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To better understand the sources and atmospheric processing of organic aerosols in the remote marine atmo-
sphere, aerosol (TSP) samples were collected over the North Pacific (13°14′N-53°37′N and 140°46′E-179°54′
W) in May–July, 2010 during a cruise of T/V Oshoro Maru, and studied for dicarboxylic acids (C2–C11),
ω-oxoacids, pyruvic acid and α-dicarbonyls as well as organic and elemental carbon, water-soluble organic car-
bon and total nitrogen. Over the North Pacific, diacids are most abundant followed by ω-oxoacids and α-
dicarbonyls. Although the molecular compositions of diacids are generally characterized by the predominance
of oxalic (C2) acid, we found a predominance of succinic (C4) acid in four samples, which were collected in the
central northern North Pacific. We consider that photochemical degradation of unsaturated fatty acids emitted
from the ocean surface is the main source of C4 over the central northern North Pacific, where Chlorophyll-a
maximized during the cruise. Moreover, seven samples collected in the central northern North and western
North Pacific shows predominance of malonic (C3) acid over C4, suggesting the photochemical degradation of
C4 to C3. Spatial distributions of diacids, ω-oxoacids and α-dicarbonyls together with total carbon and water
soluble total nitrogen contents showed higher abundances in the coastal western North Pacific followed by the
central northernNorth and subtropical Pacific, signifying that continental aerosols are transported long distances
to the remote marine atmosphere.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Low molecular weight (LMW) carboxylic acids are water-soluble
and thus their presence in aerosols enhances the hygroscopic properties
of atmospheric particles (Kawamura et al., 2010). They can account
for 0.3-4.5% of total carbon (TC) in urban aerosols and more than 10%
of TC or water-soluble organic carbon (WSOC) in remote marine aero-
sols (Ho et al., 2007; Kawamura and Ikushima, 1993; Kawamura and
Sakaguchi, 1999; Kawamura and Yasui, 2005; Kerminen et al., 2000;
Wang et al., 2006). Most of organic aerosol studies in remote marine
areas have been conducted in terms of long-range atmospheric
transport of lipid class compounds (Gagosian et al., 1987; Kawamura
et al., 2004; Peltzer and Gagosian, 1989; Sicre et al., 1990) and photo-
chemical processing of water-soluble organic compounds such as diacids
(Kawamura et al., 1996a; Kawamura andGagosian, 1987; Kawamura and
Usukura, 1993; Stephanou, 1992).

Diacids and related compounds play an important role in the radia-
tive forcing of the earth by scattering light and have potential contribu-
tion to cloud condensation nuclei (CCN) because of their high water
solubility and hygroscopic properties (Kawamura and Usukura, 1993;
Kawamura).
Kerminen et al., 1999; Saxena et al., 1995). However, little is known
about their spatial distributions in the remote marine atmosphere
(Sempéré and Kawamura, 2003), although water-soluble dicarboxylic
acids are important constituents of organic aerosols in the remote ma-
rine atmosphere (Bikkina et al., 2014; Kawamura and Sakaguchi, 1999).

LMW α, ω-dicarboxylic acids and related compounds, i.e., ω-
oxocarboxylic acids and α-dicarbonyls are the most abundant water-
soluble organic compound classes (Sempéré and Kawamura, 2003).
These compounds are significantly produced in polluted areas by the in-
complete combustion of fossil fuels (Kawamura and Kaplan, 1987;
Kerminen et al., 2000; Sempéré and Kawamura, 2003), meat cooking
(Rogge et al., 1991; Schauer et al., 1999), biomass burning (Gao et al.,
2003; Kundu et al., 2010a; Mayol-Bracero et al., 2002; Yamasoe et al.,
2000) and from biogenic emissions of unsaturated fatty acids and iso-
prene (Bikkina et al., 2014; Kawamura and Gagosian, 1990). LMW di-
acids are also produced through ozonolysis and photooxidation of
various organic compounds (Bandow et al., 1985; Grosjean et al.,
1978; Hatakeyama et al., 1987; Kawamura and Gagosian, 1987;
Kawamura and Ikushima, 1993; Norton et al., 1983; Schuetzle
et al., 1975) and have been reported at significant concentrations in
the urban, semi-urban, rural and even in the remote marine atmosphere
(Kawamura and Sakaguchi, 1999; Kawamura and Usukura, 1993;
Limbeck et al., 2001; Sempéré and Kawamura, 1996; Wang et al., 2002)
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and in the Arctic atmosphere (Kawamura et al., 1995a, 1996b, 2010; Li
and Winchester, 1993). They are also abundant in ice core samples
(Kawamura et al., 2001; Kawamura and Yasui, 1991; Legrand and De
Angelis, 1996).

The North Pacific is an ideal area to study those water-soluble
organics for their long-range atmospheric transport, photochemical
production and transformation, the contributions from anthropogenic
and biogenic sources, and their global background concentration levels.
Moreover, the North Pacific is a transitional spot for the mixing of both
continental andmarine aerosols as influenced by the different continen-
tal air masses transported from China, Korea, Japan, and Siberia. In this
study, we collected remote marine aerosol samples over the North
Pacific duringMay–July, 2010 for the determination ofwater-soluble di-
carboxylic, ω-oxocarboxylic acids, pyruvic acid and α-dicarbonyls as
well as organic carbon, elemental carbon, water-soluble organic carbon
and total nitrogen. Here, we report the molecular compositions of di-
acids and related compounds, their spatial distributions together with
aerosol mass, aerosol carbon and nitrogen concentrations in the North
Pacific aerosols and contributions of water-soluble dicarboxylic acids
to aerosol TC. We also discuss the sources of diacids and their photo-
chemical transformation during long-range atmospheric transport.

