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[1] Size distributions of C2–C4 dicarboxylic acids in
aerosols were studied in the marine boundary layer (MBL)
of the central to western North Pacific as well as off the
coasts of East Asia. C2–C4 Diacids were mostly present in
submicron particles over the coastal ocean, but they were
relatively abundant in supermicron particles over the remote
ocean. We found that the peak diameters for the
concentration of C2–C4 diacids in supermicron particles
over the remote ocean were similar to that for the surface-
area distribution of sea salts, suggesting a deposition
of gaseous diacids on sea-salt particles and/or their
heterogeneous formation during long-range transport. The
present results, together with the solubility product of
calcium oxalate, suggest that oxalic acid in sea salts may
partly form insoluble calcium salt, which potentially
enhances the uptake of gaseous oxalic acid by the aerosol
particles. INDEX TERMS: 0305 Atmospheric Composition and

Structure: Aerosols and particles (0345, 4801); 0368 Atmospheric

Composition and Structure: Troposphere—constituent transport

and chemistry. Citation: Mochida, M., N. Umemoto,

K. Kawamura, and M. Uematsu, Bimodal size distribution of

C2 –C4 dicarboxylic acids in the marine aerosols, Geophys. Res.

Lett., 30(13), 1672, doi:10.1029/2003GL017451, 2003.

1. Introduction

[2] Size distributions of organic aerosols are important
to understand their chemical and physical properties, and
their formation and growth mechanisms. For instance,
organic compounds as well as major inorganic species in
aerosols regulate the scattering of solar radiation [Penner,
1995], which strongly depends on their size distribution of
aerosols. A substantial fraction of organic aerosol particles
is known to exist in accumulation mode (Dp 0.1–1 mm)
[e.g., Duce, 1978], so they have relatively long residence
time and scatter sunlight effectively. Furthermore, organic
aerosols enriched with water-soluble compounds can act as
cloud condensation nuclei (CCN) [Facchini et al., 1999],
whose efficiency is also size dependent. So far, little has
been known on the size distributions of organic aerosols
and their effects on the physical properties. The difficulty
in the discussion of the size distribution may arise from the
complexity of the organic species constituting aerosols.

The properties of organic constituents, including the reac-
tivity with oxidants and their gas/particle partitioning, are
different from one species to another. Thus, measurements
of specific organic compounds in size-segregated aerosols
are important in better understanding the factors that
regulate the physical and chemical properties of organic
aerosols.
[3] Here, we studied size distribution of C2–C4 dicar-

boxylic acids in the atmospheric aerosols over the
western North Pacific and off the coasts of East Asia
during the ACE-Asia campaign. Diacids are major or-
ganic acids detected in the aerosol phase [e.g., Lawrence
and Koutrakis, 1996 and references therein], and con-
centration of oxalic acid is often higher than any other
single organic species detected in aerosol particles. They
are emitted from motor vehicle [Kawamura and Kaplan,
1987] and biomass burning [Narukawa et al., 1999], and
are formed photochemically in the air [Satsumabayashi et
al., 1990]. We report here the size distribution of C2–C4

diacids in the MBL, and discuss the results in relation to
the uptake of gaseous diacids and/or their heterogeneous
formation on sea-salt particles. Further, we propose a
potential formation of solid calcium oxalate, which may
enhance accumulation of gaseous oxalic acid on sea-salt
particles.

2. Experimental Methods

[4] Aerosol sampling was conducted from March 15 to
April 19, 2001 on board the NOAA R/V Ronald H.
Brown, as part of the Aerosol Characterization Experiment
(ACE)-Asia campaign. The cruise track is presented in
Figure 1. A Micro-Orifice Uniform Deposit Impactor
(MOUDI, MSP Corp.) placed in an aluminum shelter
was used for the size-segregated aerosol sampling. The
aerosol samples were collected at ambient relative humidity
on pre-combusted aluminum foil substrates and backup
quartz fiber filters. The sampling period was 4-days per
sample. To prevent contamination from ship exhaust, the
sampler was controlled by a wind sector/wind speed
system, whose sample air flow was turned off at low wind
speed (<2.5 m s�1) or wind direction from abaft the beam.
The samples were stored in glass jars at �20�C prior to
analysis. Eight sets of samples were collected during the
cruise, and the first six sets, in which the loads of mineral
dust were small relative to other components, are presented
in this study. Backward trajectory analysis showed that air
masses of all six sets of samples were mostly of continental
origin from East Asia.
[5] The aluminum foil substrates and quartz fiber filters

