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[1] Size-segregated (11 stages) marine aerosol samples were collected off the coast of
East Asia during the ACE-Asia campaign in 2001 and were analyzed for homologous
series of dicarboxylic acids (C2–C12), w-oxocarboxylic acids (C2–C4), and n-fatty acids
(C16–C30), as well as organic carbon (OC), elemental carbon, and major inorganic ions.
Concentrations of OC and major diacids and oxoacids in continental polluted air masses
showed predominantly submicron maxima. However, during dusty haze events,
supermicron maxima were observed, suggesting a size shift due to the secondary
accumulation of these components on dust as well as sea salt particles. Supermicron maxima
were also found for palmitic acid (C16 fatty acid) and other lower-molecular-weight fatty
acids (LFAs, C16–C19) that are emitted from a microlayer of the ocean surface. In contrast,
higher-molecular-weight fatty acids (HFAs, C20–C30) were mainly detected in the
submicron mode, presumably due to a substantial contribution of biomass burning aerosols.
This study demonstrates a high-variability in the size distributions of organic components
(i.e., between submicron and supermicron modes) in the coastal regions off East Asia.
Such variations in the physical properties of the marine aerosols may be important in relation
to their cloud-condensation-nuclei and light extinction activities.
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1. Introduction

[2] Organic compounds comprise a major fraction of the
atmospheric aerosol on global scale [Kanakidou et al.,
2005]. Organic aerosols contribute to the radiative balance
on the Earth, by scattering sunlight (direct effect), and
because they act as cloud condensation nuclei (CCN)
and influence cloud formation (indirect effect) [Novakov
and Penner, 1993]. A myriad of organic compounds, from
hydrophobic to hydrophilic, are present in atmospheric
particles. In particular, increasing attention is being paid
to the hydrophilic organic fraction because of its potential
importance to hygroscopicity and CCN activity of aerosol
particles. For instance, dicarboxylic acids are major con-
stituents of water-soluble organics in aerosol particles
[Saxena and Hildemann, 1996]. Furthermore, attention is

being paid to organic surfactants because they can influence
the surface tension of particles and mass transfer at the
interface, which impacts cloud droplet formation. Potential
surfactants include fatty acids [Ellison et al., 1999], which
are released from marine and terrestrial sources.
[3] The size distribution of an organic species is needed

to quantitatively assess the role of organics on atmospheric
processes relevant to climate. Light extinction, CCN activ-
ity, and deposition velocities are strong functions of particle
size. Several size distribution measurements of organics in
addition to inorganics have therefore been performed for
continental and marine aerosols [e.g., Quinn and Bates,
2005]. Although conventional size-segregated organic car-
bon (OC) analysis is helpful, such composite measures
provide limited information about aerosol sources and
properties. Size-segregated chemical speciation at the
molecular level, on the other hand, can resolve differences
in chemical characteristics as a function of size. Although a
relatively limited fraction of organic mass can be resolved at
the molecular level with currently available techniques
[Schauer and Cass, 2000; Decesari et al., 2006], size-
resolved molecular level analysis provides information on
sources and atmospheric processes that cannot be inferred
by the OC size distribution.
[4] In this paper, we discuss distributions of dicarboxylic

acids, oxo-carboxylic acids, and fatty acids as well as OC,
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elemental carbon (EC), and inorganic salts in submicron
and supermicron particles, based on chemical analyses of
11-stage impactor samples collected over the western North
Pacific and off the coast of East Asia during the Aerosol
Characterization Experiment (ACE)-Asia campaign in 2001
[Huebert et al., 2003]. Although OC is commonly abundant
in submicron particles, up to half of the organic matter was
found in the supermicron size range during the ACE-Asia
campaign [Bates et al., 2004]. This suggests that knowledge
regarding the origins of both supermicron and submicron
particles is indispensable to the understanding of the cycling
of particulate organics in the marine atmosphere and to the
development of a model to better predict the impact of
particulate organic matter on climate. In our previous report
[Mochida et al., 2003a], we presented bimodal size distri-
butions of C2–C4 dicarboxylic acids over the northwestern
Pacific and their changing size distributions during long-
range transport. Here we extended the chemical speciation
to additional compound classes and examine size-resolved
aerosol samples collected near the east coast of Asia, in
which sea salt and soil-dust aerosols interact with terrestrial
anthropogenic aerosols and their precursors. The size dis-
tributions of organic compounds studied are compared with
those for OC, EC, and inorganic species. We discuss
potential factors responsible for their size distributions and
the atmospheric implication of the size characteristics.

2. Experimental Section

2.1. Aerosol Sampling

[5] Marine aerosol samples were collected from 15 March
to 19 April 2001 on board the NOAA R/V Ronald H. Brown
[Mochida et al., 2003a, 2003b]. Figure 1 presents the cruise

track and day of year (DOY) at the corresponding position of
the ship. The ship was located in the Pacific Ocean (DOY 75–
94 and DOY 108–110), the East China Sea (DOY 94–96 and
DOY 102–108), and the Sea of Japan (DOY 96–102).
[6] Size-resolved sampling was performed with a Micro-

Orifice Uniform Deposit Impactor (MOUDI, MSP Corp.) in
an aluminum shelter. The samples were collected on pre-
combusted (450�C, 3–6 hours) aluminum foil substrates
(11 stages). A backup quartz fiber filter was placed down-
stream of the aluminum foil stages, but the results of filter
samples were not used in this study because of the high
blank level. The 50% cutoff diameters of the stages are
0.056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10, and
18 mm. Marine air was drawn for 4 days per sample without
temperature and humidity control. Possible contamination
from ship exhausts was prevented by shutting off the
sampling pump when air came from the beam and/or the
wind speed was low (<2.5 m s�1). This resulted in an
effective pumping time of about 60 ± 31% of the sampling
period. Eight sets of samples were collected, and five sets
collected near the coast of the Asian continent are discussed
in this study. The five sets of samples are numbered: 1:
DOY 89–93, 2: DOY 93–97, 3: DOY 97–101, 4: DOY
101–105, and 5: DOY 105–109. (Size distributions of
saturated C2–C4 diacids and non-sea-salt (nss) SO4

2� in
samples 1–3 and unnumbered samples are shown in the
work of Mochida et al. [2003a]. They are incorporated into
the data set in the present study.) Blank substrates were kept
with the sample substrates to determine detection limits and
blank levels of organics studied. The samples were stored in
glass vials at –20�C.
[7] Bulk samples were collected on precombusted quartz

fiber filters (cross section: 400 cm2) using a high-volume air
sampler (HVS). Details in the HVS sampling are presented
by Mochida et al. [2003b].

