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[1] Organic molecular compositions of marine aerosol samples, collected at low latitudes
to midlatitudes in the Northern Hemisphere during a round‐the‐world cruise, were studied
using gas chromatography/mass spectrometry. More than 140 organic species were
detected in the samples and were grouped into different compound classes based on the
functionality and sources. The concentrations of total quantified organics ranged from
0.94 to 111 ng m−3 (average of 34 ng m−3). Biogenic secondary organic aerosol (SOA)
tracers from the oxidation of isoprene (e.g., 2‐methyltetrols), a/b‐pinene (e.g., pinonic
and pinic acids), and b‐caryophyllene (b‐caryophyllinic acid) were detected in all the
samples. Their total concentrations ranged from 0.19 to 27 ng m−3, which account for
0.48–29% of the total identified organics and 0.05–1.5% of organic carbon in the marine
aerosols. The spatial distributions of biogenic SOA tracers exhibited higher loadings
over the coastal/tropical regions than the open oceans. In marine aerosols collected
over the North Pacific and North Atlantic, the contributions of marine natural emissions
(22–33%) were higher than those in the coastal regions (4–14%). Over the tropical regions,
atmospheric oxidation products can account for 47–59% of the total organics, with biomass
burning emissions of only 1–2%. However, over the western North Pacific, fossil fuel
combustion (26%), atmospheric oxidation products (25%), and biomass burning (24%)were
the main sources. This study indicates that long‐range atmospheric transport of
continental aerosols and sea‐to‐air emission of marine organics, as well as atmospheric
oxidation and/or photochemical aging, are important factors controlling the chemical
composition of organic aerosols in the marine atmosphere.

Citation: Fu, P., K. Kawamura, and K. Miura (2011), Molecular characterization of marine organic aerosols collected during a
round‐the‐world cruise, J. Geophys. Res., 116, D13302, doi:10.1029/2011JD015604.

1. Introduction

[2] Marine aerosols significantly contribute to the global
natural aerosol system because the oceans cover more than
70% of the Earth’s surface. Aerosol particles in the marine
atmosphere can strongly affect the properties of stratiform
clouds and their lifetime, influencing the Earth’s radiative
forcing and regional climate [Meskhidze and Nenes, 2006;
O’Dowd and de Leeuw, 2007]. It has been considered for
many years that primary sea spray particles and sulphate, the
latter is formed from the oxidation of dimethylsulphide
(DMS), are two dominant components of marine aerosols.
These components are mainly present in coarse and fine size
fractions, respectively. Recently, a large amount of organic
aerosols have been observed in marine environments, and
have been found to increase with high oceanic biological

activities [O’Dowd et al., 2004; Sciare et al., 2009;
Miyazaki et al., 2010].
[3] Marine organic aerosols are composed of water‐

insoluble (WIOC) andwater‐soluble organic carbon (WSOC)
[O’Dowd et al., 2004; O’Dowd and de Leeuw, 2007; Sciare
et al., 2009; Russell et al., 2010]. WIOC is predominantly
produced by primary emissions of biogenic organic matter
such as bacterial and viral debris as well as phytoplankton
debris via wave breaking. In contrast, the majority of WSOC
is produced by the atmospheric oxidation of volatile organic
compounds (VOCs) emitted from the ocean [O’Dowd and de
Leeuw, 2007]. In addition, WSOC can also be derived from
the chemical transformation of primary components present
in the condensed phase, which may take place at the particle
surface or in the aqueous phase. This process may involve
a further step through the gas phase in which semivolatile
aerosol components can be oxidized to form new condens-
able products [Rinaldi et al., 2010]. Traditionally, the most
studied secondary organic aerosol (SOA) component in the
marine boundary layer (MBL) is methanesulfonic acid (MSA)
which is formed from the oxidation of DMS. Facchini et al.
[2008] highlighted the importance of dimethyl and diethyl‐
ammonium salts (DMA+ and DEA+) as submicron marine
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SOA components over the North Atlantic during a period of
high biological activity. Claeys et al. [2010] reported that
organosulfates (sulfate esters of C9‐C13 hydroxyl carboxylic
acids) can be considered as marine SOA tracers for the oxi-
dation of unsaturated fatty acids derived from marine algae.
[4] Meskhidze and Nenes [2006] proposed that SOA for-

