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A B S T R A C T

Aerosol samples (n=14), collected over the eastern North Pacific (ENP, 27–52°N and 150–172°W), were studied
for dicarboxylic acids (hereafter diacids, C2-C10), ω-oxoacids, pyruvic acid, and α-dicarbonyls as well as water-
soluble organic carbon (WSOC) and total nitrogen (WSTN). We found diacids as the most abundant compound
class followed by ω-oxoacids and α-dicarbonyls. Molecular distributions of diacids were characterized by the
predominance of oxalic (C2) (58%) acid followed by malonic (C3) (15%) and succinic (C4) (13.5%) acids.
However, we found a predominance of C4 over C3 in five samples, where 4-oxobutanoic acid (ωC4) was the most
abundant ω-oxoacid species (34.6% of its class). Moreover, a strong correlation (r2 = 0.72) was obtained be-
tween ωC4 and C4 in those samples, suggesting that high abundances of C4 are associated with sea-to-air
emission of unsaturated fatty acids and their further photochemical processing. Good relationships between C2
and C3 (r2 = 0.88) and C3 and C4 (r2 = 0.79) in the marine aerosols further suggest that C2 is produced via
photochemical degradation of C3 and C4 over the ENP. WSOC and WSTN showed higher abundances in the
longitudinal transect of 165-172oW, where ω-oxoacids were abundantly detected. This study demonstrates that
atmospheric levels of water-soluble organic aerosols in the ENP are largely regulated by the primary productivity
followed by sea-to-air emissions of unsaturated fatty acids and isoprene and the subsequent photochemical
oxidation.

1. Introduction

Organic aerosols (OAs) are ubiquitous over the oceans (e.g.,
Kawamura and Usukura, 1993; Fu et al., 2013). They can contribute to
the earth's radiative forcing and biogeochemical cycling of carbon and
nitrogen (O'Dowd and de Leeuw, 2007; Miyazaki et al., 2011). Marine
primary organic aerosols (POAs) can be produced by the interaction
between wind and the sea surface through the bubble bursting process
(Lewis and Schwartz, 2004; Rinaldi et al., 2010; Hoque and Kawamura,
2016). Fatty acids are a typical POA component, but are susceptible of
photooxidation at double bonds (Kawamura and Gagosian, 1987;
Stephanou, 1992). Secondary OAs (SOAs) are produced in the marine
atmosphere by the oxidation of both anthropogenic and biogenic

volatile organic compounds (BVOCs) with oxidants such as ozone (O3),
nitrogen oxides (NOx) and OH radicals (Claeys et al., 2004, 2007; Jaoui
et al., 2007). Low molecular weight (LMW) α,ω-dicarboxylic acids
(diacids) and related compounds (ω-oxocarboxylic acids and α-di-
carbonyls) are the ubiquitous components of SOAs (e.g., Mochida et al.,
2007; Pavuluri et al., 2010; Kawamura et al., 2013; Kawamura and
Bikkina, 2016), which may enhance the hygroscopic properties of
continental and marine aerosols. The atmospheric particles enriched
with these water-soluble organic compounds can act as cloud con-
densation nuclei (CCN) and thus have an impact on Earth's climate
(Charlson et al., 2001; Breon et al., 2002; Kanakidou et al., 2005;
Kawamura et al., 2010; Kawamura and Bikkina, 2016).

LMW diacids and related compounds are abundantly present in the
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urban (Sempéré and Kawamura, 1994; Yao and Fang, 2002; Kawamura
and Yasui, 2005), semi-urban (Khwaja, 1995), rural (Limbeck et al.,
2001), and remote marine atmosphere (Sempéré and Kawamura, 1996;
Kawamura and Sakaguchi, 1999). They are also reported in both the
Arctic and Antarctic aerosols (Kawamura et al., 1996a, 1996b;
Narukawa et al., 2002; Narukawa et al., 2003) as well as polar ice cores
(Legrand and De Angelis, 1996; Kawamura et al., 2001). Their mole-
cular distributions are generally characterized by the predominance of
oxalic acid (C2) followed by malonic (C3) or succinic (C4) acid, and
glyoxylic acid (ωC2) (Kawamura et al., 1996a; Kawamura and Bikkina,
2016). However, different molecular distributions with the pre-
dominance of succinic acid (C4) followed by malonic (C3) and oxalic
(C2) acids or malonic acid (C3) followed by succinic (C4) and oxalic (C2)
acids have sometimes been reported in marine aerosols from the North
Pacific (Hoque et al., 2015, 2017) and Arctic Ocean (Kawamura et al.,
2012).

