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Abstract. Remote marine aerosols collected over the western North to equatorial Pacific
(348N–148S, 1408E–1508W) were studied for low molecular weight dicarboxylic acids using
a capillary gas chromatography (GC) and GC/mass spectrometer, and for total carbon and
nitrogen contents. Homologous series of dicarboxylic acids (C2–C10) including keto- and
hydroxy-dicarboxylic acids were detected in the samples with a concentration range of 10–
250 ng m23 (average 63 ng m23 and median 44 ng m23). Their molecular distributions
showed a predominance of oxalic acid (C2), followed by malonic acid (C3). The smallest
diacid (C2, 6.5–161 ng m23 with average 40 ng m23 and median 17 ng m23) composed
45–75% (average 65%) of the total diacids. The diacids showed higher concentrations in
the western Pacific rim near Japanese islands and showed lower concentrations in the
central and tropical Pacific. However, relative abundances of the diacid-carbon in the total
aerosol carbon (1.1–15.8%) were found to be higher in the equatorial central Pacific.
These diacids are probably in situ produced in the Pacific atmosphere by photochemical
oxidation of gaseous and particulate precursors. Results of principal component analysis of
individual diacid, coupled with an information on photochemical reactions, further support
that C2 and C3 diacids are likely produced by the oxidation of C4 and longer-chain
diacids, whereas longer-chain (C5–C10) diacids are produced through the oxidation of
semivolatile fatty acids which are also oxidation products of unsaturated fatty acids.
Concentrations of total C (0.069–5.27 mg m23 with average 0.39 mg m23 and median 0.15
mg m23) and total N (0.026–1.44 mg m23 with average 0.12 mg m23 and median 0.077 mg
m23) were generally higher over the western Pacific.

1. Introduction

Low molecular weight (LMW) dicarboxylic acids are now
recognized as ubiquitous aerosol constituents in the urban
regions [Grosjean et al., 1978; Kawamura and Kaplan, 1987;
Kawamura and Ikushima, 1993; Sempéré and Kawamura, 1994],
suburban regions [Norton et al., 1983; Yokouchi and Ambe,
1986; Satsumabayashi et al., 1990], and polar regions from the
Arctic [Li and Winchester, 1993; Kawamura et al., 1995a] and
Antarctic [Kawamura et al., 1995b]. These diacids are directly
emitted to the atmosphere by fossil fuel combustion and bio-
mass burning [Kawamura and Kaplan, 1987; Legrand and De
Angelis, 1996] and are produced in the atmosphere by second-
ary photochemical oxidations of anthropogenic and natural
organic compounds [Grosjean et al., 1978; Hatakeyama et al.,
1987; Satsumabayashi et al., 1990; Kawamura and Ikushima,
1993]. Molecular distributions of dicarboxylic acids provide
information on the source and the formation mechanisms of
organic aerosols [Grosjean et al., 1978; Kawamura and
Ikushima, 1993].

Recently, organic aerosols received more attention because

of their hygroscopic features and capability of acting as cloud
condensation nuclei (CCN) [Novakov and Penner, 1993; Sax-
ena et al., 1995; Novakov et al., 1997]. LMW dicarboxylic acids
are major species in the water soluble fraction of organic aero-
sols [Sempéré and Kawamura, 1994] and have been reported as
abundant in the rainwaters collected from the western North
and South Pacific [Sempéré and Kawamura, 1996]. However,
molecular distributions of the diacids have rarely been studied
in the remote marine atmosphere, although continental or-
ganic aerosols were often analyzed on molecular levels [e.g.,
Simoneit et al., 1991; Kawamura and Ikushima, 1993]. In our
preliminary study we reported homologous series of water
soluble dicarboxylic acids in the marine aerosols from the west-
ern North Pacific [Kawamura and Usukura, 1993]. They were
found to be significantly high (up to 1040 ng m23) in the
western Pacific rim near Japanese islands and account for up to
1.6% of the total aerosol mass, suggesting that water soluble
dicarboxylic acids are important constituents of organic aero-
sols in the marine atmosphere.