mation from the oxidation of phytoplankton‐derived iso-
prene can affect the chemical composition of marine cloud
condensation nuclei (CCN) and influence cloud droplet
number. Laboratory experiments [Ekström et al., 2009] have
shown that 2‐methyltetrols, tracers for isoprene SOA
[Claeys et al., 2004a], and related isoprene oxidation pro-
ducts can increase CCN levels in the pristine marine
atmosphere that is limited in CCN. However, recent mod-
eling studies suggested that the oceanic isoprene source is
not significant enough to control marine organic aerosols
[Spracklen et al., 2008; Arnold et al., 2009; Gantt et al.,
2009; Anttila et al., 2010; Luo and Yu, 2010]. For exam-
ple, Anttila et al. [2010] reported that isoprene oxidation
negligibly contributed to the observed WSOC concentra-
tions over the North Atlantic. Myriokefalitakis et al. [2010]
also reported that the annual global marine SOA from iso-
prene and monoterpene oxidation was minor (0.1 Tg yr−1),
compared to those from the oxidation of DMS (4 Tg yr−1)
and marine amines (1 Tg yr−1). In addition to the oceanic
emission of isoprene, recent shipboard measurements over
the Southern Atlantic Ocean have provided the evidence for
marine production of monoterpenes [Yassaa et al., 2008]. A
modeling study also suggested oceanic emissions of mono-
terpenes, although the estimated values based on both “bot-
tom‐up” (0.013 TgC yr−1) and “top‐down” (29.5 TgC yr−1)
methods are subject to large uncertainties [Luo and Yu, 2010].
[5] Despite considerable advances in primary and sec-

ondary marine aerosol studies during the last decade, the
chemical nature of marine organic aerosols remains poorly
understood, due to their diverse sources and formation
mechanisms [O’Dowd and de Leeuw, 2007]. Marine organic
aerosols are influenced not only by oceanic emissions of
primary aerosols, but also by continental emissions through
long‐range atmospheric transport. Furthermore, they are
also produced by the oxidation of VOCs of marine and
continental origins in the marine atmosphere [Facchini et al.,
2008; Hawkins et al., 2010; Myriokefalitakis et al., 2010].
So far, field measurements concerning organic molecular
compositions of marine aerosols are limited [e.g., Simoneit
et al., 1991, 2004b]. In particular, there is still a lack of
knowledge about the abundances of biogenic SOA tracers
from the oxidation of isoprene (e.g., 2‐methyltetrols and C5‐
alkene triols) and a/b‐pinene (e.g., pinonic and pinic acids)
in the MBL, although such an attempt has been made over
the southern Indian Ocean [Claeys et al., 2010].
[6] In this study, we report organic molecular composi-

tions and their abundances in marine aerosols collected at low
latitudes to midlatitudes of the Northern Hemisphere during a
round‐the‐world cruise. Using the organic tracers detected,
we discuss source apportionments of the marine organic
aerosols in terms of biomass burning, fossil fuel combustion,
and atmospheric photooxidation from biogenic VOCs such
as isoprene and a/b‐pinene. To our knowledge, this is the
first field measurement focusing on both primary organic
compounds and biogenic SOA tracers in the MBL. Our
study provides useful information for better understanding

the sources and chemical properties of marine organic
aerosols.