Diacids are ubiquitously present as the major fraction of marine
organic aerosols. They can frequently account for >10% of total carbon
(TC) and water-soluble organic carbon (WSOC) and >14% of organic
carbon (OC) in the remote marine atmosphere (Fu et al., 2013;
Kawamura and Sakaguchi, 1999; Kawamura and Bikkina, 2016).
Therefore, diacids and related water-soluble compounds can play a vital
role in the activation of atmospheric particulate matter as CCN
(Kawamura and Usukura, 1993; Sempéré and Kawamura, 2003;
Kawamura et al., 2012). More importantly, diacids and related com-
pounds can serve as organic tracers to better understand aqueous phase
photochemical processing of organic aerosols and their precursors
based on the detailed molecular composition analysis (Faust and Zepp,
1993; Ervens et al., 2011; Kawamura et al., 2012; Kawamura and
Bikkina, 2016).

In this study, marine aerosol samples were collected during a cruise
of R/V Moana Wave in the eastern North Pacific (ENP) during May to
July 1986. This cruise is unique because the ENP is characterized by
high biological productivity and also pristine oceanic air masses as
indicated by seven-day back air mass trajectories that did not reach the
continent. However, there are no organic geochemical studies in this
high productivity ocean. Here, we conducted organic aerosol studies to
characterize water-soluble OAs including LMW diacids, ω-oxoacids,
pyruvic acid, α-dicarbonyls in the aerosol samples from the ENP to-
gether with water-soluble organic carbon (WSOC) and total nitrogen
(WSTN). The objectives of the present study are (1) to obtain the mo-
lecular compositions, abundances and spatial distributions of diacids
and related compounds together with their contributions to WSOC, and
(2) to better understand the sources and chemical processing of diacids
and related compounds in the remote marine atmosphere.

2. Samples and analytical methods

Marine aerosol samples (n = 14, sample ID: NPAS 4–53) were
collected in the ENP (27°49′-52°27′N and 150°24′-172°18′W) during the
cruise of R/V Moana Wave of Hawaii University (see Fig. 1 for cruise
track) using a high-volume air sampler with sampling rate of 1000 L/
min and pre-combusted (550 °C) quartz fiber (Pallflex, 2500QAT-UP,
20 × 25 cm) and/or Gelman glass fiber filters in May to June 1986
(Kawamura and Gagosian, 1990). Sampling duration ranged from 3 to
4 days. The 7-day air mass back trajectories suggest that the aerosol
samples are largely of marine origin without mixing of anthropogenic
air masses (Fig. 1). The cruise track is shown in Fig. 1. After sample
collection, filters were stored in clean glass jars with a Teflon-lined
screw cap at −20 °C in a dark freezer room prior to analysis. Although
the collected filter samples had been stored for a long time
(1986–1993), degradation of organics on the filters should be insig-
nificant under such a low temperature condition (Wang et al., 2006;
Kawamura et al., 2010). Blank filters were exposed to the marine air in
the filter cartridge for a few seconds without pumping and then re-
covered into a glass jar.

Water-soluble diacids, ω-oxoacids, pyruvic acid, and α-dicarbonyls
were determined using the method of Kawamura and Ikushima (1993)
and Kawamura (1993). In brief, aliquots of the filter samples were ex-
tracted with organic-free ultra-pure water (5 ml × 3, >18 MΩ) under
ultrasonic agitation for the isolation of diacids and related compounds.
The extracts were passed through a glass column (Pasteur pipette)
packed with quartz wool for removing filter debris and particles. The
extracts were concentrated to almost dryness using a rotary evaporator
(~40 °C) under vacuum and nitrogen blow-down. After the dryness, the
concentrates were derivatized with 14% boron trifluoride in n-butanol
at 100 °C for 1 h.