2. Samples and experimental methods

Remote marine aerosol samples were collected in the North Pacific
(13°14′N-53°37′N and 140°46′E-179°54′W) from the upper deck of
the T/V Oshoro Maru cruise using pre-combusted (500 °C) quartz fiber
filters (Pallflex 2500QAT-UP, 20 × 25 cm) and high volume air sampler
during May–July, 2010. The sampler was controlled with a wind sector
(±60°) and wind speed (≥5 m s−1) system to avoid potential contami-
nation from the ship exhausts (Kawamura and Sakaguchi, 1999). Sam-
pling time was about 48 h. The cruise track is shown in Fig. 1. After
sample collection, the sample filter was stored in a clean glass jar with a
Teflon-lined screw cap at −20 °C prior to analysis. Total aerosol mass
was calculated by weighing the filter before and after sample collection.
Blank filters were exposed to the marine air in the sample shelter for a
few seconds and then recovered (Sempéré and Kawamura, 2003).
Fig. 1. Cruise track of T/V Oshoro Maru 2010. The numbers and thick black marks are shown i
Water-soluble diacids, ω-oxoacids, pyruvic acid and α-dicarbonyls
were determined using the improved method of Kawamura and
Ikushima (1993) and Kawamura (1993). In brief, aliquots of filter sam-
ples were extracted with organic-free ultra pure water (5 ml × 3,
N18 MΩ) under ultrasonic agitation for the isolation of diacids and
other water-soluble organic compounds. The extracts were passed
through a glass column (Pasteur pipet) packedwith quartz wool for re-
moving filter debris and particles. The extracts were adjusted to pH =
8.5–9.0 using 0.05 M KOH and then concentrated to almost dryness
using a rotary evaporator (~40 °C) under vacuum. After the dryness,
concentrates were derivatized with 14% boron trifluoride in n-butanol
at 100 °C for 1 h. The derived dibutyl esters and dibutoxy acetals were
extracted with ~5 ml of n-hexane after adding ~5 ml pure water. The
hexane layer was concentrated to about 50 μl using a rotary evaporator,
transferred to a glass vial (1.5ml), consequently dried byN2 blow down
and dissolved in 100 μl of n-hexane.

The derivatives (2 μl) were injected into a capillary gas chromato-
graph (GC) system (Agilent 6890) equipped with a split/splitless injec-
tor, fused silica capillary column (HP-5, 25m × 0.2 mm id × 0.5 μm film
thickness) and flame ionization detector (FID). Identification of esters
and acetals was performed by the comparison of GC retention times
andmass spectra with those of authentic standards. Mass spectral anal-
ysis was conducted with a GC/mass spectrometry system (Agilent MS)
and the quantification of compounds was performed by GC/FID. Similar
procedure was also conducted for recovery and blank experiments. We
got 85% recovery for oxalic acid andmore than 90% formalonic, succinic
and adipic acids. Triplicate analyses of the sample showed that analyti-
cal errors are less than 10% for major diacids. Field blanks showed very
small peaks of oxalic, pyruvic and phthalic acids on the GC chromato-
grams, which are less than 4% of the real samples. The reported concen-
trations for the samples were corrected for the field blanks.

Water-soluble organic carbon (WSOC) and total nitrogen (WSTN)
were measured using a Shimadzu total carbon/nitrogen analyzer
(TOC-VCSH) (Miyazaki et al., 2011). First, a filter disc of 3.14 cm2 was
extracted with organic-free ultra pure water under ultrasonication
for 15 min. The extracts were then passed through a syringe filter
(Millex-GV, 0.45 μm, Millipore). For the removal of inorganic carbon
n the map represent sample identification numbers and sampling locations, respectively.
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and volatile organics, the extracts were acidified with 1.2 M HCl and
purgedwith a pure air. The analytical errors ofWSOC andWSTN during
triplicate analyses were within 5%. WSOC andWSTN concentrations re-
ported here are corrected for the field blanks.

Concentrations of organic carbon (OC) and elemental (EC) were
measured using a Sunset Laboratory carbon (OC/EC) analyzer following
Interagency Monitoring Protected Visual Environments (IMPROVE)
thermal/optical evolution protocol (Wang et al., 2005). The presence
of carbonate carbon may be negligible because 5-day air mass back tra-
jectories do not reach the arid regions in China where carbonates such
as CaCO3 are emitted as discussed later. Total carbon (TC) was calculat-
ed as TC=OC+EC. Afilter disc of 1.4 cm2 punchwas put in quartz boat
placed in the thermal desorption chamber and applied to stepwise
heating in a helium flow, and then helium gas was switched to He/O2.
Finally, evolved CO2 during the oxidation at each temperature step
was measured with non-dispersive infrared (NDIR) detector. For the
setting up of the OC/EC split point and OC correction, a transmittance
of light (red 660 nm) was applied through the filter punch. The analyt-
ical error in duplicate analysis for OC and EC of the filter sample were
within 10% and the reported concentrations are corrected for the field
blanks. Primary organic carbon (POC) and secondary organic carbon
(SOC) was calculated using the EC tracer method (Castro et al., 1999;
Chu, 2005; Yu et al., 2009) as follows.