In this study we collected marine aerosol samples (n 5 33)
from the western North Pacific to the central Pacific Ocean
including tropical regions (348N–148S, 1408E–1508W). The
samples were analyzed for water soluble C2–C10 dicarboxylic
acids by gas chromatography (GC) and GC/mass spectrometer.
Here we report molecular distributions of diacids in the marine
atmosphere and discuss atmospheric transport of water soluble
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organic aerosols over the Pacific. Photochemical production of
LMW dicarboxylic acids is discussed based on their molecular
distributions and the results of principal component analysis
which was applied to individual diacid species (n 5 16). Total
carbon and nitrogen contents are also reported here for the
Pacific aerosol samples.

2. Samples and Methods
Marine aerosol samples were collected on a precombusted

(5008C) Pallflex quartz fiber filter (20 3 25 cm) using a high
volume air sampler during a cruise of R/V Hakuho Maru
(KH90-2 from Tokyo to Honolulu during September 3 to Oc-
tober 25, 1990, and KH90-3 from Honolulu to Tokyo during
October 31 to December 14, 1990) in the western North to
tropical Pacific. The air sampler was settled at the upper deck
of the ship (;14 m above the sea surface). The sampler was
controlled with a wind sector (6458) and wind speed ($5 m21)
system to avoid a potential contamination from ship exhausts.
The cruise track is shown in Figure 1. After the sample collec-
tion a quartz filter was put in a precleaned glass jar with a
Teflon-lined screw cap and stored in a freezer at 2208C until
the analysis. Thirty-three filter samples were used in this study.

An aliquot (one eighth) of the filters was cut into small
pieces and extracted with a pure water (organic free) to sepa-
rate water soluble dicarboxylic acids and other polar organic
compounds; pure water was prepared by boiling Milli Q water
with KMnO4 to oxidize organic impurities, followed by subse-
quent distillation [Kawamura and Ikushima, 1993]. The water
extracts were concentrated nearly to dryness using a rotary
evaporator under a vacuum and then using a nitrogen blow-
down system. The extracted dicarboxylic acids were esterified
with 14% BF3/n-butanol at 1008C for 30 min. During this
procedure the carboxyl functional group was derived to butyl
ester, and the aldehyde group was derived to dibutoxy acetal
[Kawamura, 1993]. The derivatives were extracted with n-
hexane, washed with pure water, and concentrated to 50 mL in
a 1.5 mL glass vial with a Teflon-lined screw cap.

The butyl esters and acetals were determined with a Hewlett
Packard HP 5890 capillary gas chromatograph (GC) equipped
with a flame ionization detector. Diacid derivatives were also
analyzed with GC/mass spectrometer (Finnigan-MAT ITS-40).
A fused silica capillary column (HP-5, 0.3 mm 3 25 m long)
was used with oven temperatures programmed from 508C (2

min) to 1208C at 308C min21 and then to 3008C at 88 min21 (10
min). Identification of the diacids was performed by a compar-
ison of GC retention times and mass spectra with those of
authentic standards [Kawamura and Ikushima, 1993].

The blank filters were analyzed in parallel with the aerosol
samples. The blank levels were negligible except for oxalic and
phthalic acids. However, they were generally less than 10% of
the samples. The data presented here were corrected for
blanks. Detection limits were ;0.2 ng m23 for oxalic and
phthalic acids and ;0.04 ng m23 for other diacid species. The
recovery of oxalic acid was 70%, and the recoveries of other
diacids were better than 90%. Duplicate analyses showed an
error of less than 13% for major diacids.

Total carbon and total nitrogen were determined using an
elemental analyzer. A part of filter sample (;10 cm2) was cut
off and subjected to a CHN (carbon, hydrogen, and nitrogen)
corder (Yanagimoto MT-3) with a combustion furnace tem-
perature of 8508C [Sempéré and Kawamura, 1994]. Analytical
errors of total carbon (TC) and total nitrogen (TN) based on
duplicate analyses were 10 and 9%, respectively. Although
carbonate carbon was not eliminated from the aerosol samples
prior to carbon measurement in this study, we assume that the
marine aerosol carbon is mostly in organic forms (including
black carbon) because our recent experiments showed that
there is no significant difference in the carbon content before
and after the HCl treatment of the marine aerosols from the
western Pacific (K. Kawamura and K. Ishimura, unpublished
results, 1997). Aerosol mass was also determined by weighing
quartz fiber filter samples before and after sample collection
[Sempéré and Kawamura, 1994].