2.2. Chemical Analysis

[8] For the analyses of diacids, oxoacids, fatty acids, and
inorganic salts, the aluminum substrates on which aerosol
particles were deposited were cut in half and the particulate
samples were extracted with pure water (3 � 3.5 ml, 18 MW
cm) by ultrasonic agitation. A part of the sample extract (ca.
2 ml) was used for the analysis of major inorganic ion
species by ion chromatography (Dionex 500). We deter-
mined the concentrations of nss-SO4

2� and nss-Ca2
+ in

samples based on the assumption that the mass ratios of
SO4

2� and Ca2+ to Na+ in sea salts are 0.252 and 0.0384,
respectively. The remaining water extract was used for
analyses of diacids, oxoacids, and fatty acids. Organic acids
in the extract were esterified by 14% BF3/n-butanol, and the
ester derivatives were determined by GC-FID and GC-MS.
Individual compounds were identified and quantified by
comparison with authentic standards. Detailed analytical
procedures are described elsewhere [Kawamura and
Ikushima, 1993]. Recoveries of authentic standards of
diacids were �73%; reported concentrations are corrected
for recoveries [Mochida et al., 2003c]. Recoveries of
authentic standards of C16:0 and C24:0 fatty acids were
42 ± 6% and 19 ± 9%, respectively. However, the
recoveries of fatty acids in atmospheric aerosol samples
are much higher, as discussed in section 2.3. Analytical
precision for diacids, oxoacids, and fatty acids was about

Figure 1. Cruise Track of R/V Ronald H. Brown during
3/15–4/19/2001. The day of year (DOY) is presented at
the corresponding locations of the ship. The direction of
the ship is shown by the arrows. Adapted from Mochida et
al. [2003b].
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10%. The data were blank corrected; blanks were less
than 1 ng m�3 per stage.
[9] A quarter of each aluminum foil substrate and a punch

from each quartz fiber filter sample were analyzed for OC
and EC using a thermal-optical carbon analyzer (Sunset
Laboratory, Tigard, OR) and the ACE-Asia temperature
protocol [Schauer et al., 2003]. In the analysis, carbon
evolved in the absence of oxygen (He atmosphere) is
considered to be OC, and carbon requiring the addition of
oxygen to evolve (He-O2 atmosphere) is considered to be
EC. During analysis, some OC is pyrolyzed to EC. Correc-
tion is made for pyrolytic conversion of OC to EC by
assuming that the decreased transmittance through the filter
during pyrolysis is equal to the carbon (EC) removed to
return the transmittance to its prepyrolysis value (called the
split time). This correction cannot be made on aluminum
foil substrates. Therefore an approximate correction was
made by applying the split time from analyses on concur-
rently collected HVS samples on a sample-by-sample basis.
[10] The chemical analysis of MOUDI samples provides

mass concentrations of compounds in 11 size bins. To
reconstruct the original smooth size distributions, the
STWOM inversion algorithm [Markowski, 1987] was ap-
plied [Mochida et al., 2003a], in which the collection
efficiency curves of MOUDI stages [Marple et al., 1991]
were used as kernel functions.

2.3. Comparison Between MOUDI and Bulk Samples

[11] As a quality control measure, concentrations of
chemical species obtained from MOUDI samples were
integrated for all stages excluding the back-up filter, and
they are compared with the concentrations in total sus-
pended particles collected using the HVS [Mochida et al.,
2003b; Simoneit et al., 2004]. Table 1 presents the ratios of
the concentrations of quantified species derived using the
MOUDI to that using the HVS. The ratios for inorganic
salts showed some variations from unity. The lower than
unity ratios of Na+ and nss-Ca2+ may be in part due to lower
MOUDI collection efficiencies for large aerosol particles in
this study than that reported by Marple et al. [1991]. This
could happen if particles bounce on the impactor surface
and/or if dry deposition of very large particles in the roof

shelter of the MOUDI sampler are substantial. In the case of
OC, diacid, oxoacid, and fatty acid analyses, concentrations
obtained from MOUDI samples were in general lower than
those from HVS samples (Table 1). In addition to the factors
above, volatilization from particles deposited on the
MOUDI stages and adsorption of gas-phase organics onto
the HVS quartz filters [Turpin et al., 2000] might contribute
to this discrepancy. Furthermore, it is possible that some
oxidation of collected particles could occur during sampling
for both HVS and MOUDI samples; a difference in the
extent of oxidation could lead to a discrepancy in the
concentrations. Potential HVS sampling artifacts for diacids
are discussed elsewhere [Mochida et al., 2003c].
[12] Although fatty acids are not highly soluble in water,

the fatty-acid concentrations obtained by water extraction of
MOUDI samples in this study agree well with the HVS
analysis, which has a more robust extraction procedure for
quantification of fatty acids: extraction with water followed
by ethyl acetate [Mochida et al., 2003b] (recovery: 99 ±
10% for lignoceric (C24:0) acid) (Table 1). Furthermore, a
few MOUDI aluminum substrates after the water extraction
procedure were subjected to fatty acid analysis using ethyl
acetate as a solvent, and we found that the remaining >C22

fatty acids extractable with ethyl acetate were substantially
less abundant than those previously extracted with water
(<10% in the case of lignoceric acid). The extraction
efficiency with water was not assessed for �C22 fatty acids
because the blank level of ethyl acetate extracts was too
high to quantify small amounts of fatty acids on MOUDI
aluminum substrates. Clear size distributions of fatty acids
were obtained from the samples collected in this cruise,
suggesting that the recovery of fatty acids does not fluctuate
from sample to sample. Overall, we did not find any
evidence of low recoveries of fatty acids by the procedure
used in this study. The high recoveries obtained might result
because the fatty acid concentration is lower than the water
solubility and/or because of suspension of particulate fatty
acids in water by ultrasonication. It should be noted that
fatty acids from biological sources are not only in free form
but also in esters [Gagosian et al., 1981, 1982]. Although
not tested, this analytical method may detect some of these
esters by transesterification. We did not determine if fatty
acids extracted from aerosol samples were in the form of
salts or both of salts and esters.

3. Results and Discussion

3.1. Air Mass Origin

[13] In the following sections, we discuss high concen-
trations of diacids, oxoacids, fatty acids, and OC found in
the aerosol samples collected off the coast of East Asia
(samples 1–5, DOY 89–109). Figure 2a presents 5-day
backward trajectories for air masses corresponding to sam-
ples 1–5. Most of the air masses passed over Asian
continent and Japan, suggesting the influence of terrestrial
emissions: industrial, residential, and natural emissions of
organic aerosols and their precursors. A heavy dust haze
was observed intermittently during the collection period of
sample 4 (DOY 101–105), in agreement with the trajectory
of air masses over deserts and loess regions in Asia (e.g.,
Gobi). The biological productivity in the Sea of Japan and
the East China Sea is high in this season (Figure 2b), and

Table 1. Comparison Between MOUDI and Bulk Filter Sam-

plings (Samples 1–5)

Compounds

[X]MOUDI/[X]bulk

Range Mean and SD

Major Inorganic Ions and Organic Carbon
nss-SO4

2� 0.92–1.21 1.06 ± 0.12
Na+ 0.48–0.98 0.66 ± 0.21
nss-Ca2+ 0.56–1.39 0.89 ± 0.33
NO3

� 0.68–1.47 1.05 ± 0.29
NH4

+ 0.71–1.12 0.99 ± 0.17
Cl� 0.51–1.17 0.75 ± 0.27
OC 0.57–1.70 0.97 ± 0.47
EC 1.14–3.35 1.91 ± 0.96

Dicarboxylic Acids and Fatty Acids (Selected Compounds)
Oxalic acid (C2 DCA) 0.64–0.87 0.77 ± 0.10
Malonic acid (C3 DCA) 0.54–0.79 0.68 ± 0.10
Azelaic acid (C9 DCA) 0.55–1.29 0.91 ± 0.32
Palmitic acid (C16:0 FA) 0.40–1.02 0.69 ± 0.23
Lignoceric acid (C24:0 FA) 0.52–1.50 0.94 ± 0.36
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sea-to-air fluxes of particulate organics and their precursors
could contribute to the organic aerosols as well.