POC ¼ EC� OC=ECð Þmin
SOC ¼ OC−POC:

Backward air mass trajectories were conducted using a Hybrid
Single-Particle Lagrangian Trajectory (HYSPLIT) model for the aerosol
samples collected in the North Pacific Ocean during sampling period.
Fig. 8 shows 5 day backward trajectory analysis at 500 m above the
ground for aerosol samples collected from the North Pacific.

3. Results and discussion

3.1. Aerosol mass, total carbon and water-soluble total nitrogen contents

Aerosol mass concentrations ranged from 11 to 232 μg m−3

(av. 44 μg m−3, median 32 μg m−3) over the North Pacific. These
values are comparable to those of previous studies from the western
Pacific (11–68 μg m−3) (Sempéré and Kawamura, 2003), the west-
ern to central Pacific (19–404 μg m−3, av. 48 μg m−3) (Kawamura
and Sakaguchi, 1999) and urban Tokyo, Japan (54–220 μg m−3, av.
48 μg m−3) (Kawamura and Ikushima, 1993). During the study
period, higher aerosol mass concentrations were observed in the
western North Pacific near the Japanese Islands, suggesting that
their sources are mainly of continental origin.

Concentrations of TC in the North Pacific aerosol samples ranged
from 0.10 to 2.71 μg m−3 (av. 0.67 μg m−3, median 0.44 μg m−3).
These TC contents are similar or little higher than those reported from
the western North and central Pacific Ocean (av. 0.38 μg m−3)
(Kawamura and Sakaguchi, 1999) and the Arctic (av. 0.36 μg m−3)
(Kawamura et al., 2010), but are significantly lower (approximately
28 times) than those (av. 19 μgm−3) reported in the urban Tokyo aero-
sols (Kawamura et al., 1995b). Spatial distributions of TC showed higher
levels in the coastal western North Pacific, supporting a significant at-
mospheric transport of continent-derived organics over the North
Pacific.

The carbonaceous fraction (TC%) of the aerosols ranged from 0.3 to
5.7% (av. 2.1%, median 1.4%) with higher values in the western edge of
theNorth Pacific. This result suggests an atmospheric input of continen-
tal aerosols over the North Pacific Rim near the Asian Continent. Inter-
estingly, TC/aerosol mass ratios in the present North Pacific aerosols
are ~3 times higher than those (av. 0.75%) reported over the western
North to central Pacific (Kawamura and Sakaguchi, 1999), but much
lower than those (8–39%, av. 20%) reported for urban aerosols from
Tokyo (Kawamura and Ikushima, 1993). These comparisons suggest
that TC% is higher near the outflow regions of Asian dusts and their
precursors and in the northern North Pacific with higher biological pro-
ductivity. It is also likely that marine organic aerosols in the remote
ocean (e.g., the central Pacific) may be diluted by inorganic materials
such as sea salt.

Aerosol WSTN contents ranged from 0.02 to 0.90 μg m−3

(av. 0.20 μg m−3, median 0.10 μg m−3) in the North Pacific aerosols.
These values are ca. 3 times lower than those (0.07–3.02 μg m−3, av.
0.58 μg m−3) reported for Okinawa Island in the western North Pacific
rim (Kunwar and Kawamura, 2014). WSTN shows spatial distribution
pattern similar to TC, whose concentrations are rather constant over the
North Pacific, except for the western North Pacific rim. WSTN accounts
for 0.1 to 1.6% (av. 0.4%, median 0.2%) of the marine aerosol masses
from the North Pacific. These values are generally lower than those
(1.9–15%) reported for total nitrogen from urban Tokyo (Kawamura
and Ikushima, 1993), the Arctic (0.48–2.4%, av. 1.6%) (Kawamura et al.,
2010), but similar to those from the Pacific (0.05–1.3%, av. 0.27%)
(Kawamura and Sakaguchi, 1999).

3.2. Latitudinal variations of OC/EC and WSOC/OC ratios

OC to EC ratios have been used to evaluate the sources and transfor-
mation processes of carbonaceous aerosols (Turpin and Huntxicker,
1995; Cao et al., 2003). OC/EC ratios for biomass burning aerosols pro-
vide relatively high values between 5 and 8 (Andreae and Merlet,
2001) whereas a ratio of 4.0 is assumed for fossil fuel combustion
products (Koch, 2001). In our study, OC/EC ratios ranged from 1.9 to
11 (av. 5.7, median 5.3). The average andmedian ratios are comparable
to those for marine aerosols from the South Indian Ocean, North Indian
Ocean and Arabian Sea (Neusüß et al., 2002). As shown in Fig. 2a, OC/EC
ratios are higher in the mid latitudinal regions than oceanic regions of
the high and low latitudinal North Pacific, suggesting an extra source
of OC from the ocean through the primary emissions of organic aerosols
due to sea spray (which does not contain EC) and photochemical oxida-
tion of marine derived volatile organic compounds (VOCs) (Bikkina
et al., 2014; Kunwar and Kawamura, 2014).

