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[1] Concentrations of homologous (C2–C11) dicarboxylic acids were measured in the
atmosphere over Chichi-jima Island (27�040N, 142�130E), western North Pacific, from
April 1990 to November 1993. The monthly averaged concentrations of straight-chain
C2–C7 dicarboxylic acids, and some branched, keto-, and unsaturated dicarboxylic acids
showed a maximum in winter to spring and a minimum in the summer season. In contrast,
straight-chain C8–C11 dicarboxylic acids showed an opposite trend with a maximum in
spring to summer. Principal component analysis revealed that there is a source
characterized by a strong contribution of C2–C7 dicarboxylic acids, phthalic acid, some
keto-dicarboxylic acids, and unsaturated-dicarboxylic acids, whereas there seems to be
another source(s) for the C8–C11 dicarboxylic acids. A combined model of backward
trajectories and emission inventories was used to better understand the sources and source
regions of the dicarboxylic acids. The results show that concentrations of various C2–C7

dicarboxylic acids in the western North Pacific atmosphere are largely controlled by their
emissions and/or their precursor emissions from anthropogenic sources in the Asian
continent, followed by long-range atmospheric transport. On the other hand, longer-chain
dicarboxylic acids cannot be explained by long-range atmospheric transport from a
continental region, which implies emissions and/or formation from natural sources,
possibly from the ocean. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols

and particles (0345, 4801); 0322 Atmospheric Composition and Structure: Constituent sources and sinks; 0365

Atmospheric Composition and Structure: Troposphere—composition and chemistry; 0368 Atmospheric

Composition and Structure: Troposphere—constituent transport and chemistry; KEYWORDS: marine aerosols,

Pacific Ocean, East Asia, dicarboxylic acids
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1. Introduction

[2] Recently atmospheric aerosols have received more
attention with regard to their impact on radiative forcing
[e.g.,Charlson et al., 1992], which is associated with a global
climate change. The organic compounds in aerosol particles
are highlighted because they account for a substantial portion
of atmospheric aerosols, and potentially control the chemical
and physical properties of the particles. They are present as
major components in the sub-micron sizes, which contribute
significantly to the scattering of sunlight (direct effect)
[Mazurek et al., 1991; Penner, 1995]. Moreover, polar
organic compounds are hypothesized to make the aerosol
surfaces hydrophilic, leading the particles to act as cloud
condensation nuclei (CCN). Indeed, some research groups

suggested that organic aerosols having hydrophilic properties
contribute to cloud formation as CCN and lead to changes in
the planetary albedo (indirect effect) [Novakov and Penner,
1993;Rivera-Carpio et al., 1996; Yu, 2000].Matsumoto et al.
[1997] reported that in the marine atmosphere water-soluble
organic compounds as well as sulfate were dominant in fine
aerosol particles and that their concentrations were well
correlated with CCN concentrations.
[3] Organic acids are one of the most abundant organic

compound classes in the tropospheric organic aerosols. In
particular, dicarboxylic acids (DCAs) that contain two
carboxyl groups are major constituents of the water-soluble
organic fraction in aerosols [Saxena and Hildemann, 1996].
They were found in various locations including cities
[Kawamura and Ikushima, 1993; Tran et al., 2000; Kermi-
nen et al., 2000], rural areas [Limbeck et al., 2001], marine
environments [Kawamura and Sakaguchi, 1999] and polar
regions [Kawamura et al., 1996; Kerminen et al., 1999].
DCAs are present predominantly as atmospheric particles
rather than in the gas phase [Baboukas et al., 2000; Limbeck
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et al., 2001] due to their low vapor pressures [Saxena and
Hildemann, 1996]. The vapor pressures of DCAs are several
orders of magnitude lower than those of monocarboxylic
acids having the same carbon numbers [Jacobson et al.,
2000], and their Henry’s law constants to water (in unit of
M/atm) are much higher. The particle size distribution of
DCAs in aerosols showed that a substantial part of the
DCAs is present in the submicron mode [Mészáros, et al.,
1997; Kerminen et al., 1999, 2000], suggesting a long-range
atmospheric transport of DCAs.
[4] DCAs are released directly to the atmosphere from

fossil fuel combustion [Kawamura and Kaplan, 1987], meat
cooking [Rogge et al., 1991; Schauer et al., 1999], and
biomass burning [Lefer et al., 1994; Narukawa et al., 1999].
Based on their diurnal variation, these compounds are
considered to be produced photochemically in the air
[Satsumabayashi et al., 1990]. So far, despite the extensive
field and laboratory studies, little is known about the
formation pathway of DCAs and their primary sources.
Some laboratory studies have suggested a possible forma-
tion pathway in the atmosphere, including ozone oxidation
of cyclic olefins [e.g., Hatakeyama et al., 1987], but their
atmospheric significance in the ambient air is not known.
The removal processes of DCA are not clearly identified
either. Formation of Fe(III)-dicarboxylate complexes and
their photochemical decomposition in atmospheric water
was suggested [Zuo and Hoigné, 1992; Faust and Zepp,
1993]. Taking into account the stability of carboxylic acids
in the gas phase and some evidence for their long-range
transport [Baboukas et al., 2000], wet and dry deposition
may be the important sink for these compounds.
[5] Attention has been paid to East Asia and its outflow

