). Due to their high
vapour pressures, α-dicarbonyls lead to the formation of oxalic acid both from gaseous and
particulate phase depending on the atmospheric conditions. Lim et al. (2005) have provided a
detailed explanation about the formation pathway of oxalic acid through the chemical reactions
involving water-soluble carbonyl products through glycolic, glyoxylic and pyruvic acids.

In the presence of oxidants (OH, O3 and NO3), the oxidation of isoprene may lead to the
formation of gas phase glycolaldehyde, glyoxal and methylglyoxal as intermediate products.
However, most of the glycolaldehyde and glyoxal will be converted to hydrated glyoxylic
acid. On the other hand, oxidized methyglyoxal will also be converted to glyoxylic acid, in
which pyruvic and acetic acids are intermediates. Without forming these low-volatility organic
acids, a minor part (~15 %) of the gas phase methylglyoxal may be oxidized to acetaldehyde
and finally to CO2. The hydrated glyoxylic acid will eventually lead to the formation of
particulate oxalic acid. Correlation coefficients (R2) among the selected diacids and related
compounds in the samples of aerosols over Thumba for post-monsoon, winter and pre-
monsoon seasons are tabulated in Table 2. It is clear from the table that reasonably good
correlations (R2 ≥ 0.5) were observed between mGly, Gly, Pyr, ωC2 and C2 for the post-
monsoon and winter seasons, indicating that glyoxal and glyoxylic acid are intermediates in
the formation of oxalic acid.

On the other hand, a contrary is observed in the second reaction scheme. Succinic acid can
be decomposed to malonic acid and then to oxalic acid following the oxidative degradation of
biogenic unsaturated fatty acids. Unsaturated fatty acids (e.g., oleic acid), olefins and phenolic
compounds can originate from phytoplankton in the oceanic area (Wang et al. 2006a). Over the
continental region, biogenic emissions from higher plants and domestic cooking also produce
these precursor acids. In a sequential chain reaction under favourable atmospheric conditions
(solar radiation and availability of oxidants), these unsaturated fatty acids lead to the formation
of glutaric (C5) and succinic (C4) acids. On further oxidation of succinic acid, malonic (C3) and
oxalic (C2) acids are produced (Kawamura and Ikushima 1993). Interestingly, throughout our
study, good correlations have been found among glutaric, succinic and malonic acids and
oxalic acid (R2 ≥ 0.6), indicating a potential source from the oxidation of unsaturated fatty
acids. Further, the correlations between the precursor compounds and C2 also support strongly
the above-mentioned production channels in particular during premonsoon season (Table 2c).
Over the remote marine atmosphere such as the Pacific Ocean, the oxidation of unsaturated
fatty acids is quite often observed (Kawamura and Sakaguchi 1999).

Kawamura and Ikushima (1993) have shown that oxalic (C2) and malonic (C3) acids can be
formed by the hydroxylation of succinic acid (C4) and hydration of maleic acid (M), where
malic acid (hC4) acts as an intermediate compound. In this process, a part of the malonic acid
may be further converted to oxalic acid via oxidation of organic compounds such as
ketomalonic (kC3) and hydroxymalonic acids. A good correlation of precursor compounds
such as kC3, hC4, M to C2 to C5 diacids, would imply secondary production of C2 through
photochemical degradation of these antecedent compounds (Legrand et al. 2007; Ervens et al.
2004). In the aerosol samples over Thumba, no significant correlations were obtained among
these compounds in any particular season, indicating that most of the C2 was directly emitted
from the combustion sources.

Nevertheless, over a metro capital city New Delhi, India, Miyazaki et al. (2009) have found
a very good correlation between hC4/(hC4 + C4) and C2 especially for the aerosol samples
collected during nighttime. The same authors attributed the production of C2 to heterogeneous
reactions in aqueous phase. In samples over Thumba, similar hC4/(hC4 + C4) ratios
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(0.04 ± 0.03) have been observed. However, the seasonal differences were found to be
insignificant. Nonetheless, in our samples no correlations were observed between hC4/
(hC4 + C4) and C2, indicating unproductive aqueous phase photochemical oxidation process-
ing. The annual average of hC4/C4 ratios in aerosols over Thumba is several times lower than
that observed over Tokyo (Kawamura and Ikushima 1993). Contrary to this, over a high
altitude location Nainital (Hegde and Kawamura 2012) and tropical costal city Chennai, India
(Pavuluri et al. 2010), doubled hC4/C4 ratios were found during summer compared to those in
winter season.