Jung et al. (2010) proposed thatWSOC to OC ratio is useful to discuss
a potential source of carbonaceous aerosols. High WSOC/OC ratios (av.
47%) were reported for the long-range transported aerosols (Saarikoski
et al., 2008). The enhanced WSOC/OC ratios (81%) were also reported
for Greenland summit aerosols (Hagler et al., 2007). Moreover, elevated
WSOC/OC ratios can be used as an indicator for aged aerosols (Ho et al.,
2006). WSOC/OC ratios from our study show the latitudinal distributions
similar to OC/EC ratios with high values in the western North Pacific
(Fig. 2b), indicating an enhanced photochemical oxidation of anthro-
pogenic organic compounds during long-range atmospheric transport
and/or gas-to-particle conversion of anthropogenic semi-volatile organic
compounds via photochemical oxidation. Five-day backward airmass tra-
jectories also reveal that the western part of the northern North Pacific is
significantly influenced by long-range transported air masses from the
Asian Continent (Fig. 8).

3.3. Latitudinal variations of carbonaceous components

Concentrations of OC and EC in the North Pacific aerosols ranged
from 0.1 to 2.6 μg m−3 and 0.01 to 0.2 μg m−3, respectively. These
values are ~3 times lower than those of OC (av. 1.78 μg m−3) and ~1.5
times lower than those of EC (av. 0.28 μg m−3) reported in the ambient
aerosols fromOkinawa Island in thewestern North Pacific rim (Kunwar
and Kawamura, 2014). In this study, we found a strong correlation
between OC and EC (r = 0.84), suggesting that they are derived from
similar sources either from anthropogenic fossil fuel combustion or bio-
mass burning. WSOC concentrations ranged from 0.02 to 1.5 μg m−3

(av. 0.3 μg m−3, median 0.1 μg m−3). They account for 0.1–2.4%
(av. 0.7%, median 0.3%) of total aerosol mass. WSOC concentrations



Fig. 2. Latitudinal variations in the concentration ratios of (a) OC/EC, (b) WSOC/EC and concentration of (c) EC, (d) WSOC, (e) POC, (f) SOC in the remote North Pacific aerosols.
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are much lower than those of urban aerosols from Hachioji, Tokyo
(3.2–23 μg m−3

, av. 12.8 μg m−3) (Sempéré and Kawamura, 1994),
but comparable to those (0.08–2.3 μg m−3, av. 0.33 μg m−3) reported in
the marine aerosols from the western Pacific (Sempéré and Kawamura,
2003) and Hawaii (av. 0.39 μg m−3) (Hoffman and Duce, 1977). Lower
WSOC concentrations (0.04–0.3 μg m−3, av. 0.18 μg m−3) were also re-
ported in the Arctic aerosols (Kawamura et al., 2010).

Contribution of WSOC to TC varied from 6 to 58% (av. 32%, median
28%). These values are equivalent to those reported in Tokyo urban
aerosols (28–55%, av. 37%) (Sempéré and Kawamura, 1994) and those
from the marine aerosols in the western Pacific (29–53%, av. 40%)
(Sempéré and Kawamura, 2003). Interestingly, we observed higher
WSOC/TC ratios in the mid latitudinal western North Pacific than the
low (subtropical) and high latitudinal northern North Pacific, suggest-
ing more photochemical production of WSOC in the mid latitudinal
North Pacific with more influence from the Asian Continent (see
Fig. 8). Relative abundances of OC, EC and WSOC were higher in the
mid latitudinal regions near the Asian Continent whereas they are
lower in the high and low latitudinal North Pacific, suggesting that in
the western North Pacific they are formed by extensive photochemical
oxidation of various organic precursors emitted from the Asian Conti-
nent including China, Korea and Japan.

As shown in Fig. 2c–d, both EC and WSOC exhibit parallel distribu-
tions, suggesting that the sources of WSOC are associated with fossil
fuel combustion and/or biomass burning in the Asian Continent.
Table 1 provides concentrations of POC and SOC in the North Pacific
aerosols. Latitudinal changes of POC and SOC in the aerosol samples
Table 1
Mass concentrations of various organic components in the North Pacific aerosol samples
and their concentration ratios.

Components Minimum Maximum Average Median

WIOC (μg m−3) 0.05 1.0 0.3 0.2
POC (μg m−3) 0.02 0.5 0.3 0.2
SOC (μg m−3) 0.04 2.0 0.4 0.3
OC/EC 1.9 11 5.7 5.3
WSOC/OC (%) 7 73 40 30
SOC/POC 1.0 5.6 3.5 3.0
also show similar patterns (Fig. 2e, f) with higher concentrations in
mid latitudes of the North Pacific. Higher concentration of SOC in the
mid latitudes may be caused by enhanced photochemical oxidation of
continentally derived organic precursors during long-range transport
and/or in the source regions.

3.4. Molecular composition and concentrations of diacids, ω-oxoacids,
pyruvic acid and α-dicarbonyls

A homologous series of low molecular weight dicarboxylic acids
(C2–C11), ω-oxoacids, pyruvic acid and α-dicarbonyls were detected in
the marine aerosols from the North Pacific. Table 2 summarizes their
concentration ranges, median and average concentrations as well as
their relative abundances in each compound class. Generally, oxalic
acid (C2) was found as the most abundant diacid species followed by
malonic (C3) and succinic (C4) acid (Fig. 3a), being consistent with pre-
vious aerosol studies from East Asia (Ho et al., 2007; Kawamura and
Ikushima, 1993; Kawamura and Kaplan, 1987; Kundu et al., 2010b;
Miyazaki et al., 2007; Tran et al., 2000; Yao et al., 2002), the remote Pa-
cific (Kawamura and Sakaguchi, 1999; Kerminen et al., 2000; Mochida
et al., 2003a, 2003b) and the Arctic Ocean (Kawamura et al., 2012).

