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This review aims to update our understanding on molecular distributions of water-soluble dicarboxylic
acids and related compounds in atmospheric aerosols with a focus on their geographical variability, size dis-
tribution, sources and formation pathways. In general, molecular distributions of diacids in aerosols from
the continental sites and over the open ocean waters are often characterized by the predominance of oxalic
acid (C2) followed by malonic acid (C3) and/or succinic acid (C4), while those sampled over the polar re-
gions often follow the order of C4 ≥ C2 and C3. The most abundant and ubiquitous diacid is oxalic acid,
which is principally formed via atmospheric oxidation of its higher homologues of long chain diacids and
other pollution-derived organic precursors (e.g., olefins and aromatic hydrocarbons). However, its occur-
rence in marine aerosols is mainly due to the transport from continental outflows (e.g., East Asian outflow
during winter/spring to the North Pacific) and/or governed by photochemical/aqueous phase oxidation of
biogenic unsaturated fatty acids (e.g., oleic acid) and isoprene emitted from the productive open ocean wa-
ters. The long-range atmospheric transport of pollutants from mid latitudes to the Arctic in dark winter fa-
cilitates to accumulate the reactants prior to their intense photochemical oxidation during springtime polar
sunrise. Furthermore, the relative abundances of C2 in total diacid mass showed similar temporal trends
with downward solar irradiation and ambient temperatures, suggesting the significance of atmospheric
photochemical oxidation processing. Compound-specific isotopic analyses of oxalic acid showed the
highest δ13C among diacids whereas azelaic acid showed the lowest value, corroborating the significance
of atmospheric aging of oxalic acid. On the other hand, other diacids gave intermediate values between
these two diacids, suggesting that aging of oxalic acid is associated with 13C enrichment.
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1. Introduction

Despite the large efforts in reducinguncertainties associatedwith at-
mospheric organic aerosols (OAs), their roles in global aerosol radiative
forcing, atmospheric chemistry and climate changes remain poorly un-
derstood (Pandis et al., 2013). Part of the reason is due to our limited
knowledge on atmospheric secondary organic aerosols (SOAs), which
constitute significant fraction in OAs (10–40%; Volkamer et al., 2006)
that are more hygroscopic and oxygenated than those of primary origin
(Saxena and Hildemann, 1996; Zhang et al., 2007). Low molecular
weight (LMW) dicarboxylic acids (hereafter, diacids) constitute a
significant fraction of atmospheric water-soluble organic aerosols
(e.g., Kawamura and Sakaguchi, 1999). Previous studies suggested
that diacids are mainly derived through SOA formation via photochem-
ical reactions in aqueous phase (e.g., Bikkina et al., 2014, 2015a; Carlton
et al., 2007), although they are emitted from primary sources including
fossil fuel combustion and biomass burning (Kawamura and Kaplan,
1987; Narukawa et al., 1999).

LMW dicarboxylic acids and related compounds (oxoacids and α-
dicarbonyls) are ubiquitous in atmospheric particles of the troposphere.
Among them, oxalic acid (C2) is generally the dominant organic species
in aerosols followed by malonic (C3) or succinic (C4) acid (Kawamura
and Sakaguchi, 1999). LMW diacids are the most abundant organic
compound class in aerosols. Diacids and related compounds can con-
tribute to 0.2–1.8% of total carbon (TC) in urban aerosols from Tokyo
(Kawamura and Ikushima, 1993) and up to 16% of TC in remote marine
aerosols from the central Pacific including the tropics (Kawamura and
Sakaguchi, 1999; Wang et al., 2006). Over the remote North Pacific,
diacids and related compounds comprise 4–52% (av. 14%) of water-
soluble organic carbon (WSOC) in marine aerosols (Bikkina et al.,
2015b).

Due to their high water-solubility and hygroscopic properties, di-
acids and related compounds can act as cloud condensation nuclei
(CCN) (Kawamura and Usukura, 1993; Kerminen et al., 1999) and
thus play an important role in the radiative forcing of the earth by scat-
tering the solar radiation. Previous studies have shown that the pres-
ence of diacids in the atmospheric particles alters the deliquescence
relative humidity (DRH) and hygroscopicity (Brooks et al., 2002; Cruz
and Pandis, 1998; Saxena et al., 1995). Thesewater-soluble diacids in at-
mospheric particlesmay enhance their ability to act as CCN or ice nuclei
(IN) (Prenni et al., 2001). For instance, glutaric acid (C5 diacid) enhances
the CCN activation of ammonium sulfate aerosol, a major atmospheric
inorganic constituent (Cruz and Pandis, 1998). Hence, atmospheric di-
acids and related water-soluble organics are important in the climate
changes of the earth (Kumar et al., 2003; Peng et al., 2001).

In general, hygroscopic growth of the particle is mainly associated
with inorganic species such as ammonium sulfate and sodium chloride,
whose hygroscopicity is well known (Chow et al., 1994; Gysel et al.,
2004; Saxena et al., 1995; Tang, 1976). In contrast, hygroscopic behavior
of organic matter is not well understood, because the understanding on
the compositions of water-soluble organic aerosols is still limited. Due
to their lower vapour pressure and highly water soluble nature, LMW
dicarboxylic acids have been hypothesized to influence the hygroscop-
icity of ambient aerosols (Saxena and Hildemann, 1996). However,
their interactions with other chemical species in aerosols dictate the
overall hygroscopicity of bulk aerosols. The prevalence of dicarboxylic
acids as an external mixture with sea-salts and mineral dusts lowers
the hygroscopicity of resultant aerosol salts owing to the formation of
low solubility compounds (Sullivan et al., 2009; Ma et al., 2013;
Boreddy et al., 2014a,b). More recently, Drozd et al. (2014) investigated
the interaction of inorganic aerosol components with oxalic acid for the
case of “internal mixtures”, which also exhibit lower hygroscopicity and
volatility of the resultant oxalate salts. Likewise, Laskin et al. (2012) ex-
amined the chemical reactivity of atmospheric organic aerosols in aged
sea salts, which hints their role in chloride depletion from the sea salts.
These contrasting views demand further investigations that require ver-
ification from both laboratory and field studies.

LMWdiacids, oxoacids andα-dicarbonyls can be emitted frommany
primary sources such as vehicular exhausts (Kawamura and Kaplan,
1987), biomass burning (Graham et al., 2002; Kundu et al., 2010a,b;
Legrand and de Angelis, 1996; Legrand et al., 2007; Narukawa et al.,
1999), cooking (Schauer et al., 2002), and natural marine sources
(Rinaldi et al., 2011) in the marine atmospheric boundary layer along
with sea-spray (Steinberg and Bada, 1984; Tedetti et al., 2006). Howev-
er, they are mainly produced in the atmosphere by the photochemical
oxidation of various organic precursors (Kawamura and Sakaguchi,
1999; Kawamura and Gagosian, 1987; Stephanou, 1992) most likely in
aqueous aerosol phase (e.g., Carlton et al., 2007, 2009; Ervens et al.,
2008, 2011; Sorooshian et al., 2006).More recently, biogenic volatile or-
ganic compounds (VOCs) such as isoprene and monoterpenes are con-
sidered as the sources of LMW diacids and related compounds
(Bikkina et al., 2014; Glasius et al., 2000; Myriokefalitakis et al., 2011;
Nguyen et al., 2010). Aqueous-phase production of C2 is also important
in aerosol/cloud/fog droplets (Warneck, 2003).

In this review paper, we compare the molecular distributions and
concentrations of LMW diacids and related compounds in atmospheric
particles to better understand the sources and reaction pathways of
water-soluble organic aerosols from various environments including
urban, continental remote, marine and polar regions. The sources and
formation processes of diacids will also be discussed as well as the im-
portance as CCN and IN. The authors recommend the readers to read
the review paper on dicarboxylic acids published almost two decades
ago (Chebbi and Carlier, 1996).

2. Determinationof LMWdiacids, oxoacids, glyoxal andmethylglyoxal

Tropospheric oxalate (C2)wasfirst reported in atmospheric aerosols
by using ion chromatography (IC) (Norton et al., 1983). Since then, ox-
alate was studied in various aerosol samples from the Arctic (Li and
Winchester, 1993), Europe (Legrand et al., 2007) and New Jersey, the
United States (Zhao and Gao, 2008). Although IC is simple technique
for the determination of oxalic acid without derivatization and pre-
concentration of the water extracts, its detection limit is generally not
low and thus minor diacid anions such as malonate and succinate can-
not be detected (Baboukas et al., 2000). However, the determination
of NC2 diacid is available with a use of gradient technique (Legrand
et al., 2007) although theoverlapping of the interferingpeaks are poten-
tial problem for the accurate measurements of minor diacid species by
IC.

In contrast, ester derivatization of diacids followed by a capillary gas
chromatography (GC) determination provides a very sensitive tech-
nique and thus minor diacids can also be detected with GC separating
one hundred peaks. For this technique, the pre-concentration of ester
fraction is available prior to GC injection to increase the sensitivity of
the compounds to be determined byGC. Further, GC/mass spectrometry
is available for the identification of the esters, providing further oppor-
tunities for the identification of new compounds. However, during an
early stage of diacid studies by GC, methyl ester derivation technique
was used for GC determination. Due to the relatively high volatility of
oxalic acid methyl ester, and thus potential loss during the analytical
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procedure, oxalic acid was not reported in the aerosol samples or
was seriously underestimated (Grosjean et al., 1978; Satsumabayashi
et al., 1990). During the laboratory ozone oxidation of cyclohexene
(Hatakeyama et al., 1985), production of C4–C6 diacids have been re-
ported usingmethyl ester derivatization, but oxalic acidwas not detect-
ed. Because of no detection or underestimation of oxalic acid, the
atmospheric importance of oxalic acid was not emphasized in those
studies.

Capillary GC technique employing dibutyl ester derivatization was
developed for the determination of dicarboxylic acids in rain, fog and
mist samples from Los Angeles (Kawamura et al., 1985) and then ap-
plied to urban aerosols and motor-exhaust emissions (Kawamura and
Kaplan, 1987). The recovery of oxalic acid spiked to quartz fiber filter
during pure water extraction and derivatization with 14% boron
trifluoride (BF3) in n-butanol is better than 71% and that of succinic
acid is N 90% (Kawamura and Ikushima, 1993). Recently, the recovery
of oxalic acid is improved to N85% by adjusting the pH of water extracts
to 8.5–9.0 using 0.05M KOH solution prior to the dryness of diacids just
before esterification (Kunwar and Kawamura, 2014). The recoveries of
malonic (C3) and higher diacids are more than 90%. The recovery of
glyoxylic acid is reported to be 88% (Kawamura and Yasui, 2005)
whereas that of glyoxal is 91% (Kunwar and Kawamura, 2014).

Using this butyl esterification technique followed by GC determi-
nation, LMW dicarboxylic acids (C2–C12), ω-oxocarboxylic acids
(ωC2–ωC10), pyruvic acid, multi-functional diacids (malic, ketomalonic
and 4-ketopimeric acids) andα-dicarbonyls (glyoxal andmethylglyoxal)
were detected as well as series of fatty acids (C12–C30). Fig. 1 presents a
typical gas chromatogram to show molecular distribution of diacids and
related compounds detected in atmospheric aerosols. Homologous series
of dicarboxylic acids (C2–C10) have been first reported in Los Angeles
aerosols with a predominance of oxalic acid (C2) followed by malonic
(C3) or succinic (C4) acid (Kawamura and Kaplan, 1987). Later similar
molecular distributions were found in atmospheric environments from
various urban, rural and remote environments including the Arctic
(e.g., Kawamura and Ikushima, 1993; Sempéré and Kawamura, 1994;
Kawamura et al., 1996a, 1996b, 2004, 2013a; Kawamura and Yasui,
2005). Fig. 2 gives the chemical structures of representative diacids,
oxoacids andα-dicarbonyls (glyoxal andmethylglyoxal) detected in am-
bient aerosols.