In order to assess the photochemical aging of organic aerosols, the relative abundance of
oxalic acid in total diacids is proposed to be a good proxy (Kawamura and Sakaguchi 1999;
Kawamura and Yasui 2005). With the progress of aerosol aging, higher ratios of C2/total
dicarboxylic acids have been observed. In aerosols over Thumba, the concentration of C2 is

Table 2 Correlation coefficients (R2) among selected diacids and related compounds in the tropical coastal
aerosols collected in Thumba, India during (a) Postmonsoon, (b) Winter, and (c) Premonsoon seasons

C2 C3 C4 C5 C9 ωC2 Pyr Gly mGly

(a) Postmonsoon

Oxalic (C2) 1

Malonic (C3) 0.5 1

Succinic (C4) 0.6 1.0 1

Glutaric (C5) 0.5 0.9 0.9 1

Azelaic (C9) 0.5 0.7 0.6 0.6 1

Glyoxylic (ωC2) 0.7 0.8 0.9 0.7 0.5 1

Pyruvic (Pyr) 0.6 0.5 0.6 0.5 0.7 0.7 1

Glyoxal (Gly) 0.5 0.6 0.5 0.5 0.8 0.3 0.2 1

Methylglyoxal (mGly) 0.9 0.6 0.8 0.5 0.7 0.8 0.7 0.5 1

(b) Winter

Oxalic (C2) 1

Malonic (C3) 0.7 1

Succinic (C4) 0.8 0.9 1

Glutaric (C5) 0.8 0.9 0.9 1

Azelaic (C9) 0.1 0.1 0.4 0.4 1

Glyoxylic (ωC2) 0.9 0.9 0.9 0.8 0.1 1

Pyruvic (Pyr) 0.9 1.0 0.9 0.8 0.1 1.0 1

Glyoxal (Gly) 0.6 0.3 0.2 0.3 0.1 0.5 0.4 1

Methylglyoxal (mGly) 0.7 0.5 0.4 0.2 0.1 0.5 0.6 0.1 1

(c) Premonsoon

Oxalic (C2) 1

Malonic (C3) 0.9 1

Succinic (C4) 0.8 0.9 1

Glutaric (C5) 0.8 0.6 0.8 1

Azelaic (C9) 0.1 0.3 0.7 0.8 1

Glyoxylic (ωC2) 0.6 0.7 0.9 1.0 0.8 1

Pyruvic (Pyr) 0.4 0.5 0.8 1.0 0.9 1.0 1

Glyoxal (Gly) 0.6 0.8 1.0 0.8 0.7 0.9 0.8 1

Methylglyoxal (mGly) 0.5 0.5 0.7 0.9 0.6 0.9 0.9 0.6 1

J Atmos Chem



relatively higher during nighttime than that daytime (for the same date). In addition, consid-
erable temporal variations were also observed (Fig. 7a). The C2/total diacid ratios show lower
values in postmonsoon (0.53 ± 0.09) and winter (0.46 ± 0.05) than premonsoon (0.59 ± 0.07),
implying that the premonsoon aerosols are relatively more aged. The annual average of C2/
total diacid ratios (0.52 ± 0.09) over Thumba is lower than that over Nainital (0.65; Hegde and
Kawamura 2012), New Delhi (0.62; Miyazaki et al. 2009) and Chennai, India (0.60; Pavuluri
et al. 2010).