However, in few samples collected in the central northern North
Pacific near the Aleutian trench, we found a predominance of succinic
(C4) acid followed by oxalic (C2) andmalonic (C3) acid (Fig. 3b). Similar
phenomenon has been reported in the marine aerosols collected over
the Arctic Ocean during late summer (Kawamura et al., 2012), where
photochemical degradation of oxalic acid may occur in aqueous phase
of aerosols due to the presence of Fe (Kawamura et al., 2010). Pavuluri
and Kawamura (2012) reported that oxalic acid decomposes in the
presence of Fe under the UV irradiation in the laboratory experiment,
but it is stable in the absence of Fe. Malonic acid could also decompose
in the presence of Fe (III), however, the decomposition rate of its
Fe-complex is ca. 20 times lower than that of oxalic acid (Faust and
Zepp, 1993). The decomposition of oxalic and malonic acid may be
accelerated under foggy conditions together with solar irradiation
(Kawamura et al., 2012).

In addition, some samples collected from the central northern North
and western North Pacific show the predominance of malonic acid



Table 2
Concentrations (ng m−3) of dicarboxylic acids, ω-oxoacids, pyruvic acid and α-
dicarbonyls in the marine aerosol samples from the North Pacific (n = 29).

Compounds Minimum Maximum Average Median Average
relative
abundances
(%)

Saturated straight chain
diacids
Oxalic, C2 5.5 80.9 25.3 18.9 40.0
Malonic, C3 2.6 37.4 14.7 11.0 23.0
Succinic, C4 0.9 36.8 11.6 10.3 18.3
Glutaric, C5 0.2 19.9 3.8 2.4 6.0
Adipic, C6 0.1 2.8 1.0 0.6 1.6
Pimelic, C7 BDLa 3.5 0.6 0.3 0.9
Suberic, C8 BDLa 1.0 0.2 0.2 0.2
Azelaic, C9 0.1 0.9 0.5 0.5 0.8
Sebacic, C10 BDLa 2.3 0.2 0.1 0.3
Undecanoic, C11 BDLa 2.9 0.2 0.1 0.3

Unsaturated diacids
Fumaric, F 0.01 1.9 0.3 0.1 0.5
Maleic, M 0.05 2.8 0.4 0.2 0.7
Methylmaleic, mM 0.02 1.0 0.2 0.1 0.2
Phthalic, Ph 0.1 3.4 1.1 0.6 1.7
Isophthalic, iPh BDLa 0.4 0.1 0.05 0.1
Terephthalic, tPh 0.02 1.0 0.3 0.2 0.4

Branched chain diacids
Methylmalonic, iC4 0.05 0.9 0.3 0.3 0.5
Methylsuccinic, iC5 BDLa 1.9 0.5 0.3 0.8
2-Methylglutaric, iC6 BDLa 0.2 0.1 0.04 0.1

Multifunctional diacids
Hydroxysuccinic, hC4 0.01 0.7 0.2 0.1 0.2
Ketomalonic, kC3 0.02 1.0 0.3 0.2 0.4
Ketopimelic, kC7 0.01 5.0 1.0 0.6 1.5

Total diacids 13.4 177 63.5 51 –

ω-oxoacids
Glyoxylic, ωC2 0.2 9.5 2.0 1.4 45.2
3-Oxopropanoic, ωC3 0.02 0.7 0.2 0.1 4.0
4-Oxobutanoic, ωC4 BDLa 2.8 0.6 0.3 13.1
5-Oxopentanoic, ωC5 BDLa 1.0 0.2 0.1 4.7
7-Oxoheaptanoic,
ωC7

BDLa 3.0 0.7 0.4 15.8

8-Oxooctanoic, ωC8 BDLa 3.4 0.6 0.3 13.8
9-Oxononanoic, ωC9 BDLa 1.0 0.2 0.1 3.4

Total ω-oxoacids 0.7 18.7 4.4 3.3 –

Pyruvic acid, Pyr 0.04 6.1 0.6 0.3 14.4
α-Dicarbonyls

Glyoxal, Gly BDLa 6.9 0.6 0.2 75.0
Methylglyoxal,
MeGly

0.02 0.8 0.2 0.2 25.0

Total α-dicarbonyls 0.02 7.0 0.8 0.5 –

a BDL, below detection limit (0.005 ng m−3).
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followed by succinic and oxalic acid (Fig. 3c). Such molecular composi-
tions could be explained by the depletion of oxalic acid (Kawamura
et al., 2010) and oxidation of succinic acid to malonic acid (Kawamura
and Ikushima, 1993; Kawamura and Sakaguchi, 1999). It is of interest
to note that azelaic acid (C9) is relatively abundant in themarine aerosols
in which C3 or C4 is dominant (Fig. 3b, c). Because C9 is derived from
photo-oxidation of unsaturated fatty acids (Kawamura and Gagosian,
1987), sea-to-air emission of unsaturated fatty acids may be significant
in those oceanic regions. As discuss later, we found higher Chlorophyll-a
concentrations in the central northern North Pacific.