The derivatives (dibutyl esters and dibutoxyacetals) were extracted
with 5 ml of n-hexane after adding 5 ml pure water. The hexane layer
was concentrated down to about 200 μl using a rotary evaporator under
vacuum, transferred to a glass vial (1.5 ml), consequently dried by ni-
trogen blow-down and dissolved in 100 μl of n-hexane. An aliquot of
derivatives (2 μl) was injected into a capillary gas chromatograph (GC,
HP5890) equipped with a split/splitless injector, fused silica capillary
column (HP-5, 25 m × 0.2 mm i.d. × 0.5 μm film thickness) and flame
ionization detector. Identification of esters and acetals was performed
by the comparison of GC retention times with those of authentic stan-
dards and confirmed by mass spectral examination with GC/MS.

Similar procedure was performed for recovery and blank tests. We
got a recovery of 88% for oxalic acid and more than 90% for malonic,
succinic and adipic acids using authentic standards that were spiked to
a clean quartz filter. Triplicate analyses of the real sample showed
analytical errors of less than 15% for major diacids. Field blanks
showed very small peaks for oxalic, pyruvic and phthalic acids on the
GC chromatograms. However, their peak areas are less than 5% of the
real samples. The reported concentrations were corrected for the field
blanks. The analyses of the filter samples for diacids and related com-
pounds were completed in 1993 at Tokyo Metropolitan University.

Water-soluble organic carbon (WSOC) and total nitrogen (WSTN)
were measured using a Shimadzu total carbon/total nitrogen analyzer
(TOC-VCSH) (Kunwar and Kawamura, 2014). First, a filter punch of
3.14 cm2 was extracted with organic-free ultrapure water under ultra
sonication for 15 min. The extracts were then passed through a syringe
filter (Millex-GV, 0.45 μm, Millipore). For the removal of inorganic
carbon and volatile organics, the extracts were acidified with 1.2 M HCl
and purged with pure air. The analytical errors of WSOC and WSTN
during triplicate analyses were within 5%. WSOC and WSTN con-
centrations reported here are corrected for the field blanks.

Backward air mass trajectories were conducted using Hybrid Single-
Particle Lagrangian Trajectory (HYSPLIT) model (Stein et al., 2015) to
find the source regions of air masses over the eastern North Pacific (27°-
52°N and 150°-172°W) during the sampling period. Fig. 1 shows 7-day
backward trajectories (starting, middle and ending points) at 500 m
above the sea level for aerosol samples collected from the ENP, which
did not reach the continent.

3. Results and discussion

3.1. Molecular distributions of diacids and related compounds

Table 1 summarizes the concentration ranges, average and median
concentrations as well as relative abundances of saturated straight
chain, unsaturated, branched chain and multifunctional dicarboxylic
acids, ω-oxoacids, pyruvic acid and α-dicarbonyls detected in the
marine aerosols from the eastern North Pacific. Generally, oxalic acid
(C2) was found as the most abundant diacid species followed by
malonic (C3) acid and then succinic (C4) acid, which is consistent with
the other results on aerosols from the remote North and Central Pacific
(Kawamura and Sakaguchi, 1999; Mochida et al., 2003a, 2003b;
Sempéré and Kawamura, 2003; Hoque et al., 2017), the Arctic Ocean
(Kawamura et al., 2012) and East Asia (Tran et al., 2000; Yao and Fang,
2002; Ho et al., 2007; Miyazaki et al., 2007; Kundu et al., 2010).
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Interestingly, we found a predominance of succinic (C4) acid over
malonic (C3) acid in 5 aerosol samples (NPAS14, 28, 36, 42 and 46) out
of 12 samples (see Fig. 2a, b, c, d and e). Similar characteristic has often
been reported in the marine aerosols collected over the Arctic Ocean
during late summer (Kawamura et al., 2012), where decomposition of
malonic acid may be accelerated under foggy conditions together with
solar irradiation (Kawamura et al., 2012). In contrast, C3/C4 ratios of
~2 have been frequently reported in the marine aerosol samples during
a round the world cruise (Fu et al., 2013) and remote marine aerosols
from Chichijima Island in the North Pacific (Mochida et al., 2003a) due
to the photochemical breakdown of C4 to C3 during long-range atmo-
spheric transport (Hoque et al., 2015).