2. Experiment

2.1. Sample Collection

[7] Total suspended particles (TSP) were collected using a
high‐volume air sampler at a flow rate of 1.2 m3 min–1 on
board of the R/V Hakuho Maru during a round‐the‐world
cruise (KH89–2, Figure 1) from 30 October 1989 to 3 March
1990. Detailed sample information is presented in Table 1.
Possible contamination from ship exhaust was prevented by
shutting off the sampling pump during beam‐side airflow
and/or low wind speed (<5 m s–1). TSP were collected onto
precombusted (450°C for 6 h) quartz fiber filters (20 cm ×
25 cm, Pallflex) and the filters were stored individually in
precombusted glass jars with Teflonlined screw caps in
darkness at –20°C until the analysis. Based on the reanalysis
in 2010 of one aerosol filter sample (QFF 298) collected in
1991 from Alert in the Arctic for dicarboxylic acids, and the
comparison with the results obtained in 1994 for the same
sample, Kawamura et al. [2010] found that the concentra-
tions of major organic acids are equivalent within an ana-
lytical error of 15%. This suggests no serious degradation of
organics during the sample storage, although sugar com-
pounds were not analyzed in early 1990s because the ana-
lytical technique was not available.

2.2. Extraction and Derivatization

[8] Filter aliquots were extracted three times with
dichloromethane/methanol (2:1; v/v) under ultrasonication
for 10 min. The solvent extracts were filtered through quartz
wool packed in a Pasteur pipette, concentrated by using a
rotary evaporator under vacuum, and blown down to dry-
ness with pure nitrogen gas. The extracts were then reacted
with 50 mL of N,O‐bis‐(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% trimethylsilyl chloride and 10 mL of
pyridine at 70°C for 3 h to convert –COOH to TMS esters
and –OH to TMS ethers. After the reaction, the derivatives
were diluted with n‐hexane containing the internal standard
(C13 n‐alkane) prior to determination by gas chromatogra-
phy/mass spectrometry (GC/MS).

2.3. Gas Chromatography and Mass Spectrometry

[9] GC/MS analyses of the derivatized total extracts were
performed on a Hewlett‐Packard model 6890 GC coupled to
Hewlett‐Packard model 5973 MSD. The GC instrument was
equipped with a split/splitless injection and a DB‐5MS
fused silica capillary column (30 m × 0.25 mm i.d., 0.25 mm
film thickness) with the GC oven temperature programmed
from 50°C (2 min) to 120°C at 15°C min−1 and then to 300°C
at 5°C min−1 with final isothermal hold at 300°C for 16 min.
The mass spectrometer was operated in the electron ioni-
zation (EI) mode at 70 eV and scanned in the m/z range 50–
650. Data were acquired and processed with the Chemsta-
tion software. Individual compounds (TMS derivatives)
were identified by comparison of mass spectra with those of
authentic standards or literature data. The GC/MS response
factors were determined using authentic standards or sur-
rogate standards. Recoveries of the standards were generally
better than 80%. Field blank filters were analyzed by the
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procedure used for the real samples. The results showed that
the contamination levels were less than 5% of real samples
for any target compound. More details of the method
including recoveries are described elsewhere [Fu et al.,
2009, 2010a].
[10] The amounts of organic carbon (OC) and elemental

carbon (EC) on the filter punches (F14 mm) were deter-
mined using a Sunset Lab EC/OC Analyzer following the
Interagency Monitoring of Protected Visual Environments
(IMPROVE) thermal evolution protocol. Duplicate analyses
of filter samples showed uncertainties of ±10%.

3. Results and Discussion

[11] Eleven organic compound classes; n‐alkanes, fatty
acids, n‐alcohols, sugars, lignin/resin acids, sterols, aromatic
acids, hopanes, polycyclic aromatic hydrocarbons (PAHs),
hydroxy‐/polyacids, and biogenic SOA tracers were detected
in the marine aerosols (Figure 2). Table 1 presents the
concentrations of organic compounds identified in this
study. Concentrations of the total quantified organic com-
pounds ranged from 0.94 to 111 ng m−3 with an average of
34 ng m−3. Biogenic SOA tracers, hydroxy‐/polyacids, fatty
acids and sugar compounds were found as major organic
species. Generally, higher levels of organics were found in
the aerosols over the coastal regions than remote oceans
(Figure 2), being similar to the spatial pattern of OC con-
tents (Table 1). OC in the marine aerosols ranged from 0.06 to
1.7 mg m−3 (average 0.58 mg m−3), being in accordance with
those (0.11–1.4 mg m−3) reported in the northern Indian

Ocean [Neusüß et al., 2002]. OC/EC ratios ranged from 1.4 to
8.9, which are similar to those (2.6–7.0) reported in the
western North Pacific [Simoneit et al., 2004b].