Methylmaleic (mM) and maleic (cis configuration, M) acids are produced by the photo-
chemical oxidation of aromatic hydrocarbons such as benzene and toluene. Maleic acid can be
further isomerised to fumaric acid (trans configuration, F) during long-range transport
(Kawamura et al. 1996a, b, c). However, mM is unlikely isomerized to methylfumaric acid
because the latter was not detected. Over the urban atmosphere, M/F ratios were found to be
greater than unity. For example Kawamura and Ikushima (1993) found an average M/F ratio of
2 for aerosols from urban Tokyo. However, in the remote marine aerosols over the North
Pacific region, Kawamura and Usukura (1993) have found lower M/F ratios (range 0.4 to1.6,
average 0.9). Temporal variations in concentration (weight) ratios of M/F in aerosol samples
collected at Thumba are shown in Fig. 8b. From the figure it is quite clear that the M/F mass
ratios are below 1 with higher values during post-monsoon (0.31 ± 0.19) and winter
(0.23 ± 0.11) than pre-monsoon (0.15 ± 0.08).

Fig. 7 Temporal variations in the
relative abundances (%) of
selected diacids in total diacids in
the tropical coastal aerosols
collected at Thumba,
Thiruvananthapuram, India. (a)
Oxalic (C2), (b) malonic (C3), (c)
succinic (C4), (d) azelaic (C9), (e)
phthalic (Ph), and (f) terephthalic
(t - Ph) acids. The data points
shown in filled circle represent
nighttime sample collection

J Atmos Chem



However, the annual average of M/F ratios in our samples is far below than those from
other Indian regions (e.g., Hegde and Kawamura 2012 and references there in). At a
pasture site in Rondonia, Brazil, during an intensive biomass-burning period, Kundu et al.
(2010a, b) observed relatively high M/F ratios (in all day and night samples ranged from
0.3 to 5.6 average 2.8). It has been attributed to the hazy conditions originated by biomass
burning, in which the surface reaching sunlight is minimum during winter period. The
depletion of maleic acid in the aerosol samples from Thumba might have taken place due
to cis to trans isomerisation that occurs under surplus availability of visible and UV
irradiation (Kawamura and Usukura 1993), thereby more stable compound fumaric acid
was formed.

Malonic acid (C3) in atmospheric aerosols is mainly derived from the secondary atmo-
spheric production via the oxidation of C4. In our samples, higher C3 concentrations were
noticed during post-monsoon (101 ± 51 ng m−3) and pre-monsoon (106 ± 36 ng m−3) com-
pared to those in winter (76 ± 27 ng m−3). In order to evaluate the secondary production of
dicarboxylic acids in the atmospheric aerosols, malonic to succinic acid ratios (C3/C4) have
been extensively used (Kawamura and Ikushima 1993; Yao et al. 2004). Due to its structure,
malonic acid (C3) is thermally less stable than succinic acid (C4). Therefore, degradation of
malonic acid in the combustion process is more significant than its production (Kawamura and
Ikushima 1993). In aerosols over Thumba, during pre-monsoon (1.14 ± 0.13), the C3/C4 ratios
were higher than winter (0.75 ± 0.24) and post-monsoon (0.83 ± 0.21) periods (Fig. 8c). From
the previous studies, it has been found that in secondary atmospheric particles, the C3/C4 ratio

Fig. 8 Temporal variations in
concentration (weight) ratios of (a)
hC4/C4, (b) M/F, (c) C3/C4, (d) C6/
C9, (e) Ph/C9 and (f) Ph/C6 in
aerosol samples collected at
Thumba, Thiruvananthapuram, In-
dia. The data points shown in filled
circle represent nighttime sample
collection
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is much larger than unity (e.g., Kawamura and Ikushima 1993; Yao et al. 2002). In urban
Tokyo during summer season, Kawamura and Ikushima (1993) reported maximum C3/C4 ratio
of ~3, being consistent with elevated concentrations of oxidants.