Presence of both undissociated (i.e., oxalic acid) and dissociated
forms (i.e., oxalate) are possible in atmospheric aerosols. Both forms
are water-extractable. During IC analysis, the sum of oxalic acid and ox-
alate is determined as “total oxalate” since oxalic acid is converted to ox-
alate in the basic eluent. In theGCmethod, as the derivatization reaction
proceeds between oxalic acid and BF3/butanol, the equilibrium between
oxalate and oxalic acid shifts to oxalic acid under the acidic conditions.
Hence, the sum of oxalic acid and oxalate can be quantified in both IC
Fig. 1. Typical capillary gas chromagram of dicarboxylic acid dibutyl esters and derivatives of
(samples from arctic aerosols, Kawamura et al., 1996a). For abbreviations, see Fig. 2.
and GC methods. However, some GC methods (e.g., solvent extraction-
basedmethod) reportedmuch lower concentrations of oxalic acid. For ex-
ample, the concentrations of oxalic acid determined in PM2.5 collected
fromSingapore using organic solvent extraction followed by BSTFA deriv-
atization and GC/MS measurement were found to be significantly lower
(by a factor of 15) than those of oxalate determined by IC method
(Yang and Yu, 2008). In contrast, another comparison using a modified
Kawamura method (Kawamura and Ikushima, 1993) for Hong Kong
aerosol samples and IC analysis of oxalate found a good correlation be-
tween the oxalic acid concentrations by the two methods (Li and Yu,
2005).

The lower solubility of oxalic acid in organic solvents thanwater can
explain the lower concentrations obtained from GC/MS method than
those from IC measurement. Since sample preparation for oxalate
measurement by IC is much simpler with higher recovery of ~100%
than GC method that includes water-extraction of oxalic acid followed
by butyl ester derivatization, where the recovery is a bit lower (N86%)
(Kawamura et al., 2010a) than that of IC. Further, the recovery of oxalic
acid by using organic solvent extraction followed by ester derivatization
and GC/FID and GC/MS measurements are much lower (Yang and Yu,
2008) than those of water-extraction (Kawamura et al., 2010a).

The accuracy of oxalic acid or oxalate determination using GC and IC
mostly depends on the analytical protocol employed. Although IC mea-
surement provides better recoveries for oxalic acid, the usage of GC has
additional benefits that allow simultaneous determination of aliphatic
homologues of diacids, and also other multifunctional and unsaturated
diacids, oxocarboxylic acids and α-dicarbonyls (Kawamura et al.,
2010b). Considering the limited information on the comparability of
these two analytical methods, it is very important to ensure the accura-
cy of GC based measurements, especially for the low concentration
aerosol samples (e.g., Arctic aerosols) where extended sample prepara-
tion steps could result in large offset with the concentrations obtained
from IC method. Therefore, a study has been performed to evaluate
the large set of aerosol samples from the Arctic lower troposphere be-
fore and after the polar sunrise (Barrie et al., 1994). The analytical data
by IC and GC methods were compared for atmospheric abundances of
oxalic acid (Kawamura et al., 2010a, see Fig. 3). The concentrations of
oxalic acid measured by GC/FID and oxalate determined by IC (n =
82) showed a good correlation (r = 0.84, p b 0.01; Fig. 3).

3. Molecular distributions of diacids and related compounds

3.1. Urban, rural and remote aerosols

In the urban and rural atmosphere, dicarboxylic acids originate from
a variety of anthropogenic sources. The dicarboxylic acids from C2 to C10
have been suggested to originate from vehicular exhaust with highest
related polar compounds (oxoacids, glyoxal and methylglyoxal) in atmospheric aerosols



Fig. 2. Chemical structures of representative dicarboxylic acids and related compounds detected in ambient aerosols.
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emission rates noteworthy from gasoline combustion engines for
methylmaleic acid (mM) followed by succinic and maleic acids
(Kawamura and Kaplan, 1987). Likewise, meat cooking emissions con-
tribute mainly to adipic acid (or C6 diacid) along with other diacids
from succinic (C4) to suberic (C8) acids (Rogge et al., 1993). The pyrolysis
of vegetation can also contribute for C4 to C9 diacids in addition to various
organic compounds (Pereira et al., 1982). However, a significance of bio-
mass burning emissions as amajor source for homologues of aliphatic di-
acids (from C2 to C10), unsaturated diacids,ω-oxocarboxylic acids and α-
dicarbonyls has been recently highlighted by Kawamura et al. (2013a) for
Mt. Tai aerosols from the North China Plain, where field burning of agri-
cultural wastes are common after the harvest of wheat in early summer.

These diacids can also be formed in the atmosphere through pho-
tochemical reactions. Grosjean et al. (1978) documented the occur-
rence of C3–C9 aliphatic dicarboxylic acids in aerosols sampled
during Los Angeles smog. High concentrations of diacids were
found in summer due to the enhanced photochemical processes in
Fig. 3. Intercomparison (n = 82) of the concentrations of oxalic acid determined by GC/
FID and oxalate determined by IC for PM2.5 samples from the Arctic (correlation coefficient
r = 0.84, p b 0.0001) (Kawamura et al., 2010a).

Fig. 4. Seasonal changes in the concentrations of dicarboxylic acids presented as
(a) ng m−3, (b) percentage in the aerosol mass, and (c) relative abundance of diacid car-
bon in the aerosol total carbon (TC) in the urban aerosols collected from Tokyo, 1988–
1989 (Kawamura and Ikushima, 1993).
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urban Tokyo (Kawamura and Ikushima, 1993); however, lower levels
were also reported in summer due to the low concentrations of their
precursors in the coastal cities in southeast China characterized by typ-
ical East Asian monsoon (Wu et al., 2015). In urban Tokyo, Kawamura
and Ikushima (1993) reported seasonal variation of diacids with a
maximum in summer (Fig. 4a). Interestingly, they reported that contri-
butions of diacids to aerosol mass and aerosol total carbon also
maximized in summer (Fig. 4b and c). These results suggest that dicar-
boxylic acids are secondarily produced in the atmosphere by the photo-
chemical oxidation of various organic precursors, which is supported by
a positive correlation between contribution of oxalic acid to TC and at-
mospheric oxidants (Fig. 5). Secondary photochemical production of di-
acids is further supported by the diurnal variation of diacids, oxoacids
and pyruvic acid and their contributions to aerosol masses in urban
Tokyo (Kawamura and Yasui, 2005) (Fig. 6).

Earlier laboratory experiments examined the oxidation of cyclic ole-
fins (e.g., cyclohexene), produced mainly from the anthropogenic
sources, viz., fossil-fuel combustion and biomass burning, with O3,
NO2 and OH radicals, which eventually form low volatility water-
soluble dicarboxylic acids (Grosjean et al., 1978). The smog chamber ex-
periments involving the cyclohexene oxidation with ozone result in
SOA formation in which aliphatic homologues of dicarboxylic acids
from C2 to C6 (i.e., oxalic to adipic acid), and also oxocarboxylic acids
(viz., 4-oxobutanoic, 5-oxopentanoic and 6-oxohexanoic acids) were ob-
served (Kalberer et al., 2000). Likewise, Hatakeyama et al. (1985) ob-
served the formation of particulate 6-oxohexanoic acid (ωC6), 5-
oxopentanoic acid (ωC5), adipic acid (C6) and glutaric acid (C5) in cyclo-
hexene–ozone system.More recently, Hamilton et al. (2006)documented
the formation of dicarboxylic acids as an important constituent of SOA
during gaseous phase oxidation of cyclohexene with ozone. All these
studies highlight the significance of ozone-driven SOA formation
(e.g., dicarboxylic acids) in the atmosphere.

Field experiments demonstrated summer- and afternoon-time in-
creases in the abundances of dicarboxylic acids, suggesting a photo-
chemical oxidation-driven SOA formation in the urban atmosphere
(Kawamura and Ikushima, 1993; Kawamura andYasui, 2005). Although
vehicular exhaust emissions contribute to diacids in themorning hours,
maximum or higher concentrations were observed around noontime
(11–12 h) in Tokyo during time series observations (see Fig. 6,
Kawamura and Yasui, 2005). Further, higher abundances of diacids
were noteworthy during summer (June–July) than those documented
during early winter (November), which is consistent with higher levels
Fig. 5. Relationship between the concentration of total dicarboxylic acid carbon relative to
aerosol total carbon (TC) and the oxidant concentrations for the urban aerosol samples
from Tokyo, 1988–1989 (Kawamura and Ikushima, 1993).
of atmospheric oxidants (Kawamura and Yasui, 2005). Themoderate to
strong correlations of diacids and related compounds with ambient
temperature (Kawamura and Yasui, 2005), solar radiation and oxidants
further emphasize a significant secondary formation of those com-
pounds (i.e., through photochemical oxidation). Likewise, Ray and
McDow (2005) observed that adipic acid (C6) and phthalic acid showed
significant diurnal variability with a strong correlation with daily max-
imum ozone. However, the relative significance of hydroxyl radical v.s.
oxidant (e.g., O3) driven SOA formation of dicarboxylic acids is not clear.
Liu et al. (2011) observed that daytime dicarboxylic acids formed from
the fossil fuel derived organic precursors over the California coast were
most likely due to ozone driven photochemical oxidation processes.
This inference was based on the increase in organic mass fraction
through the formation of SOA that essentially contains carboxyl group
(–COOH), which is closely associated with the rise in O3 mixing ratio
during the peak of “noon” hours.

The significance of ambient photochemical process in the produc-
tion of dicarboxylic acids can be ascertained by themass ratio ofmalonic
to succinic acid (C3/C4) (Kawamura and Sakaguchi, 1999). Moreover,
the mass ratio of C3/C4 is greater than unity for photochemically aged
aerosols whereas it reaches 0.5 for vehicular emissions (i.e., primarily
originated) (Kawamura and Kaplan, 1987). Based on the malonate to
succinate ratios in aerosols from three Chinese cities, Yao et al. (2004)
based on IC method suggested that wintertime aerosols are sourced
from vehicular emissions, while the contribution from secondary
sources (i.e., formed by the photochemical oxidation of organic precur-
sors) is higher in summer. Likewise, higher C3/C4 ratios were notewor-
thy for daytime aerosols fromTainan (Taiwan) duringmidsummer than
those collected in nighttime PM2.5, suggesting their photochemical pro-
cesses (Hsieh et al., 2007). Comparison of malonate to succinate ratios
in aerosols by GC with those reported by IC can be justified due to the
following reasons.

The IC method determines oxalic acid plus oxalate as “total oxa-
late” in the aqueous extracts of aerosols due to the conversion of
oxalic acid to oxalate in the basic eluent used for chromatographic
analysis (Kawamura et al., 2010a). On the other hand, GC method
is characterized by water-extraction followed by derivatization
with BF3/n-butanol, during which oxalate is converted to oxalic
acid to be derived to its butyl ester. Similar analogy is available for
both malonic acid/malonate and succinic acid/succinate measured
using GC and IC methods in the literature. Therefore, malonate to
succinate ratio reported by Yao et al. (2004) is similar to the C3/C4

ratio obtained from GC measurements within the uncertainties
caused by the difference in the molecular weights of carboxylic
acids and corresponding carboxylates.

Fig. 7 presents global atmospheric distributions of LMWdiacidswith
higher abundances over the continental sites than those overmarine re-
gions and poles (see Fig. S1 for the concentrations), which are probably
linked to the dominant contribution from anthropogenic sources
(i.e., oxidation of precursor aromatic hydrocarbons and other VOCs).
More often, molecular distributions of diacids in the urban/rural atmo-
sphere are characterized by the predominance of oxalic acid followed
by malonic and/or succinic acids (e.g., Kawamura and Ikushima,
1993). Their concentrations are higher in summermainly due to photo-
chemical production. The simultaneous determination of these water-
soluble diacids in aerosols andwet precipitation samples fromTokyo re-
vealed that, although oxalic acid is the dominant diacid in both rain and
aerosol samples, its relative abundance in total diacid mass is found to
be higher in aerosols than those in rain samples (Sempéré and
Kawamura, 1994). This observation suggests the significance of near
surface enrichment of C2 diacid, owing to possible emissions from an-
thropogenic precursors and their photochemical oxidation processes,
than that from the free troposphere (Sempéré and Kawamura, 1994).
Furthermore, the contribution of diacids in dissolved organic carbon of
time series rain samples, showed a remarkable decreasewith time, sug-
gesting that dicarboxylic acids in rainwater are mainly associated with
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ambient particulate matter and are preferentially scavenged over less
water-soluble organic compounds (Sempéré and Kawamura, 1994).