were cut in half, and the samples were extracted with pure
water (3.5 ml � 3) and then analyzed for major inorganic
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ions using ion chromatography (Dionex 500) and for
diacids using gas chromatography [Kawamura and Ikush-
ima, 1993]. Oxalic (C2), malonic (C3) and succinic (C4)
acids were detected in all sets of samples, whereas other
diacids were not detected in some cases, so they are not
presented here. Oxalic acid may form insoluble calcium
salts in sea-salt particles as discussed later, but they should
be completely extracted using sufficient amount of water.
During the cruise, diacids were also collected using a high
volume air sampler and an annular denuder sampling
system placed on the side of the MOUDI shelter. Their
sampling periods were concurrent with those of MOUDI,
but with higher frequencies [Mochida et al., 2003b].
[6] The MOUDI data from the 11-stage aluminum sheets

and one backup filter were subjected to a data inversion, and
the original smooth size distributions were estimated. An
inversion algorithm named STWOM [Markowski, 1987]
was used, where the collection efficiency curves of MOUDI
stages was used as a kernel function of the procedure. A
backup filter was treated virtually as the last impactor stage
for the data inversion. The concentrations of SO4

2� collected
by MOUDI were close to those derived from the concurrent
hi-volume bulk air sampling, whereas the concentrations of
C2, C3, and C4 diacids obtained by MOUDI sampling were
23 ± 9%, 29 ± 10%, and 42 ± 13% lower than those
obtained by hi-volume air sampling, respectively. This may

partly be due to volatilization of the diacids from the
impaction surfaces. In this case, the loss of diacids may
be more significant in lower stages, i.e. submicron sizes,
where the dimensionless pressure drop is larger [Zhang and
McMurry, 1987] and the particles are more acidic. The
discrepancy between different sampling techniques is a
guide to evaluate the uncertainty of the derived size distri-
bution. However, this uncertainty does not significantly
affect the discussions and conclusions of this study as
discussed below.

3. Results and Discussion

[7] Figures 2a–2h present the size distributions of non-
sea-salt (nss) sulfate and C2–C4 diacids off coasts of East
Asia (a to d) and over the remote ocean (e to h). For
diacids, clear bimodal distributions were observed through-
out the cruise. The size distributions of nss sulfate and C2–
C4 diacids were characterized by the peaks in the accumu-
lation mode (0.1–1 mm) off the coasts of East Asia where
outflow of polluted air masses from Asia is strong. Such
characteristic was also reported for oxalic acid in other
circumstances [Baboukas et al., 2000]. The present result is
consistent with the hypothesis that diacids are produced
photochemically in polluted air [Satsumabayashi et al.,
1990].
[8] Recent studies have suggested that the anthropogenic

emission in East Asia and its outflow to the Pacific is a
major source of diacids in the remote MBL [Mochida et al.,
2003a]. Therefore, we suppose that the majority of C2–C4

diacids measured in this study was attributed to continental
sources even in the remote MBL (Figure 2e–2h), where air
masses originated from Asian continent and spent 2–5 days
over the ocean (from trajectory analysis). Being different
from the coastal samples (Figure 2b) where only a small
portion (11–25%) of oxalic acid was present as super-
micron particles, significant portion (29–42%) of oxalic
acid was found in supermicron particles over the remote
ocean (Figure 2f). The trend seems more significant for
malonic (Figures 2c and 2g) and succinic (Figures 2d
and 2h) acids. On the other hand, the size distribution of
nss SO4

2� in remote MBL (Figure 1d) was not different
from those observed off coasts of East Asia; it has a large

Figure 1. Cruise Track of R/V Ronald H. Brown from
May 15 to April 11, 2002, which corresponds to first six
sets of MOUDI samples. The days of year (DOY) when
aluminum sheets and filters in MOUDI were changed are
presented at the corresponding locations of the ship. Sample
numbers are also annotated. ND: no data.