3. Results and Discussion
3.1. Total Aerosol Masses and Total Carbon
and Nitrogen Contents

Aerosol mass concentrations in the Pacific Ocean ranged
from 19 mg m23 to 404 mg m23 with a mean concentration of
48 mg m23 and a median concentration of 33 mg m23. Higher
concentrations were observed in the western North Pacific
near the Asian continent and Japanese islands, suggesting that
they are derived from continental sources. The mass concen-
trations of some marine aerosol samples are comparable to
those reported in the air over Japanese islands (e.g., 54–220 mg
m23 with average 107 mg m23) [Kawamura and Ikushima,
1993]. However, aerosol mass concentrations are generally
much lower in the marine atmosphere than the continental
aerosols. They are less than 50 mg m23 over the western and
central Pacific, with the lowest value (19 mg m23) in the central
equatorial region (quartz filter number 271).

Concentration ranges of TC and TN were 0.069–5.27 mg
m23 (average 0.38 mg m23 and median 0.15 mg m23) and
0.026–1.44 mg m23 (average 0.12 mg m23 and median 0.08 mg
m23), respectively. These TC contents are ;50 times lower
than those (average 19 mg m23) reported in the urban aerosols
from Tokyo [Kawamura et al., 1995b]. Relatively high TC val-
ues are obtained in the western North Pacific near Japanese
islands, suggesting a significant atmospheric transport of con-
tinent-derived organic materials over the Pacific Ocean. The
abundances of TC relative to aerosol mass, which ranged from
0.14% to 4.8% (average 0.75% and median 0.43%), also
showed higher values in the western North and western trop-
ical Pacific, again suggesting atmospheric input of terrigenous
organic matter over the ocean. TC/aerosol mass ratios in the

Figure 1. Cruise track of R/V Hakuho Maru for aerosol col-
lection. Leg I means a cruise from Tokyo to Honolulu (Sep-
tember 3 to October 25, 1990), whereas Leg II means a cruise
from Honolulu to Tokyo (October 31 to December 14).
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marine atmosphere (0.14–4.8%) are, however, much lower
than those (8–39% with average 20%) reported for urban
aerosols from Tokyo [Kawamura and Ikushima, 1993]. These
results indicate that marine organic aerosols are diluted by
inorganic materials such as sea salts, and/or they are trans-
ported from natural sources with different aerosol composi-
tion.

Similar spatial distributions are obtained for total nitrogen
contents; the highest TN value (1.44 mg m23) was obtained in
the western Pacific rim near the Japanese islands. Except for
the western Pacific, TN contents are rather constant in the
Pacific atmosphere. They compose 0.05–1.3% (average 0.27%
and median 0.23%) of aerosol mass in the marine atmosphere.
The TN contents (average 0.12 mg m23) are ;40 times lower
than those (average 5.3 mg m23) reported for the Tokyo aero-
sols [Kawamura et al., 1995b], being consistent with the case of
TC. This suggests that particulate nitrogen is of continental
origin and transported long distances to the remote marine
atmosphere. However, C/N weight ratios (range is 0.7–8.3,
average is 2.8 and median is 2.3) showed low values less than
2 in the central North Pacific and central equatorial Pacific,
suggesting that particulate nitrogen is formed in the remote
marine atmosphere by gas-to-particle conversion of NOx [War-
neck, 1988] and/or adsorption of ammonia on aerosols [Ue-
matsu et al., 1995].

3.2. Molecular Composition and Concentrations
of Dicarboxylic Acids

Figure 2 shows a typical capillary gas chromatogram of di-
carboxylic acid dibutyl esters. A homologous series of low
molecular weight dicarboxylic acids (C2–C10) were detected in
the remote marine aerosols. Their chemical structures are
given in Figure 3. Oxalic acid (C2) was found as the most
abundant diacid species in all the marine aerosol samples stud-
ied. Malonic acid is the second most abundant diacid, except

for few samples collected near the western Pacific rim which
show the predominance of succinic acid (C4) over malonic acid
(C3). This feature is characteristic of remote marine aerosols
and is different from the continental aerosols collected in mid-
latitudes, where C4 is generally the second most abundant
diacid following oxalic acid [Kawamura and Kaplan, 1987;
Kawamura and Ikushima, 1993]. Adipic acid (C6), fumaric acid
(F, unsaturated C4 diacid), and malic acid (hydroxy C4 diacid)
were also detected in the aerosol samples as major diacid
species. The 4-oxopimelic acid (keto C7 diacid) which was for
the first time identified in the marine atmosphere [Sakaguchi
and Kawamura, 1994] was detected in all the aerosol samples
over the central and equatorial Pacific, as well as oxomalonic
acid (keto C3 diacid).