Concentrations of total dicarboxylic acids ranged from 14 to
194 ng m−3 (ave. 79 ng m−3, median 64 ng m−3), among which
straight chain saturated diacids were dominant (ave. 74 ng m−3,
median 59 ng m−3) followed by multifunctional diacids such as hy-
droxysuccinic acid (ave. 1.9 ng m−3, median 1.4 ng m−3), unsaturated
diacids (ave. 1.8 ng m−3, median 1.5 ng m−3) and branched chain
diacids (ave. 1.5 ng m−3, median 0.8 ng m−3) (see Table 1).

Concentrations of ω-oxoacids ranged from 0.5 to 2.4 ng m−3 (ave.
1.2 ng m−3, median 1.0 ng m−3). 6-Oxohexanoic acid (ωC6) was
sometimes detected as a dominant ω-oxoacid species in the ENP aero-
sols, comprising up to 26% of total ω-oxoacids, followed by glyoxylic
(ωC2) acid and 4-oxobutanoic acid (Table 1). Concentrations of α-di-
carbonyls ranged from 0.01 to 2.5 ng m−3 (ave. 0.7 ng m−3, median
0.3 ng m−3). During the ENP cruise, we found that methylglyoxal was

on average 4 times more abundant than glyoxal (Table 1), which may
be associated with isoprene emission from marine phytoplankton and
subsequent atmospheric oxidation to result in methylglyoxal (Bikkina
et al., 2014). Interestingly, seven-day backward air mass trajectories for
starting, middle and ending points of each sample showed that con-
tinental influence is not significant throughout the cruise (Fig. 1),
suggesting that all the compounds are largely involved with sea-to-air
emissions of organic precursors from the biologically active ENP.

3.2. Water-soluble organic carbon (WSOC), water-soluble total nitrogen
and contributions of diacids and related compounds to WSOC

As summarized in Table 2, WSOC concentrations in the ENP aero-
sols ranged from 0.2 to 0.7 μg m−3 (ave. 0.4 μg m−3, median
0.4 μg m−3). These values are comparable to those reported in marine
aerosols from the central Pacific (ave. 0.3 μg m−3) (Hoque and
Kawamura, 2016), western Pacific (0.33 μg m−3) (Sempéré and
Kawamura, 2003) and Hawaii (0.39 μg m−3) (Hoffman and Duce,
1977), but are 2 times higher than those reported for the Arctic Ocean
(0.2 μg m−3) (Kawamura et al., 2010). However, measured con-
centrations of WSOC in the ENP are several times lower than those of
urban aerosols from Hachioji, Tokyo (i.e., 3.2–23.2 μg m−3) (Sempéré
and Kawamura, 1994) and tropical aerosols from Amazonia
(18.4–51 μg m−3) (Kundu et al., 2010). Those continental aerosols are
largely enriched with carbonaceous components derived from fossil fuel
combustion and biomass burning compared to marine aerosols (Kundu

Fig. 1. Seven-day backward air masses trajectories (a) starting point, (b) middle point, and (c) end point at 500 m above the sea level. The trajectories were drawn
with NOAA HYSPILT model. Black lines indicate the cruise track. Honolulu is indicated as a red point on Oahu Island. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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et al., 2010).
Abundances of water-soluble total nitrogen (WSTN) in the ENP

aerosols ranged from 0.01 to 0.10 μg m−3 (av. 0.04 μg m−3, median
0.04 μg m−3), which are similar to our previous study conducted for
marine aerosols from the North and South Pacific cruise (range
0.01–0.8 μg m−3) (Hoque et al., 2017). The atmospheric levels of
WSTN in the eastern North Pacific are 5 times lower than those reported
from remote marine aerosols over the North Pacific (ave. 0.20 μg m−3)
(Hoque et al., 2015), but are about 15 times lower than those
(0.07–3.02 μg m−3, 0.58 μg m−3) reported for the ambient aerosols
from Okinawa Island located in the western North Pacific Rim, an
outflow region from East Asia (Kunwar and Kawamura, 2014). Major
portion of WSTN in the present aerosol samples may be originated from
marine biological nitrogen including amino acids, urea and proteins
(Kunwar and Kawamura, 2014). The ocean surface with high biological
productivity has been considered as important source of organic ni-
trogen in marine aerosols (Miyazaki et al., 2011).