3.1. Aliphatic Lipids

[12] Homologous n‐alkanes (C19‐C38) in the aerosol
samples were detected with a concentration range of 0.11–
5.8 ng m−3 (average 1.8 ng m−3). Their molecular dis-
tributions were characterized by weak odd‐carbon‐numbered
predominance with a maximum at C29 (CPI range 1.1–4.0,
average 2.1). This pattern suggests that they were mainly
derived from the incomplete combustion of fossil fuels,
especially for lower molecular weight n‐alkanes such as C20‐
C26. However, higher molecular weight n‐alkanes (≥C27)
were likely derived from higher plant waxes, in which C27,
C29, C31 and C33 are dominant species [Gagosian et al.,
1982].
[13] A homologous series of straight‐chain fatty acids,

including C8:0‐C34:0 saturated and C16:1 + C18:1 unsaturated
acids, were detected in the marine aerosols (0.08–15 ng m−3,
5.7 ng m−3), whose concentrations were several times higher
than those of n‐alkanes and fatty alcohols. Their molecular
distributions were characterized by a strong even carbon
number predominance with two maxima at C16:0 and C24:0.
Higher molecular weight fatty acids (HFAs, C20:0‐C34:0) are
derived from terrestrial higher plant wax whereas lower
molecular weight fatty acids (LFAs, < C20:0) have multiple
sources such as vascular plants, microbes, and marine
phytoplankton [Kawamura et al., 2003]. Over the Pacific
and Atlantic Oceans, LFAs were the dominant fatty acids

Figure 1. Cruise track of KH89–2 and surface wind conditions. The cruise started from west Japan on
30 October 1989 via the North Pacific (QFF100–104), California Coast (QFF105–107), North Atlantic
(QFF108–109), Indian Ocean (QFF110), and South China Sea (QFF111) and ended in the western
North Pacific (QFF113–114) on 3 March 1990. The quartz fiber filter identification numbers used in
the corresponding cruise periods are shown. Arrows indicate surface wind directions with wind speeds
above 7 m s−1. Surface wind direction and speed data were obtained by R/V Hakuho Maru.
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Table 1. Concentrations of Organic Compounds Identified in the Marine Aerosols (ng m−3)a

North Pacific California Coast North Atlantic

Indian
Ocean

South
China Sea

Western North
Pacific

QFF100 QFF102 QFF103 QFF104 QFF105 QFF106 QFF107 QFF108 QFF109 QFF110 QFF111 QFF113 QFF114

Compounds date 30/10–2/11 6–9/11 9–12/11 12–15/11 23–24/11 27–30/11 30/11–2/12 17–19/12 21–25/12 4–6/2 19–22/2 26–28/2 2–3/3
Year 1989 1989 1989 1989 1989 1989 1989 1989 1989 1990 1990 1990 1990

n‐Alkanes
Subtotal (C19‐C36) 1.3 0.32 0.10 0.34 3.8 1.5 1.4 1.4 0.58 2.4 2.3 2.5 5.8
Cmax C29 C23 C23 C23 C29 C29 C29 C24 C31 C29 C31 C29 C29

CPI a 4.0 1.2 1.5 1.1 3.2 2.7 1.9 1.3 2.3 2.3 2.5 2.0 1.2

Fatty Acids
Subtotal (C8‐C32) 0.51 2.0 0.09 1.2 15 7.9 5.4 5.8 1.5 8.4 11 5.6 10
LMW FAs (C8‐C19) 0.50 2.0 0.09 1.2 6.1 6.0 4.6 5.7 1.4 2.1 2.9 2.2 6.7
HMW FAs (C20‐C32) 0.01 0.01 nd 0.04 8.6 2.0 0.81 0.14 0.10 6.3 8.1 3.4 3.2
(C16+C18)% 70 59 80 52 26 61 66 54 64 18 20 24 49

n‐Alcohols
Subtotal (C8‐C34) 2.2 0.3 0.07 0.35 8.3 3.3 1.8 0.52 0.32 3.9 5.1 3.2 2.7
LMW n‐alcohols