Concentration ranges of the dicarboxylic acids in the Pacific
aerosols are given in Table 1, as well as average and median
concentrations. Total concentrations of C2–C10 diacids ranged
from 10 ng m23 to 248 ng m23 with an average of 62 ng m23

and a median of 44 ng m23. Their concentrations are ;10
times lower than those reported in the continental aerosols
from Japan [Kawamura and Ikushima, 1993] but are compara-
ble to or lower than those for the marine aerosols from the
northern North Pacific (278–328N, 1348E–1288W) [Kawamura
and Usukura, 1993]. Oxalic acid composed 45–75% (average
65% and median 65%) of total diacids detected in the marine
aerosols, whereas malonic acid composed 7.3–25% (average
17% and median 17%). Relative abundances of C2 plus C3
diacids in the total diacids ranged from 52% to 89% (average
82 6 7%) with a maximum in the central tropical Pacific.

In the marine aerosols both cis and trans configurations of
unsaturated C4 diacid were detected. Generally, trans config-
uration (fumaric acid (F)) is more abundant than cis configu-
ration (maleic acid (M)) in the marine atmosphere (see Figure
2); maleic acid to fumaric acid ratios (i.e., M/F ratio) were very

Figure 2. A typical capillary gas chromatogram (reconstructed ion chromatogram (RIC)) of the dicarboxylic
acid dibutyl ester fraction isolated from the Pacific marine aerosols (quartz filter number 276, November
17–19, 1990).
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low (0.06–1.3, average 0.26 6 0.24 and median 0.19). This is in
contrast to the continental aerosols in which the M/F ratios are
generally greater than a unity (0.8–3.9 with average 1.5 6 1.2
[Kawamura and Ikushima, 1993]). Photochemical oxidation of
aromatic hydrocarbons such as benzene and toluene predom-
inantly produce maleic acid (cis) [Kawamura and Ikushima,
1993], which can be further isomerized to result in fumaric acid
(trans) in the atmosphere during a long-range transport. Al-
though two samples collected in the western Pacific rim near
the Japanese islands showed relatively high M/F ratios (0.84–
1.3), they are still lower than the ratios of continental aerosols,
suggesting that photochemical isomerization of maleic to fu-

maric acid proceeds even in the marine atmosphere near the
continent. Alternatively, maleic acid could preferentially be
decomposed in the marine atmosphere.

3.3. Distributions of Dicarboxylic Acids
Over the Pacific Ocean

Spatial distribution of total diacid concentrations over the
Pacific is presented in Figure 4a. Although relative abundances
of individual diacids are somewhat variable, there is no signif-
icant difference in the spatial distributions of individual com-
pounds. Their atmospheric concentrations are relatively high
in the western Pacific rim and are low in the tropical central

Figure 3. Chemical structures of dicarboxylic acids detected in the marine aerosols.

Table 1. Concentrations of Low Molecular Weight Dicarboxylic Acids (C2–C10) Detected in the Remote Marine Aerosols
Collected From the Tropical to the Western North Pacific