3.2. Size Distributions of Inorganic Salts and
Elemental Carbon

[14] Figures 3a–3f present the size and temporal distri-
butions of the concentrations of nss-SO4

2�, Na+, nss-Ca2+,
NH4

+, NO3
�, and EC. They are provided here to characterize

each MOUDI sample (see also Bates et al. [2004] for
general discussions in the inorganic compositions in the
submicron and supermicron modes). Nss-SO4

2� was found
predominantly in submicron particles, whose mode aero-
dynamic diameters were 0.3–0.6 mm throughout the cruise
(Figure 3a and Mochida et al. [2003a]). The concentrations
of nss-SO4

2� were higher off the coasts of the continent

(DOY 89–109) than over the remote ocean (DOY 75–89).
The highest concentration was observed during DOY 97–
101 over the Sea of Japan, indicating the influence of
anthropogenic plumes. A relatively large amount of nss-
SO4

2� in submicron particles was also detected during DOY
89–93 in the coastal Pacific south of Japan, and during
DOY 93–97, mainly over the East China Sea. A substantial
presence of nss-SO4

2� in supermicron particles was observed
at DOY 101–105 off the coast of the Korean Peninsula.
This might relate to the condensation/formation of sulfate
on dust particles, as discussed later (section 3.8).
[15] Sea salt and dust particles were mainly detected in

the supermicron mode (Figures 3b and 3c) (see also
Mochida et al. [2003a] for related Na and Ca data of
unnumbered samples). Na+ (sea salt) concentrations were
relatively high in the remote Pacific at DOY 81–93,
reflecting repeated passage of low-pressure systems, which
results in higher emission of sea salts [Bates et al., 2004]. A
maximum concentration of nss-Ca2+ (dust) was observed
during DOY 101–105. The research vessel encountered
heavy dust hazes on DOY 101 and 104, and HVS data show
sporadic increases in nss-Ca2+ during those periods
[Mochida et al., 2003b]. The air mass trajectory suggests
their passage over desert and loess regions in Asia (see
Figure 2, sample 4). Note that nss-Ca2+ over the Pacific
(Figure 3c, DOY 75–93) is possibly biased by the subtrac-
tion of sea salt Ca2+ with large abundance, as suggested by
the difference from HVS data.
[16] On the basis of the chemical characteristics of

aerosols presented in Figure 3, the MOUDI samples are
categorized into three groups. Samples collected over the
remote Pacific (DOY 75–89, not numbered in this study)
are characterized by relatively low nss-SO4

2� and high sea
salt concentrations. Since concentrations of most organic
compounds except C2–C4 diacids were below detection
limit or blank levels, we do not discuss these samples in this
paper. The samples 1–3 and 5 (DOY 89–101, 105–109)
showed higher nss-SO4

2� concentrations, presumably under
the influence of anthropogenic plumes from Asia. Sample 4
(DOY 101–105) is characterized by high nss-Ca2+, being
influenced by dust storms as well as anthropogenic plumes.
[17] NH4

+ was abundant in submicron particles (Figure 3d),
indicating the presence of nss-SO4

2� in the form of ammo-
nium salt. However, the potential artifact of the neutraliza-
tion of acidic aerosol samples with NH3 during chemical
analysis cannot be excluded in this study. NO3

� was mostly
detected in supermicron particles (Figure 3e), suggesting
HNO3 uptake by sea salts. EC was mainly present in the
submicron mode (Figure 3f), but its abundance in the
supermicron mode became relatively high during the dust
event (DOY 101–105). Note that EC was in general a
minor subset of total carbon and the split between OC and
EC by the OC/EC analyzer was determined indirectly using
HVS data. For this reason, the EC data in Figure 3f have
higher uncertainties than the inorganic ions. This is also
suggested by the poor agreement of EC concentrations
obtained by MOUDI and HVS (Table 1). Concentrations
of nss-SO4

2�, Na+, nss-Ca2+, NH4
+, NO3

�, and EC in the
submicron and supermicron modes for samples 1–5 are
summarized in Table 2. Concentrations of Cl�, a major
counter ion of Na+ in sea salts, are also presented in Table 2.

Figure 2. (a) Five-day backward air mass trajectories
corresponding to samples 1–5 (DOY 89–109). The NOAA/
ARL HYSPLIT model (http://www.arl.noaa.gov/ready/
hysplit4.html) [Draxler and Hess, 1997, 1998] was used
for the calculation. The analysis was performed for the air
masses that reached R/V Ronald H. Brown every 24 hours
(0000 GMT). The initial height at which air parcels are
traced backward is 1500 m asl. (b) Terra/MODIS image of
the chlorophyll a concentration at the sea surface in April
2001 (Courtesy of JAXA/Tokai University).
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3.3. Size Distributions of Organic Carbon

[18] Figure 4a presents size and temporal distributions of
OC. The concentration of OC was highest in the submicron
mode during DOY 97–101 over the Sea of Japan, whereas
the maximum was observed in the supermicron mode
during DOY 101–105 (dust event), being similar to the
case of nss-SO4

2�. After DOY 93, a substantial fraction of
OC was found in the submicron mode, which is consistent
with the general understanding that primary and secondary
OC in the polluted atmosphere are mainly in the submicron
size range [Kleeman and Cass, 1998]. However, the relative
abundance of OC in the supermicron mode (0.32–0.61,

Table 2) was larger than that of nss-SO4
2� (0.03–0.31). This

suggests important sources and/or accumulation pathways
of organic components in the supermicron mode. Note that
the size and temporal characteristic of OC obtained in this
study is in general consistent with that of submicron and
supermicron OC in the work of Bates et al. [2004].
[19] Sources of supermicron OC during the dust event are

assessed as follows. The ratio of OC to Ca in standard yellow
sand samples (CJ-1 and 2 [Nishikawa et al., 2000]) is 0.02–
0.17 [Kawamura et al., 2004]. The [OC]/[nss-Ca2+] ratio for
supermicron particles during the dust event (DOY 101–105)
at the mode bin (Dp: 3.2–5.6 mm) was 0.34. From the ratios,

Figure 3. The size distributions of (a) nss-SO4
2�, (b) Na+, (c) nss-Ca2+, (d) NH4

+, (e) NO3
�, and (f) EC

during the cruise. Size distributions calculated using the STWOM algorithm (see text) are presented using
the color images and contour plots. No sample was collected during DOY 79–81. The data for
samples 1–3 (and unnumbered samples) in Figure 3a are from Mochida et al. [2003a].
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6–50 % of OC in the supermicron mode could be explained
as originating from dust particles. The remaining OC (50–
94%) is likely to be derived from other sources. Note that the
mass of nss-Ca2+ relative to the approximated mass of dust
particles, [mass of nss-Ca2+]/([weighed aerosol mass at 50%
RH] – [total mass of inorganic ions] on 3.2–5.6 mm
MOUDI sheet (5.5%), agrees well with those of CJ-1 and
2 (5.3–5.8%). This supports the validity of the calculation of
OC from dust and other sources.