A similar observation was also documented from Taiwan, focusing
on concentration ratios of dicarboxylic acids in total atmospheric depo-
sition (i.e., dry fallout + wet deposition) to wet-only deposition (Tsai
et al., 2014). Higher mass ratio of total atmospheric deposition to wet-
only deposition of oxalic acid (1.8) is consistent with dust-derived ele-
ments (i.e., Ca2+ with a ratio spanning from 1.6 to 1.8) (Tsai et al.,
2014). This observation suggests that oxalic acid is associatedwithmin-
eral dust and thus preferentially removed via dry deposition compared
to the next abundant LMW diacids (i.e., malonic and succinic acids)
(Tsai et al., 2014). Likewise, Sullivan and Prather (2007) documented
using aerosol time of flight mass spectrometer (ATOFMS) that oxalic
and malonic acids were mainly associated with mineral dust and sea-
Fig. 7.Molecular distribution of low molecular weight diacids (oxalic: C2, malonic: C3, and suc
1999; Fu et al., 2013; Sempéré and Kawamura, 2003; Limbeck and Puxbaum, 1999; Mkoma e
et al., 2010; Kundu et al., 2010b,c; Mochida et al., 2003b; Kunwar and Kawamura, 2014; Hoqu
salt particles as internal mixtures in the aged aerosols sampled during
ACE-Asia. Although oxalic acid is mainly associated with fine particles,
dry deposition flux for the fine particulatematter associatedwith oxalic
acid is significantly lower than that of coarse mode particles due to the
very low deposition velocity of fine mode aerosols. Thus, the relation-
ship between oxalic acid and mineral dust depends on the sampling
location.

A comparison of atmospheric abundances of dicarboxylic acids in
aerosols from various sources revealed that biomass burning emissions
appear to be as amajor contributor (Figs. S2 and S3).Wehave compared
the source strength of dicarboxylic acids from various biomass burning
emissions reported in the literature with those derived from fossil fuel
combustion sources (see Table S1). Kawamura et al. (2013a) document-
ed the high atmospheric abundance of oxalic acid (up to 3290 ngm−3)
cinic: C4) in aerosols from the literature (Legrand et al., 2007; Kawamura and Sakaguchi,
t al., 2013; Miyazaki et al., 2009; Hegde and Kawamura, 2012; Pavuluri et al., 2010; Jung
e et al., 2015).
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in wheat residue burning aerosols from Mt. Tai (China) with a charac-
teristic molecular distribution (C2 N C4 N C3) and lower C3/C4 ratios
(0.2–1.5). On the other hand, combining the analyses of diacids from
fourteen Chinese cities, Ho et al. (2007) reported total diacid mass con-
centrations forwinter period to be 319–1940ngm−3 (C2: 560ngm−3);
being attributed to originate from fossil fuel combustion sources. Fur-
ther, higher abundances of LMW dicarboxylic acids in biomass burning
aerosols from Mt. Tai (Kawamura et al., 2013a) are consistent with
Indonesian forest fires (Narukawa et al., 1999), and Brazilian biomass
burning aerosols (Kundu et al., 2010b). On the other hand, LMW diacid
concentrations from Mt. Tai were somewhat higher than Siberian bio-
mass burning aerosols sampled over Sapporo (Japan) (Kawamura and
Aggarwal, 2008) and African savannah fires collected over Tanzania
(Mkoma et al., 2013), partly due to decrease in source strength of bio-
mass combustion source during transport.

Higher abundances of diacids (N6000 ng m−3; perhaps the highest
ever reported in the literature) and oxalic acid (av. 1050 ng m−3) in
the biomass burning emissions could be due to enhanced contribution
of precursor organic aerosols such as α-dicarbonyls (MeGly: 2–
120 ng m−3; Gly: 1–230 ng m−3), and glyoxylic acid (ωC2: 11–
360 ng m−3), pyruvic acid (Pyr: 3–140 ng m−3) (Kawamura et al.,
2013a), which eventually leads to the formation of oxalic acid through
ambient or in-cloud photochemical oxidation processes. In addition,
the gaseous phase concentrations of α-dicarbonyls were also consider-
ably higher (MeGly: 88–2690 ng m−3; Gly: 46–1200 ng m−3) than
those documented for other sources in the literature (Kawamura et al.,
2013b). The concentrations of dicarboxylic acids from the biomass
burning emissions were several times higher than those reported for
fossil fuel combustion derived aerosols from several Chinese megacities
(Ho et al., 2007).

3.2. High mountain aerosols from the Himalayas

Until recently, the seasonal transport of South Asian pollutants on
high mountain aerosols (e.g., the Himalayas) has not been well investi-
gated. The first and foremost measurements on atmospheric dicarbox-
ylic acids and other water-soluble organic compounds in aerosols
collected over the Tibetan Plateau provided insights on the strong im-
pact of anthropogenic sources from South Asia via their transport across
theHimalayas (Cong et al., 2015). Thesewater-soluble diacids and relat-
ed compounds were measured in aerosols collected over the northern
slope of Mt. Everest (Qomolangma, altitude: 4276 m a.s.l.). Further,
the seasonal trends of carbonaceous components (OC and EC), which
are similar to those of atmospheric dicarboxylic acids, are characterized
by higher abundances during pre-monsoon, while lower during other
seasons.

Overall, dicarboxylic acids and related water-soluble organic acids
account for up to 16% of organic carbon in aerosols collected from the Ti-
betan Plateau, indicating their atmospheric significance even in remote
highmountain aerosols. Further, the annualmean atmospheric concen-
trations of diacids overMt. Everest (av. 109 ngm−3) are 2–4 fold higher
than those documented over Arctic Alert station (64 ng m−3 at 82.5°N,
62.3°W; Kawamura et al., 2005) and Antarctic (30 ngm−3 at Syowa sta-
tion: 69.0°S, 39.6°E; Kawamura et al., 1996b), whereas it is consistent
with those reported for remote oceanic island site (e.g., 139 ng m−3

over Chichijima in the North Pacific; Mochida et al., 2003a). A compari-
son of seasonally averaged total diacid mass in atmospheric aerosols
over the Tibetan Plateau reveals that higher concentrations in pre-
monsoon (av. 235 ng m−3) than monsoon, post-monsoon and winter
(63, 58 and 70 ng m−3, respectively) (Cong et al., 2015).

In all seasons, molecular distributions of LMW diacids from the Ti-
betan Plateau showed the predominance of oxalic acid followed by
succinic and malonic acids (Cong et al., 2015). In fact, the temporal
variability of diacids also exhibits similar trends (C2 N C4 N C3) over
Mt. Qomolangma during the study period (August 2009 to July 2010).
The temporal variabilities in the molecular distributions of diacids
(C2 N C4 N C3) and mass ratios of C3/C4 in all the seasons indicate that
these water soluble organic acids transported to Mt. Qomolangma are
mostly from the primary emissions and not subjected to substantial
aging during transport. The widespread biofuel burning/fossil fuel
combustion emissions from northern India is a perennial source of
carbonaceous aerosols and thus diacid emissions from those sources
can be transported along with valley winds (orographic uplift) over
Mt. Qomolangma, resulting in such molecular distribution of diacids.
However, contribution of diacids from extensive wheat residue burning
emissions can be transported by the strong southwest monsoonal
winds to the Himalayan foothills where the valley winds (orographic
uplift from the morning to mid-afternoon) can transport substantial
amounts of diacids to Mt. Qomolangma.

The predominance of succinic acid over malonic acid indicates the
contribution of dicarboxylic acids from primary emissions, a feature
that is typically observed for biomass burning-derived aerosols
(Kawamura et al., 2013a). Interestingly, strong correlations of total diac-
id mass with levoglucosan, a cellulose pyrolysis product and excellent
tracer of biomass burning (Simoneit et al., 1999) (R2 = 0.83) and
water-soluble K+ (R2= 0.71) were observed in the Himalayan aerosols
(Cong et al., 2015), suggesting an important contribution of biomass
burning to diacids over the Himalayas. Since EC is mostly of primary or-
igin, its positive correlation with diacid mass (R2 = 0.77) demonstrates
that diacids are mainly derived from primary emission sources and the
photochemical processing was not serious (Cong et al., 2015).

The C3/C4 ratios, a proxy for assessing the extent of photochemical
aging of OAhave a characteristically lower value of less than one for pri-
mary emissions (e.g., vehicular emissions: 0.25–0.44) (Kawamura and
Ikushima, 1993), while they show greater values more than unity for
aged aerosols (Kawamura and Sakaguchi, 1999). The mass ratio of C3/
C4 in the Mt. Everest aerosols varied from 0.11 to 0.81 (av. 0.51).
These C3/C4 ratios are comparable to that reported for urban aerosols
(e.g., New Delhi; 0.6) in South Asia (Miyazaki et al., 2009). However,
the C3/C4 ratio over the Tibetan Plateau is significantly lower than re-
mote continental aerosols (2.2) fromQinghai Lake, the northern Tibetan
Plateau (Meng et al., 2013) and marine aerosols (4.6 ± 1.8) from the
North Pacific (Kawamura and Sakaguchi, 1999) and those (2.1–3.4)
from the North Atlantic (Fu et al., 2013).

Being similar to C3/C4 ratios, mass ratios of maleic (M) to fumaric
(F) acid provide some clues about aging of air masses because lower
values are caused by photochemical isomerization from M (cis) to F
(trans), representative of higher photochemical activities or vice-
versa. The M/F ratio in Mt. Everest aerosols ranged from 1.6 to 8.2 (av.
4.4), indicating that photochemical transformations of maleic acid to
fumaric acid is not significant over Mt. Everest. The M/F ratio over the
Tibetan Plateau is much higher than those documented over open
ocean waters of the North Pacific (av. 0.26) (Kawamura and
Sakaguchi, 1999) but is consistent with those reported for urban aero-
sols from Beijing (2.3) (Ho et al., 2010) and New Delhi (2.0–3.6)
(Miyazaki et al., 2009) and ambient aerosols from Mt. Tai, China (2.0;
Kawamura et al., 2013a) and Amazonia (2.8; Kundu et al., 2010b),
which are characterized by heavy biomass burning emissions. This ob-
servation indicates that the transported air masses from North India to
Mt. Qomolangma have not undergone substantial photochemical
aging of organic aerosols. Based on the seasonal variability of molecular
distributions of diacids, diagnostic mass ratios (e.g., C3/C4 and M/F) and
significant linear relationships with other markers (EC, levoglucosan
and K+), it is inferred that the uplift of air masses by valley winds
along the Himalayas is a plausible mechanism for the observed high
abundances of atmospheric diacids and related compounds over the Ti-
betan Plateau.

3.3. Marine aerosols

As mentioned earlier, like most of the continental sites, studies of
marine aerosols revealed that molecular distributions of diacids are in
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general characterized by the predominance of oxalic acid followed by
malonic acid and/or succinic acid. Over the open ocean, water-soluble
dicarboxylic acids and related compounds can be either transported
from the polluted continental regions or formed in situ by the photo-
chemical oxidation of precursor biogenic volatile organic compounds
(BVOCs) and unsaturated fatty acids emitted from the surface ocean
waters. There are ample studies to demonstrate the impact of continen-
tal outflow on the atmospheric abundances of diacids over the open
oceanwaters. Numerous studies have documented thewidespread dis-
persal of diacids over the western North Pacific (WNP) (Fu et al., 2013;
Kawamura et al., 2003, 2004; Kawamura and Sakaguchi, 1999;Mochida
et al., 2003a,b).

The multiyear long-term observations from Chichijima Island in the
WNP also reveal clear seasonal trends with increased atmospheric
abundances of diacids in winter and spring due to the impact of Asian
outflow (Mochida et al., 2003a). Based on the multiple oceanic cruises
conducted in the North Pacific along the longitudinal transacts from
Canada to Japan, Bikkina et al. (2015b) documented a clear seasonal
cycle of diacids and their diagnostic mass ratios. According to their
study, the Asian outflow during winter and spring is the major source
of diacids over the northern North Pacific while ocean-derived organic
precursors such as biogenic unsaturated fatty acids and isoprene serve
as a major source in summer and fall seasons.