On the other hand, the studies from west Los Angeles (Kawamura and Kaplan 1987) and
Nanjing, China (Wang et al. 2002) recorded relatively low C3/C4 diacid ratios that are found to
be associated with the overwhelming contributions from vehicular exhaust. The predominance
of malonic over succinic acid for the period of premonsoon also suggests that, during long-
range atmospheric transport, these tropical coastal aerosols are photochemically more aged
(Aggarwal and Kawamura 2008). During summer months, similar features have been noticed
over a coastal marine site at Jeju Island (Kawamura et al. 2004) and temperate zone including
Tokyo (Kawamura and Ikushima 1993). On the contrary, any opposite trend observed during
winter months in the above sites showed the predominance of C4 > C3, indicating less
photochemical processing of atmospheric aerosols.

Similar inference that is discussed above is noticed in previous studies, in which C3/C4 and
C2/C4 ratios tend to increase from the source regions towards remote sites in the downwind
direction due to secondary aerosol production and transformation. Aggarwal and Kawamura
(2008) compared C3/C4 ratios from various aerosol samples collected in East Asia and found
an increase in C3/C4 ratios from the source regions to the downwind remote sites. The mass
concentration ratios of C2/C4, C3/C4 for samples collected at Thumba are compared with those
reported in different atmospheric aerosols as depicted in Fig. 9. It is clear that C3/C4 and C2/C4

ratios at Thumba are lower than those from different urban areas across the Asian countries
(Kawamura and Ikushima 1993; Ho et al. 2007; Aggarwal and Kawamura 2008; Miyazaki
et al. 2009; Pavuluri et al. 2010), and aged aerosols from remote regions (Kawamura et al.
1996a, b; Kawamura and Sakaguchi 1999; Mochida et al. 2003; Sempéré and Kawamura
2003). On the contrary, the observed C3/C4 and C2/C4 ratio of our study site is higher than
those from freshly emitted aerosols such as auto exhausts and biomass burning (Kawamura
and Kaplan 1987; Ho et al. 2006; Wang et al. 2006b; Kundu et al. 2010a, b; Mkoma et al.
2013).

Abundances of diacids are expected to decrease with an increase in carbon numbers
from C2 to C12 diacids. Apart from the succinic (C4) acid, azelaic (C9) acid was found as
another relatively abundant species. Its relative contribution to total diacids peaked
during postmonsoon season (Fig. 6). In aerosols over Thumba, the C9 concentrations
varied from 28 to 78 ng m−3 (av. 31 ± 10 ng m−3), 15 to 42 ng m−3 (av. 362 ± 128 ng m−3) and
2.8 to 38 ng m−3 (av. 14 ± 14 ng m−3) during postmonsoon, winter and premonsoon
seasons, respectively. In atmospheric aerosols, azelaic acid (C9) is produced by the
photochemical oxidation of unsaturated fatty acids such as oleic acid, in which 9-
oxononanoic acid (ωC9) may be an intermediate compound (Kawamura et al. 1996a,
b, c). In terrestrial plant leaves, unsaturated fatty acids are abundantly present, containing
a double bond specifically at C-9 position (Kawamura and Kaplan 1987; Kawamura and
Gagosian 1987).

Over the oceanic region, the biogenic emissions of unsaturated fatty acids were well
documented from the sea surface micro layers (phytoplankton) and subsequent photo-
induced oxidation will lead to the formation of C9 (Kawamura and Usukura 1993). The
annually averaged concentration of C9 over Thumba (35 ± 22 ng m−3) is comparable to higher
latitudinal locations like Nanjing, China (26 ng m−3; Wang et al. 2002) and Ulaanbaatar,
Mongolia (42 ± 12 ng m−3; Jung et al. 2010). However, they are much higher than those at
urban locations like Tokyo, Japan (23 ng m−3; Kawamura and Ikushima 1993) and Chennai,
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India (21.5 ng m−3; Pavuluri et al. 2010). The above comparisons suggest that biogenic
emissions of unsaturated fatty acids significantly contribute to the aerosols over Thumba.