Figure 2. The size distributions of nss sulfate and C2–C4 diacids off coasts of East Asia (a to d) and over the remote
Pacific (e to h). 1: DOY 75–79. 2: DOY 81–85. 3: DOY 85–89. 4: DOY 89–93. 5: DOY 93–97. 6: DOY 97–101. See
Figure 1 for sampling location.
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peak in submicron particles, but the abundance in super-
micron particles is minimal. Such a difference between
diacids and nss SO4

2� is remarkable even if possible losses
of diacids from the MOUDI are taken into account.
[9] Because Na+ and Cl� are the most dominant in coarse

particles in the remote MBL (Nat: 3.2–7.7 mg m�3) major-
ity of C2–C4 diacids in supermicron sizes may be associa-
ted with sea-salt particles. While relatively high nss Ca

2+

concentrations (0.2 mg m�3) in sample 2 suggests possible
association of diacids with dusts as well, concentrations of
nss Ca

2+
were substantially low for samples 1 and 3. The

mass distribution of oxalic acid in supermicron size range is
shown in Figure 3a. Given that the accumulation mode
oxalic acid and nss SO4

2� peak shapes were almost identi-
cal, the nss SO4

2� size distribution was used to remove the
accumulation mode oxalic acid. The resulting coarse mode
oxalic acid size distribution is shown in Figure 3a. For
comparison, size distributions of sea-salt surface area
(Figure 3b) and volume (Figure 3c) were calculated from
size distribution of Na+ and relative humidity. Apparently,
the peak diameter of oxalic acid in the supermicron range is
significantly smaller than that for the sea-salt volume
distribution, but similar to the surface-area distribution.
Similar results were obtained for malonic and succinic
acids. If volatilization of diacid occurs during sampling, a
potential loss would be more significant in lower stages as
described above, suggesting that the actual peak diameters
are even smaller. Thus, the smaller peak diameter for diacids
in supermicron sizes than that for Na+ (�5 mm) should be
real.
[10] There are two possible explanations for the apparent

enrichment of diacids in the supermicron sizes. First, the
peak in supermicron size may be due to the uptake of
gaseous diacids by the coarse particles, like nitrate in the
MBL [Pakkanen et al., 1996]. If gaseous diacids are
transferred to the sea-salt particles, their flux must be
regulated by the surface area of sea salts, resulting the size
distribution of diacid masses to be similar to that of surface
area of sea salts. Furthermore, the size dependence of the
residence time of sea-salt could also affect the diacid
distributions. Second, diacids may be formed heteroge-
neously on the surface of sea-salt particles. Oxidants may
be abundant at the air-water interface of the aerosol
particles, leading to the diacid formation from gaseous/
dissolved organic precursors depending on the surface area.
Fractionation of marine organics to smaller sea-salt par-
ticles was reported for organic surfactants such as fatty
acids [MacIntyre, 1974], but this may not be applicable to
highly water-soluble compounds such as C2–C4 diacids.
Coagulation of diacids from accumulation mode particles
to large particles is not likely because a similar peak of nss
SO4

2� was absent in the supermicron particles.
[11] Because trajectory analysis indicated that the air

masses are mostly originated from East Asia, the diverse
size distribution of diacids (Figure 2) suggests a shift of
their size distribution from small to larger particles during
transport. In this case, the diacids associated with sea salts
are possibly originated from those volatilized from submi-
cron particles. Although the size distribution of diacids was
different from that of nss SO4

2� (Figure 2), the concentration
ratios of total diacids to total nss SO4

2� over the whole size
ranges did not change significantly for the MOUDI samples

1–6, which were 3.7–4.8 � 10�2, 5.0–8.5 � 10�3 and
2.8–5.4 � 10�3 for C2, C3 and C4 diacids, respectively.
Such a small deviation seems to be consistent with the idea
that both diacids and nss SO4

2� were transported from the
same source region. Because the formation of new sulfate
during long-range transport is probably limited due to short
lifetime of SO2, this result may suggest a limited formation
and input of diacids during transport. Based on the vapor
pressures of diacids, a selective enrichment of the C3 and C4

diacids over C2 diacid seems to be in conflict with the above
hypothesis. However, gas/particle measurements including
our denuder sampling [Mochida et al., 2003b; Limbeck et
al., 2001] implies that the volatility of diacids in atmospheric
particles is not simply regulated by the carbon numbers.
Possible losses of diacids from the impactor may partly be
responsible for the selective enrichment as well.
[12] Alternatively, scavenging of aerosols during long-

range transport followed by gas to particle conversion of
diacids, and/or their heterogeneous formation in the remote
MBL, can also explain the apparent shifts in the size
distribution. During the long-range transport of sampled
air masses, precipitation events were frequent due to the
passage of low-pressure systems. This precipitation scav-
enging of a large amount of submicron aerosol particles, as
well as the mixing of the continental air with the clean
remote air, should result in the low concentrations of
submicron particles in the remote MBL, as seen for nss
SO4