Recent measurements of diacids in the marine atmospheric bound-
ary layer (MABL) of the North Pacific corroborate the arguments for
their oceanic source. The research cruises conducted over the western
North Pacific during high biological activity (Miyazaki et al., 2010,
2011) suggest the significance of BVOC oxidation as a major source of
diacids. This inference was put forth due to the significant linear rela-
tionship of oxalic acid with methanesulfonic acid (MSA), which is
known as a photochemical oxidation product of oceanic dimethyl sul-
fide (DMS) and also a proxy formarine derived SOA. This result suggests
that diacids are largely derived from secondary oxidation processes of
organic precursors over the remote ocean.

Furthermore, Bikkina et al. (2014) have documented a concurrent
increase in atmospheric concentrations of LMW diacids (i.e., oxalic,
malonic and succinic acids) and adipic and azelaic acids with their
similar temporal variability during phytoplankton bloom in the North
Pacific. In a coherent manner, the isoprene oxidation products
(e.g., methyltetrols, methylglyceric acid, pyruvic acid and glyoxylic
acid) measured in the MABL were also consistent with the temporal
variability of oxalic acid. Despite variable atmospheric concentrations,
the relative abundances of dicarboxylic acids and related compounds
inWSOC remain almost constant during bloom and non-bloom periods
(Bikkina et al., 2014). This observation highlights that biological activity
controls the atmospheric levels of diacids over the open ocean through
photochemical aqueous phase oxidation of BVOCs (e.g., isoprene) and
unsaturated fatty acids emitted from the ocean surfaces.

Biogenic unsaturated fatty acids (e.g., oleic acid) have beenproposed
as a source of diacids in ambient aerosols (Kawamura and Gagosian,
1987). Since then, several laboratory studies have been conducted on
the photooxidation of oleic acid, which results in the formation of
azelaic acid and its lower homologues (Matsunaga et al., 1999; Tedetti
et al., 2007). Likewise, photooxidation experiment of azelaic acid has
shown the production of lower homologues of diacids, spanning from
oxalic to suberic acids (Yang et al., 2008a,b).

Apart from the laboratory studies, some field-based studies also in-
dicate the role of oceanic control on the secondary formation of atmo-
spheric diacids (Bikkina et al., 2014; Miyazaki et al., 2010, 2011;
Hoque et al., 2015). Higher atmospheric abundances of azelaic acid,
adipic acid and LMW diacids together with their covariability over the
productive open ocean, suggest their origin through photochemical ox-
idation of precursor biogenic organic compounds (Bikkina et al., 2014).
Likewise, higher abundances of azelaic acid in a summer cruise over the
open ocean of the Bering Sea during phytoplankton bloom also hint
their possible marine sources. More recent study by Bikkina et al.
(2015a) from the North Pacific during a summer cruise provided an un-
equivocal evidence for the diacid formation pathways that had been
proposed in an earlier study (Kawamura and Sakaguchi, 1999). All
these laboratory and field studies strongly corroborate the hypothe-
sized mechanisms of diacid formation in the MABL.

3.4. Polar regions

Poles are considered to be almost pristine environments. However,
the long lateral traverse of solar insolation coupled with relative in-
crease in UV-flux makes the photochemical process vibrant and, thus,
the formation pathways and molecular distribution of atmospheric di-
acids and related compounds are distinctly different than those ob-
served at temperate and tropical regions. Therefore, the atmospheric
chemistry of diacids is distinctly different and, hence, themolecular dis-
tributions of diacids in ambient aerosols from the polar regions could
provide unique information on photochemical processing. Interestingly,
Arctic Alert station has been utilized as a natural laboratory of atmo-
spheric chemistry for the study of photochemical reactions of ambient
aerosols (e.g., Barrie et al., 1988; Kawamura et al., 1996a). However,
due to inherent difficulty in accessing these geographical locations,
rather sparse observations were available on organic aerosols in the
literature.

Over the Arctic, winter days are characterized by no sunlight, but the
insolation starts to increase from early spring (March–April). The pho-
tochemical production of diacids during polar sunrise has been docu-
mented by several studies (Kawamura et al., 1996a, 2005, 2010b),
which occurs in spring soon after the end of dark winter days. Although
the long-range atmospheric transport of organic pollutants such as aro-
matic hydrocarbons and olefins from mid-latitudes is noteworthy in
winter (Kawamura et al., 1996a, 2005), the decreased solar irradiance
suppresses the photochemical reactions during this period. This obser-
vation, therefore, explains the lower atmospheric abundances of diacids
inwinter than those observed in springwhen polar sunrise occurs in the
Arctic (Kawamura et al., 1996a, 2005; Narukawa et al., 2002, 2003).

As part of Alert 2000 campaign in the Arctic, water-soluble diacids
and related compounds were measured in atmospheric aerosols and
snow pack samples collected at Alert station, Nunavut, Canada
(82.5°N, 62.4°W) during winter (14–22 February, 2000) and spring
(17 April to 6 May, 2000). These measurements reveal that concentra-
tions of LMW diacids (i.e., oxalic, malonic, succinic and glutaric acids)
show a 4–5 fold increase from winter to spring (Narukawa et al.,
2002). In contrast, saturated higher homologues (NC6 diacid) and unsat-
urated diacids (M, F and mM) showed a significant decrease in their
concentrations by a factor 4 from winter to spring, suggesting a photo-
chemical degradation of these organic compounds that are transported
from mid latitudes (Narukawa et al., 2002).

The wide occurrence of sea-ice during winter also inhibits the ex-
change of reactive halogen gases, VOCs and other organic matter from
the underlying seawater to the arctic atmosphere (Narukawa et al.,
2003). However, the chemical compositions of ambient aerosols vary
substantially during polar sunrise (i.e., late March–early April) as a re-
sult of contribution of chemical species from anthropogenic activities
in the mid latitudes and those from natural oceanic sources. A piece of
evidence for this argument comes from the stable carbon isotopic com-
position of carbonaceous aerosols (i.e., δ13C of TC), which showed a sig-
nificant increase from winter (−25.7 ± 0.7‰) to spring (−23.7 ±
0.8‰) (Narukawa et al., 2008). Further, a very strong correlation
(R2 = 0.92; p b 0.01) is observed between δ13C of TC and Na+/TC
mass ratio in aerosols (Narukawa et al., 2008). The increased δ13C of
TC in spring could be a combination of enhanced contribution of marine
derived organic matter and simultaneous decrease in the transport of
anthropogenic carbon (Narukawa et al., 2008).

A significant decrease in ozonemixing ratios in theMABL during arc-
tic polar sunrise has been documented to be closely linked to interplay
with reactive halogens (Barrie et al., 1988) and organic compounds
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emitted from the surface ocean (Narukawa et al., 2003). In this connec-
tion, a good correlation between LMW diacids and halogenated
compounds (e.g., particulate Br; Kawamura et al., 1995) further empha-
sizes their complex chemical reactions over the Arctic during spring
months. The simultaneous measurements of diacids in fine and coarse
mode aerosols during Arctic spring (i.e., Polar Sunrise Experiment:
PSE1997) revealed that more than 80% of diacids (especially for C2–
C5) were present in fine mode, suggesting their formation through gas
to particle conversion processes. Furthermore, predominance of oxalic
acid over succinic andmalonic acids in both fine and coarse mode aero-
sols together with the presence of anti-correlation between LMW
diacids and ozone (Narukawa et al., 2003) suggests a link between di-
acids and ozone in the heterogeneous chain reaction (see Fig. S2).

The occurrence of high concentration of C2–C5 diacids and filterable
bromine during ozone depletion events in Arctic spring (e.g., 5–7 April,
1997) indicates that surface-driven heterogeneous reactions restricted
for not only coarse particles but also fine mode aerosols (Narukawa
et al., 2003). Similarly, Jobson et al. (1994) documented during PSE
1992 that temporal variability of ozone was positively correlated with
nonmethane hydrocarbons (NMHCs) while gas phase concentrations
of formaldehyde and acetone were increased during ozone depletion
events (de Serves, 1994; Yokouchi et al., 1994). The variability in the at-
mospheric abundances of NMHCs was explained by their reaction with
Cl atom. Likewise, an increase in atmospheric concentrations of gaseous
bromine during ozone depletion events had also been observed during
PSE 1997 (Impey et al., 1999). Taken together of all these observations,
Narukawa et al. (2003) suggested that the formation of LMW diacids
during Arctic polar sunrise is convoluted with oxidative reactions of
NMHCs with reactive halogens in the marine boundary layer.

Although oxalic acid is in general the dominant diacid species over
succinic and/or malonic acid, its depletion (i.e., lower concentrations
of C2 than other LMW diacids) is also noteworthy in aerosols during
spring season (Kawamura et al., 2010b). Similar observation has also
been documented for aerosols collected over the coastal Antarctica dur-
ing summer (Kawamura et al., 1996b), which showed a depletion of
oxalic acid with the molecular distribution of diacids to be dominated
by succinic acid (i.e., 70% of total diacids and 3.5% of TC). The depletion
of oxalic acid is attributed to its photochemical breakdown of oxalate–
Fe complex over the Arctic as its isotopic composition is enriched in
13C (i.e., δ13C: −20.9‰) compared to succinic and malonic acids
(−26.6‰ and −25.8‰, respectively) in the Arctic Ocean (Kawamura
et al., 2012). During the photochemical breakdown of oxalic acid in
the presence of iron, an enrichment of 13C was found in the remaining
oxalic acid during a laboratory photochemical degradation of oxalic
acid (Pavuluri and Kawamura, 2012), as discussed below.

The concentrations of diacids in finemode aerosols (0.2–64 ngm−3)
from Alert station in the Arctic during winter and spring are higher (5–
60 times) than those in coarse mode aerosols. Further, a substantial in-
crease (3–5 fold) in atmospheric abundances of diacids in fine mode
aerosols is noteworthy from winter (i.e., complete darkness prior to
polar sunrise) to spring; however, their concentrations remain un-
changed in the coarse fraction (Kawamura et al., 2005). The daily ratios
of water-soluble organics to vanadium (V) and SO4

2− in the Arctic aero-
sols have revealed relatively constant values in winter, suggesting that
atmospheric abundances of diacids are mostly controlled by the long-
range transport of polluted air masses from mid latitudes (Kawamura
et al., 2005). However, a significant increasewas found in concentration
ratios of total diacids to V during springtime polar sunrise, indicating
that the secondary production of diacids by photochemical oxidation
processes is significant in the Arctic (Kawamura et al., 2005).

3.5. Size distributions

The size distributions of homologous dicarboxylic acids,
oxocarboxylic acids and α-dicarbonyls were studied in Sapporo,
Hokkaido Island, northern Japan, where the East Asian outflow to
the North Pacific is intercepted (Agarwal et al., 2010). The results re-
vealed that predominant occurrence of diacids in b1.1 μm size bin is
consistent with other anthropogenic constituents (e.g., SO4

2−, NH4
+

and K+). Further, this study attributed their origin from biomass
burning in Siberia through long-range atmospheric transport
(Agarwal et al., 2010). Mochida et al. (2003c) also documented that
LMW diacids during a spring cruise (April–May, 2002) were found
to exist predominantly in fine mode aerosols off the coast of East
Asia and the remote North Pacific. However, they found the preva-
lence of diacids in coarse mode particles over the remote ocean, sug-
gesting the condensation of gaseous diacids on deliquescent sea-salt
particles and/or heterogeneous formation during long-range atmo-
spheric transport (Mochida et al., 2003c). The AMBTs for all aerosol
samples showed the atmospheric transport from East Asia to both
the coastal and remote North Pacific (Mochida et al., 2003c).
Hence, their study suggested that LMW diacids over the remote
North Pacific also originated from the East Asian outflow.

LMW diacids exhibited bimodal size distributions both off the coast
of East Asia and over the remote ocean. In particular, contribution of
oxalic acid in coarse mode aerosols increased from 11–25% off the
coast of East Asia to 29–42% over the remote North Pacific. Further,
the predominance of diacids on coarse mode was much more evident
for malonic and succinic acids (Mochida et al., 2003c). The size distribu-
tion of LMW diacids off the coast of East Asia is consistent with that of
non-sea-salt-SO4

2−, which is characterized by the dominance of accu-
mulation mode particles (0.1–1.0 μm) (Mochida et al., 2003c). Further,
their study attributed that the fine mode occurrence of LMW diacids
and nss-SO4

2− indicate a strong contribution from polluted continental
air masses from East Asia. Unlike LMW diacids, the size distribution of
nss-SO4

2− over the remote North Pacific was consistent with that ob-
served off the coast of East Asia. The coarsemodeoccurrence of LMWdi-
acids over the remote North Pacific was attributed to their association
with sea-salts (and mineral dust) based on the consistency between
surface area distribution of sea-salts and size distribution of LMW di-
acids (Mochida et al., 2003c).