Phthalic acid is another abundant diacid species in our samples. In the atmospheric aerosols,
incomplete combustion of fossil fuels and photochemical oxidation of naphthalene as well as
its alkylated forms lead to the formation of phthalic acid. Figure 7e depicts the temporal
variations in the mass concentration ratios of Ph/total diacids over Thumba. The average
phthalic acid concentrations remain nearly constant for all three (postmonsoon, winter and
premonsoon) seasons (84 ± 21 ng m−3, 83 ± 26 ng m−3 and 87 ± 29 ng m−3, respectively).
Interestingly, the nighttime concentrations were higher than those in daytime during winter and
premonsoon periods. On the other hand, during postmonsoon they showed an opposite trend,
indicating a different origin and transformation process of phthalic acid over the region. This is
because the study location is largely controlled by the synoptic scale meteorological features
such as sea breeze (that occurs after sunrise) and land breeze (that occurs after sunset)
circulation, a process that deserves further investigation by considering more number of
night- versus daytime samples.

From the oxidation of anthropogenic cyclohexene and aromatic hydrocarbons such as
naphthalene, phthalic (Ph) and adipic (C6) acids are produced (Grosjean et al. 1978;
Hatakeyama et al. 1987), whereas azelaic (C9) acid is produced by the oxidation of biogenic

Fig. 9 Comparison of mass ratios of C3/C4 (bar chart) and C2/C4 (line plot) in Thumba aerosols with those obtained
from previous studies. Site name or source type represents the reference from which the data are taken: gasoline
vehicle and diesel vehicle, Kawamura and Kaplan (1987); China (winter) winter samples of Ho et al. (2007); China
(summer), summer samples of Ho et al. (2007); biomass burning during daytime samples of Kundu et al. (2010a, b);
Thumba (present study); Tanzania (rural), rural site in Tanzania average of wet and dry seasons Mkoma et al. (2013);
Hong Kong (urban), roadside atmosphere samples of Ho et al. (2006); Antarctic, Kawamura et al. (1996b);
Ulaanbaatar, Jung et al. (2010); New Delhi (night), nighttime samples of Miyazaki et al. (2009); New Delhi (day),
daytime samples of Miyazaki et al. (2009); Arctic, Kawamura et al. (1996a); Nainital, Hegde and Kawamura (2012);
Chennai, Pavuluri et al. (2010); WN Pacific, samples collected in the western North Pacific from July to September
1991 to 1993 fromMochida et al. (2003); Sapporo, Aggarwal andKawamura (2008); Thumba, present study; Tokyo,
Kawamura and Ikushima (1993)
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unsaturated fatty acids (Kawamura and Gagosian 1987; Kawamura and Ikushima 1993).
Therefore, Ph/C9 and C6/C9 ratios have been widely used to evaluate the source strength of
biogenic versus anthropogenic precursors towards the formation of diacids (e.g., Kawamura
and Yasui 2005; Jung et al. 2010; Pavuluri et al. 2010). The temporal variations of C6/C9 and
Ph/C9 ratios are shown in Fig. 8d and e, respectively. The annual average of C6/C9 ratio is
0.49 ± 0.45, with seasonal values of 0.3, 0.39 and 0.91 for postmonsoon, winter and
premonsoon periods, respectively.

These ratios in our study are comparable to those reported at urban locations in India (0.34
in Chennai; Pavuluri et al. 2010, and 0.41 in daytime and 0.44 in nighttime in New Delhi;
Miyazaki et al. 2009), but, lower than those obtained at urban areas in Japan (0.70 1 year
average ratio) and China (0.52 for winter) (Kawamura and Ikushima 1993; Ho et al. 2007;
Aggarwal and Kawamura 2008). This comparison suggests that adipic (C6) acid in our
samples during postmonsoon and winter seasons is mostly derived from biomass burning.
The mean value of Ph/C9 ratio (5.1 ± 7.3) in samples over Thumba is comparable to that of
aerosols collected from Chinese megacities (Ho et al. 2007) and several times higher than
urban Tokyo (Kawamura and Ikushima 1993). Based on these findings and also the results
from Fig. 8e, it is quite clear that the contribution of phthalic (Ph) acid from other anthropo-
genic sources is more significant than that from biomass burning during premonsoon period.