3.4. Size Distributions of Dicarboxylic and
Oxocarboxylic Acids

[20] The size and temporal distributions of oxalic (C2)
and malonic (C3) acids, which are the most and second most

abundant diacids, respectively, are presented as examples in
Figures 4b and 4c [see also Mochida et al., 2003a]. Their
concentrations in the submicron mode were highest during
DOY 97–101, whereas their concentrations in the super-
micron mode became highest during DOY 101–105, when
there were high dust concentrations (Figure 3c). The size
and temporal distribution patterns of C2 and C3 diacids were
in general similar to those of nss-SO4

2� (Figure 3a) and OC
(Figure 4a). Ranges and mean concentrations of C2–C12

saturated and unsaturated diacids and C2-C4 oxoacids in
submicron and supermicron mode particles are summarized
in Table 2. Generally, diacids and oxoacids were more
abundant in the submicron mode off the coast of East Asia
except during the dust event. For comparison, the relative

Table 2. Ranges and Averages of the Concentrations of Inorganic and Organic Species Off the Coast of East Asia (Samples 1–

5)a

Compounds

Submicron (Dp < 1 mm) Supermicron (Dp � 1 mm) Supermicron/Total

Range Mean and SD Range Mean and SD Rangeb Mean and SD

Major Inorganic Ions and Organic Carbonc

nss-SO4
2� 5000–14000 7400 ± 3700 160–2700 1400 ± 1100 0.03–0.31 0.15 ± 0.11

Na+ 71–130 100 ± 30 1800–4400 2900 ± 1100 0.96–0.97 0.97 ± 0.01
nss-Ca2+ 28–59 45 ± 13 210–2200 950 ± 810 0.88–0.97 0.93 ± 0.04
NO3

� 15–130 68 ± 55 1700–5000 3500 ± 1300 0.97–0.99 0.98 ± 0.01
NH4

+ 1500–3100 2200 ± 630 92–440 230 ± 140 0.06–0.12 0.09 ± 0.03
Cl� 51–130 80 ± 30 1900–6900 3800 ± 2000 0.97–0.99 0.98 ± 0.01
OC 610–4400 1700 ± 1500 930–2000 1400 ± 600 0.32–0.61 0.50 ± 0.11
EC 620–1400 840 ± 340 160–990 450 ± 340 0.17–0.57 0.33 ± 0.17

Saturated n-Dicarboxylic Acids
C2 170–600 300 ± 180 30–200 110 ± 81 0.12–0.55 0.27 ± 0.16
C3 21–110 44 ± 39 10–43 25 ± 13 0.28–0.57 0.39 ± 0.12
C4 9.6–52 23 ± 19 6.0–27 15 ± 9 0.34–0.55 0.41 ± 0.08
C5 1.5–8.9 4.0 ± 3.0 1.0–5.1 2.8 ± 1.8 0.36–0.55 0.42 ± 0.08
C6 BB–1.9 0.82 ± 0.81 BB–0.81 0.36 ± 0.35 0.25–0.41 (3) 0.32 ± 0.08
C7 0.09–1.90 0.73 ± 0.70 0.06–1.3 0.62 ± 0.53 0.12–0.67 0.46 ± 0.25
C8 0.30–2.3 0.96 ± 0.79 0.05–1.7 0.59 ± 0.67 0.12–0.70 0.32 ± 0.23
C9 0.80–2.8 1.4 ± 0.81 0.30–4.7 1.8 ± 1.8 0.25–0.77 0.46 ± 0.19
C10 0.17–1.9 0.82 ± 0.70 BDL–0.51 0.16 ± 0.23 BDL–0.31 0.09 ± 0.14
C11 BDL–0.94 0.36 ± 0.35 0.08–0.97 0.31 ± 0.38 0.22–0.76 (4) 0.40 ± 0.25
C12 BDL–0.04 0.02 ± 0.02 BDL BDL BDL BDL

Unsaturated and Aromatic Dicarboxylic Acids
Maleic (C4) 0.32–1.2 0.73 ± 0.36 0.19–1.5 0.68 ± 0.52 0.37–0.63 0.45 ± 0.11
Fumaric (C4) 0.17–1.2 0.64 ± 0.43 BDL–0.31 0.15 ± 0.14 0.14–0.27 0.22 ± 0.07
Phthalic (C8) 0.20–5.4 3.2 ± 2.1 BB–1.5 0.48 ± 0.67 0.02–0.23 (3) 0.13 ± 0.11

w-Oxocarboxylic Acids
C2 16–63 33 ± 19 2.6–28 12 ± 10 0.12–0.49 0.25 ± 0.15
C3 0.38–4.7 2.7 ± 1.7 0.10–4.5 1.7 ± 1.8 0.04–0.82 0.36 ± 0.32
C4 1.0–9.2 3.7 ± 3.3 0.07–5.7 2.4 ± 2.3 0.02–0.62 0.38 ± 0.25

Saturated n-Fatty Acids
C16 0.33–1.4 1.00 ± 0.41 0.97–12 4.6 ± 4.3 0.41–0.90 0.74 ± 0.20
C17 0.06–0.35 0.17 ± 0.11 BDL–0.61 0.15 ± 0.26 0.27–0.81 (2) 0.54 ± 0.38
C18 0.33–1.2 0.80 ± 0.37 0.21–5.5 1.9 ± 2.1 0.19–0.84 0.59 ± 0.24
C19 BDL–0.32 0.09 ± 0.14 BDL–0.15 0.03 ± 0.07 0.32 (1) 0.32
C20 0.32–1.7 0.84 ± 0.54 BDL–2.8 0.8 ± 1.2 0.24–0.77 (4) 0.42 ± 0.24
C21 BDL–0.77 0.34 ± 0.28 BDL–0.22 0.06 ± 0.10 0.11–0.40 (2) 0.25 ± 0.21
C22 0.69–4.3 2.1 ± 1.4 0.06–5.2 1.5 ± 2.1 0.06–0.70 0.31 ± 0.24
C23 0.26–2.1 1.0 ± 0.7 BDL–0.75 0.22 ± 0.32 0.03–0.43 (3) 0.20 ± 0.21
C24 0.88–5.5 2.6 ± 1.8 BDL–5.3 1.5 ± 2.2 0.15–0.68 (4) 0.31 ± 0.24
C25 BDL–1.3 0.50 ± 0.50 BDL–0.23 0.05 ± 0.10 0.34 (1) 0.34
C26 0.17–3.6 1.5 ± 1.3 BDL–2.9 0.7 ± 1.3 0.05–0.67 (3) 0.28 ± 0.34
C27 BDL–0.57 0.15 ± 0.25 BDL BDL BDL BDL
C28 BDL–2.8 1.0 ± 1.1 BDL–2.1 0.43 ± 0.96 0.75 (1) 0.75
C29 BDL BDL BDL BDL BDL BDL
C30 BDL–0.82 0.16 ± 0.37 BDL BDL BDL BDL