In the urban atmosphere from Hong Kong (Yao et al., 2002), LMW
diacids are found to exist in condensation (0.097–0.32 μm) and droplet
(0.32–1.0 μm) mode sizes. The co-occurrence of LMW diacids and sul-
fate on the droplet mode suggests their in-cloud formation process
(Yao et al., 2002). However, their study also found that for some aerosol
samples, oxalate peaks in coarse mode (0.5–1.0 to 1.0–1.8 μm) and is
consistent with NO3

−, suggesting the heterogeneous formation pathway
(Yao et al., 2002). The coarsemode occurrence of oxalatewas attributed
to its minor evaporation after the in-cloud formation. Likewise, maxi-
mum concentration of malonic acid was observed for some samples in
3.1–6.2 μm size bin, which was attributed to its reaction with sea salt
aerosols (Yao et al., 2002). Another study by Löflund et al. (2002) docu-
mented the presence of LMW diacids in cloud water, and suggested an
importance of their in-cloud formation pathway. Similarly, finemode oc-
currence of LMWdiacids (i.e., C2–C4 diacids) has been reported in the am-
bient aerosols collected from Newark, New Jersey (Zhao and Gao, 2008).

3.6. Diagnostic ratios of dicarboxylic acids and related water-soluble
compounds

Fig. 8 presents the global distributions of diagnostic mass ratios of di-
carboxylic acids and related compounds. Since the photochemical oxida-
tion of succinic acid (C4) results in the formation of oxalic and malonic
acids (Kawamura et al., 1996a; Yang et al., 2008b), we have compiled
themass ratios of oxalic to succinic andmalonic to succinic acids for glob-
al data base. In general, higher C2/C4 ratios were observed in the tropical/
subtropical aerosol samples whereas the high latitudinal aerosols (both
continental and oceanic samples) showed lower ratios (Fig. 8). This can
be explained based on the relatively large emissions of precursor organics
and oxidants available for the continental sites compared to the remote
oceanic sites.



Fig. 8. Global distributions of diagnostic mass ratios of dicarboxylic acids and related water-soluble compounds (C2/C4, C3/C4, Ph/C9, C6/C9, M/F, C2/ωC2/C2/Pyr, C2/MeGly and C2/Gly).
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Themalonic to succinic acid (C3/C4) ratios in aerosols have been pro-
posed to ascertain the extent of photochemical aging of air masses
(i.e., less or more aged) (Kawamura and Ikushima, 1993; Kawamura
and Sakaguchi, 1999). Rather low values of C3/C4 (0.25–0.44; av. 0.35)
were observed for vehicular emissions compared to those typically ob-
served in atmospheric aerosols (0.6–2.9; av. 1.6) (Kawamura and
Ikushima, 1993). This is due to the fact that although produced in high
quantities, malonic acid is thermally less stable than succinic acid in
vehicular exhaust emissions (Kawamura and Ikushima, 1993). Lower
C3/C4 ratios were reported in the literature for urban aerosols
(Kawamura and Ikushima, 1993; Miyazaki et al., 2009; Ho et al.,
2007), while higher ratios were documented for marine aerosols
(Kawamura and Sakaguchi, 1999; Sempéré and Kawamura, 2003; Fu
et al., 2013) (Fig. 9b). During a round theworld cruise, lower C3/C4 ratios
have been reported in marine aerosols collected over the mid latitudes
than those from the subtropical/tropical oceans (Fu et al., 2013),
which can be explained based on the enhanced photochemical aging
of air masses over the warmer oceans. Likewise, higher C3/C4 ratios
(i.e., up to 10)were reported inmarine aerosols from the equatorial Pa-
cific (Kawamura and Sakaguchi, 1999). A similar observation on C3/C4
ratios in ambient aerosols from Chichijima Island revealed that higher
values in summer months (av. 3.8) than other seasons (autumn: 1.6;
winter: 1.2; spring: 2.0) (Mochida et al., 2003a).

Higher C3/C4 ratioswere reported for the daytimePM2.5 samples (av.
0.81) compared to nighttime PM2.5 samples (0.59) samples collected
from Rondonia (Brazil) during intense biomass burning period
(Kundu et al., 2010b). Likewise, higher C3/C4 ratios were observed in
summer time aerosols (0.86) than in winter period (0.61) (Ho et al.,
2007). The diurnal cycles of C3/C4 ratios (daytime: 0.66; nighttime:
0.58) were also observed for the urban aerosols sampled from South
Asia (New Delhi) (Miyazaki et al., 2009). Likewise, Mkoma and
Kawamura (2013) highlighted the significance of heterogeneous aque-
ous phase reactions that could facilitate the conversion of succinic to
malonic acid in atmospheric aerosols. This is inferred based on the ob-
served high C3/C4 ratios in PM10 (av. 1.3) than in PM2.5 (av. 0.75) sam-
pled from Tanzania during wet season, suggesting the role of
heterogeneous aqueous phase production of oxalic acid (Mkoma and
Kawamura, 2013).

Similar to C3/C4 ratios, ambient photochemical processes affect the
conversion of maleic acid (M) to fumaric acid (F) (Kawamura and
Sakaguchi, 1999; Sempéré and Kawamura, 2003). In general, higher
M/F ratios indicate less photochemical activity while lower values rep-
resent a significant aging of air masses. Interestingly, using the ambient
aerosols collected in fourteen Chinese cities, Ho et al. (2007) document-
ed lower M/F ratios during summer (av. 1.5) than those in winter (av.
3.0). The lowerM/F ratios in summer can be explained by the enhanced
photo-isomerization of maleic to fumaric acid in ambient Chinese aero-
sols (Ho et al., 2007). Similarly, lower M/F ratios were observed in
daytime PM2.5 (av. 1.8; estimated based on the reported mean concen-
trations of M and F), while those are higher in nighttime PM2.5 samples
(av. 2.7) collected during intense biomass burning activity over
Rondonia, Brazil (Kundu et al., 2010b). This observation also demon-
strates the daytime enhancement of photo-isomerization from cismale-
ic to trans fumaric acid.

Themass ratios of adipic acid to azelaic acid (C6/C9) and phthalic acid
to azelaic acid (Ph/C9) ratios can be used to discriminate the relative sig-
nificance of biogenic versus anthropogenic source contribution to dicar-
boxylic acids (Kawamura et al., 2013a). In the atmosphere, adipic and
phthalic acids are mainly formed by the photochemical oxidation of cy-
clic olefins (Hatakeyama et al., 1985) and aromatic hydrocarbons
(Kawamura and Ikushima, 1993), respectively. In contrast, azelaic acid
is a photochemical oxidation product of biogenic unsaturated fatty
acids that contain a double bound predominantly at C9 position
(Kawamura and Gagosian, 1987). In general, higher C6/C9 and Ph/C9 ra-
tios were observed for the continental aerosols that are influenced by
anthropogenic sources. On the other hand, lower mass ratios are note-
worthy for oceanic air masses that are influenced from the marine bio-
genic sources including unsaturated fatty acids that are produced by
phytoplankton in the ocean surface and emitted to the MABL (see
Fig. 9).

In the atmosphere, isoprene is oxidized to result in semi-volatile gas-
eous organic precursors such as methylglyoxal (MeGly), glyoxal (Gly),
glyoxylic acid (ωC2) and pyruvic acid (Pyr), which are subsequently
participated in heterogeneous aqueous phase photochemical reaction
to form more stable oxalic acid (Carlton et al., 2009 and references
therein). Pyr and ωC2 have been suggested as in-cloud oxidation prod-
ucts of isoprene, which are eventually oxidized to oxalic acid (Carlton
et al., 2006; Ervens et al., 2004). In this context, we have examined the
global distributions of C2/ωC2, C2/Pyr, C2/MeGly and C2/Gly ratios in
order to assess the relative importance of isoprene oxidation pathway



Fig. 9.Diagnosticmeanmass ratios of dicarboxylic acids and relatedwater-soluble organic compounds in ambient aerosols from (a) Gosan, Jeju Island (Kundu et al., 2010c), (b) Chichijima
Island (Mochida et al., 2003b), (c) Okinawa Island (Kunwar and Kawamura, 2014), and (d) the North Pacific Ocean (Bikkina et al., 2015b).
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to contribute the abundances of oxalic acid (Fig. 9). In general, higher ra-
tios of C2/ωC2, C2/Pyr, C2/MeGly and C2/Gly can be seen in marine aero-
sols than in continental aerosols; the higher mass ratios over the ocean
emphasize the significance of BVOC (e.g., isoprene) emission and subse-
quent photochemical oxidation in the marine atmosphere.

We have also compared these diagnostic mass ratios (C2/C4, C3/C4,
Ph/C9, C6/C9, C2/ωC2, C2/Pyr, C2/MeGly and C2/Gly) in year round ambi-
ent aerosols collected over the coastal and remote islands (Jeju Island,
Kundu et al., 2010c; Chichijima Island, Mochida et al., 2003b; Okinawa
Island, Kunwar and Kawamura, 2014) and over the North Pacific
Ocean to better understand the sources of water-soluble dicarboxylic
acids and related compounds (Fig. 9). A remarkable decrease in C2/C4,
Ph/C9 and C6/C9 ratios from winter/spring to summer/autumn seasons
is evident, which indicates a reduced source strength of the East Asian
outflow during summer/autumn. Further, higher Ph/C9 and C6/C9 ratios
in winter/spring suggest a significant contribution of anthropogenic
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sources to dicarboxylic acids in the MABL (Fig. 9). On the other hand,
increased ratios of C2/ωC2, C2/Pyr, C2/MeGly and C2/Gly in summer/
autumn over the North Pacific highlight an important role of the iso-
prene emission from the ocean to the MABL and the subsequent photo-
chemical oxidation in aqueous phase, which controls the atmospheric
abundances of LMW diacids and related compounds.

4. Photochemical processing of diacids during long-range transport

LMW diacids can be produced by the atmospheric oxidation of their
higher homologues and organic precursors emitted from natural and/or
anthropogenic sources during long-range atmospheric transport. Based
on the measurements carried out for the marine aerosols from the
North Pacific, Kawamura and Sakaguchi (1999) proposed their forma-
tion from the photochemical oxidation of precursor organics emitted
from natural and anthropogenic sources. However, the exact formation
pathways of diacids in the atmosphere are still subject of ongoing
research. Here, we summarize how the laboratory studies and field ob-
servations draw an overall picture on their formation pathways. There-
after,wewill emphasize the knowledge gap andneed for further studies
to better constrain their source emission, transport and transformation
pathways in the atmosphere.

In a previous study, Warneck (2003) suggested that oxalic acid (C2)
is formed from the in-cloud oxidation of glyoxal (Gly), an oxidation
product of acetylene (C2H2), during which glyoxylic acid (ωC2) is a
key intermediate. Further, to provide a model based formation path-
ways of dicarboxylic acids in the polluted continental atmosphere,
Ervens et al. (2004) considered that aqueous phase oxidation of cyclo-
hexene results in glutaric acid (C5) and adipic acid (C6), while glyoxal
that is formed from the oxidation of toluene produces oxalic acid. Sub-
sequent laboratory investigations by Lim et al. (2005) suggested that
aqueous phase oxidation ofmethylglyoxal (MeGly), formed from the at-
mospheric oxidation of isoprene and toluene through Pyr and acetic
acid as reaction intermediates, also yields oxalic acid. The suggested for-
mation pathway of C2 from Gly through ωC2 as an intermediate during
the in-cloud oxidation (Warneck, 2003) has also been demonstrated by
the subsequent laboratory study (Carlton et al., 2006).