The relative contribution of diesel and gasoline fuel vehicular emission can be assessed by
the phthalic/adipic (Ph/C6) ratios. From the studies conducted from Los Angeles ambient air,
Kawamura and Kaplan (1987) reported that diesel fuel vehicular exhaust shows a higher Ph/C6

ratio (6.58) than that from gasoline fuel vehicle (2.05). In aerosols over Thumba, Ph/C6 ratios
are in general greater than 5 throughout the observation period (Fig. 8f), suggesting that
sources from diesel fuel vehicles are more important for diacids than gasoline fuel vehicles. In
our study, especially during premonsoon season, the Ph/C6 ratio maximized (19.4 on 31
March 2014), indicating a very high contribution from mobile sources than stationary sources
(on average 2 times higher during premonsoon than the rest of the year). Similarly, higher Ph/
C6 ratios (1.17 to 5.21) were observed for urban areas like New Delhi, Nainital and Chennai,
India and several Chinese megacities (Hegde and Kawamura 2012 and references therein).
These comparisons suggest that emissions from diesel fuel combustion contribute significantly
to the aerosols over Thumba especially during premonsoon period.

In the urban atmosphere, the contribution of diacid carbon (diacid-C) to aerosol total carbon
(TC) increases during photochemical production of diacids (Kawamura and Yasui 2005). Total
diacid carbon concentrations in aerosols over Thumba peaked during postmonsoon
(389 ± 110 ng m−3) as compared to winter (286 ± 80 ng m−3) and premonsoon
(324 ± 60 ng m−3) periods. Note that TC contents were calculated by summing OC and EC.
Day-to-day variations in diacid-C/TC ratios are nominal. The annually averaged diacid-C/TC
ratios in our samples (1.8 ± 0.62 %) are slightly higher than or comparable to those reported
from Asian megacities; Tokyo (0.95 %) (Kawamura and Ikushima 1993), Ulaanbaatar,
Mongolia (0.6 %) (Jung et al. 2010) and Sapporo, Japan (1.8 %) (Aggarwal and Kawamura
2008). Over the Himalayan Nainital site (1.3 %; Hegde and Kawamura 2012) and megacity
Chennai, southwest coast of India, a similar annual average value (1.6 %; Pavuluri et al. 2010)
was obtained, however, considerably higher ratios were found during the summer period. On
the other hand, studies conducted over remote marine regions reported several times higher
diacid-C/TC ratios in the tropical to western North Pacific (8.5 %) (Kawamura and Sakaguchi
1999) and western Pacific (3.2 %) (Sempéré and Kawamura 2003) than Thumba due to
significant photochemical processing (Kawamura and Sakaguchi 1999).
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In the previous studies, diacid-carbon/OC ratios are often used for the assessment of
secondary production of diacids in the atmospheric aerosols (e.g., Ho et al. 2006; Agarwal
et al. 2010). In aerosols over Thumba, diacid-C/OC ratios during post-monsoon (2.5 ± 0.8) and
winter (2.0 ± 0.5) are higher than pre-monsoon (1.8 ± 0.6) season. The annual average diacid-
C/OC ratio (2.1 ± 0.7) is higher than those obtained at Asian megacities like New Delhi, India
(1.0 %) (Miyazaki et al. 2009), but lower than that from Sapporo, Japan (4.8 %) (Aggarwal
and Kawamura 2008). Interestingly, they are several times higher than that from auto exhausts
(winter: 0.51 %; summer: 0.41 %) (Wang et al. 2006b), but comparable to that from biomass
burning (daytime: 1.7 %; nighttime: 1.4 %) (Kundu et al. 2010a, b). These results imply that
origins of diacids appear to be related to secondary photochemical processes in the atmosphere
rather than primary emissions from vehicular exhaust especially during postmonsoon and
winter seasons.