Dicarboxylic
Acids

Carbon
Number Abbreviation

Concentrations, ng m23 Relative Abundance, %

Range Average Median Range Average Median

Oxalic 2 C2 6.5–161 40 27 44–75 65 65
Malonic 3 C3 1.3–54 11 7.3 7.3–25 17 17
Succinic 4 C4 0.29–16 2.8 1.3 1.6–9.9 3.6 3.1
Glutaric 5 C5 ,0.01–6.3 0.64 0.28 0.0–4.0 0.86 0.74
Adipic 6 C6 0.60–13 2.1 1.6 1.4–9.6 4.1 3.6
Pimelic 7 C7 0.03–3.3 0.34 0.14 0.16–2.1 0.48 0.38
Suberic 8 C8 0.09–3.3 0.38 0.25 0.27–2.5 0.71 0.54
Azelaic 9 C9 0.17–4.0 0.57 0.42 0.17–3.2 1.2 1.0
Sebacic 10 C10 ,0.01–3.9 0.23 0.09 0.0–2.5 0.31 0.24
Methylmalonic 4 iC4 0.05–1.3 0.31 0.23 0.11–0.86 0.53 0.53
Maleic 4 M 0.04–3.8 0.31 0.13 0.12–2.4 0.42 0.30
Fumaric 4 F 0.16–4.5 1.0 0.65 0.28–6.4 2.2 1.6
Phthalic 8 Ph ,0.01–7.6 0.66 0.35 0.0–5.2 1.1 0.86
Malic 4 hC4 ,0.01–17 2.2 0.66 0.0–7.0 2.0 1.8
4-oxomalonic 3 kC3 ,0.01–2.5 0.43 0.22 0.0–1.4 0.59 0.62
4-oxopimelic 7 kC7 ,0.01–2.5 0.35 0.12 0.0–1.5 0.35 0.24
Total 10–248 62 44 100 33

There were 33 samples.
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Pacific, being consistent with spatial distributions of aerosol
mass and total carbon. These LMW diacids compose 0.03–
0.76% (average 0.18% and median 0.13%) of the total aerosol
mass. Their relative abundances seem to be higher in the
western Pacific and lower in the central Pacific, being similar to
the spatial distribution of diacid concentrations. LMW dicar-
boxylic acids are primarily emitted by incomplete combustion
of fossil fuels from the urban areas in east Asian countries
including Japan, China, and Korea and are secondarily pro-
duced by photochemical processes in the continental and
coastal marine atmosphere. They are transported long dis-
tances over the Pacific through the atmosphere. During the
atmospheric transport, diacids are further produced and/or
transformed by photochemical processes. They are also scav-
enged from the atmosphere by wet and dry deposition pro-
cesses.

Figure 4b shows spatial distribution of relative abundances
of the diacid carbon in total aerosol carbon. The diacid-C/TC
ratios (1.1–15.8% with average 8.8% and median 8.4%) are
;10 times higher than those (0.18–1.8% with average 0.95%)
obtained for the continental aerosols from Tokyo [Kawamura
and Ikushima, 1993]. This can be explained by an intensive
photochemical production of the diacids in the remote marine

atmosphere, where gas-to-particle conversion of aromatic hy-
drocarbons and other volatile organic compounds may be sig-
nificant under strong sunlight, as well as heterogeneous reac-
tions of organic compounds attached on aerosol surfaces. The
spatial distribution of diacid-C/TC ratios shows higher values
in the central North Pacific and central equatorial Pacific than
in the western Pacific rim near the Asian continent (Figure 4b)
thus being different from the distribution of total diacid con-
centrations. The apparent enrichment of small diacids in the
remote marine aerosols can be interpreted by photochemical
production of the acids during a long-range atmospheric trans-
port. Alternatively, high ratios of diacid-C/TC in the remote
Pacific could be explained by the fact that most of diacids are
present on secondary particles which are small-sized and long-
lived in the atmosphere.

This trend seems to be much clearer when abundances of
dicarboxylic acid carbon relative to total aerosol carbon are
plotted against the latitudes. Figure 5 presents latitudinal dis-
tribution of oxalic acid-C/TC ratios (in percent) in the Pacific
atmosphere. They show a maximum in the equatorial region
and become lower in the midlatitudes, although they scattered
widely (see Figure 5). Similar latitudinal distributions are ob-
tained for malonic and succinic acids and other dicarboxylic
acids, but trends are less clear for longer-chain diacids (C5–
C10) (the results are not shown here). These results suggest
that the photochemical production of small diacids is more
intensified in the lower latitudes where solar radiation is stron-
ger and ambient temperature is higher. Photochemical trans-
formation and evolution of organic aerosols are probably im-
portant in the remote marine atmosphere over the tropical
Pacific.