Owing to high yields (47% and 79%) of semi-volatile water-soluble
α-dicarbonyls (Gly and MeGly, respectively) through oxidation of iso-
prene (Fu et al., 2008), a major biogenic VOC whose emission (440–
660 Tg yr−1) (Guenther et al., 2006) is comparable to that of methane,
the aqueous phase photochemical oxidation of Gly and MeGly to C2 has
been proposed as a major source of oxalic acid in the atmosphere (Lim
et al., 2005). Higher abundances of oxalic acid were observed in cloud
layer (0.21 ± 0.04 μg m−3) than those sampled from the below cloud
(0.14 μg m−3) off the coast of California (Crahan et al., 2004). Based
on the state of the art mass spectrometry techniques (FT-ICR MS and
ESI-MS–MS), Altieri et al. (2008) documented the formation of oligo-
mers (malonic, succinic, glyoxylic and malic acids, etc.) in addition to
oxalic acid during laboratory simulated in-cloud oxidation of MeGly
with hydroxyl radical. Likewise, another laboratory study by Tan et al.
(2010) observed the formation of oligomer in addition to that of oxalic
acid in cloudwater andwet aerosols during aqueous phase oxidation of
MeGly with OH radical.

Despite having the insights from laboratory results, very little is
known from the field studies regarding their atmospheric formation
pathways. Based on the year-round measurements from Jeju Island
(Gosan), Kawamura et al. (2004) documented a significant increase in
the contributions of diacids to aerosol total carbon (TC) from spring
(ca. 2%) to summer (6%) and then decrease towards winter. Their
study also reported that seasonal variability ofmalonic acid is consistent
with oxalic acid. This observation thus highlights the significance of
photochemical processes occurring in summer when solar radiation
and ambient temperatures are sufficiently high. In addition, the influ-
ence of photochemical/atmospheric aging processes on the abundances
of diacids could also be traced based on the mass ratio of malonic to
succinic acids (C3/C4; Kawamura et al., 1996a). Further, lower C3/C4 ra-
tios (0.61) and relative abundances of diacid-C in TC (1.3%) were ob-
served for the atmospheric aerosols collected from fourteen Chinese
cities during winter period, while higher values (0.86 and 2.3%, respec-
tively) were noteworthy for summer samples (Ho et al., 2007).

For assessing the atmospheric formation pathways of LMW diacids
and related compounds, theMABL of theWNP is an ideal place to inves-
tigate the relative contribution of continental versus oceanic sources.
The continental outflow from East Asia results in wide spread dispersal
of atmospheric diacids and related compounds over the WNP during
winter (Dec–Feb) and spring (Mar–May) seasons by westerly winds
(Kawamura and Sakaguchi, 1999; Fu et al., 2013; Kundu et al., 2010c).
On the other hand, the seasonal shift of wind patterns to easterlies
over the WNP during summer months (Jun–Sept) due to subtropical
high pressures prevents the penetration of atmospheric pollutants to
theMABL. In addition, surface seawaters in theWNP are also character-
ized by intensive phytoplankton bloom during late spring and early
summer months (Miyazaki et al., 2011). More recent results from the
North Pacific have provided some hint regarding various formation
mechanisms of diacids (Bikkina et al., 2015a,b).

Further comparison of atmospheric abundances and diagnosticmass
ratios of dicarboxylic acids during the cruises between Canada and
Japan over the North Pacific for different seasons revealed that Asian
outflow duringwinter and spring is responsible to the occurrence of di-
acids in the MABL, while oxidation of oceanic BVOCs and unsaturated
fatty acids dominates during summer and fall (or autumn) months
(Bikkina et al., 2015a). The relative abundance of C2 in total diacids
(C2–C10) showed a steady decrease from winter/spring (50–70%) to
summer/fall cruises (30–70%) (Bikkina et al., 2015a), suggesting the
dominant contribution from continental outflow in the former season.
This observation is further corroborated by C2/C4 ratios, which exhibited
a similar decreasing trend from winter/spring (6.1 ± 1.5/4.2 ± 1.5) to
summer/fall (2.4 ± 0.9/3.6 ± 0.1) cruises (Bikkina et al., 2015a). On
the other hand, the mass ratios of C3/C4 increased from winter/spring
(0.4–1.2) to summer/fall (0.6–1.8), suggesting that an enhanced pro-
duction of LMW diacids is largely due to photochemical oxidation of
oceanic organic precursors (i.e., isoprene and unsaturated fatty acids)
during summer/fall under the increased solar radiation and ambient
temperature compared to winter/springmonths (Bikkina et al., 2015b).

Moreover, higher diacid concentrations during early summer/sum-
mer cruises were overlapped with the occurrence of phytoplankton
blooms in the surface ocean (Bikkina et al., 2015a). During this period,
Mochida et al. (2003b) documented an enhanced emission of biogenic
unsaturated fatty acids from the ocean surface to the MABL. Previous
laboratory photooxidation experiments, focussing on oleic acid-ozone/
hydroxyl radical system, suggested the formation of azelaic acid,
which further oxidizes to result in its next lower homologues
(Matsunaga et al., 1999; Tedetti et al., 2007; Yang et al., 2008b).

We also observed similar temporal trends among azelaic acid and
LMW diacids for the summer cruises in the North Pacific (Bikkina
et al., 2015b) during which the AMBTs indicate an influence of oceanic
air masses. Further, molecular distributions of LMW diacids in winter/
spring show the predominance of oxalic acid followed by succinic acid
and then malonic acid. This feature is associated with relatively less
aged air masses transported from East Asia, indicating their primary na-
ture (Bikkina et al., 2015b). On the other hand, the molecular distribu-
tion of LMW diacids follows the order of C2 N C3 N C4 during summer/
fall cruises, which is typical of photochemically aged aerosols (Bikkina
et al., 2015b). This molecular feature can be clearly observed through
higher ratios of C2/C4 during winter/spring (6.1 ± 1.5/4.2 ± 1.5) and
lower ratios during summer/fall cruises (2.4 ± 0.9/3.6 ± 0.1) (Bikkina
et al., 2015b).

In contrast, the summer/fall cruises were characterized by higher
mass ratios of oxalic to glyoxylic and pyruvic acids, and oxalic acid to
methylglyoxal and glyoxal. Since higher biological activity in the surface
waters of the North Pacific was noteworthy during summer/fall cruises,
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emissions of biogenic VOCs and their subsequent photochemical oxida-
tion might be a possible source of diacids and related compounds. Al-
though no measurements of isoprene SOA tracer compounds were
available during the cruise, the emission of BVOC and the subsequent
oxidation were ascertained through the analyses of methanesulfonic
acid (MSA, a photochemical oxidation product of oceanic dimethyl sul-
phide that is also a biogenic gas emitted along with isoprene, etc., from
seawater). We observed higher MSA/nss-SO4

2− ratios during summer/
fall cruises than those observed during winter/spring cruises.

Being consistent with the measurements of atmospheric diacids
along the longitudinal cruise tracks in the North Pacific (Bikkina et al.,
2015a), the observations along the latitudinal tracks during the WNP
cruise in summer months also revealed that isoprene and unsaturated
fatty acids emitted from the ocean surface during phytoplankton
bloom are the likely sources (Bikkina et al., 2014). This study further
documented the increased atmospheric abundances of adipic acid,
azelaic acid, Pyr, ωC2, Gly, MeGly and isoprene-SOA tracers over the
WNPwith intense primary productivity (Bikkina et al., 2015b). Labora-
tory studies showed that Pyr and ωC2 are produced by in-cloud oxida-
tion of isoprene and further oxidation of the products results in the
formation of oxalic acid (Carlton et al., 2006; Lim et al., 2005). A 3D
modeling study also supported an in-cloud oxalate formation in the
global troposphere (Myriokefalitakis et al., 2011). Likewise, the gas-
phase oxidation of isoprene leads to the formation of Gly and MeGly,
which eventually oxidized into oxalic acid (Carlton et al., 2007, 2009).
Combining the coherent occurrence of increased mass ratios of C2/Pyr,
C2/ωC2, C2/Gly and C2/MeGly with high biological activity in the North
Pacific during summer/fall cruises hints their oceanic source (Bikkina
et al., 2015a,b).

A similar increase in mass ratios of C2/Pyr, C2/ωC2, C2/Gly and C2/
MeGly is also observed for aerosols collected from theGosan site, Jeju Is-
land, Korea (Kundu et al., 2010c) during summer when pristine oceanic
air masses dominate the transport, indicating their oceanic source. All
these observations suggest the isoprene oxidation pathway as a signifi-
cant source of atmospheric oxalic acid (C2) and related compounds (Pyr,
ωC2, Gly andMeGly) over the pristine oceanic waters. Analogous to iso-
prene, sea-to-air emission of biogenic unsaturated fatty acids, followed
by the subsequent oxidation in the MABL, is another source of diacids
and related compounds. The earlier pioneering work of Kawamura
andGagosian (1987) had documented the ubiquitous occurrence of bio-
genic unsaturated fatty acids (e.g., oleic acid) having a double bond pre-
dominantly at C-9 position in marine aerosols. Their study further
hypothesized that the atmospheric photooxidation leads to the forma-
tion of ω-oxononanoic acid and azelaic acid (C9 diacid).

Laboratory ozonolysis of oleic acid followed by subsequent photoox-
idation results in the formation of particulate C2 to C9 diacids with
azelaic acid being the dominant species (Matsunaga et al., 1999). Like-
wise, the aqueous photo-induced oxidation of oleic acid with nitrate
radical also results in the formation of homologous series of diacids
from oxalic to azelaic acids, amongwhich C9 diacid is the dominant spe-
cies (Tedetti et al., 2007). These studies speculated that further photo-
oxidation of azelaic acid might be responsible for the formation of its
next lower homologues ranging from oxalic to suberic acids (i.e., C2–
C8 diacids). Subsequent laboratory study on photooxidation of azelaic
acid in aqueous phase results in the formation of lower homologues
from C2 to C8 diacids, amongwhich succinic and glutaric acids are dom-
inant (Yang et al., 2008a,b). The further photooxidation results in the
formation of oxalic and malonic acids. All these laboratory experiments
are in favor of the hypothesized formation of atmospheric diacids in re-
mote marine aerosols (Kawamura and Sakaguchi, 1999).

Until recently, no substantial field-based evidences have existed to
demonstrate the significance of atmospheric azelaic acid (or C9 diacid),
a photochemical oxidation product of biogenic unsaturated fatty acid,
as a source of diacids. The measurements carried out over the WNP
during summer months (July–August, 2008) as part of KH08-Leg. 2
cruise showed similar temporal variability among LMW diacids
(i.e., C2 + C3 + C4 diacid), adipic acid (or C6 diacid) and azelaic acid
(Bikkina et al., 2014, 2015a).

Furthermore, similar temporal trend is observed between relative
abundance of C2 in total diacids (C2–C10) in marine aerosols and ambi-
ent temperature (Fig. 10), attesting the role of photochemical oxidation
of azelaic acid as a significant source of LMW diacids (Bikkina et al.,
2015b). This temporal trend of relative abundances of C2 is also consis-
tentwith downward solar radiation flux (Fig. 10), supporting the signif-
icance of photochemical oxidation process in diacid formation. Being
similar to this study, Kunwar and Kawamura (2014) documented,
based on the year round measurements from Okinawa Island, that at-
mospheric abundances of azelaic acid and oleic acid peaked in summer
and decreased towards winter and spring. Likewise, the atmospheric
concentrations of oxalic and azelaic acids along the longitudinal cruise
tracks conducted in the WNP increased in summer when the surface
ocean is characterized by phytoplankton bloom (Bikkina et al., 2015b).
All these observations demonstrate the significance of biogenic unsatu-
rated fatty acids as a source of atmospheric diacids over the open ocean.

5. Photochemical oxidation pathways: field observation and labora-
tory experiment

Combining the chemical composition data of dicarboxylic acids inma-
rine aerosols, spanned over two decades (1990–2010), providing a plau-
sible evidence for the formation pathways suggested by Kawamura and
Sakaguchi (1999). Higher relative abundances of oxalic acid in summer
cruises are due to its enhancedphotochemical production in theMABL, al-
though the concentrations of oxalic acid in summer cruise samples, for
which there is a weak/no contribution from East Asia, are lower than
those reported for winter cruise that is influenced by the continental out-
flow.One reason for this explanation couldbe the contributionof biogenic
unsaturated fatty acids and VOCs (e.g., isoprene, monoterpenes) emitted
from theocean surface, amajor source of precursor organics for diacid for-
mation during summer. In contrast, numerous pollution and biogenic
sources (e.g., biomass burning, fossil fuel combustion, terrestrial biogenic
VOCs and unsaturated fatty acids), whose emissions often overwhelm
those of oceanic origin, provide major precursors for diacids during win-
ter cruise.