region (i.e., western North Pacific) with regard to the
influence of human activities on climate. The population
in East Asia and Southeast Asia is currently one-third of the
world population. Because of the rapid industrialization and
changes in land use and life style, atmospheric changes are
concerned to be significant in the Asian-Pacific region
regarding atmospheric oxidizing capability, aerosol compo-
sition and concentrations, and acidity of rain. In this study,
we measured DCAs in the air over Chichi-jima, western
North Pacific, from April 1990 to November 1993. This
remote island is located ca. 2000 km away from East Asia
under the path of westerlies and Asian outflow. Here, we
present the seasonal variation of DCAs and the results of
principal component analysis that was conducted to infer
the main source of each species. Temporal variations of
DCA concentrations were further analyzed with a combined
model of backward trajectory and emissions inventories.

2. Experiment

2.1. Aerosol Sampling and Analysis

[6] The aerosol samples were collected on pre-combusted
(450�C, 3hrs) quartz fiber filters (20 � 25 cm, Pallflex
2500QAT-UP) in Chichi-jima (27�040N, 142�130E, popula-
tion of ca. 2000, area of 24 km2) from April 1990 to
November 1993 using a high-volume air sampler [Kawa-
mura et al., 2003]. The sampling site is shown in Figure 1.
Sampling equipment was set up at the Satellite Tracking
Center of the National Aeronautic and Science Development
Agency (NASDA), 254 m above the sea level. Samples were

collected for 4–7 days, and 4300 to 8600 m3 of air was
filtered. Sixty-seven aerosol samples were used in this study.
[7] The filter samples were analyzed for DCAs by the

method of Kawamura and Ikushima [1993]. Briefly, a part
of the quartz-fiber filter was cut in pieces and soaked in 5 ml
milli-Q water then carboxylic acids were extracted three
times with pure water (5 ml � 3) under ultrasonication. The
extracts were collected in a 50 ml flask after filtration, and
concentrated to almost dryness. Then 14% BF3/n-butanol
was added to the extracts, which were then heated for 1 h to
esterify the carboxyl groups. The derived butyl esters were
extracted with n-hexane. They were concentrated and dis-
solved in 50 ml of n-hexane. The butyl esters were deter-
mined by a gas chromatograph (Hewlett-Packard GC6890)
equipped with a split/splitless injector, 30 m long fused
silica capillary column (HP-5) and an FID detector. Each
compound was identified by comparing the retention time
of the GC peak with that of authentic standards.
[8] Recoveries of authentic standards dissolved in Milli-

Q water were 73% and 81% for oxalic and malonic acids,
respectively, and greater than 95% for succinic and adipic
acids. This recovery was taken into account to calculate the
concentrations of the DCAs in the filter samples. Repeated
analysis of a same filter sample was conducted. The
variations due to analytical errors were tested by analyzing
different sections of the same filter sample repeatedly, and
the coefficient of deviation was less than 10%.

2.2. Reliability of Aerosol Sampling

[9] Both positive and negative sampling artifacts have
been reported for filter sampling of organic compounds
[e.g., Turpin et al., 2000]. They include adsorption/re-
evaporation of collected particles to the gas phase and the
oxidation by atmospheric oxidants during sampling.
Recently, we conducted simultaneous measurements of
DCAs in marine aerosols using a high volume air sampler
and a denuder/filter/denuder system. The results by two
different techniques coincide well for DCAs. Because the
artifacts due to adsorption/evaporation are well established
to be minor for the denuder system, this in turn assures that
the high-volume air sampling technique is applicable for
collecting DCAs in the marine environment. This is rea-
sonable because evaporative loss of particulate organics is
in general minor compared to gases adsorbed on the filter
surfaces [Schauer et al., 1999]. On the other hand, adsorp-
tion of gases is limited because DCAs are observed pre-
dominantly in particles, as reported by the measurement of
gas/particle concentrations in the remote ocean [Baboukas
et al., 2000].
[10] Regarding oxidation during sample collection, the

concentration of OH radicals on the quartz filter may be low
because the OH formation is limited under a roof shelter in
the sampler, while the rapid decrease of OH by gas phase
reactions and the uptake on dense quartz fibers can be
expected. Therefore, major oxidants that pass through the
filter are O3. Ozone could oxidize unsaturated organic
compounds on filters. Therefore, DCAs with double bonds
could be removed by oxidation during sampling, whereas
O3 oxidation of unsaturated fatty acids such as oleic and
vaccenic acids could yield C7–C11 DCAs.
[11] For evaluating potential artifacts, the same air was

sampled by quartz filters for different time periods on the
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rooftop of our institute (43�050N, 141�210E) using two high
volume air samplers (Kimoto AS-810A). Artifacts due to
oxidation on filters should be more serious with longer
sampling time. By comparing the filter of a five-day
sampling interval with the five filters of one-day sampling
intervals, relatively significant negative artifacts were seen
for glutaric (C5), maleic and fumaric acids ranging from 45
to 70%. The rest showed a discrepancy within ±27%. It
should be noted that organic compounds originating from
continental sources are much more aged during atmospheric
transport toward Chichi-jima, therefore the artifacts may be
smaller for DCAs of a continental origin. Despite the
presence of such potential artifacts for some DCAs, we will
present the results here because temporal variations still
have useful information about sources, as discussed later.
[12] In this study, total carbon concentrations on quartz

fiber filters were also measured using an elemental analyzer
(Fisons Instruments NA 1500). For accessing influences
from local anthropogenic sources, polycyclic aromatic
hydrocarbons (PAHs) were extracted from the quartz filters
and then quantified by the method given by Kawamura
[1995].