aConcentrations are given in ng m�3. BB:below blank level. BDL: below detection limit (0.03 ng m�3).
bValues in parentheses are the number of samples used after the omission of the sample(s) with BB and BDL values.
cK+ and Mg2+ detected as minor ions, sea salt SO4

2� and sea salt Ca2+ are not shown.
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abundances of compounds in the supermicron mode during
heavy anthropogenic pollution (sample 3, DOY 97–101)
and dust (sample 4, DOY 101–105) events are listed in
Table 3. A significant change in the size distribution was
seen for most of diacids and oxoacids between samples 3
and 4.
[21] As we previously suggested for C2–C4 diacids

[Mochida et al., 2003a], it is plausible that urban and
industrial plumes from Asia result in the dominance of the
series of diacids and oxoacids in the submicron mode off the
coast of East Asia (DOY 89–109) (Table 2). Several studies

showed the predominance of oxalic, malonic, and succinic
acids in fine (or submicron) particles in the urban air [e.g.,
Krivácsy and Molnár, 1998; Yao et al., 2002]. Distributions
of oxalic acid with a maximum in the submicron mode were
observed in polluted urban air in Hungary [Krivácsy and
Molnár, 1998] and in rural and urban sites in Hong Kong
[Yao et al., 2002]. In both locations, malonic and succinic
acids were also abundant in the fine mode, although
substantial fractions were found in the coarse mode as well.
These findings are consistent with the theory that low
molecular-weight diacids are produced photochemically in

Figure 4. The size distributions of (a) OC and (b) oxalic, (c) malonic, (d) azelaic, (e) palmitic, and
(f) lignoceric acids. Size distributions calculated using the STWOM algorithm (see text) are presented
using the color images and contour plots. The data for samples 1–3 (and unnumbered samples) in
Figures 4b and 4c are from Mochida et al. [2003a].
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the polluted atmosphere [Satsumabayashi et al., 1990;
Kawamura and Yasui, 2005], resulting in accumulation of
diacids in submicron particles. The secondary formation
route could include aqueous phase photochemical produc-
tion of diacids and oxoacids [Warneck, 2003; Ervens et al.,
2004; Lim et al., 2005].
[22] Substantial fractions of diacids and oxoacids in the

supermicron mode detected in this study (Table 2) may be
associated with sea salt particles. Further from the Asian
coast, C2–C4 diacids were relatively more abundant in the
supermicron mode [Mochida et al., 2003a]. Similarly, over
the Indian Ocean they were predominantly found in coarse
particles even when the air mass type was categorized as
polluted [Neusüb et al., 2002]. Ricard et al. [2002] found

that C4 and C5 diacids in northern Finland were rich in
coarse particles when the air mass type was marine. Al-
though the mechanisms by which diacids become enriched
in supermicron particles are poorly understood, these obser-
vations link supermicron diacids with sea salt particles
[Kerminen et al., 1999; Kerminen et al., 2000; Yao et al.,
2002], which are abundant in the marine atmosphere. The
large fraction of diacids in the supermicron mode in
sample 4 (Table 3, DOY 101–105), however, implies an
association with soil dust particles (Figure 3c) as well (see
section 3.8).
[23] The size and temporal distributions of azelaic (C9)

acid are shown in Figure 4d. Its major source is suggested to
be different from �C4–C7 diacids and to be of marine
origin, based on a principal component analysis for aerosols
over the western Pacific [Kawamura and Sakaguchi, 1999;
Mochida et al., 2003c]. The relative abundance of azelaic
acid in the supermicron mode to that in all size ranges was
higher than those of C2 and C3 diacids (Figures 4b and 4c).
This is consistent with the hypothesis that oxidation of fatty
acids, including unsaturated acids such as oleic acid (C18:1)
released to the air with sea salts is an important formation
process of azelaic acid [Kawamura and Gagosian, 1987]. It
should be noted, however, that it is possible that azelaic acid
could be formed in the MOUDI sampler during collection
by the oxidation of unsaturated fatty acids in the presence of
atmospheric oxidants such as O3.

3.5. Size Distributions of n-Fatty Acids

[24] Bimodal size distributions were observed for fatty
acids as well. Figures 4e and 4f show size and temporal
distributions of palmitic (C16:0) and lignoceric (C24:0) acids,
which are major lower (C16–C19, LFA) and higher (C20–
C30, HFA) molecular weight fatty acids, respectively. While
lignoceric acid shows a distribution pattern similar to those
of OC and C2 and C3 diacids (Figures 4a–4c), palmitic acid
(Figure 4e) presents a significant difference in the distribu-
tion with a maximum in supermicron particles. Ranges and
mean concentrations of C16–C30 saturated fatty acids are
summarized in Table 2. Further, pollution (DOY 97–101)
and dust (DOY 101–105) events are compared for fatty
acids in Table 3.
[25] Palmitic acid is likely associated with sea salt and/or

dust particles, both of which are predominantly present in
the supermicron mode (Figure 4e). During DOY 97–101,
the concentration of palmitic acid in the mode bin of the
supermicron range (5.6–10 mm) became as much as
10 times higher than that of lignoceric acid. Terrestrial
lipids (including those from biomass burning) are known
to contain both LFAs and HFAs [Simoneit and Mazurek,
1982], whereas fatty acids from marine biological origin are
limited to LFAs [Sicre et al., 1990; Mochida et al., 2002].
The predominance of palmitic over lignoceric acid thereby
suggests that marine lipids are released to the air with sea
salts via the microlayer at the ocean surface [MacIntyre,
1974]. The enhanced contribution of LFAs to supermicron
particles after DOY 97 (Figure 4e) may result from high
primary production in the Sea of Japan and the East China
Sea, as suggested by the large increase in the DMS
concentration at that time [Mochida et al., 2003b]. This
explanation is also consistent with the size distribution of

Table 3. Relative Abundances of Compounds in Supermicron

Mode (Dp � 1 mm) During Pollution and Dust Events

Compounds
Pollution 3

(DOY 97–101)
Dust 4

(DOY 101–105)