3.3 Principal component analysis for selected diacid species

A principal component analysis (PCA) with varimax rotation has been applied for the data
set of selected water soluble species using statistical package SPSS version 14. PCA is a
data reduction method that can be used to create a few virtual variables (factors) based on
their covariance or correlation that becomes easy to interpret (Seto et al. 2000; Simeonov
et al. 2003). The communalities express the contribution of each element explained by the
PCA and give the variance explained by each retained factor (Heidam 1982). Table 3 gives
the results of PCA with 4 components detected for the entire sampling period (N = 20).
Most of the communalities were ≥0.7, suggesting that the extraction of all the factors is
reasonable to make interpretations for this study. In Thumba samples, the first factor
comprises 48 % of the total variance with high loadings of C2 to C5, ωC2, Pyr, Gly and
mGly. C2 to C4 diacids, oxoacids, and α-dicarbonyls are produced by photo-oxidation of

Table 3 Results of principal component analyses on the selected dicarboxylic acids and related compounds in
Thumba aerosols

Compounds Factor 1 Factor 2 Factor 3 Factor 4 Communalities

Oxalic (C2) 0.9 0.1 0.0 −0.2 0.9

Malonic (C3) 0.7 0.3 0.3 0.0 0.7

Succinic (C4) 0.6 0.6 0.1 0.2 0.9

Glutaric (C5) 0.4 0.8 0.1 0.3 0.9

Adipic (C6) 0.2 0.9 0.1 0.0 1.0

Azelaic (C9) 0.2 0.9 0.0 −0.2 0.8

Maleic (M) 0.4 0.5 0.1 −0.4 0.7

Fumaric (F) 0.2 −0.4 0.4 −0.6 0.8

Phthalic (Ph) 0.2 0.3 0.8 0.2 0.8

Terephthalic (tPh) 0.2 −0.2 0.2 0.8 0.8

Glyoxylic (ωC2) 0.8 0.2 0.3 0.2 0.9

Pyruvic (Pyr) 0.8 0.3 0.2 0.3 0.8

Glyoxal (Gly) 0.4 0.0 0.8 −0.1 0.9

Methylglyoxal (mGly) 0.7 0.4 0.1 −0.3 0.7

Total variance (%) 48 15 12 8 Av. 0.8
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volatile hydrocarbons emitted from fossil fuel combustion (Kawamura and Kaplan 1987;
Kawamura et al. 1996a).

Photo-oxidation of biogenic and anthropogenic VOCs produces methylglyoxal (mGly) and
glyoxal (Gly) that form pyruvic acid and glyoxylic acid (ωC2) on further hydration in an
aqueous phase, which will eventually be converted to oxalic acid (Kawamura et al. 1996a;
Warneck 2003; Ervens et al. 2004; Lim et al. 2005). The oxidation and subsequent ring
opening of aromatic hydrocarbons such as benzene and toluene can produce maleic acid
(Kawamura and Sakaguchi 1999; Kawamura et al. 1996a). Laboratory experiments have
shown that photochemical oxidation pathway is an important mechanism in the oxalic acid
formation from the aromatic hydrocarbons as well as isoprene (e.g., Ervens et al. 2004; Lim
et al. 2005). Here, pyruvic acid is an important intermediate compound (→ Gly → Pyr →
ωC2 → C2). From the high loading of these compounds, factor 1 is identified as anthropo-
genic emissions followed by photochemical oxidation.

On the other hand, factor 2 is heavily loaded with azelaic (C9) and C4 to C6 diacids, whose
precursors (i.e., unsaturated fatty acids) are of biogenic origin. It is important to note that C5

and C6 diacids have been proposed as oxidation products of cyclic olefins (Hatakeyama et al.
1987). Maleic acid that is produced via ring opening of aromatic hydrocarbons such as toluene
and benzene as mentioned above is reported to be high in polluted environments (Mochida
et al. 2003). Biomass burning produces cyclic olefins, which are further oxidized to adipic acid
(Kawamura et al. 2013). Therefore, factor 2 is identified as biogenic sources including biomass
burning mixed with minor fraction of petrochemical compounds.