2.3. Evaluation of Potential Anthropogenic
Sources in Chichi-jima

[13] Because the objective of this study is to characterize
the long-range atmospheric transport of DCAs, the potential
presence of local sources is not desirable. In order to assess
the influence of local anthropogenic sources on the DCA
concentrations, the concentration ratios of benzo[a]pyrene
(BaP) to C2–C11 DCAs were calculated with a view that BaP
is produced by fossil fuel combustion and biomass burning
and subjected to photochemical oxidation whereas DCAs are
more stable in the atmosphere. If DCAs collected in this study
were mainly emitted from local anthropogenic sources along
with PAHs such as BaP, the ratio should be close to the typical
values reported in polluted areas. The calculated ratio of
[BaP]/[C2–C11DCA] for Chichi-jima was 0.8 (±1.3)� 10�4.
This value is two orders of magnitude lower than the value of

4.8 (±4.9)� 10�3 obtained in Tokyo, a polluted area in Asia.
This suggests that DCAs from local anthropogenic sources
have a minor influence to the DCA concentrations observed
at the sampling site. Even when all the PAHs measured at the
site were assumed to be emitted from the local sources on the
island, DCAs from the local source contributed less than 2%
as a rough estimate applying the [BaP]/[C2–C11DCA] ratios
in Tokyo and Chichi-jima. DCA concentrations were com-
pared with some other PAHs, leading to the same conclusion.
Hence, our samples should be free from local anthropogenic
sources within the island. The influence of natural sources to
the DCA concentration is also an important issue, a point to
be discussed later.

3. Results and Discussion

3.1. Concentrations of Dicarboxylic Acids Over
Chichi-jima Island

[14] The concentrations of total DCAs observed during the
sampling period ranged from 6 to 550 ngm�3 (140 ngm�3 on
average). The average concentration is about 1/3–1/4 of the
value observed at Tokyo (90–1400 ng m�3, average 480 ng
m�3 [Kawamura and Ikushima, 1993]). On the other hand,
lower concentrations were reported in the remote marine
atmosphere from the central Pacific Ocean [Kawamura and
Sakaguchi, 1999]. Figure 2 shows a time series of total DCA
concentrations over Chichi-jima. There appears to be some
seasonal variation: lower concentrations in summer, and
higher concentrations in the winter season. However, some
winter samples showed low concentrations that were com-
parable to those in the summer season. Therefore, a large
variation of the concentrations from sample to sample was
observed, in particular in the winter season. Throughout the
four-year observations of DCAs, no significant trend was
found in their concentrations.
[15] Table 1 summarizes the concentrations of DCAs

observed at the sampling site in spring, summer, autumn
and winter. Among the DCAs measured, oxalic acid (C2)
was the most abundant species in all seasons, followed by
malonic (C3) and succinic (C4) acids. Oxalic acid accounts

Figure 1. A map of the western North Pacific and location
of Chichi-jima Island (27�040N, 142�130E).

Figure 2. Four-year temporal variation of total dicar-
boxylic acid concentrations over the western North Pacific
from April 1990 to November 1993. Each point represents
the concentration measured from one filter sample collected
for 4–7 days.
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for approximately 70 wt % of total DCAs. The relative
abundances of malonic and succinic acids are 10 wt % and
6 wt %, respectively. The DCA carbon corresponds to on
average 7% of the total content of aerosol carbon (TC) that
has been determined for the quartz filter samples by
elemental carbon analysis [Kawamura et al., 2003].

3.2. Seasonal Variation of Individual Dicarboxylic
Acids

[16] Figure 3 shows monthly averaged concentrations of
dominant DCAs measured from April 1990 to November
1993 on Chichi-jima Island. Oxalic, malonic, succinic, and
phthalic acids clearly show a wintertime maximum and
summertime minimum. The large bars (presented as one
standard deviation, Figure 3) indicate significant variations
of the concentrations within one-month periods. Relatively
high average concentrations of up to 200 ng m�3 were
observed for oxalic acid (C2 DCA) in winter to spring
(Figure 3a). In contrast, they were low in summer, with the
concentrations being <50 ng m�3 on a monthly average
basis. Similar variations can be seen for malonic (Figure
3b), succinic (Figure 3c), and phthalic acid (Figure 3d) as
well as minor DCAs, such as the straight-chain C5–C7