Concentrations of total dicarboxylic acids (13.4 to 177 ng m−3) are
several times lower than those reported in the continental aerosols
from Tokyo (Kawamura and Yasui, 2005), Sapporo (Aggarwal and
Kawamura, 2008) and Chinese megacities (Ho et al., 2007), but are
comparable to those for the marine aerosols from the northern North
Pacific (Kawamura and Usukura, 1993), the Pacific Ocean including
tropics (Kawamura and Sakaguchi, 1999) and the western Pacific
(Wang et al., 2006). Glyoxylic (ωC2) acid was the dominant ω-oxoacid
species, comprising 45.2% of the total ω-oxoacids detected, followed
by 7-oxoheptanoic acid (av. 15.8%). These results indicate that in the
North Pacific atmosphere both anthropogenic and biogenic emissions
are significant source of diacids and ω-oxoacids. Among α-dicarbonyls,
glyoxal was generally more abundant than methylglyoxal (Table 2).
This result may suggest that anthropogenic (e.g., benzene and toluene)
emissions are more important than biogenic emissions (e.g., isoprene)
because glyoxal is often more abundant than methylglyoxal in Chinese
aerosols (Ho et al., 2007). However, in the central northern North Pacific
aerosols, methylglyoxal is more abundant than glyoxal (Fig. 3b), suggest-
ing an importance of isoprene emission from the ocean and subsequent
oxidation to result in methylglyoxal (Bikkina et al., 2014). Interestingly,
five-day backward air mass trajectories showed that continental influ-
ence is not significant over the central northern North Pacific (Fig. 8).

3.5. Distributions of diacids, ω-oxoacids, α-dicarbonyls and their
contributions (%) to aerosol total carbon over the North Pacific

Spatial distribution of diacids over the North Pacific is presented in
Fig. 4a. Diacid concentrations are higher in the western North Pacific
followed by the central northern North and subtropical Pacific. It is
interesting to note that concentrations of both ω-oxoacids and α-
dicarbonyls exhibit spatial distribution patterns similar to diacids (the
results are not presented as afigure). The decrease in the concentrations
of diacids and related compounds from thewestern North Pacific rim to
the central northern North and subtropical Pacific indicates that Asian
continental aerosols are transported long distances to the remote ma-
rine atmosphere. Lower concentrations of diacids, ω-oxoacids, pyruvic
acid and α-dicarbonyls over the open ocean than the coastal regions
may be caused by atmospheric dilution of continentally derived or-
ganics during long-range transport. These distribution patterns may
also support that both dry and wet depositions of aerosol particles can
scavenge diacids and other organics from the atmosphere (Fu et al.,
2013; Kawamura and Sakaguchi, 1999).

Fig. 4b shows the spatial distribution of relative abundances of
diacid-C in aerosol total carbon (TC). Total diacids accounted for 1.9–
31% of TC (av. 7.4%, median 5.8%). These values are comparative to
those (1.1–15.8%, av. 8.8%, median 8.4%) reported for the marine aero-
sols collected from the Pacific Ocean including tropics (Kawamura and
Sakaguchi, 1999), but are approximately 3 times higher than those
(1.1–4.9%, av. 3.2%) from the western Pacific at 35°N to 40°S (Sempéré
and Kawamura, 2003). Further, they are ~8 times higher than those
(0.18–1.8%, av. 0.95%) obtained in continental aerosols from Tokyo
(Kawamura and Ikushima, 1993). Higher diacid-C/TC ratios detected
in the remotemarine aerosolsmay be due to the intensive photochemical
conversion of continental and marine derived organics to diacids under
suitable atmospheric conditions. It is important to note that ozone and
its precursors (e.g., NOx and VOCs) are transported to the northern
North Pacific near the Japanese Islands (Hoell et al., 1996; Naja and
Akimoto, 2004). Spatial distributions of diacid-C/TC ratios show higher
values in the central northern North Pacific and western North Pa-
cific than the subtropical Pacific (Fig. 4b). It is of interest to note
that diacid-C/TC ratios increased from spring to summer and de-
creased towards winter in Gosan site, Jeju Island in the East China
Sea (Kawamura et al., 2004).

The highest diacid-C/TC ratio (31%) was found in the central north-
ern North Pacific around 50°N (Fig. 4b), where succinic (C4) acid be-
came the dominant diacid species and its contribution to aerosol TC
maximized (4.3%) during sampling period (the result is not shown as
a figure). The samples from the central northern North Pacific were col-
lected during summer but aerosol samples from the western North and
subtropical Pacific were collected during spring. We also found high
Chlorophyll-a concentrations (0.2–10 mg m−3) in the central northern
North Pacific during the cruise in July 5–July 24, 2010 (Fig. 7). Thus,
we suspect that the sea-to-air emission of biogenic unsaturated fatty
acids, which are enriched in the sea surface micro layer (Garrett,
1967), was intensified in the central northern North Pacific due to the
high biological activity of the ocean followed by the subsequent



Fig. 3.Molecular composition of lowmolecular weight dicarboxylic acids (C2–C11),ω-oxoacids,α-dicarbonyls and pyruvic acid in selectedmarine aerosols from the North Pacific. For de-
tails of the samples Osho-12, 27, and 29, see Fig. 1. For the abbreviations of the compounds, see Table 2.
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atmospheric oxidation to result in C4 diacid. It is also of interest to note
that azelaic acid (C9 diacid), which is a specific oxidation product of un-
saturated fatty acids (Kawamura and Gagosian, 1987), was abundantly
detected in the same aerosol sample (see Fig. 3b).