Phthalic acid (Ph) and glyoxal (Gly) compounds are recognized by factor 3 that comprise
12 % of the total variance. In fact, Ph may come from two sources. The foremost source is the
photo-oxidation of naphthalene and other polynuclear aromatic hydrocarbons that are derived
from incomplete combustion of fossil fuels (Graedel et al. 1986; Kawamura and Sakaguchi
1999; Ho et al. 2006). The biogenic source for this aromatic diacid is from phenolic
compounds existing in sea surface slicks (Carlson 1982; Kawamura et al. 1996b; Kawamura
and Sakaguchi 1999). For our samples, the anthropogenic sources for phthalic acid seem to be
more prominent. For the entire observation period, phthalic acid is well correlated with glyoxal
in our samples (R2 = 0.7). Glyoxal may also be produced by the photo-oxidation of acetylene,
ethylene and isoprene contributed from terrestrial plant emissions (Warneck 2000, 2003;
Guenther et al. 2006).

Factor 4 in our samples is mainly contributed by terephthalic acid (t-Ph). The open burning
of plastic bags, roadside litter and landfill trash is reported to produce high quantity of
terephthalic acid (1,4-benzenedicarboxylic acid; Simoneit et al. 2005). Over the south Asian
countries, in the absence of proper recycling of the plastic waste, the local residents habitually
burn the garbage and these plastics may readily decompose into monomers that are emitted to
the atmosphere and adsorbed onto pre-existing particles. The terephthalic acid is found to be in
high concentration in many cities over the Indian subcontinent for example, New Delhi,
Nainital and Chennai (Kawamura and Pavuluri 2010; Hegde and Kawamura 2012 and
references there in).

4 Conclusions

Determinations of water-soluble carboxylic acids and related compounds were made for the
first time in the ambient aerosol samples collected at a tropical station, Thumba in
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Thiruvananthapuram, southernmost West Coast of India, during September 2009 to
March 2010. We found that concentrations of total diacids, oxoacids and α-dicarbonyls ranged
from 408 to 1361 ng m−3, 28 to 165 ng m−3 and 20 to 52 ng m−3, respectively. Their relative
abundances in TSP mass concentrations were found to be 1.06 ± 0.21 %, 0.11 ± 0.04 % and
0.04 ± 0.02 %, respectively. For the entire observation period, oxalic acid was found to be the
most abundant carboxylic acid, followed by succinic and/or malonic acid. The average
concentrations of oxalic acid (493 ± 191 ng m−3) and total diacids (928 ± 283 ng m−3) were
slightly higher or nearly comparable to those previously reported at other urban sites in Asia
(e.g., Chennai, India).

In our samples, high correlation coefficients (R2 ≥ 0.6) were observed among C2 to C5

acids for the entire period of study, suggesting that they are either primarily emitted or
secondarily produced (i.e., vehicular emission, wood combustion, domestic cooking
operations) together with a dominant fraction as oxalic acid. These formation mecha-
nisms may be strongly connected to each other in the chain reactions transforming longer
chain acids into oxalic acid as final product. The concentration ratios of C3 to C4 and C6

to C9 were used to distinguish the primary and secondary sources as well as source
strength of anthropogenic and biogenic precursors in the atmosphere. Relatively high
contribution of secondary organic aerosols was evident by the increase in C3/C4 ratio
during pre-monsoon (1.2 ± 0.13) than post-monsoon (0.83 ± 0.21) and winter
(0.75 ± 0.24) seasons. However, these values are lower than the C3/C4 ratios reported
from other metro cities (e.g., Tokyo ~3).

Both C6/C9 and Ph/C9 ratios are several times higher during pre-monsoon than post-
monsoon and winter periods. C2/total diacid ratios are higher in the latter part of the study
(pre-monsoon), indicating that aerosols are photochemically more processed. The temporal
variation in the diacid carbon concentrations as well as comparison with the literature data
indicate that aerosols over the study region are largely influenced by biomass burning,
especially during the postmonsoon and winter periods. This study suggests that, over the
tropical coastal site Thumba, mixed biomass and bio fuel burning is the major contributor for
the carbonaceous aerosols during post monsoon and winter period whereas the rest of the
period is more influenced by the fossil fuel sources.
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