(C8‐C19)
0.08 0.29 0.04 0.28 1.2 1.3 0.50 0.38 0.21 0.22 0.23 0.33 0.53

HMW n‐alcohols
(C20‐C34)

2.1 0.03 0.03 0.07 7.1 2.0 1.3 0.14 0.11 3.7 4.9 2.9 2.2

C28% 29 3.4 19 6.8 30 20 22 8.5 11 36 25 24 12
CPIb 18 10 5.4 7.7 17 11 8.4 5.9 7.2 11 11 5.6 5.4

Sugars
Galactosan 0.02 0.01 0.002 0.004 0.09 0.01 0.001 0.01 0.002 0.01 0.22 0.23 1.5
Mannosan 0.02 0.01 0.004 0.01 0.55 0.13 0.02 0.02 0.005 0.06 0.81 0.56 5.9
Levoglucosan 0.52 0.06 0.01 0.04 1.2 0.15 0.22 0.11 0.06 0.61 5.2 3.1 27
Glycerol 0.51 0.24 0.05 0.06 0.28 0.09 0.19 0.21 0.16 0.09 0.08 0.18 0.50
Erythritol 0.03 0.005 0.01 0.01 0.68 0.14 0.13 0.04 0.02 0.32 0.56 0.21 0.32
Arabitol 0.19 0.08 0.01 0.02 0.54 0.56 0.65 0.07 0.006 0.24 0.78 0.05 0.13
Fructose 0.02 0.01 0.003 0.02 0.31 0.18 0.38 0.04 0.02 0.15 0.39 0.19 0.24
Glucose 0.17 0.02 0.005 0.02 1.2 1.4 0.97 0.04 0.04 0.38 1.7 0.61 0.71
Mannitol 0.23 0.01 0.01 0.01 0.61 0.88 1.0 0.06 0.01 0.23 0.85 0.08 0.17
Inositol 0.005 0.002 nd 0.005 0.03 0.01 0.01 0.01 0.003 0.006 0.01 0.01 0.03
Sucrose 0.01 0.04 0.01 0.01 0.46 0.38 0.48 0.02 0.003 0.09 0.60 1.9 0.33
Maltose 0.01 0.001 nd 0.001 0.003 nd nd 0.001 0.001 0.001 0.01 0.01 0.08
Trehalose 0.17 0.02 0.003 0.01 1.5 1.1 1.0 0.04 0.004 0.20 1.1 0.21 0.37
Subtotal 1.9 0.50 0.11 0.20 7.5 5.1 5.1 0.67 0.32 2.4 12 7.4 37

SOA Tracersc

2‐methylglyceric acid 0.16 0.04 0.03 0.09 2.1 0.79 0.64 0.19 0.09 0.53 2.0 0.26 0.16
C5‐alkene triolsd 0.02 0.003 0.002 0.01 0.78 0.92 0.70 0.02 0.01 1.3 4.6 0.05 0.02
2‐methyltetrolse 0.30 0.07 0.15 0.18 2.9 1.4 7.0 0.32 0.11 3.3 15 0.20 0.17
3‐hydroxyglutaric acid 0.05 0.06 0.008 0.14 9.6 1.4 0.91 0.34 0.35 2.2 4.2 1.1 0.93
Pinonic acid 0.01 0.01 0.001 0.03 0.38 0.17 0.25 0.18 0.07 0.08 0.15 0.55 0.56
Pinic acid 0.005 0.01 0.006 0.05 3.1 0.56 0.68 0.23 0.12 0.25 0.69 0.96 0.50
MBTCAf nd nd nd 0.01 2.0 0.58 0.55 0.05 0.02 0.21 0.30 0.28 0.15
b‐caryophyllinic acid nd 0.001 nd 0.003 2.5 0.05 0.05 0.02 0.01 0.17 0.30 0.52 0.57
Subtotal 0.54 0.19 0.19 0.51 23 5.8 11 1.3 0.76 8.0 27 3.9 3.0
Sisoprene