DCAs. It is known that in the summer season, a maritime
high-pressure system dominates over the western North
Pacific in which the air mass is less influenced by the
continental outflow from Asia. This is consistent with the
fact that anthropogenic PAH concentrations showed a
similar seasonal variation (K. Kawamura, paper in prepara-
tion, 2003). On the other hand, the westerlies blow from the
Asian continent in winter to spring; therefore, the marine
atmosphere over a wide area of the northwestern Pacific is
frequently influenced by continental outflow [e.g., Duce et
al., 1980]. The large variations of DCA concentrations in
autumn to spring may be due to the frequent passages of
low- and high-pressure systems, leading to changes in air

mass origins and the extent of wet deposition processes of
atmospheric aerosols. In contrast, the maritime high-pres-
sure system is stable in the summer season, which leads to
the smaller variability in DCA concentrations.
[17] Very low concentrations of DCAs observed in the

summer suggest a negligible contribution of local vegeta-
tion emissions to the concentrations of the C2–C7 DCAs
and their precursors at the sampling site. Local anthropo-
genic emissions of DCAs from combustion, domestic and
vehicular sources, are also minimal as described in the
experimental section. Moreover, the DCA concentrations
obtained by shipboard measurements around Chichi-jima
Island were within the range presented here. Therefore, it
can be concluded that the C2–C7 DCAs and their precursors
were transported from external areas to the island.
[18] Longer chain DCAs such as suberic (straight-chain

C8 DCA, Figure 3e), azelaic (straight-chain C9 DCA, Figure
3f ), sebacic and undecanedioic acids (straight-chain C10 and
C11 DCAs, not shown) show a different pattern from the C2–
C7 DCAs. For example, azelaic acid has monthly averaged
concentrations slightly higher in the summer season than in
the winter. However, the interpretation is not as simple as the
C2–C7 DCAs because the variations of C8–C11 compounds
are potentially biased by the oxidation of unsaturated fatty
acids (mainly C16 and C18) on filters, as explained in the
experimental section. However, even if artifacts due to O3

reaction are significant, positive artifacts would be more
enhanced in the winter than in summer because much higher
ozone concentrations with westerly winds were reported in
the region [Nagao et al., 1999; Kato et al., 2001]. The
seasonal variation in temperature, which affects the reactiv-
ity of O3 with organics, was relatively small. Therefore,
regardless that the concentrations are positively biased by O3

oxidation or not, the variations indicate that the concentra-
tions of these compounds are regulated by sources different
from those of C2–C7 DCA compounds.

Table 1. Concentration Ranges and Average and Median Concentrations of Dicarboxylic Acids Observed Over Chichi-jima, Western

North Pacifica

January to March
(14 Samples)

April to June
(21 Samples)

July to September
(19 Samples)

October to December
(13 Samples)

Range Average Median Range Average Median Range Average Median Range Average Median

Oxalic 85–320 120 110 9.8–430 130 120 3.6–140 41 30 3.7–340 72 46
Malonic 7.0–53 19 18 3.0–50 15 11 0.080–16 6.1 4.6 0.21–30 11 6.7
Succinic 6.1–37 16 14 0.52–29 7.5 3.3 0.19–5.4 1.6 1.1 0.13–26 6.7 4.3
Glutaricb 1.3–8.8 3.6 3.4 0.11–5.3 1.2 0.56 �0.66 0.26 0.23 �5.5 1.4 0.91
Adipic 0.060–5.3 2 1.6 0.11–3.0 0.72 0.47 0.067–0.50 0.24 0.2 �3.2 0.81 0.48
Pimelic 0.13–1.7 0.51 0.39 �1.4 0.35 0.22 �0.44 0.13 0.11 �0.95 0.23 0.15
Suberic 0.052–1.8 0.34 0.21 0.062–1.1 0.41 0.42 �0.84 0.28 0.2 �0.94 0.26 0.26
Azelaic 0.20–1.4 0.62 0.53 0.27–2.3 1.1 0.92 0.18–1.7 0.68 0.5 �1.1 0.45 0.18
Sebacic 0.059–0.56 0.21 0.18 �0.49 0.19 0.18 �0.17 0.02 BDL �0.39 0.13 0.079
Undecanedioic 0.059–0.53 0.23 0.21 �0.55 0.25 0.24 �0.2 0.28 0.18 �0.58 0.17 0.12
Methylmalonic 0.14–2.5 0.87 0.7 �2.9 0.5 0.22 �0.38 0.11 0.094 �1.2 0.31 0.2
Methylsuccinic 0.42–3.9 1.6 1.4 0.091–3.2 0.97 0.69 �0.95 0.37 0.34 �3.3 0.92 0.86
Phthalic 1.6–15 5.5 3.6 0.64–14 2.7 1.7 0.30–3.4 1.4 0.98 0.17–20 4.2 1.8
Oxomalonic 0.10–4.0 0.89 0.67 �3.7 0.91 0.64 �0.63 0.16 0.14 �2.1 0.49 0.24
Oxosuccinic 0.26–2.3 0.96 0.86 �3.8 0.82 0.52 �0.56 0.16 0.13 �2.1 0.46 0.22
4-oxopimelic 1.1–7.4 3.4 2.8 �10 3.9 3.8 �4.9 0.7 0.17 �7.3 1.6 0.6
Maleicb 0.44–2.5 1.5 1.6 0.096–1.5 0.5 0.37 �0.32 0.16 0.14 �1.6 0.57 0.43
Fumaricb 0.32–1.8 0.95 0.88 0.069–3.4 0.66 0.36 �1.1 0.37 0.38 0.13–2.3 0.66 0.42
Methylmaleic �2.2 0.82 0.84 �1.9 0.38 0.25 �0.63 0.11 0.06 �2 0.33 0.13
Total 120–400 230 190 18–550 170 160 7–170 54 37 6–410 100 64

aConcentrations are given in ng m�3. Detection limits were 0.05–0.1 ng m�3, depending on the species and samples. BDL denotes ‘‘below detection
limits.’’