The laboratory photooxidation experiments of succinic acid resulted
in the formation of oxalic and malonic acids through the production of
malic acid (or hydroxy succinic acid; hC4) as an intermediate (Yang
et al., 2008b). This pathway was originally suggested by Kawamura
and Sakaguchi (1999) based onfield observations from theNorth Pacific
and Southern Ocean. Accordingly, the decrease in relative abundance of
succinic acid (C4) with an increase in relative abundance of oxalic acid
(Fig. 11a) can be expected if it were the principal process governing
the formation of oxalic acid. Therefore, the observed inverse linear rela-
tionship between relative abundance of C4 and C2 (Fig. 11a), suggests
the formation of oxalic acid from succinic acid (Fig. 11a). The above sug-
gestion is further supported by the prevalent nonlinear relationship be-
tween C2/C4 and of C2 (%) (Fig. 11b). On the other hand, the concurrent
increase in relative abundances of succinic acid (C4) and glutaric acid
(C5) (Fig. 11c) is due to their formation fromazelaic acid (C9 diacid, pho-
tochemical oxidation product of biogenic unsaturated fatty acids). The
photooxidation experiment of azelaic acid resulted in the preferential
cleavage of C4–C5 bond, leading to the formation C4 and C5 diacids
along with other lower homologues (i.e., bC9 diacids; from oxalic to
suberic acids) (Yang et al., 2008b). Enami et al. (2015) reported a step-
wise oxidation of aqueous dicarboxylic acids by gas-phase OH radicals
at the air–water interface using a spray chamber.

The possible formation of succinic acid from the photochemical oxi-
dation of its higher homologues can also be inferred by the observed lin-
ear correlation between C4 (%) and C4/C6 ratios (Fig. 11d), as well as C6
(%) and C9 (%) (Fig. 11e). In themarine atmosphere, the photochemical
oxidation of oleic acid, a typical biogenic unsaturated fatty acid emitted
to the MABL from the ocean surface, results in the formation of azelaic



Fig. 10. Latitudinal temporal variability of ambient temperature, relative abundance of oxalic acid in total diacids fromC2 to C12 and downward solar radiationflux (obtained fromNOAA air
resources laboratory) in remote marine aerosols, collected over the North Pacific during August–September, 2008 (Bikkina et al., 2015b).

Fig. 11. Scatter plots of (a) relative abundances (%) of succinic acid (C4) vs. oxalic acid (C2), (b) C2/C4 versus relative abundance C2, (c) C4 versus glutaric acid (C5), (d) C4/adipic acid (C6)
versus relative abundance of C4, (e) azelaic acid (C9) versus C6 and (f) C2/glyoxylic acid (ωC2) versus relative abundance of C2 in marine aerosols collected over the North Pacific during
various research cruises (Bikkina et al., 2015b; Sept–Oct'1992: Sempéré and Kawamura, 2003; May–July'2010: Hoque et al., 2015; Sept–Dec'90: Kawamura and Sakaguchi, 1999;
Oct'1989–Mar'1990: Fu et al., 2013).
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acid, which in turn further oxidizes to yield its successive homologues
(e.g., adipic acid). However, Fig. 11e shows the scatter plots between
C6 (%) and C9 (%) with different trends for different seasons with and
without continental outflow from East Asia. This may be due to contri-
bution of adipic acid (C6) from the anthropogenic sources in the conti-
nental outflow than its production from photochemical oxidation of
azelaic acid (C9). No significant linear relationship was observed be-
tween C2/ωC2 and C2 (%). Since glyoxylic acid (ωC2) show somewhat
strong correlations with Pyr, MeGly and Gly, which are suggested to
be produced by the oxidation of isoprene in the MABL. The scatter
plots in Fig. 11f may indicate the geographical variability of isoprene-
derived SOA and the subsequent oxidation to oxalic acid in the MABL.

To better understand the photochemical processing ofwater-soluble
dicarboxylic acids and related polar compounds, batch UV irradiation
experiments were conducted on two types of aerosol samples collected
from India (Pavuluri et al., 2015a), which represent anthropogenic (AA)
and biogenic aerosols (BA) for 0.5 to 120 h in the presence of water.
Their results show that photochemical degradation of oxalic (C2) and
malonic (C3) and other C8–C12 diacids overwhelmed their production
in aqueous aerosols whereas succinic acid (C4) and C5–C7 diacids
showed a significant increase (ca. 10 times) during the course of irradi-
ation experiments. The photochemical formation of oxocarboxylic acids
and α-dicarbonyls overwhelmed their degradation during the early
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Fig. 12. Possible photochemical formation and/or degradation pathways of diacid
stages of experiment, except forω-oxooctanoic acid (ωC8) that showed
a similar pattern to that of C4. They also found a gradual decrease in the
relative abundance of C2 to total diacids and an increase in the relative
abundance of C4 during prolonged experiment.

Based on the laboratory experimental changes in concentrations and
mass ratios of selected species with the irradiation time, Pavuluri et al.
(2015a) hypothesize that iron-catalyzed photolysis of C2 and C3 diacids
dominates their concentrations in Fe-rich atmospheric waters, whereas
photochemical formation of C4 diacid (viaωC8) is enhancedwith photo-
chemical processing of aqueous aerosols in the atmosphere. Their study
demonstrates that the ambient aerosols contain abundant precursors
that can produce diacids, oxoacids and α-dicarbonyls, although some
species such as oxalic acid decompose extensively during an early
stage of photochemical processing (see Fig. 12).

Fig. 13 depicts the schematics of various diacid formation pathways
over the continental, marine and polar atmosphere. Overall, the conti-
nental aerosols are characterized by the direct emission of diacids
with an apparent predominance of oxalic acid followed by malonic
and/or succinic acids. For most of the samples collected over the conti-
nental sites, the molecular distributions of LMW diacids for fresh emis-
sion sources were characterized by the predominance of C2 followed by
C4 and then C3 (C2 N C4 ≥ C3). However, the distribution can be varied for
the photochemically aged air masses as C2 N C3 ≥ C4, which is consistent
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Fig. 13. Schematic representation of atmospheric reaction pathways of dicarboxylic acids, and other related water-soluble organic compounds (Oxdn = photochemical oxidation).

Fig. 14. Box plots of δ13C values of water-soluble organic compounds with their carbon
numbers. Each box shows the median (black line), the interquartile range (box), and the
minimum and maximum values (Aggarwal and Kawamura, 2008).
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with those documented for marine aerosols where the continental
transport is the major source of diacids.

On the other hand, themolecular distribution of diacids in themarine
atmosphere is eventually characterized by the predominance of oxalic
acid followed bymalonic and then succinic acid. This is due to atmospher-
ic aging or photochemical oxidationof precursor organics in the continen-
tal outflow to theMABL.Moreover, diacids over the open ocean are either
derived from the continents via long-range transport or are secondarily
produced in themarine atmosphere by the atmospheric oxidation of bio-
genic volatile organic compounds (e.g., isoprene) or biogenic unsaturated
fatty acids emitted from the surface ocean. In contrast,molecular distribu-
tions of diacids in the arctic marine aerosols are sometimes characterized
by the predominance of succinic acid. The predominance of succinic acid
over oxalic acid is due to photodecomposition of oxalic acid by solar
radiation.

6. Isotopic composition of diacids: a tracer of photochemical
processing

The measurements of stable carbon isotope ratios of dicarboxylic
acids have been developed using GC/combustion/isotope ratio mass
spectrometer employing dibutyl ester derivatization technique
(Kawamura and Watanabe, 2004). This technique provides crucial in-
sights about photochemical processing and aging of organic aerosols.
More specifically, the compound specific stable carbon isotopic analyses
of homologues series of diacidswere conducted in ambient aerosols col-
lected from Sapporo, Japan, a typical urban island site tracing the East
Asian outflow to the North Pacific and photochemical processing during
the transport (Aggarwal and Kawamura, 2008). In general, the δ13C of
oxalic acid is highest (−14.0 to −22.4‰, av. −18.8‰) and much
higher than azelaic acid (−25.1 to −31.4‰; av. −28.1‰) as seen in
Fig. 14. On the other hand, the measured δ13C of C3, C4 and C6 diacids
are in between the above two extremes (Aggarwal and Kawamura,
2008). Further, their study also indicated that δ13C of LMW diacids
(i.e., oxalic, malonic, succinic acids) in aged aerosols are found to be
less negative (i.e., enriched in 13C with an increase in WSOC/OC ratios),
perhaps due to kinetic isotopic fractionation caused by ambient photo-
chemical degradation of oxalic acid and also malonic acid (Pavuluri and
Kawamura, 2012).

Since some dicarboxylic acids are found to be semi-volatile in nature
(Limbeck et al., 2001), the evaporation process could lead to the
enrichment of lighter carbon isotope (12C) in the vapor phase and
heavier isotope (13C) in aerosol phase depending on the ambient
temperature. However, evaporation induced carbon isotopic frac-
tionation effects are found to be minimal for monoaromatic hydro-
carbons (i.e., only ~ +0.2‰) (Harrington et al., 1999). Based on
this logic, Wang and Kawamura (2006) argued that carbon isotopic
fractionation, instigated by semi-volatile nature of diacids, is not
substantial. Likewise, the isotopic exchange between inorganic and
organic carbon species (Hoefs, 1997) is only feasible at higher temper-
atures (which occur at several hundred degrees Celsius) (Dias et al.,
2002). Wang and Kawamura (2006) suggested that this process could
be ruled out under normal ambient temperatures and pressure.

Both laboratory andfieldmeasurements suggested that photochem-
ical oxidation of aliphatic and aromatic hydrocarbons emitted from
fossil-fuel and biomass combustion sources, with hydroxyl radical re-
sults in 13C enrichment of remaining compounds after reaction due to
kinetic isotopic effect (Anderson et al., 2004; Irei et al., 2006). Short
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chain diacids are produced in the ambient atmosphere through photo-
chemical oxidation (or breakdown) of their higher homologues
(Bikkina et al., 2015b; Kawamura and Sakaguchi, 1999; Yang et al.,
2008a,b). Further, although large variability in δ13C was noteworthy
for related water-soluble organic compounds such as ωC2, Gly and
Pyr, their mean values are similar with that of oxalic acid (Aggarwal
and Kawamura, 2008). It has been suggested that isoprene oxidation re-
sults in the formation of Gly,ωC2 and Pyr, which are further oxidized to
produce oxalic acid (Carlton et al., 2009 and references therein).

A comparison of δ13C of diacids in urban aerosols from Sapporo
(Aggarwal and Kawamura, 2008) with those in more aged marine aero-
sols from the remote western North Pacific and Southern Ocean (Wang
and Kawamura, 2006) revealed a contrasting behavior for adipic and
azelaic acids, in which δ13C of C6 and C9 diacids are less negative for the
remote marine aerosols from the WNP than those observed for coastal
urban aerosols from Sapporo (Aggarwal and Kawamura, 2008). The rela-
tivelymore enrichment of 13C in adipic and azelaic acid in remotemarine
aerosols is attributed to their origin from photochemical oxidation of bio-
genic unsaturated fatty acids emitted from the surface ocean to theMABL
(Aggarwal andKawamura, 2008). Further, it is important to note that δ13C
value of oxalic acid showed an increase up to−6.7‰ near the equator in
the western Pacific (Wang and Kawamura, 2006).

The sea-to-air emission of biogenic unsaturated fatty acids and its
subsequent photochemical oxidation also results in the formation of
adipic and azelaic acids (Kunwar and Kawamura, 2014). Furthermore,
it is important to state that marine-derived particulate organic matter
in the remote marine atmosphere (around −20‰) is somewhat more
enriched with 13C than those reported for terrestrial vegetation (C3

plants; −27‰) (Miyazaki et al., 2011; Turekian et al., 2003). This may
be in part caused by the contribution of oxalic acid,whose isotopic com-
position is significantly enriched with 13C during photochemical pro-
cesses (Pavuluri and Kawamura, 2012) and whose contribution to
total carbon in marine aerosols can increase up to 10% (Kawamura
and Sakaguchi, 1999).