SOA tracers
0.48 0.11 0.17 0.28 5.9 3.1 8.3 0.54 0.20 5.1 22 0.51 0.35

Sa/b‐pinene
SOA tracers

0.06 0.07 0.02 0.22 15 2.7 2.4 0.79 0.55 2.7 5.3 2.9 2.1

Hydroxy‐/Polyacids
Glycolic acid 1.7 1.0 0.27 0.77 4.3 1.6 0.91 1.2 0.49 1.6 1.8 1.6 3.0
Glyceric acid 0.36 0.15 0.02 0.25 3.6 1.0 0.77 0.54 0.33 1.6 4.2 1.8 1.8
Malic acid 0.01 0.15 0.01 0.27 19 5.7 2.8 0.93 0.43 4.5 11 3.3 1.5
Tartaric acid nd nd 0.003 0.004 1.0 3.1 0.05 0.02 0.01 0.57 2.7 0.30 0.17
Citric acid nd nd nd nd 7.8 2.2 0.28 0.03 0.06 1.1 1.1 0.28 0.20
Tricarballylic acid 0.002 0.002 nd 0.01 3.4 1.2 0.27 0.03 0.06 2.2 2.0 0.38 0.18
Subtotal 2.0 1.3 0.30 1.3 39 15 5.1 2.7 1.4 12 23 7.7 6.8

Aromatic Acids
Benzoic 0.04 0.03 0.02 0.015 0.13 0.04 0.03 0.03 0.02 0.03 0.03 0.09 0.16
Phthalic nd 0.02 0.01 0.031 13 0.16 0.17 0.08 0.05 0.41 0.75 2.6 1.5
Isophthalic 0.001 0.005 0.001 0.006 0.36 0.02 0.02 0.01 0.007 0.27 0.13 0.14 0.14
Terephthalic 0.002 0.005 0.001 0.006 0.35 0.18 0.11 0.02 0.007 0.10 0.21 0.26 1.0
Salicylic 0.001 0.004 nd 0.004 0.065 0.005 0.006 0.01 0.005 0.01 0.02 0.07 0.09
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Table 1. (continued)

North Pacific California Coast North Atlantic

Indian
Ocean

South
China Sea

Western North
Pacific

QFF100 QFF102 QFF103 QFF104 QFF105 QFF106 QFF107 QFF108 QFF109 QFF110 QFF111 QFF113 QFF114

3‐hydroxybenzoic 0.005 0.002 nd 0.004 0.056 0.007 0.01 0.006 0.004 0.01 0.02 0.04 0.17
4‐hydroxybenzoic 0.009 0.003 nd 0.008 0.12 0.03 0.04 0.02 0.014 0.06 0.10 0.19 0.42
3,4‐dihydroxybenzoic 0.005 0.001 nd 0.004 0.19 0.03 0.02 0.01 0.007 0.06 0.12 0.10 0.15
Subtotal 0.06 0.07 0.03 0.08 14 0.49 0.40 0.19 0.11 0.95 1.4 3.5 3.7

Lignin/Resin Acids
Vanillic nd nd 0.001 0.002 0.08 0.004 0.01 0.003 0.001 0.06 0.03 0.04 0.09
Syringic 0.001 nd nd nd 0.008 nd 0.002 0.001 nd nd 0.001 0.001 0.02
Dehydroabietic 0.005 0.03 0.007 0.005 0.026 0.007 0.01 0.02 0.006 0.02 0.01 0.01 0.33
Subtotal 0.01 0.03 0.01 0.01 0.12 0.01 0.02 0.02 0.01 0.08 0.04 0.06 0.44