Although oxalic acid is the dominant diacid species in the
marine aerosol samples studied, relative abundances of diacids
were found to fluctuate in the marine atmosphere from the
Pacific. For example, succinic acid (C4) which is generally the
second most abundant diacid in the continental aerosols
[Kawamura and Ikushima, 1993] is often depleted, and, in-
stead, malonic and malic acids became more abundant in the
marine aerosols, especially from low latitudes. Figure 6 pre-
sents the latitudinal distributions of oxalic, malonic, and malic
acids relative to succinic acid in the Pacific aerosols studied.
The results show that the concentration ratios (C2/C4, C3/C4,

Figure 4. Spatial distributions of (a) concentrations (ng
m23) of low molecular weight dicarboxylic acids (C2–C10) and
(b) relative abundance (in percent) of the diacid-C in the total
aerosol carbon in the remote marine aerosols from the Pacific
Ocean.

Figure 5. Latitudinal distribution of oxalic acid-carbon in
aerosol total carbon (TC) (in percent) in the marine aerosols
collected from the Pacific.
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and malic/C4 ratios) are higher in the equatorial region than
the midlatitudes. Oxalic, malonic and malic acids may be more
abundantly produced than succinic acid in the atmosphere of
low latitudes. Another explanation for the increase of C2/C4
and C3/C4 ratios over the tropical Pacific is higher reactivity of
C4 diacid compared to C2 or C3. It was found that, as seen in
Figure 7, relative abundance of C2 diacid increases from the
western Pacific rim (less than 60%) to central North Pacific
and central equatorial Pacific (more than 70%), suggesting a
preferential production and/or accumulation of oxalic acid in
the remote Pacific.

3.4. Principal Component Analysis of Diacid Data

Prior to discussing the source or formation processes of
dicarboxylic acids in the marine atmosphere, the data sets of
dicarboxylic acids in the Pacific aerosol samples (n 5 33) were
subjected to a principal component analysis (PCA) with vari-
max rotation [Thurston and Spengler, 1985]. Table 2 gives the
correlation (r) of each diacid with each component. These two
components account for 90% of the variance in the data sets,
with 52% accounted for by the first component and 38% ac-
counted for by the second component. The results in Table 2
suggest that the diacid distributions can be explained by a

mixing of two groups, that is, a low molecular weight C2–C4
group and a high molecular weight C5–C10 group. These two
groups seem to be associated with two different sources and/or
different photochemical reaction processes. The PCA results,
coupled with information on photochemical processes, could
provide further information to better understand the source
and formation mechanism of the diacids in the marine atmo-
sphere as follows.

The first component is associated with homologs of straight-
chain saturated C5–C10 diacids (r 5 0.85–0.95) and unsat-
urated diacids such as maleic and phthalic acids (r 5 0.95–
0.98). The C4–C10 a, v-dicarboxylic acids are likely produced
by photooxidation of unsaturated fatty acids and their oxida-

Figure 6. Latitudinal distributions of (a) oxalic/succinic (C2/
C4), (b) malonic/succinic (C3/C4), and (c) malic/succinic (mal-
ic/C4) concentration ratios for the marine aerosols collected
from the Pacific.

Figure 7. Longitudinal distributions of relative abundances
of oxalic (C2) and malonic (C3) acids in the total diacid con-
centrations in the marine aerosols collected from the Pacific
Ocean. Because of very similar values, two points at 1508W,
two points at 1608W, two points at 1788W, and five points at
around 1808 longitude are overlapped on Figure 7.

Table 2. Principal Component Analysis With Varimax
Rotation for the Data Set of Dicarboxylic Acids in the
Marine Aerosols From the Pacific

Diacids Abbreviation Component 1 Component 2

Oxalic C2 0.13 0.97
Malonic C3 20.03 0.93
Succinic C4 0.60 0.78
Glutaric C5 0.90 0.40
Adipic C6 0.85 0.40
Pimelic C7 0.91 0.38
Suberic C8 0.95 0.29
Azelaic C9 0.95 0.17
Sebacic C10 0.95 0.02
Methylmalonic iC4 0.37 0.91
Maleic M 0.95 0.26
Fumaric F 0.74 0.05
Phthalic Ph 0.98 0.14
Malic hC4 0.13 0.98
4-oxomalonic kC3 0.27 0.86
4-oxopimelic kC7 0.55 0.68
Variance 0.52 0.38