bPossibly negatively biased.
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[19] The C8 and C9 DCAs have been proposed as oxidation
products of unsaturated fatty acids such as oleic acid [Kawa-
mura and Gagosian, 1987; Stephanou and Stratigakis,
1993]. Unsaturated fatty acids are enriched in the microlayer
of the ocean surface. Their possible emission from the ocean
to the North Pacific atmosphere has been discussed by
Mochida et al. [2002]. Therefore, the dominant source of
the C8–C11 DCAs detected in the Chichi-jima aerosols may
be the ocean. Unsaturated fatty acids emitted from local
vegetation and those transported from the Asian continent
are not likely contributors to such a variation of the C8–C11

DCAs, because the concentrations of the C20–C32 fatty acids
as a proxy of plant wax emissions stayed lower in the summer
season over Chichi-jima [Kawamura et al., 2003]. They
reported different characteristics of the chain-length distri-
butions of fatty acids in the aerosols and local plant wax,
providing further evidence that fatty acids emitted from local
vegetation are not abundant and therefore not important as
precursors of DCAs.

3.3. Principal Component Analysis for the
Concentrations of Dicarboxylic Acids

[20] Principal component analysis, which is a useful data
analysis method for verifying origins of aerosols, has been
applied to distinguish more than one source [Hopke, 1985].
To clarify the hidden source information in an ambient data
set, this approach has so far been successfully used for a
series of DCAs in the marine environment [Kawamura and
Sakaguchi, 1999] as well as for other atmospheric trace
species [Henry and Hidy, 1979, 1982; Wolff and Korsog,
1985]. Compounds with sources from the same places and
similar reaction pathways are expected to show similar
temporal variations in their concentrations. In this case, the

similarity of the temporal variations among the compounds
can be quantified using principal component analysis.
[21] Here source information of DCAs is investigated by

principal component analysis using their concentrations as
variables. The data sets of DCAs over Chichi-jima (n = 67)
were subjected to the principal component analysis based on
their correlation matrix, which was followed by the varimax
rotation of the eigenvectors. Principal component loadings,
which are correlation coefficients between DCA concen-
trations with principal components, are shown in Table 2.
The number of components shown here was set to two by
the scree test. The two components account for 67% of the
total variance, with the primary component corresponding
to 41%. Succinic, glutaric, adipic and maleic acids showed
loadings of >0.9 in the first component (Table 2). Phthalic
acid also had a large loading of 0.77. These compounds are
often observed in the polluted atmosphere as major aerosol
constituents, suggesting that the first component is related to
anthropogenic emissions. Oxalic, malonic, pimelic, methyl-
malonic, methylsuccinic, 4-oxopimelic, fumaric, and meth-
ylmaleic acids also showed relatively large loadings >0.5 in
the first component, thus their concentrations over Chichi-
jima are probably influenced by anthropogenic sources as
well.
[22] On the other hand, concentrations of C8–C11 DCAs

have larger loadings in the second component (It should be
noted that these high correlation coefficients may partly be
influenced by sampling artifacts as explained above). As
explained earlier, DCAs with relatively long carbon chains
(e.g., azelaic acid) are formed in the marine atmosphere by
O3 oxidation of unsaturated fatty acids emitted from the
microlayers in the surface ocean. Therefore, we think that a
plausible explanation for the second component is that they

Figure 3. Monthly averaged concentrations of some dicarboxylic acids measured from April 1990 to
November 1993 at Chichi-jima. The averages are calculated on the basis of the numbers of samples. One
standard deviation is shown as error bars in the figure.

MOCHIDA ET AL.: ORIGINS OF DICARBOXYLIC ACIDS AAC 7 - 5



have, at least in part, information about compounds mainly
emitted from the ocean.

3.4. Source Apportionment of Dicarboxylic Acids
Based on a Transport Model

[23] In order to identify the sources of DCAs from a
different point of view, we used a transport model, which is
a combination of backward trajectory and emissions inven-
tories. Backward trajectory analysis was used to estimate
the air mass origin [Yamazaki et al., 1989]. The meteoro-
logical data were obtained from the European Center for
Medium-Range Weather Forecasts (ECMWF); the resolu-
tion of the horizontal grid was 2.5� � 2.5�, and the vertical
resolutions were 14 and 15 layers for 1990–1991 and
1992–1993, respectively. In order to decrease the uncer-
tainties of each trajectory calculation and to take into
account some mixing processes, we conducted many tra-
jectory analysis starting from points around the observation
site of Chichi-jima every 12 hours [Yamazaki et al., 1989].
This trajectory model used the three-dimensional wind
fields that the ECMWF model provides, though the sub-
grid-scale vertical motions such as those in cumulus clouds
were not considered. The initial locations where air parcels
were traced backward were set within a 2�� 2� grid over the
sampling site at 0.2 degree steps and six vertical layers (850,
880, 910, 940, 970 and 1000 hPa). Thus, the number of the
total initial positions were 11 � 11 � 6 = 726. Each air
parcel was traced backward for 10 days. Although the
period is somewhat long, providing some uncertainties,
we applied this procedure because a substantial part of the
DCAs is present in the sub-micron mode aerosols [Més-
záros et al., 1997; Kerminen et al., 1999, 2000], which are
transported long distances. Furthermore, their gaseous pre-
cursors could be transported long distances too, and be
finally converted to DCAs by the photochemical oxidation.
[24] The backward trajectory analysis was started every 12