Sterols
Cholesterol 0.06 0.11 0.02 0.02 0.14 0.05 0.04 0.02 0.02 0.06 0.02 0.06 0.06
b‐sitosterol 0.08 0.005 0.01 0.006 0.39 0.14 0.11 0.02 0.006 0.09 0.16 0.12 0.44
Subtotal 0.15 0.11 0.03 0.03 0.53 0.19 0.14 0.04 0.03 0.15 0.18 0.18 0.50

Hopanes
Subtotal (C27‐C32) 0.03 nd nd nd 0.030 0.04 0.03 0.03 0.01 0.02 0.02 0.04 0.31

PAHs
Phenanthrene 0.003 nd nd 0.001 0.05 0.01 0.01 0.002 0.002 0.01 0.02 0.07 0.10
Anthracene 0.001 nd nd nd 0.001 nd nd nd nd nd nd 0.001 0.001
Fluoranthene 0.01 nd nd 0.001 0.008 0.004 0.002 0.001 0.001 0.014 0.002 0.091 0.09
Pyrene 0.01 0.001 0.001 0.001 0.006 0.003 0.003 0.001 0.001 0.013 0.003 0.06 0.07
Benzo(b)fluorine 0.001 nd nd nd 0.002 0.001 0.001 0.001 nd 0.001 nd 0.005 0.01
Benz(a)anthracene 0.004 nd nd nd 0.004 0.001 0.001 0.001 nd 0.002 0.001 0.01 0.05
Chrysene/triphenylene 0.01 nd nd 0.001 0.008 0.002 0.002 0.002 nd 0.007 0.001 0.03 0.13
Benzo(b)fluoranthene 0.03 nd nd 0.001 0.006 0.007 0.004 0.001 nd 0.017 0.008 0.07 0.34
Benzo(k)fluoranthene 0.01 nd nd nd 0.001 0.002 0.002 0.001 nd 0.004 0.002 0.02 0.08
Benzo(e)pyrene 0.01 nd nd 0.001 0.003 0.003 0.002 nd nd 0.006 0.003 0.02 0.11
Benzo(a)pyrene 0.01 nd nd nd 0.001 0.002 0.002 nd nd 0.006 0.005 0.02 0.05
Perylene 0.001 nd nd nd 0.001 0.001 0.001 nd nd 0.001 0.001 0.005 0.01
Indeno(1,2,3‐cd)pyrene 0.01 nd nd nd 0.005 0.002 0.004 nd nd 0.006 0.004 0.03 0.12
Dibenz(a,h)anthracene 0.001 nd nd nd 0.002 nd 0.001 nd nd 0.001 0.001 0.006 0.02
Benzo(ghi)perylene 0.01 nd nd nd 0.005 0.002 0.002 nd nd 0.007 0.004 0.02 0.11
Anthanthrene 0.002 nd nd nd nd 0.001 0.001 nd nd nd 0.001 0.005 0.01
Coronene 0.002 nd nd nd 0.002 0.001 nd nd nd 0.003 0.003 0.02 0.08
Dibenzo(a,e)pyrene nd nd nd nd nd nd nd nd nd 0.002 nd 0.006 0.02
Retene nd nd nd nd nd nd nd nd nd nd nd 0.003 0.004
1,3,5‐triphenylbenzene 0.001 nd nd nd nd 0.001 0.001 nd nd 0.001 nd 0.003 0.15
1,2,4‐triphenylbenzene nd nd nd nd nd nd nd nd nd nd nd nd 0.01
Subtotal 0.12 0.003 0.001 0.006 0.10 0.05 0.038 0.009 0.004 0.10 0.06 0.49 1.6
Total Organics 8.9 4.9 0.94 4.0 111 39 30 12 4.9 38 82 35 72
UCM hydrocarbonsg 2.6 1.5 0.42 1.4 8.9 3.4 3.4 4.6 1.4 6.6 6.4 8.6 26
Total Organics +