Data sets of the 16 individual diacids (ng m23) from 33 aerosol
samples were subjected to PCA analysis with STATISTICA software
(version 4.1.J). The data with below blank (one point) and below
detection limit (nine points) were treated with the pair wise mode.
Because of sharp drop in eigenvalue for factor 3, results for factor 3 are
not given here.
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tion products such as semivolatile fatty acids and midchain
ketocarboxylic acids [Kawamura and Gagosian, 1990]. These
reaction mechanisms are shown in Figure 8. The unsaturated
fatty acids are abundant in terrestrial higher plant leaves and
marine phytoplankton and are enriched in seawater microlay-
ers. The unsaturated fatty acids emitted to the atmosphere are
photochemically oxidized to result in diacids dominated by
azelaic acid (C9) because the double bond exists predomi-
nantly at C-9 position [Kawamura and Gagosian, 1987]. In
contrast, midchain ketocarboxylic acids in the marine aerosols
are characterized by a presence of homologs of positional
isomers, which are not generally present in plant lipids
[Kawamura and Gagosian, 1990]. They are produced in the
marine atmosphere by photochemical oxidation of semivolatile
fatty acids which are counterpart of oxidative degradation of
unsaturated fatty acids (see Figure 8a).

We consider that the first component in Table 2 represents
photochemical production of longer-chain aliphatic dicarboxy-
lic acids (.C4) by the oxidation of unsaturated fatty acids and
their reaction products. Interestingly, their correlation coeffi-
cients((r) seem to decrease with a decrease in carbon chain
length of diacids (see Table 2). This may suggest that longer-
chain diacids (e.g., C8, C9, and C10) are more stable in the
atmosphere than shorter ones (e.g., C5 and C6). The latter are

further broken down to small structures. Phthalic acid and
maleic acids, which are unsaturated diacids, are also grouped
in the first component. Phthalic acid may be produced in the
atmosphere by photochemical oxidation of naphthalene and its
alkylated forms, which are derived from incomplete combus-
tion of fossil fuels [Graedel et al., 1986]. It may also be derived
from phenolic compounds [Kawamura et al., 1996], which are
present in sea surface slicks [Carlson, 1982]. Maleic anhydride
has been reported in the photo-oxidation products of aromatic
hydrocarbons [Bandow et al., 1985], and maleic acid has been
reported in urban aerosols [Kawamura and Ikushima, 1993].

The second components show high correlation coefficients
(0.78–0.98) with C2, C3, C4, and iC4 diacids, malic acid (hC4),
and ketomalonic (kC3) acid (Table 2). Their chemical struc-
tures are characterized by a, v-dicarboxylic acids with small
carbon numbers (#C4) and an additional functional group
such as keto or hydroxyl group. Oxalic and malonic acids are
likely produced in the atmosphere by photo-oxidation of suc-
cinic acid through intermediates such as hydroxysuccinic (mal-
ic) acid and ketomalonic acid (see Figure 8b). The high r
values for C2, C3, kC3, and malic acid in the second compo-
nent (Table 2) suggest that these diacids are strongly con-
nected to each other in the chain reactions given in Figure 8b.
This consideration is consistent with the result that C2 and C3

Figure 8. Reaction mechanisms proposed for the photochemical production of (a) C4–C9 diacids from
unsaturated fatty acids and their oxidation intermediates and (b) oxalic (C2) and malonic (C3) acids from
succinic (C4) acid in the marine atmosphere (modified from Kawamura and Gagosian [1990] and Kawamura
and Ikushima [1993]. Although hydroxymalonic acid has not been identified, it is postulated to exist in the
marine aerosols.
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are two major diacids in the marine aerosols. Alternatively,
many other organic compounds with carbon numbers $C2
including nonmethane hydrocarbons can also serve as precur-
sors of oxalic acid in the marine atmosphere.