Major Inorganic Ions and Organic Carbon
nss-SO4

2� 0.16 0.31
Na+ 0.96 0.97
nss-Ca2+ 0.96 0.97
NO3

� 0.99 0.97
NH4

+ 0.12 0.10
Cl� 0.97 0.99
OC 0.32 0.54
EC 0.44 0.57

Saturated n-Dicarboxylic Acids
C2 0.25 0.55
C3 0.28 0.57
C4 0.34 0.55
C5 0.36 0.55
C6 0.29 0.41
C7 0.25 0.63
C8 0.25 0.70
C9 0.46 0.77
C10 0.14 0.31
C11 0.22 0.76
C12 n/a n/a

Unsaturated and Aromatic Dicarboxylic Acids
Maleic (C4) 0.40 0.63
Fumaric (C4) 0.14 0.27
Phthalic (C8) 0.13 0.23

w-Oxocarboxylic Acids
C2 0.20 0.49
C3 0.82 0.53
C4 0.62 0.62

Saturated n-Fatty Acids
C16 0.86 0.90
C17 0.27 0.81
C18 0.66 0.84
C19 n/a 0.32
C20 0.32 0.77
C21 0.11 0.40
C22 0.24 0.70
C23 0.12 0.43
C24 0.21 0.68
C25 <0.14 0.34
C26 0.13 0.67
C27 <0.31 n/a
C28 <0.06 0.75
C29 n/a n/a
C30 <0.22 n/a
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palmitic acid (Figure 4e, DOY 97–101); the mode diameter
of palmitic acid (6–7 mm) was significantly larger than
those of oxalic acid and lignoceric acid (3–4 mm) and was
closer to that of Na+ (sea salt) (8 mm, Figure 3a).
[26] The ratio of palmitic to lignoceric acid in the super-

micron mode during the dust event (1.3) (sample 4 in
Table 3) was three times lower than that of the preceding
sample (4.1), indicating additional inputs of fatty acids other
than that from marine biota. This is also suggested by the
substantial change in the mode diameter of palmitic acid in
the supermicron mode, from 6 mm at DOY 97–101 to 3 mm
at DOY 101–105. The concentration of soil dust particles
was occasionally as high as 100 mg m�3 during DOY 101–
105 [Mochida et al., 2003b; Bates et al., 2004], and soil
dust containing palmitic acid may contribute to the maxi-
mum of palmitic acid at 3 mm, as previously discussed by
Mochida et al. [2003b]. The importance of dust as a source
of fatty acids during dust events in Asia is also suggested by
14C analysis of fatty acid carbon [Matsumoto et al., 2001].
Deposition of submicron particles on dust particles via
in-cloud/fog coagulation processes is potentially important
too [Niimura et al., 1998].
[27] Lignoceric acid was also abundant in the super-

micron mode during the dust event and is presumably of
soil-dust origin (Figure 4f). However, lignoceric acid was in
general more abundant in the submicron mode off the coast
of East Asia. The concentration of submicron palmitic acid
was only 0.38 times the concentration of submicron ligno-
ceric acid on average (Table 2), suggesting that terrestrial
lipids strongly contribute to the abundance of fatty acids in
the submicron mode. Kavouras and Stephanou [2002] also
reported a substantial presence of fatty acids in the submi-
cron mode (< 0.96 mm) in the marine air (69%), in addition
to those in urban (88%) and forest (52%) aerosols.

3.6. Relative Abundance of OC to nss-SO4
2�� as a

Function of Particle Size

[28] The concentration ratio of [OC]/[nss-SO4
2�] for each

size bin was calculated to clarify the difference in the size
distributions of OC and nss-SO4

2� (Figure 5). The ratio in
the submicron mode bins was on average 0.2 (0.18–
0.56 mm) whereas that in the supermicron mode bins was
close to unity (1.8–5.6 mm). The higher [OC]/[nss-SO4

2�]
ratios in the supermicron mode may in part be due to
primary emission of organics associated with supermicron
sea salt and dust particles. Other primary sources, e.g.,
higher plant waxes, soil-derived microbes, and anthropo-
genic particles, may also contribute to OC in the super-
micron mode. In addition, primary and secondary organics
could accumulate more preferentially in the supermicron
mode than that of sulfate. This is likely important at least
during the dust event, as is discussed in section 3.8.

3.7. Relative Abundances of Organic Acids as a
Function of Particle Size

[29] To further characterize the size dependence of indi-
vidual organic compounds, abundances of diacid and fatty
acid carbon relative to OC were obtained as a function of
particle aerodynamic diameter. Figures 6a–6e show the
relative carbon content of oxalic (Figure 6a), malonic
(Figure 6b), azelaic (Figure 6c), palmitic (Figure 6d), and
lignoceric acids (Figure 6e) to OC. The contributions of

oxalic acid to OC, [C2DCA-C]/[OC], in the submicron
mode bins (mean: 4–5 � 10�2 at 0.18–0.56 mm) were on
average higher than the contributions in the supermicron
range (mean: 3 � 10�2 at 1.8–5.6 mm) (Figure 6a). This
may be due to accumulation of secondary-formed oxalic
acid in the submicron mode. The [C3DCA-C]/[OC] ratio
does not show any significant trend (Figure 6b). Differing
trends between C2 and C3 diacids imply differences in
sources and/or formation pathways, as previously reported
for urban air [Yao et al., 2003]. The ratio of azalaic acid
carbon to OC ([C9DCA-C]/[OC] in Figure 6c) for the
supermicron size range is about a factor of two higher than
that of the submicron size range, suggesting a strong
contribution of the oxidation of D9-unsaturated fatty acids
released from the ocean surface to the air.
[30] The ratios of palmitic and lignoceric acid carbon to

OC ([C16:0FA-C]/[OC] and [C24:0FA-C]/[OC]) show com-
pletely different patterns (Figures 6d and 6e). A sharp
increase in the ratios was observed for palmitic acid from
small to larger aerodynamic diameters, whereas such an
increase is absent for lignoceric acid. The [C16:0FA-C]/
[OC] ratios in the submicron mode bins (0.18–10 mm)
are <1 � 10�3, whereas those in the supermicron mode
bins are 3–5 � 10�3 on average (1.8–5.6 mm). This
suggests a large emission of palmitic acid-rich organics
from the ocean surface with sea salts. By contrast, the trend
in the [C24:0 FA-C]/[OC] ratio varies by sample; e.g.,
sample 3 (pollution event, DOY 97–101) shows a decreas-
ing trend, whereas sample 4 (dust event, DOY 101–105)

Figure 5. The ratios of OC to nss-SO4
2� mass concentra-

tions in 11 size bins. The mean ratios and one standard
deviation for the bins are represented as circles and error
bars, respectively. The size distributions of OC are
presented in the top of the figure.