2� (Figure 2). Because sea-salt particles are supplied to
the air in the MBL, they can become the major fraction of
aerosols over the remote ocean. Without the presence of
large amount of accumulation mode particles, both new
formation of gaseous diacids followed by uptake on sea-salt
particles and the heterogeneous formation are likely source
of diacids in the supermicron particles over the remote
MBL.

Figure 3. The size distributions of (a) concentrations of
oxalic acid in supermicron particles, as well as (b) surface
area and (c) volume of sea-salt aerosol particles estimated
from Na+ concentrations. Accumulation mode of oxalic acid
was subtracted. See text for details.
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[13] The maximum concentrations of aqueous phase
diacids in sea-salt particles can be predicted by the Henry’s
law constant to the sea-salt solution, and the gas phase
concentration of diacids. Applying the estimated Henry’s
law constants of C2–C4 diacids to pure water (3–5 � 108

M/atm [Saxena and Hildemann, 1996]) and the gas phase
concentration of diacids derived from the annular denuder
sampling [Mochida et al., 2003b], the upper limits of
dissolved diacids were estimated to be 7–20 � 10�3 M,
0.5–1 � 10�3 M and 0.5–1 � 10�3 M for oxalic, malonic,
and succinic acids, respectively. Assuming that the mea-
sured diacids in supermicron particles are dissolved in sea
salts, we also estimated liquid-phase concentrations of
diacids (4–7 � 10�3 M, 1.4–1.6 � 10�3 M and 0.5–0.8
� 10�3 M) using the relative humidity of 80% and the
measured concentrations of diacids and Na+ in supermicron
particles [Tang et al., 1997]. Considering the uncertainty of
the Henry’s law constants together with the variation of
humidity and presence of dust particles, the estimated
concentrations are within the ranges that were calculated
differently as above.
[14] However, these results do not deny a possible

formation of diacid salts which can not be dissolved in
the sea-salt liquid phase. While calcium malonate and
succinate are soluble in water, the solubility product of
calcium oxalate, [(COO�)2] [Ca

2+] should be small enough
(3 � 10�9 M2) to form a solid calcium salt in sea-salt
particles. Assuming Ca2+ concentration in sea-salt particles
to be about 0.1M [Tang et al., 1997], the concentration of
(COO�)2 (dissociated oxalic acid) in sea-salt particles was
calculated to be 3 � 10�8 M from the solubility product.
Dissociation constants of oxalic acid suggest that >99% of
oxalic acid not associated with Ca is present as (COO�)2 in
neutral and basic solution. The ratios drop down to 0.84 at
pH = 5, but still remain high. Therefore, even if the sea salt
is acidified to pH = 5, the concentration of oxalic acid not
associated with Ca, i.e. sum of (COO�)2, (COOH)(COO

�)
and (COOH)2, is only about 3 � 10�8 M when [Ca2+] =
0.1M. This number is orders of magnitude lower than that
estimated from total oxalic acid in water and Na+ concen-
trations and the relative humidity. Although activity coef-
ficients of ionic species and possible formation of
complexes should be taken into account for more accurate
estimation, this preliminary calculation suggests that solid
calcium oxalate is likely formed within the sea-salt particles.
The formation of the solid salt could reduce the concen-
trations of dissolved oxalate, and thus induce further uptake
of gaseous oxalic acid as long as Ca2+ is available. Since the
concentrations of Ca2+ were 10–20 times larger than that of
oxalic acid in supermicron particles over the remote ocean,
such aerosols still have a capability to accumulate more
oxalic acid than we observed in this study.
[15] The C2–C4 diacids associated with supermicron

particles provide atmospheric implications on the chemi-
cal/physical properties of marine aerosols. If their associa-
tion is due to the uptake of gaseous diacids and/or their
precursors by supermicron particles, such a change in size
distribution could alter their residence time in the air.
Furthermore, re-establishment of the size distributions of
water-soluble organic compounds could alter hygroscopic
properties of aerosols in both sub- and supermicron sizes,
i.e. their role as CCN in the MBL.
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