On the other hand, shorter chain diacids (C2–C4) accounted for 81% of
total diacids in the North Pacific aerosols. Fig. 5a–c represents latitudinal
distributions of relative abundances of oxalic, malonic and succinic acid-
C in aerosol TC over the North Pacific. We found an increasing trend of
C3 and C4 diacid-C/TC over the central northern North Pacific from
lower to higher latitudes (Fig. 5b, c). Their relative abundances are higher
in the central northern North Pacific than the western North and
subtropical Pacific. However, oxalic acid-C/TC ratio did not show higher
values in the higher latitudes (Fig. 5a). Long chain diacids (C5–C9) also
show latitudinal distributions similar to C3 and C4 diacids, but trends are
less clear for C10–C11 diacids (results are not shown here as a figure).
These results indicate that both short (C3–C4) and long (C5–C9) chain di-
acids may be preferentially produced by photo-oxidation of unsaturated
fatty acids under favorable atmospheric conditions over the high latitudi-
nal North Pacific, where Chlorophyll-a contents are high (Fig. 7) and the
sea-to-air emissions of phytoplankton-derived unsaturated fatty acids
may be significant whereas continental influences are insignificant due
to the air mass trajectory analyses (Fig. 8).



Fig. 4. Spatial distributions of (a) dicarboxylic acids and (b) contribution of diacid-C in total aerosol carbon for the remote marine aerosols from the North Pacific.
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3.6. Latitudinal variations in the concentration ratios of diacids and related
compounds

Laboratory studies show that glyoxal and methylglyoxal are pro-
duced from the photochemical oxidation of aromatic hydrocarbons
like benzene and toluene (Bandow et al., 1985). They are also produced
by photochemical oxidation of isoprene and other VOCs (Carlton et al.,
2006, 2009). Glyoxylic acid (ωC2) may be produced by atmospheric ox-
idation of glyoxal (Gly) (Kawamura, 1993). Kawamura et al. (1996a)
proposed that ωC2 and pyruvic (Pyr) acid are intermediate in the pho-
tochemical oxidation of anthropogenic and natural organic compounds
to the production of oxalic acid. Gly, ωC2 and Pyr may be photo-
chemically oxidized to oxalic (C2) acid (Kundu et al., 2010b). In aerosol
phase, photooxidation of Pyr produces C2 andωC2 (Carlton et al., 2007).
C2 is also produced by the oxidation of Gly via the formation of ωC2

(Warneck, 2003). As shown in Fig. 6a–c, concentration ratios of C2/
ωC2, C2/Pyr and C2/Gly are higher in the low latitudinal regions than
the mid and high latitudinal regions of the North Pacific, suggesting
that in the subtropical Pacific photochemical conversion of ωC2, Pyr
and Gly to C2 is more significant.

Kawamura and Sakaguchi (1999) anticipated that oxalic and
malonic acids are likely produced in the marine atmosphere by photo-
oxidation of succinic acid via intermediates such as hydroxysuccinic
(malic) acid and ketomalonic acid. Laboratory oxidation of isoprene
with ozone also produces malonic, succinic and malic acids (Nguyen
et al., 2010). Fig. 6d–f represents the latitudinal distributions of oxalic
(C2), malonic (C3) and malic (hC4) acids relative to succinic (C4) acid.
The results show that their concentration ratios became higher in the
subtropical regions followed by mid and high latitudinal regions of the
North Pacific, indicating that considerable photochemical transforma-
tion of organic compounds occurs in the subtropical Pacific.

The C3/C4 ratios have been successfully used to distinguish the rela-
tive importance of their primary and secondary sources. Kawamura and
Ikushima (1993) proposed that succinic (C4) acid can be degraded to
malonic (C3) acid via abstraction of hydrogen by OH radicals and subse-
quent decarboxylation. The C3/C4 ratios in the North Pacific aerosols



Fig. 5. Latitudinal distributions of (a) oxalic (C2), (b) malonic (C3) and (c) succinic (C4)
acids carbon in total aerosol carbon (TC) in the marine aerosols from the North Pacific.
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varied from 0.8–5.8 (av. 1.9, median 1.4). These values are lower than
and/or similar to those (0.9–5.8, av. 2.3) reported for marine aerosols
collected during a round the world cruise (Fu et al., 2013), in Gosan,
Jeju Island (av. 1.6) (Kundu et al., 2010b) and Chichijima Island in the
western Pacific (av. 2.2) (Mochida et al., 2003a), but higher than
urban aerosols from Chinese cities (0.6–1.1, av. 0.74) (Ho et al., 2007),
Fig. 6. Latitudinal distributions of (a) C2/ωC2, (b) C2/Pyr, (c) C2/Gly, (d) C2/C4, (e) C3/C4, (f) hC4/C
North Pacific.
Tokyo (0.56–2.9, av. 1.6) (Kawamura and Ikushima, 1993) and Los
Angeles (0.31–1.4) (Kawamura and Kaplan, 1987). Higher C3/C4 ratios
in marine aerosols than in urban/continental aerosols suggest that
malonic (C3) acid is photochemically produced from succinic (C4) acid
during long-range transport of continentally derived organics to the
remote marine atmosphere.