D15209 MOCHIDA ET AL.: SIZE DISTRIBUTIONS OF ORGANICS

9 of 13

D15209



shows an increasing trend. The [C24:0FA-C]/[OC] ratios
both in the submicron and supermicron modes are on
average 1–2 � 10�3.
[31] The ratios of fatty acid carbon to OC reported for

various primary sources are presented in Figures 6d and 6e.
The ratios in the atmosphere can be expected to be lower
than those of the major sources because the ratios decrease
during transport as a result of the decomposition of fatty
acids and by the addition of secondary organic aerosols
without fatty acids. The ratios thereby specify a few sources
that could reasonably have contributed to the measured fatty
acid level. The [C16:0FA-C]/[OC] ratios in the submicron

mode can be explained by several known sources (note:
source values are mostly taken from North American data)
including wood burning (WB), meat charbroiling (MC),
natural gas appliance (NG), cigarette smoke (CS), and tire
wear debris (TW) (Figure 6e). The higher palmitic acid
fraction in the supermicron mode is probably not due to
these sources (WB, MC, NG, CS, and TW) but to emissions
with sea salts and dust particles (DOY 101–105) as
discussed in section 3.5.
[32] The [C24:0FA]/[OC] ratio (Figure 6e) implies that

wood burning is a major contributor to the lignoceric acid
level in the submicron mode. Among known sources, only

Figure 6. The relative abundances of carbon in (a) oxalic, (b) malonic, (c) azelaic, (d) palmitic, and
(e) lignoceric acids with respect to OC in 11 size bins. The mean ratios and one standard deviation for the
bins are represented as circles and error bars, respectively. The size distributions of the compounds are
also presented in the top of the figures (the data for samples 1–3 in the top of Figures 6a and 6b are from
Mochida et al. [2003a]). For fatty acid carbons (Figures 6d and 6e), their abundances relative to OC in
different known sources are shown. Sources include those used in source apportionment studies [Schauer
and Cass, 2000; Zheng et al., 2005]. Key: CA, automobile exhaust with catalyst [Schauer et al., 2002];
CB, coal burning [Oros and Simoneit, 2000]; CS, cigarette smoke [Rogge et al., 1994]; DT, diesel truck
exhaust [Rogge et al., 1993a]; NA, automobile exhaust without catalyst [Schauer et al., 2002]; MC, meat
charbroiling [Schauer et al., 1999]; NG, natural gas combustion [Rogge et al., 1993b]; RD, road dust
[Rogge et al., 1993c]; TW, tire wear debris [Rogge et al., 1993c]; VD, vegetative detritus [Rogge et al.,
1993d]; WB, wood burning [Schauer et al., 2001]. For NG, RD, TW, and VD, the reported particle mass
was substituted for OC � 1.2. For CS, the mass of the elutable organic matter was substituted for OC �
1.2. OC from WB is taken from Chen et al. [2005]. The [C24:0 FA-C]/[OC] ratios for CA, DT, MC, and
NA are not reported in the above-mentioned references and are not shown in Figures 6d and 6e.
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wood burning (the ratios of 2–5 � 10�3 pine, oak, and
eucalyptus) [Schauer et al., 2001] can explain the measured
ratio of 1 � 10�3 in the submicron mode. Except for the
dust event, the contribution of soil dust to lignoceric acid
(the [C24:0FA-C]/[OC] ratio is not available) in the submi-
cron mode is likely to be limited. This is because the ratios
in the supermicron mode were lower than those in the
submicron mode (e.g., sample 4). Similarly, Rogge et al.
[1996] estimated based on an air quality model that ligno-
ceric acid in PM2.5 in the Los Angeles area was mainly from
wood combustion. We can estimate from Figure 6e that
wood burning potentially contributes �20% of OC, assum-
ing that the [C24:0FA-C]/[OC] ratio of biomass burning is
2–5 � 10�3 and that the ratio does not change significantly
during the atmospheric transport and also that there are no
other important sources of lignoceric acid.

3.8. Possible Association of Secondary Organics with
Supermicron Particles

[33] Figures 7a and 7b present size distributions of major
inorganic ions (Figure 7a) andOC and oxalic acid (Figure 7b)
during the dust event (DOY 101–105). Nss-SO4

2� during
the event showed a substantial shift in the distributions
toward the supermicron mode (Figure 7a). The supermicron
mode nss-SO4

2� was likely associated with dust particles as
a result of the reaction with CaCO3. This is supported by the

absence of NH4
+ in the supermicron mode, a major counter

ion of nss-SO4
2� in the submicron mode. A more significant

size shift to the supermicron mode was observed for oxalic
acid and OC (Figure 7b), and for other diacids, glyoxylic
acid, and fatty acids (Table 3). While fatty acids in the
supermicron mode are explained by primary emission with
soil dust particles (section 3.4), dust may not be an impor-
tant primary source of major diacids and oxoacids and the
precursors. This is because, for instance, the bulk oxalic
acid concentration did not follow the sporadic increases in
the nss-Ca2+ (dust) concentration during DOY 101–105
[Mochida et al., 2003b]. In addition, primary emission of
oxalic acid with sea salts, another major primary super-
micron particle type, may not be important either because
the mode diameter of oxalic acid (3 mm) was much lower
than that of sea salt (7 mm) (Figure 7). Similar temporal and
size characteristics were observed for some other organic
acids including malonic, succinic, and glyoxylic acids (data
not shown).
[34] The presence of oxalic acid (and other organic acids

with similar temporal and size characteristics) in super-
micron particles therefore suggests a secondary origin.
Possible explanations include: (1) gas phase formation
and/or evaporation from submicron particles and sorption
to supermicron particles, (2) heterogeneous formation on
supermicron particles, including aqueous photo-oxidation in
the supermicron particle-phase water, (3) cloud/fog droplet
formation from supermicron particles followed by aqueous
phase photochemical formation [Warneck, 2003; Ervens et
al., 2004; Lim et al., 2005], and (4) coagulation of submi-
cron particles with supermicron particles in clouds/fogs
[Niimura et al., 1998]. Not only sea salts but also dust
particles may be involved in cloud/fog droplets during
transport [Niimura et al., 1998]; therefore aqueous phase
formation of oxalic acid may occur on both types of super-
micron particles. Formation of oxalic acid during cloud/fog
processing is potentially very important because dust con-
tains transition metals such as Fe, which accelerate photo-
chemical oxidation and photolysis of organics in the
aqueous phase [Deguillaume et al., 2005].
[35] The possibilities above are not limited to oxalic acid

but could also apply to other secondary organic aerosol
(SOA) components including other diacids and oxoacids.
These pathways could have an important effect on the
chemical and physical properties of aerosols relevant to
climate. Secondary organics in the urban atmosphere are in
general important constituents of submicron particles.
Scavenging/coagulation of secondary gaseous/particulate
organics by supermicron particles may suppress the forma-
tion of SOA in the submicron mode, whereas heterogeneous
formation on the supermicron mode could potentially de-
crease the abundance of precursors available for the forma-
tion of submicron SOA. These processes may therefore
reduce the contribution of SOA to light scattering and cloud
droplet formation, which are sensitive to the number (and
mass) of submicron particles. Such an effect has already
been extensively studied for sulfate: association of sulfate
with dust particles reduces its abundance in the submicron
mode and thus diminishes its local cooling effect [e.g.,
Dentener et al., 1996]. Our data imply that some classes
of secondary organic compounds have even more signifi-
cant associations with supermicron particles than does

Figure 7. Size distributions of (a) nss-SO4
2�, Na+, nss-

Ca2+, and NH4
+ and (b) oxalic acid and OC during the dust

event (sample 4, DOY 101–105).
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sulfate (Figure 7, Table 3). This work motivates further
investigation on the distributions of organics between sub-
micron and supermicron modes.