3.5. Latitudinal Distribution of Dicarboxylic Acids
at 140&–147&E Transect Over the Western Pacific

To evaluate the importance of a proposed photochemical
production of small diacids in the marine atmosphere, the data
sets are analyzed from a view point of latitudinal transect.
Figure 9 presents a latitudinal change in the ratios of C2 and
C3 diacids over C4 diacid in the aerosol samples collected over
a period of 9 days in early December between the western
tropical Pacific (98N, 1478E) and the western North Pacific
near Japanese islands (348N, 1408E). As seen in Figure 9,
C2/C4 and C3/C4 concentration ratios largely increase from
the north to tropical regions. These results are consistent with
an idea that C4 diacid is photochemically decomposed to result
in C3 and C2 diacids in the marine atmosphere (see Figure 8b),
especially over the tropical Pacific where solar radiation is
stronger. Interestingly, malic acid (hydroxysuccinic acid) was
detected in the tropical aerosols as one of the dominant species
(see Figure 2), and the malic/succinic acid concentration ratios
increased from ;0.4 (358N) to ;1.0 (98N). The malonic/malic
acid ratios also showed an increase from ;0.2 (358N) to ;0.7
(98N). Hydroxysuccinic acid is a likely intermediate in the
chain reactions from succinic acid to oxalic and malonic acids
(Figure 8b).

As a source of C4 diacid, 4-oxocarboxylic acids are likely
precursors in the marine atmosphere. Kawamura and Gagosian
[1990] reported positional isomers of midchain oxocarboxylic
acids (C6–C15) in the Pacific atmosphere, with 4-oxononanoic
and 4-oxoundecanoic acids being the most abundant isomers.
The 4-oxocarboxylic acids can further be oxidized in the atmo-
sphere to result in succinic acid (Figure 8a). It is of interest to
note that these oxocarboxylic acids were also reported in the
Antarctic aerosols collected near Syowa Station [Nishikiori et
al., 1996] and that the concentration of succinic acid showed
maximum in the summer aerosols [Kawamura et al., 1996]. In
addition to 4-oxocarboxylic acids, 5-oxocarboxylic acids and

other positional isomers are present in the marine aerosols.
They may be oxidized to result in C5 and other dicarboxylic
acids (Figure 8a). These higher molecular weight diacids have
been grouped as the first component in the PCA analysis
(Table 2).

Further, dicarboxylic acids with additional oxo group may be
a precursor of succinic acid. The 4-oxopimelic acid (C7 diacid
with oxo group at C-4 position) which was detected in the
marine aerosols (Table 1) should be one of precursors of C4
diacid, although this 4-oxo diacid is less abundant than C4
diacid. Longer-chain diacids (.C5) and another class of or-
ganic compounds including hydrocarbons, aldehydes, and ke-
tones should also serve as precursors of succinic acid under a
photochemical condition in the marine atmosphere.

4. Summary and Conclusions
Molecular distribution of water soluble dicarboxylic acids

(C2–C10) in the marine aerosol samples collected from the
western North Pacific to central tropical Pacific showed a pre-
dominance of oxalic (C2) acid (45–75% of total diacids), fol-
lowed by malonic (C3) acid (7–25%). Total concentrations of
the diacids (10–248 ng m23) were found to be higher in the
western North Pacific rim and lower in the central and equa-
torial Pacific, suggesting that diacids and their precursors orig-
inated from the Asian continent and are transported long
distances over the central Pacific. C2 and C3 dicarboxylic acids
compose 0.4–13% of total aerosol carbon (69–5300 ng C
m23), with higher values in the tropical Pacific. Relative abun-
dance of oxalic acid in total diacids also showed a maximum
(75%) in the central equatorial Pacific. These results, coupled
with the principal component analysis, suggest that oxalic and
malonic acids are largely produced in the marine atmosphere
by photochemical oxidation of precursor compounds such as
succinic acid, which is produced in the atmosphere by the
oxidation of unsaturated fatty acids and their oxidation inter-
mediates (4-oxocarboxylic acids). In contrast, longer-chain di-
acids (C5–C10) are likely derived from direct oxidation of
unsaturated fatty acids.

The dicarboxylic acids detected in the marine aerosols are
very water soluble and thus easily interact with atmospheric
water vapor over the oceans. These water soluble organics
should act as cloud condensation nuclei (CCN) and potentially
influence a radiation balance in the remote marine atmo-
sphere. Chemical properties of marine aerosols may be signif-
icantly influenced by photochemical production of small diac-
ids and evolution of organic aerosols.
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