We found that diacids and related compounds account for
1.8–18.6% (ave. 7.1%) of WSOC and diacids are the most important
contributor accounting for 1.7–17.6% (ave. 6.8%). Contributions of
diacids to WSOC are similar to those reported for the marine aerosols
from the western Pacific (ave. 8.2%) (Sempèrè and Kawamura, 2003)
and the Arctic Ocean (3–13%) (Kawamura et al., 2010). On the con-
trary, total oxoacids and α-dicarbonyls accounted for 0.1–0.4% (ave.
0.2%) and 0.01–0.6% (ave. 0.1%) of WSOC, respectively. These values
are comparative to those (0.4–1.5% and 0.02–0.35%, respectively) re-
ported for the Artic Ocean aerosols (Kawamura et al., 2010). A large
contribution (ave. 7.1%) of diacids and related compounds to WSOC in
the marine aerosols suggests the vigorous photochemical production of
diacids and related compounds via gas-to-particle conversion of BVOCs
(Bikkina et al., 2014). These organic compounds may play an important
role in the activation of atmospheric particles as CCN and in altering

their light scattering properties in the atmosphere (Saxena et al., 1995;
Novakov and Corrigan, 1996; Kerminen et al., 2000).

3.3. High abundances of succinic and 4-oxobutanoic acids

As mentioned above, we detected a predominance of succinic acid
(C4) over malonic acid (C3) in five samples (see Fig. 2a, b, c, d, e), in
which C4 diacid comprises on average 18% of total diacids. Among
those samples, we found a strong correlation (r2 = 0.72) between C4
and 4-oxobutanoic acid (ωC4), but the correlation was weaker
(r2 = 0.47) for the rest of the samples (see Fig. 3 for the longitudinal
distributions). ωC4 is an oxidation product of mono- and poly-un-
saturated fatty acids, and is further oxidized to produce succinic acid
(C4) (Kawamura and Gagosian, 1987; Kawamura and Sakaguchi, 1999).
Interestingly, concentrations of ωC4 are 1.5 times higher in the five
distinguished samples than the rest of the samples collected from the
ENP. Further, succinic acid in the five samples (NPAS14, 28, 36, 42 and
46) showed higher concentrations by 8% compared to the rest of
samples. These results demonstrate that high abundances of succinic
acid in those five samples are strongly associated with sea-to-air
emissions of unsaturated fatty acids produced by phytoplankton in the
surface ocean and the subsequent photochemical oxidation of keto-
carboxylic acids produced in the marine atmosphere (Kawamura and
Gagosian, 1990; Kawamura and Sakaguchi, 1999).

Although it is true that clear idea about photochemical production
of diacids could not be found without day and night sampling, marine
emissions of POA and BVOCs play an important role as precursor/
source for OH radicals, leading to the degradation of organic matter and
production of LMW organic compounds like diacids (Kawamura and
Gagosian, 1990; Bikkina et al., 2014; Kawamura and Bikkina, 2016).
LMW diacids and related compounds are ubiquitous water-soluble SOA
components in the marine atmosphere (e.g., Sempéré and Kawamura,

Table 1
Concentrations (ng m−3) of dicarboxylic acids, ω-oxoacids, pyruvic acid and α-dicarbonyls in the marine aerosols from the eastern North Pacific (n = 14).

Compounds Minimum Maximum Average Median Average relative abundances (%)

Saturated straight chain diacids Oxalic, C2 6.03 139 45.9 33.4 57.9
Malonic, C3 1.76 27.0 11.9 9.64 15.0
Succinic, C4 2.60 23.2 10.7 9.48 13.5
Glutaric, C5 0.74 9.71 3.18 2.71 4.00
Adipic, C6 0.27 2.48 0.91 0.68 1.14
Pimelic, C7 0.10 2.48 0.72 0.31 0.90
Suberic, C8 0.07 0.69 0.28 0.24 0.35
Azelaic, C9 0.17 0.86 0.44 0.37 0.56
Sebacic, C10 0.03 0.76 0.16 0.11 0.20
Subtotal 11.9 188 74.2 58.9 –