Unsaturated diacids such as maleic (M) and fumaric (F) acids are
thought to be photo-oxidation products of aromatic hydrocarbons in-
cluding benzene and toluene (Wang et al., 2006) andMmay be isomer-
ized to F under the solar radiation (Kawamura and Ikushima, 1993).
However, M/F ratios in the present study (av. 0.9) are similar to those
(av. 0.9) reported in the western North Pacific aerosols (Fu et al.,
2013), Arctic aerosols (0.5–1.0) (Kawamura et al., 1996a), but lower
than those reported in the urban aerosols form Hong Kong (0.9–1.9)
(Li and Yu, 2010), Sapporo (av. 2.0) (Aggarwal and Kawamura, 2008),
Chinese megacities (av. 2.2) (Ho et al., 2007) and Tokyo aerosols (av.
1.5) (Kawamura and Ikushima, 1993). Lower M/F ratios observed in
our remote marine aerosol samples further indicate that isomerization
of M to F occurs in the marine atmosphere during long-range transport
(Fu et al., 2013). Fig. 6g shows the latitudinal changes in M/F ratios of
the North Pacific aerosols. M/F ratios are lower in lower latitudinal re-
gions than mid and higher latitudes. This trend may be due to an en-
hanced isomerization reaction in low latitudes under intensified solar
radiation and ambient temperature.

Phthalic (Ph) and adipic (C6) acids are the oxidation products of an-
thropogenic precursors such as naphthalene and cyclic hexane, respec-
tively (Hatakeyama et al., 1987; Jang andMcDow, 1997; Kawamura and
Kaplan, 1987; Kawamura and Sakaguchi, 1999; Wang et al., 2006). On
the contrary, azelaic (C9) acid is produced by the oxidation of biogenic
unsaturated fatty acids (Kawamura and Gagosian, 1987; Rogge et al.,
1991). Therefore, Ph/C9 and C6/C9 ratios can beused to estimate the con-
tributions from anthropogenic or biogenic precursors. The higher ratios
indicate more emissions from anthropogenic sources. Fig. 6h–i shows
the latitudinal variations in Ph/C9 and C6/C9 concentration ratios in the
North Pacific aerosols. Higher Ph/C9 and C6/C9 ratios were observed in
the mid latitudes (41–44°N) than the low and high latitudinal regions
of the North Pacific. Ph/C9 and C6/C9 ratios peaked around at 41°N,
where the continental outflow of polluted air masses from Japanese
Islands is important (see Fig. 8). These results indicate that in the west-
ern North Pacific anthropogenic emissions aremore significant than the
marine biogenic emissions near the Japanese Islands.
4, (g)M/F, (h) Ph/C9, (i) C6/C9 concentration ratios for the remotemarine aerosols from the



Fig. 7. Chlorophyll-a concentration (mg m−3) in the surface ocean during July 2010 when the aerosol samples were collected in the central northern North Pacific (48.02°N–53.37°N and
165°E–179.5°W). The black line, thick black marks and numbers are shown in the figure represent cruise track, sample locations and sample identification numbers, respectively. This
figure was prepared with Giovanni online data system, NASA GES DISC.

Fig. 8. Five day backward air masses trajectories at 500 m above ground were drawn with NOAA HYSPLIT model. Black line indicates cruise track. For details of the cruise track see Fig. 1.
The lines having green, blue and red color represent backward air masses trajectories for the western North, subtropical and the central northern North Pacific Ocean, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Interestingly, higher level of diacids, ω-oxoacids, pyruvic acid, α-
dicarbonyls, total carbon (TC) and water soluble total nitrogen (WSTN)
was detected near the Japanese Islands in the western North Pacific
during the study. These findings may suggest that atmospheric con-
centrations of the organics over the western North Pacific have been in-
fluenced by the outflow of continental air masses, and the relative
strength of their marine sources may be significantly weak in this region.
As shown in Fig. 8, five-day backward air mass trajectories also demon-
strate that outflowsof continental airmasses strongly affect the air quality
over the western North Pacific near the Japanese Islands.

4. Summary and conclusions

Diacids and related compounds (ω-oxoacids, pyruvic acid and
α-dicarbonyls) have been determined in remote marine aerosol sam-
ples collected over the North Pacific, together with organic carbon
(OC), elemental carbon (EC), water-soluble organic carbon (WSOC),
total carbon (TC) and water-soluble total nitrogen (WSTN). We found
a good correlation between OC and EC (r = 0.84), indicating that OC
is significantly derived from anthropogenic and/or biomass burning
sources in theAsianContinent.Molecular distribution ofwater-soluble di-
carboxylic acids generally showed a predominance of oxalic (C2) acid,
followed by malonic (C3) and succinic (C4) acids. However, one-third of
the samples showed the predominance of C3 or C4 diacid, especially, in
the central northern North Pacific region where phytoplankton activities
were higher during the cruise.

Spatial distributions of diacids and related compounds showed higher
levels in the western North Pacific rim followed by the central northern
North and subtropical Pacific, suggesting that diacids and their precursors
are of continental origin and transported long distances over the remote
North Pacific. Short chain (C2–C4) diacids account for 0.7–17% of total
aerosol carbon (0.1–2.7 μg m−3) with higher values in the central
northern North Pacific, where Chlorophyll-a showed higher concentra-
tions (0.2–10mgm−3) during the sampling period. These results demon-
strate that short chain diacids are largely produced in the central northern
North Pacific by the photochemical oxidation of unsaturated fatty acids
and isoprene produced by marine phytoplankton. C2/C4 and C3/C4 con-
centration ratios were enhanced in the low latitudinal regions than the
mid and high latitudinal regions of the North Pacific, indicating that the
photochemical conversion of both marine and continentally derived or-
ganic compounds is more significant in the subtropical Pacific.
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