4. Conclusions

[36] Bimodal size distributions of diacids, oxoacids, fatty
acids, and OC as well as EC and inorganic salts in marine
aerosols were obtained during the ACE-Asia campaign in
2001 over the western North Pacific, the East China Sea,
and the Sea of Japan. Their concentrations off the east coast
of Asia were higher than those from the central North
Pacific, reflecting a strong influence of terrestrial air masses
and emission of particulate matter from the sea surface.
Major portions of diacids, oxoacids, and C20-C30 fatty acids
were predominantly found in the submicron mode. The
dominance of submicron mode diacids and oxoacids sug-
gest the influence of urban and industrial plumes, whereas
the high ratio of C24:0 fatty acid carbon to OC suggest a
substantial contribution of biomass burning to the organics
in the submicron mode. However, palmitic acid, a major
�C19 fatty acid, is more abundant in the supermicron mode,
presumably because it is of marine origin and is associated
with sea salt particles. The size and temporal distributions of
azelaic acid (C9 diacid) were similar to that of palmitic acid,
suggesting its formation via an oxidation of D9 unsaturated
fatty acids of marine origin. During the dusty haze event,
the relative abundance of organics in the supermicron mode
increased substantially. Fatty acids may be explained by
primary emission with dust particles, whereas major diacids
and oxoacids were probably associated with dust and sea
salt particles by different mechanisms such as absorption/
coagulation and heterogeneous formation of diacids on the
supermicron particles.
[37] This study revealed that the size distributions of

individual organic compounds are substantially different
off the coast of East Asia because they have different
sources and formation pathways. While the amounts of
anthropogenic aerosols in the submicron mode were sub-
stantial, the fraction of OC in the supermicron mode was up
to 61%. Supermicron size particles themselves regulate the
radiative properties of the atmosphere (e.g., light extinc-
tion). In addition, supermicron particles indirectly alter the
physical properties of the atmospheric aerosols by interac-
tion with submicron particles via coagulation and with gas
phase species by absorption/evaporation and heterogeneous
reaction. Further studies on the mechanisms that regulate
the abundance of OC in the supermicron mode are needed
to better predict the chemical and physical properties of
organic aerosols and their effects, including light extinction
and CCN activities.
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aerosols from Rondônia, Brazil, during the LBA-SMOCC 2002 experi-
ment and its representation through model compounds, Atmos. Chem.
Phys., 6, 375–402.

Deguillaume, L., M. Leriche, K. Desboeufs, G. Mailhot, C. George,
and N. Chaumerliac (2005), Transition metals in atmospheric liquid phases:
Sources, reactivity, and sensitive parameters, Chem. Rev., 105, 3388–3431.

Dentener, F. J., G. R. Carmichael, Y. Zhang, J. Lelieveld, and P. J. Crutzen
(1996), Role of mineral aerosol as a reactive surface in the global tropo-
sphere, J. Geophys. Res., 101, 22,869–22,889.

Draxler, R. R., and G. D. Hess (1997), Description of the HYSPLIT_4
modeling system, Tech. Memo. ERL ARL0224, NOAA, Washington,
D. C.

Draxler, R. R., and G. D. Hess (1998), An overview of the HYSPLIT_4
modeling system for trajectories, dispersion and deposition, Aust. Meteorol.
Mag., 47, 295–308.

Ellison, G. B., A. F. Tuck, and V. Vaida (1999), Atmospheric processing of
organic aerosols, J. Geophys. Res., 104, 11,633–11,641.

Ervens, B., G. Feingold, G. J. Frost, and S. M. Kreidenweis (2004), A
modeling study of aqueous production of dicarboxylic acids: 1. Chemical
pathways and speciated organic mass production, J. Geophys. Res., 109,
D15205, doi:10.1029/2003JD004387.

Gagosian, R. B., E. T. Peltzer, and O. C. Zafiriou (1981), Atmospheric
transport of continentally derived lipids to the tropical North Pacific,
Nature, 291, 312–314.

Gagosian, R. B., O. C. Zafiriou, E. T. Peltzer, and J. B. Alford (1982),
Lipids in aerosols from the tropical North Pacific: Temporal variability,
J. Geophys. Res., 87, 11,133–11,144.

Huebert, B. J., T. Bates, P. B. Russell, G. Shi, Y. J. Kim, K. Kawamura,
G. Carmichael, and T. Nakajima (2003), An overview of ACE-Asia:
Strategies for quantifying the relationships between Asian aerosols and
their climatic impacts, J. Geophys. Res., 108(D23), 8633, doi:10.1029/
2003JD003550.

Kanakidou, M., et al. (2005), Organic aerosol and global climate modelling:
A review, Atmos. Chem. Phys., 5, 1053–1123.

Kavouras, I. G., and E. G. Stephanou (2002), Particle size distribution of
organic primary and secondary aerosol constituents in urban, background
marine and forest atmosphere, J. Geophys. Res., 107(D8), 4069,
doi:10.1029/2000JD000278.

Kawamura, K., and R. B. Gagosian (1987), Implications of w-oxocar-
boxylic acids in the remote marine atmosphere for photo-oxidation of
unsaturated fatty acids, Nature, 325, 330–332.

Kawamura, K., and K. Ikushima (1993), Seasonal changes in distribution of
dicarboxylic acids in the urban atmosphere, Environ. Sci. Technol., 27,
2227–2235.

Kawamura, K., and F. Sakaguchi (1999), Molecular distributions of water
soluble dicarboxylic acids in marine aerosols over the Pacific Ocean
including tropics, J. Geophys. Res., 104, 3501–3509.

Kawamura, K., and O. Yasui (2005), Diurnal changes in the distribution of
dicarboxylic acids, ketocarboxylic acids and dicarbonyls in the urban
Tokyo atmosphere, Atmos. Environ., 39, 1945–1960.

Kawamura, K., M. Kobayashi, N. Tsubonuma, M. Mochida, T. Watanabe,
and M.-H. Lee (2004), Organic and inorganic compositions of marine
aerosols from East Asia: Seasonal variations of water-soluble dicar-
boxylic acids, major ions, total carbon and nitrogen, and stable C and
N isotopic composition, in Geochemical Investigation in Earth and Space
Science: A Tribute to Isaac R. Kaplan, Geochem. Soc. Special Publ. vol.
9, edited by R. J. Hill et al., pp. 243–265, Elsevier, New York.
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