Branched chain diacids Methylmalonic, iC4 0.16 2.22 0.59 0.39 0.74
Methylsuccinic, iC5 0.05 7.30 0.94 0.41 1.18
Subtotal 0.21 9.52 1.53 0.80 –

Unsaturated diacids Maleic, M 0.25 0.99 0.50 0.41 0.63
Fumaric, F 0.07 1.34 0.35 0.29 0.44
Methylmaleic, mM 0.04 0.31 0.12 0.09 0.15
Phthalic, Ph 0.22 1.68 0.84 0.77 1.06
Subtotal 0.89 3.27 1.81 1.52 –

Multifunctional diacids Hydroxysuccinic, hC4 0.07 1.53 0.35 0.22 0.45
Ketomalonic, kC3 0.02 0.22 0.12 0.14 0.16
Ketopimelic, kC7 0.27 4.27 1.38 0.84 1.74
Subtotal 0.40 5.98 1.86 1.38 –

Total diacids 13.9 194 79.4 64.3 100
ω-Oxoacid Glyoxylic, ωC2 0.01 1.14 0.18 0.05 14.5

3-Oxopropanoic, ωC3 0.02 0.51 0.13 0.08 10.7
4-Oxobutanoic, ωC4 0.12 1.29 0.46 0.46 36.4
5-Oxopentanoic, ωC5 0.03 0.22 0.08 0.08 6.57
6-Oxoheaptanoic, ωC6 0.18 0.57 0.33 0.32 26.4
9-Oxononanoic, ωC9 0.04 0.15 0.07 0.00 5.49

Total ω-oxoacids 0.45 2.36 1.26 1.06 100
Pyruvic acid, Pyr 0.01 0.92 1.81 0.13 –

α-Dicarbonyls Glyoxal, Gly 0.01 0.63 0.13 0.09 19.0
Methylglyoxal, MeGly 0.01 2.20 0.54 0.13 81.0

Total α-dicarbonyls 0.01 2.47 0.67 0.26 100
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2003; Hoque and Kawamura, 2016).
Interestingly, C4 diacid in the rest of the samples showed a good

correlation (r2 = 0.65) with Ʃ(Pyr + Gly + MeGly), which have been
proposed as isoprene oxidation products in the remote marine atmo-
sphere (Carlton et al., 2009; Bikkina et al., 2014). This result may
further indicate that, in addition to unsaturated fatty acids, isoprene is

also emitted from the ocean surface and subsequently photo-oxidized in
the atmosphere to result in pyruvic acid, glyoxal and methylglyoxal,
which are further oxidized to oxalic acid over the remote ENP, where
continental influence is limited (Fig. 1), although continental isoprene
cannot be excluded.

3.4. Spatio-temporal distributions of diacids and ω-oxoacids: Implication
for photochemical production of C2-C4 diacids

Fig. 4 presents spatial distributions of diacids over the ENP. Diacids
showed higher concentrations in the longitudinal transect of
165–172°W compared to 151–160°W in the ENP. It is of interest to note
that ω-oxoacids showed similar distribution pattern with diacids, sug-
gesting that their sources and formation mechanism are linked over the
remote North Pacific. The similar distributions of diacids and ω-ox-
oacids may be explained by the similar formation process, that is, in a
remote biologically productive ocean unsaturated fatty acids including

Fig. 2. Molecular distributions of low molecular weight dicarboxylic acids (C2-C10), ω-oxoacids, pyruvic acid and α-dicarbonyls in selected marine aerosols from the
eastern North Pacific. For the abbreviations of samples ID and compounds, see Fig. 1 and Table 1, respectively.

Table 2
Mass concentrations of water-soluble organic carbon (WSOC) and total nitrogen
(WSTN) in the eastern North Pacific aerosols samples and contributions of
diacids and related compounds to WSOC.