On the contrary, the more negative or smaller δ13C values of C6 and
C9 diacids in Sapporo aerosols compared to remote marine aerosols
from the North Pacific (Wang and Kawamura, 2006) are attributed to
the contribution from anthropogenic (e.g., fossil-fuel and biomass
combustion) sources and terrestrial higher plants (Aggarwal and
Kawamura, 2008). Overall, δ13C of diacids in remote marine aerosols
are higher (or more enriched with 13C) than those observed in Sapporo
aerosols, which could be explained by kinetic isotopic effect during
aging of air masses (Aggarwal and Kawamura, 2008). Being consistent
with this study, Pavuluri et al. (2011) studied δ13C of diacids in ambient
aerosols collected from a coastal urban site in South Asia. They reported
a significant enrichment of 13C (i.e., higher δ13C) in oxalic acid
(−17.1 ± 2.5‰) followed by malonic (−20.8 ± 1.8‰) and succinic
(−22.5 ± 1.5‰) acids, which can also attribute to photochemical
aging of aerosol bulk carbon (Pavuluri et al., 2011).

A significant decrease (about 5‰ in δ13C) was further found for
adipic and azelaic acids from winter to summer aerosols (Pavuluri
et al., 2011). Although adipic acid is produced in the atmosphere
through oxidation of cyclic olefins that are emitted from anthropogenic
sources (e.g., fossil-fuel combustion), it could also be derived from pho-
tochemical degradation of biogenic azelaic acid (Kawamura et al.,
1996b). The observed lower δ13C of C6 and C9 diacids in summertime
aerosols are attributed to increased contribution of terrestrial biogenic
unsaturated fatty acids, a source of azelaic acid through photochemical
oxidation (Matsunaga et al., 1999; Tedetti et al., 2007). This inference
was also supported by higher atmospheric abundances of long chain di-
acids fromC5 to C12, especially adipic and azelaic acid concentrations in-
creased in summer by a factor of 1.6 and 2.5 times, respectively, than
those observed in winter (Pavuluri et al., 2011). Thus, it was suggested
that contribution of biogenic unsaturated fatty acids from higher plants
(C3 type:−32.5‰ to−38.5‰) (Ballentine et al., 1998) could lower the
δ13C values of adipic and azelaic acid (Pavuluri et al., 2011).
Size-resolved airborne particles (9-stages) from urban Xi'an, China
have beenmeasured during summer andwinter for molecular distribu-
tions and stable carbon isotopic compositions of dicarboxylic acids,
oxocarboxylic acids andα-dicarbonyls (Wang et al., 2012). They report-
ed for the first time the size-resolved differences in stable carbon isoto-
pic compositions of water-soluble diacids and related compounds in
continental organic aerosols. High ambient concentrations of
terephthalic (tPh, 379 ± 200 ng/m3) and glyoxylic acids (ωC2, 235 ±
134 ng/m3) in Xi'an aerosols during winter compared to those in
other Chinese cities suggest significant emissions from plastic waste
burning and coal combustions (Wang et al., 2012). Most of the target
compounds are enriched in the fine mode (b2.1 μm) in both seasons,
peaking at 0.7–2.1 μm. However, summertime concentrations of C3,
C4, C9, Ph, Pyr, ωC4 and ωC9 acids, and Gly in coarse mode (N2.1 μm)
are comparable to and even higher than those in the fine mode
(b2.1 μm). Stable carbon isotopic compositions of the major organics
are higher in winter than in summer, except for C2, ωC4, and Ph. δ13C
of C2 showed a clear difference in sizes during summer, with higher
values in fine mode (ranging from −22.7‰ to −22.0‰) and lower
values in coarse mode (−27.0‰ to −24.9‰). The lower δ13C of C2 in
coarse particles indicates that coarse mode compounds originate from
the evaporation from fine mode and subsequent condensation/absorp-
tion onto pre-existing coarse particles. Positive linear correlations of C2,
sulfate andωC2with their δ13C values suggest thatωC2 is a key interme-
diate, which is formed in aqueous-phase via photo-oxidation of precur-
sors (e.g., Gly and Pyr), followed by further oxidation to produce C2

(Wang et al., 2012).

7. Optical and hygroscopic properties of dicarboxylic acid mixtures
in aerosols

Since dicarboxylic acids are mostly derived through SOA formation
process during long-range atmospheric transport, their condensation
on pre-existing ambient aerosols can affect their optical and hygroscop-
ic properties. Xue et al. (2009a) studied the effect of coatings of diacids
(e.g., succinic and glutaric acids) on the aged soot particles during long
range transport using a Tandem Differential Mobility Analyzer (TDMA)
and differential mobility analyzer coupled with aerosol particle mass
analyzer (DMA–APM). Their study examined the effect of coatings of
water-soluble organic acids on the morphology and hygroscopicity of
soot particles. In spite of a significant increase in the particlemobility di-
ameter, mass and effective density of the soot coated with succinic acid
reached to its original values once acid was removed from the soot par-
ticle by heating. These results indicate a lack of restructuring of the soot
corewhen coatedwith succinic acid or removed the coatings as inferred
based on no changes in the fractal dimensions and dynamic shape fac-
tors found between fresh and coated/heated soot particles.

On the other hand, their study also documented a significant in-
crease in particle mass and decrease in mobility diameter of soot parti-
cles coated with glutaric acid (Xue et al., 2009a). However, significant
increases in the fractal dimensions and dynamic shape factors were ob-
served when soot particles were coated with glutaric acid and the acid
was removed by heating. Likewise, Freedman et al. (2009) assessed
the optical properties of internally mixed aerosols, comprising of dicar-
boxylic acids and ammonium sulfate, using cavity ring down aerosol ex-
tinction spectroscopy (measured at λ = 532 nm).

Xue et al. (2009b) examined the effect of coatings of dicarboxylic
acids (e.g., succinic and glutaric acids) on the light (λ = 532 nm) ab-
sorption and scattering properties of ambient soot particle (i.e., having
sizes from 155 to 320 nm) in their internal mixtures using a cavity
ring-down spectrometer and integrating nephelometer. Their investi-
gations led to the conclusion that coating of dicarboxylic acids enhances
the light scattering and absorption of soot particle by up to 3.8 fold and
less than 1.2 fold, respectively. In particular, further enhancement in
light scattering and absorption properties of soot coated with glutaric
acid was observed when the soot was processed through high relative
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humidity (i.e., with increase in RH up to 90% and then decrease in RH to
5%). This effect was not evident for soot particle coated with succinic
acid. All these observations indicate that coating of atmospheric
water-soluble dicarboxylic acids can lead to substantial changes in hy-
groscopicity, morphology, effective density, light scattering and absorp-
tion properties of ambient soot particle, which are connected with their
indirect and direct climate forcing feedbacks.

Laskin et al. (2012) examined the reactivity of organic particles with
sea salt aerosols using electron microscopy and X-ray spectro-
microscopy, on board theDOEG1 air craft as part of CarbonaceousAero-
sols and Radiative Effects (CARES 2010) field experiment. Their study
reveals that significant amounts of chloride depletion in the aged sea
salt aerosols are due to the reaction with atmospheric water soluble or-
ganic acids, however, cannot be explained by the reationwith inorganic
acids (HNO3 and H2SO4). On the other hand, Furukawa and Takahashi
(2011) suggested, based on the measured concentrations of non-
complexed and metal-complexed oxalate species, that major fraction
of oxalic acid in aerosols is present as calcium–oxalate complex. Further,
their study suggested that presence of oxalic acid does not always in-
crease the hygroscopicity of atmospheric aerosols. Similar is the case
for malonic and succinic acids.

Using an off-line hygroscopicity-TDMA, Boreddy et al. (2014a) re-
ported a declined growth factor for the particles nebulized from water
extracts of springtimemarine aerosols collected from Chichijima Island
in the western North Pacific. They explained the decreased growth fac-
tor due to the chlorine deficits in sea-salt particles and formation of
organometal complex (i.e., calcium oxalate) especially in spring season
when Asian dusts are transported to thewestern North Pacific (Boreddy
et al., 2014a). These contrasting views discussed above require further
evaluation of water-soluble organic dicarboxylic acids on their actual
role in aerosol direct effect through coatings and indirect effect by acting
as a seed for CCN, CN and IN formation.

8. Summary

Low molecular weight dicarboxylic acids and related compounds
(oxocarboxylic acids, glyoxal and methylglyoxal) are ubiquitous in the
tropospheric aerosols, among which oxalic acid is the most abundant
followed by malonic and succinic acids. They are abundantly present
in urban aerosols frommegacities in China and India. Although concen-
trations of diacids in atmospheric aerosols decrease from the continent
to the open ocean, it is reported that small diacids can account for up
to near 20% of organic carbon in aerosols especially in the remote ma-
rine atmosphere from the central Pacific,where photochemical process-
ing of organic aerosols is serious under strong radiation and high
temperature.

Photochemical production pathways of LMW diacids and related
compounds have been proposed based on the field observation of or-
ganic aerosols and laboratory experiments using potential sourcemate-
rials including anthropogenic hydrocarbons, biogenic VOCs such as
isoprene, and unsaturated fatty acids, as well as modeling study. Year
round observations of water-soluble dicarboxylic acids and related
compounds from the island-based sampling in East Asia (viz., Jeju,
Chichijima, and Okinawa Islands) and seasonal/longitudinal cruises
over the North Pacific reconfirmed the relative importance of continen-
tal outflow duringwinter/spring seasons, while oceanic sources (oxida-
tion of biogenic unsaturated fatty acids and isoprene) are the major
sources of dicarboxylic acids; ascertained based on the diagnostic
mass ratios of dicarboxylic acids and related compounds (C2/C4, C3/C4,
Ph/C9, C6/C9, M/F, C2/ωC2, C2/Pyr, C2/MeGly and C2/Gly). Based on the
field and laboratory studies, photochemical production of diacids and
related compounds and subsequent oxidation pathways are updated
in this paper. We emphasize that mass concentration ratios of C3/C4

and cis/trans-isomerization ratios (maleic to fumaric acid ratios: M/F)
can be used as a good tracer of atmospheric processing of organic
aerosols.
We also recognized the importance of primary emission of diacids
especially from biomass burning in South Asia and East Asia as well as
Amazonia and other areas in the world, which can cause high levels of
dicarboxylic acids in the tropospheric aerosols. The biomass burning
aerosols are long-range transported over the high mountains, e.g., the
Himalayas and to the open ocean over the North Pacific. Those primary
aerosols are subjected to photochemical processing in aerosol aqueous
phase when they are exposed to strong radiation and high ambient
temperatures during long-range transport. Compound specific stable
carbon isotopic compositions (δ13C) of LMW diacids and related com-
pounds further provide useful information on the photochemical pro-
cesses of organic aerosols. Oxalic acid is in general more enriched with
heavier isotope (13C) with the highest δ13C value of−6.7‰ in the equa-
torial Pacific. Gas/particle portioning of oxalic acid and its precursors
(e.g., glyoxal and glyoxylic acid) may also contribute to the kinetic iso-
topic fractionation of diacids. In addition to thefield observation, labora-
tory experiments are needed to better understand the processes of the
isotopic fractionation and aging of organic aerosols.

In this review paper, we do not have a chance to thoroughly discuss
the significance of oxalic and other dicarboxylic acids as well as related
polar organic compounds in terms of hygroscopicity and climate forcing
of internal/external mixtures of diacids with ambient aerosols. Their
presence in atmospheric particles should enhance the hygroscopic
properties of the ambient aerosols. Given the ubiquitous occurrence of
LMW diacids in aged aerosols, their chemical reactivity and effects of
coating onmineral dust, soot and sea salt particles need to be investigat-
ed in details to ascertain their actual role in aerosol direct/indirect radi-
ative forcing. The internal mixing of these water-soluble organic acids
with inorganic species such as ammonia and amines may further mod-
ify the physical properties of the particles, having a serious impact on
the radiation balance, CCN activity of the particles and thus regional
and global climate changes.
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