hours (at 0000GMTand 1200GMT), and then the position of
each air parcel was calculated and recorded every 2 hours for
10 days. This calculation was repeated for each sampling

period (4 to 7 days). Summation of all trajectory results gave
a 3D-distribution, as shown in Figures 4a–4c. These figures
give the areas from which the air mass eventually arrived at
Chichi-jima within 10 days prior to aerosol sampling. In the
case of April 20–24, 1993 (Figure 4a), the air mass came
from the Asian continent, being strongly influenced by
anthropogenic emissions. In the case of July 26–30, 1993
(Figure 4b), the air mass was present over the remote ocean,
thus the influence of terrestrial emissions should be small.
Similar cases were often seen for the trajectories in the
summer season. In the case of August 18–23, 1992 (Figure
4c), the air mass was transported from Southeast Asia,
therefore natural emissions from the tropical rain forest
and biomass burning should strongly influence on the
properties of the air mass. Although this model neglects
some mixing processes and wet deposition due to precip-
itation, the results give the general information on the
regions where the air mass originated and how they contrib-
ute to the air quality of the remote ocean.
[25] For this model study, possible sources of DCAs and/

or their precursors were categorized into three groups,
anthropogenic emissions, forest fires, and gas/aerosol emis-
sions from natural vegetation; however, they do not include
the source from the ocean. ‘‘Anthropogenic’’ here represents
emissions from fossil- and wood fuel combustion and
industrial processes. High concentrations of some DCAs
such as oxalic acid were reported in polluted atmospheres
[e.g., Kawamura and Ikushima, 1993], suggesting an impor-
tance of anthropogenic emissions as sources of DCAs and/or
their precursors. On the other hand, the global emissions of
natural volatile organic compounds (VOCs) are estimated to
be 1150 Tg C yr�1 [Guenther et al., 1995], which is signifi-
cantly larger than anthropogenic VOCs, 142 Tg C yr�1

[Middleton, 1995]. Therefore, photochemical formation of
aerosols from natural VOCs as well as primary aerosol
emissions from natural vegetation are suggested to be sig-
nificant for the budget of organic aerosols. It is also important
to note that very high concentrations of organic acids,
including DCAs, were also measured during the event of
forest fires in Southeast Asia [e.g., Narukawa et al., 1999].
[26] Because there are no emission inventories of DCAs

and/or their precursors, emissions and transport of other
chemical species were applied as tracers, and their influence
on air mass characteristics over Chichi-jima was compared
with seasonal variations of DCA concentrations. Emissions
from three source categories were assumed using emis-
sion inventories (2.5� � 2.5� grids) from Global Emissions
Inventory Activity (GEIA) which is a project of International
Global Atmospheric Chemistry (IGAC) Program. Emissions
of fossil fuel black carbon, black carbon from biomass
burning [Cooke and Wilson, 1996], and monoterpenes
[Guenther et al., 1995] were used to represent anthropogenic
sources, forest fires, and natural vegetation, respectively
(Figures 5a–5c). Annually averaged fossil fuel black carbon
inventories were used to represent anthropogenic emissions.
As shown in Figure 5a, East Asian countries with many
mega-cities and major industrial areas have large emission
rates. In order to represent emissions of organic compounds
from forest fires, monthly-averaged inventories of biogenic
black carbon was applied in the model. The Southeast Asia is
the region characterized by large emission rates (Figure 5b).
Monthly-averaged monoterpene inventories were applied for

Table 2. Results of Principal Component Analysis With Varimax

Rotation for the Data Set of Dicarboxylic Acids in the Marine

Aerosols From the Western North Pacific

Diacids Component 1 Component 2

Oxalic 0.58 0.58
Malonic 0.73 0.49
Succinic 0.90 0.35
Glutaric 0.95 0.21
Adipic 0.92 0.28
Pimelic 0.64 0.30
Suberic 0.22 0.28
Azelaic 0.03 0.77
Sebacic 0.29 0.66
Undecanedioic 0.00 0.47
Methylmalonic 0.53 0.62
Methylsuccinic 0.80 0.30
Phthalic 0.77 0.04
Oxomalonic 0.49 0.73
Oxosuccinic 0.32 0.73
4-Oxopimelic 0.52 0.66
Maleic 0.91 0.19
Fumaric 0.58 0.59
Methylmaleic 0.64 0.55

Variance 0.41 0.26
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representing emissions of organic aerosols and/or gases
from natural vegetation. The rain forest in Southeast Asia
has large emission rates (Figure 5c).
[27] Contributions of these emission sources to the air

mass characteristics over Chichi-jima were quantified by a
source strength Si, which is defined by:

Si ¼
1

n

X

j;k

cj;k fj;k ið Þ ð1Þ

where n is the number of trajectory analyses which were
conducted every 12 hrs, cj,k is the number of virtual particles
(shown as examples in Figures 4a–4c) within 2D-grid [ j, k]
and below the boundary layer fixed at 850 hPa, and fj,k(i) is
the emission rate of component i from the grid [ j, k]. This
calculation means that, until the air parcels in trajectory
analysis reach Chichi-jima, continuous emissions from the
earth surface are added as long as the air parcels are present
within the boundary layer. We did not take into account the
removal process of these virtual tracers and mixing of air
parcels with the surrounding air.
[28] As seen in Figures 5a–5c, the source regions for

anthropogenic emissions are clearly different from those for
forest fires and natural vegetation. On the other hand, the
spatial distributions of the source regions for forest fires and
natural vegetation are partly overlapped, both having large
emission rates in the rainforests of Southeast Asia. How-
ever, the different seasonality of these emissions provides
independent characteristics for the distinction between
emissions from forest fires and natural vegetation. There-
fore, the spatial and seasonal variations of tracer emissions
from these three sources were applied to our DCA data sets
in order to differentiate the seasonal variation patterns over
Chichi-jima. This application with the comparison of field
data and modeling results makes it possible to determine the
dominant source of the DCAs in the marine atmosphere
over the western North Pacific.
[29] Figures 6a–6c show the source strengths of anthro-

pogenic emissions, and emissions from forest fires and
natural vegetation, as well as the oxalic acid concentrations.
As can clearly be seen, the oxalic acid concentrations best
correlate with the source strength of anthropogenic emis-
sions. In contrast, no correlation was observed between the
concentrations and the source strength of forest fires and
natural emissions from vegetation. This indicates that human
activity in the East Asia region is a primary factor to govern
the oxalic acid concentrations over Chichi-jima, whereas
forest fires and natural VOC emissions from forests are
relatively minor. This result is consistent with some studies
that discussed long-range transport of oxalic acid. Norton et
al. [1983] collected aerosol samples on Teflon filters at a
remote Colorado mountain site, and reported the correlation
of airborne oxalate with nitrate, suggesting a pollution

source for oxalate. The correlation of oxalate with nitrate
was also suggested by Baboukas et al. [2000], who reported
that the spatial distribution of the oxalic acid concentration
over the Atlantic Ocean is similar to that of HNO3, and
suggested that oxalate is of anthropogenic origin.

Figure 5. (opposite) Annual emission inventories of (a)
black carbon from fossil fuel burning, (b) black carbon from
biomass burning, and (c) monoterpene for representing
emissions from anthropogenic sources, forest fires, and
natural vegetation, respectively. Monthly-averaged inven-
tories for emissions of biomass burning black carbon and
monoterpenes were used in the model.
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[30] The correlations between concentrations of individ-
ual organic acids and three source strengths (anthropogenic,
forest fires, and natural vegetation) are summarized in Table
3. All C2–C7 DCAs showed a good correlation with the
source strength of anthropogenic emissions. These com-
pounds comprise of approximately 90% of the total acids
measured in the experimental scheme described above.
Therefore, concentrations of total DCAs over the sampling
site may be regulated primarily by the outflow of anthro-
pogenic emissions such as fossil- and wood-fuel combus-
tion and industrial processes on the Asian continent.
Furthermore, considering the location of Chichi-jima, this
leads to a general conclusion that can be adapted to the

marine atmosphere in the western North Pacific. Phthalic
and maleic acids also showed good correlations with source
strength of anthropogenic emissions, which is consistent
with the fact that they are abundant in polluted environment.
Other branched, keto-, and unsaturated DCAs also corre-
lated with anthropogenic influence, but these correlation
coefficients are lower than those of C2–C7 DCAs except for
maleic acid. On the other hand, the concentrations of the
C8–C11 DCAs, did not show a clear seasonal trend, being
different from the C2–C7 DCAs. These seasonal variations
are not similar to those of the source strengths of the
anthropogenic emissions or forest fires and natural vegeta-
tion (the results are not shown here). This is consistent with
the hypothesis that C8–C11 DCAs and/or their precursors
are mainly emitted from the ocean. As mentioned earlier,
removal processes are not included in the calculation of
source strengths, although aerosol concentrations are some-
times influenced by wet and dry deposition processes. This
may cause some uncertainties for the temporal variations of
DCAs especially during the monsoon seasons and tropical
storms in Southeast Asia.
[31] As pointed earlier, principal component analysis dem-

onstrates that the first component (see Table 2) represents
anthropogenic influences. Table 3 presents the correlation
coefficients between the individual DCA concentrations and
the three source strengths (anthropogenic, forest fires and
natural vegetation) obtained by the transport model for the
Chichi-jima aerosol samples. Interestingly, loadings of first
component (Table 2) showed good agreement with the
correlation coefficients between DCA concentrations and
anthropogenic source strength (see Table 3). This agreement
confirms the idea that the first component in Table 2 really
represents anthropogenic influences, and that all the results
presented here are consistent.
[32] To assess the contributions of anthropogenic, bio-

mass burning and biogenic sources to the total organic
aerosols is an important issue for the study of global

Figure 6. Oxalic acid concentrations in the atmosphere of
Chichi-jima, western North Pacific, and source strengths of
(a) anthropogenic emission, (b) forest fires, and (c) emissions
from natural vegetation. The contributions are given by open
circles whereas the source strengths are solid lines.