Components Minimum Maximum Average Median

WSOC (μg m−3) 0.2 0.73 0.42 0.4
WSTN (μg m−3) 0.01 0.1 0.04 0.04
Diacids-C/WSOC (%) 1.7 17.6 6.8 5.04
ω-Oxoacids-C/WSOC (%) 0.13 0.44 0.22 0.22
α-Dicarbonyls-C/WSOC (%) 0.01 0.65 0.14 0.14
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oleic acid are emitted to the atmosphere via bubble bursting process,
followed by photochemical oxidation in the marine atmosphere
(Kawamura and Gagosian, 1987). In particular, oleic acid that contains
a double bond at C-9 position is oxidized to result in azelaic acid (C9)
and mid-chain keto and hydroxy fatty acids, which are finally oxidized
to produce dominant LMW diacids like oxalic, malonic and succinic
acids (Kawamura and Gagosian, 1990; Kawamura and Sakaguchi,
1999), when they are exposed to solar radiation in the presence of O3
and OH radicals.

Although satellite-derived chlorophyll a data are not available for
the sampling period in 1986, we can use the more recent data as a
surrogate for the spatial distributions of chlorophyll a in the ENP. We
downloaded the image of chlorophyll a for May to June in 1996 to
2001. Additionally, variability of chlorophyll a concentration over the
ENP for this time period may be associated with climate variability
including El Niño-Southern Oscillation (ENSO), tropical cyclone and
Pacific Decadal Oscillation (PDO) (Yoder and Kennelly, 2003;
Dandonneau et al., 2004; Lee and Park, 2010), as well as changes in sea
surface temperature and thermal stratification due to the recent global
warming (Behrenfeld et al., 2006). Fig. 5 presents satellite image of
chlorophyll a over the sampling areas with a cruise track. The results
showed higher concentrations of chlorophyll a in the longitudinal
transect of 165–172°W than 151–160°W, being consistent with the
longitudinal distributions of diacids and related compounds (Figs. 3 and
4). Similar spatial and longitudinal distributions of diacids and chlor-
ophyll a suggest that oceanic biological activity largely controls the
atmospheric levels of diacids and related compounds via air-to-sea

emissions of organic precursors such as unsaturated fatty acids and
isoprene.

Interestingly, we found a positive correlation (r2 = 0.50) between
diacids and ω-oxoacids throughout the campaign, which may indicate
that LMW diacids over the eastern North Pacific are of marine origin
rather than long-range atmospheric transport of continental aerosols
and their precursors (Fig. 1). A strong correlation was also found be-
tween C3 and C4 (r2 = 0.79) and C2 and C3 (r2 = 0.88). These strong
relationships further confirm the presence of photochemical breakdown
mechanism of C4 to C3 and C2 in the remote marine regions (Kawamura
and Sakaguchi, 1999; Wang et al., 2006; Miyazaki et al., 2009;
Kawamura and Bikkina, 2016).

4. Summary and conclusions

Low molecular weight dicarboxylic acids, ω-oxoacids, pyruvic acid,
and α-dicarbonyls (glyoxal and methylglyoxal) have been determined
in the eastern North Pacific (ENP) aerosol samples together with WSOC
and WSTN. Spatial distributions of diacids and ω-oxoacids showed si-
milar distribution patterns with a positive correlation (r2 = 0.50). Their
abundances are higher in the latitudinal transect of 165–172°W, where
higher chlorophyll a concentrations were recorded by satellite ob-
servation. These results suggest that diacids and ω-oxoacids are linked
to the photochemical oxidation of unsaturated fatty acids that are
produced by marine phytoplankton in the ENP.

A predominance of methylglyoxal (81%) over glyoxal (19%) was
found during the study. This result supports an idea that isoprene is

Fig. 3. Longitudinal distributions of succinic acid (black triangle) and 4-oxobutanoic acid (open triangle) in the marine aerosols over the eastern North Pacific.

Fig. 4. Longitudinal distributions of total dicarboxylic acids (black circles) and total ω-oxoacids (open circles) in the remote marine aerosols over the eastern North
Pacific.
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another important precursor emitted from the biologically productive
ocean and subsequently oxidized in the atmosphere to result in me-
thylglyoxal, which is further oxidized to oxalic acid. We found that
diacids and related compounds accounted for 7% (range, 2–18%) of
WSOC in marine aerosols, demonstrating the vigorous photochemical
production of these compounds in the ENP via gas-to-particle conver-
sion of biogenic volatile organic compounds. This study confirms that
biological activity in the pristine ocean can largely influence the at-
mospheric levels of organic aerosols over the remote ocean.
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