Table 3. Correlation Coefficients Between Dicarboxylic Acid

Concentrations in the Western North Pacific and the Source

Strengths of Anthropogenic Emissions, Forest Fires, and Natural

Vegetationa

Anthropogenic Forest Fires Natural Vegetation

Oxalic 0.62 0.14 0.04
Malonic 0.57 0.28 0.00
Succinic 0.74 0.34 0.06
Glutaric 0.76 0.38 0.01
Adipic 0.72 0.36 �0.04
Pimelic 0.55 0.49 �0.01
Suberic 0.17 0.45 0.15
Azelaic 0.06 0.00 0.24
Sebacic 0.26 �0.14 �0.07
Undecanedioic �0.05 �0.20 �0.11
Methylmalonic 0.43 0.03 �0.03
Methylsuccinic 0.54 0.09 0.04
Phthalic 0.51 0.27 �0.14
Oxomalonic 0.42 0.01 0.08
Oxosuccinic 0.47 0.06 0.03
4-Oxopimelic 0.40 �0.05 0.06
Maleic 0.74 0.30 �0.05
Fumaric 0.50 0.03 �0.09
Methylmaleic 0.50 0.23 �0.04

aIn total, 67 data sets are used for the calculation (see Figure 6 for the
case of oxalic acid).
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atmospheric aerosol models [Griffin et al., 1999; Kanakidou
et al., 2000]. So far, the assumptions made in the models
vary from one model to another. The only reliable means to
estimate their relative contribution should be chemical
speciation of organic aerosols and their source apportion-
ment. Although our results are semi quantitative and limited
to DCAs, this study demonstrated that our statistical and
modeling approach, together with organic chemical analy-
ses, is very helpful in clarifying the source apportionment of
organic aerosols in the marine atmosphere.

4. Conclusion

[33] Low molecular-weight dicarboxylic acids (DCAs)
have been studied in the marine aerosols collected from April
1990 to November 1993 over a remote Chichi-jima Island,
which is located in the boundary of westerly and easterly
regimes in the western North Pacific. The four-years data
showed that oxalic acid (C2) is always dominant followed by
malonic (C3) and succinic (C4) acids. The monthly averaged
concentrations of straight-chain C2–C7 DCAs showed a
maximum in winter to spring and a minimum in the summer
season. In contrast, some species such as azelaic (C9) acid
showed an opposite trend with a maximum in spring to
summer. Principal component analysis of the data sets
revealed that two different sources can exist to explain the
seasonal variations in the concentrations of the measured
DCAs. The data sets were also analyzed to better understand
the source apportionment of DCAs using a combined model
of backward trajectory and emission inventories. The results
showed that major portions of DCAs, including the C2–C7

DCAs, are strongly influenced by anthropogenic emissions
from the Asian continent and subsequent long-range trans-
port to the remote atmosphere. However, this is limited to
winter/spring seasons. On the other hand, for the C8–C11

DCAs, the model analyses showed that terrestrial sources
cannot explain their temporal variation well, suggesting that
they and/or their precursors are emitted from the ocean
surfaces as a result of biological activity and wind stress.
This four-years observation has demonstrated that water-
soluble organic aerosols in the western North Pacific are
significantly affected by the outflow from the Asian continent
under the conditions of westerly winds which dominates in
the winter and spring seasons.
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Kawamura, K., R. Sempéré, Y. Imai, Y. Fujii, and M. Hayashi, Water
soluble dicarboxylic acids and related compounds in Antarctic aerosols,
J. Geophys. Res., 101, 18,721–18,728, 1996.

Kawamura, K., Y. Ishimura, and K. Yamazaki, Four years observations of
terrestrial lipid class compounds in marine aerosols from the western
North Pacific, Global Biogeochem. Cycles, 17(1), 1003, doi:10.1029/
2001GB001810, 2003.

Kerminen, V.-M., K. Teinilä, R. Hillamo, and T. Mäkelä, Size-segregated
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Zuo, Y., and J. Hoigné, Formation of hydrogen peroxide and depletion of
oxalic acid in atmospheric water by photolysis of iron(III)-oxalato com-
plexes, Environ. Sci. Technol., 26, 1014–1022, 1992.

�����������������������
H. Hatsushika, Environmental Science Department, Abiko Research

Laboratory, Central Research Institute of Electric Power Industry, 1646
Abiko, Abiko-shi 270-1194 Japan. (hatusika@criepi.denken.or.jp)
A. Kawabata, K. Kawamura, and M. Mochida, Institute of Low

Temperature Science, Hokkaido University, N19 W8, Kita-ku, Sapporo
060-0819, Japan. (kawamura@lowtem.hokudai.ac.jp; mochida@pop.
lowtem.hokudai.ac.jp)
K. Yamazaki, Graduate School of Environmental Earth Science,

Hokkaido University, N10 W5, Kita-ku, Sapporo 060-0810, Japan.
(yamazaki@ees.hokudai.ac.jp)

MOCHIDA ET AL.: ORIGINS OF DICARBOXYLIC ACIDS AAC 7 - 11