UCM
11 6.4 1.4 5.4 120 42 33 17 6.3 45 88 43 98

OC (mg m−3) 0.50 0.16 0.06 0.08 1.7 0.46 0.44 0.23 0.18 0.71 0.82 0.82 1.3
EC (mg m−3) 0.14 nd nd nd 0.20 0.11 0.18 nd nd 0.49 0.16 0.25 0.62
OC/EC ratios 3.6 ‐ ‐ ‐ 8.9 4.0 2.4 ‐ ‐ 1.4 5.1 3.3 2.2

aQFF100, etc., are sample identifiers. Compound dates are given as dd/mm; nd denotes not detected.
bCPI, carbon preference index: (C21 + C23 + C25 + C27 + C29 + C31 + C33 + C35)/(C22 + C24 + C26 + C28 + C30 + C32 + C34 + C36) for n‐alkanes,

and (C20 + C22 + C24 + C26 + C28 + C30 + C32 + C34)/(C21 + C23 + C25 + C27 + C29 + C31 + C33) for n‐alcohols.
cBecause the lack of authentic standards, isoprene SOA tracers were quantitatively determined by meso‐erythritol, and b‐caryophyllinic acid by pinic

acid.
dC5‐alkene triols: the sum of cis‐2‐methyl‐1,3,4‐trihydroxy‐1‐butene, trans‐2‐methyl‐1,3,4‐trihydroxy‐1‐butene and 3‐methyl‐2,3,4‐trihydroxy‐1‐

butene.
eThe 2‐methyltetrols: the sum of 2‐methylerythritol and 2‐methylthreitol.
fMBTCA: 3‐methyl‐1,2,3‐butanetricarboxylic acid.
gUnresolved complex mixture (UCM) of hydrocarbons. UCM estimated on the basis of U/R = 5 (unresolved/resolved compounds) for emissions from

vehicle traffic in a Los Angeles tunnel [Fraser et al., 1998].
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(Table 1), suggesting an important contribution from marine
biota. In contrast, higher abundances of HFAs in the coastal
marine aerosols suggested a significant influence of terres-
trial higher plant emissions.
[14] The presence of unsaturated fatty acids in aerosols is

indicative of recent biogenic inputs from higher plants as
well as microbial/marine sources. Oleic acid is also a good
indicator of the age of organic aerosols [Kawamura and
Gagosian, 1987; Rudich et al., 2007]. The oleic to stearic
acid ratios of (C18:1/C18:0) are <0.35 with an average of 0.15,
being in accordance with those reported in marine aerosols
over the western North Pacific during the ACE‐Asia cam-
paign [Simoneit et al., 2004b]. They are lower than those
found in continental Asian aerosols [Fu et al., 2008], sug-
gesting that the marine aerosols were relatively aged.
[15] Normal C8‐C34 fatty alcohols were detected in the

marine aerosols (0.07–8.3 ng m−3). Their molecular dis-
tributions are characterized by a strong even carbon number
predominance (CPIs are 9.4 ± 4.1) with two maxima at C16

and C28. Higher concentrations of short‐chain fatty alcohols
(<C20) than long‐chain fatty alcohols (≥C20) were found in
the MBL over the remote Pacific and Atlantic Oceans
(Table 1). Long‐chain fatty alcohols are abundant in higher
plant waxes, soils and loess deposits, whereas the homo-
logues of <C20 are limited to soil microbes and marine biota
[Simoneit, 1977, 2002]. It should be noted that biomass
burning can also produce a large amount of fatty alcohols,
together with n‐alkanes and fatty acids [Simoneit, 2002].
CPI values and chain‐length distributions of these aliphatic
lipids suggest that they were mainly derived from higher

plant waxes in the MBL over the coastal regions, while the
remote marine aerosols contained more autochthonous
components such as phytoplankton lipids.

3.2. Fossil Fuel Combustion Tracers

[16] Hopanes are specific biomarkers of petroleum and
coal [Rogge et al., 1993; Schauer et al., 1999]. They are
emitted into the atmosphere from internal combustion en-
gines and the use of coal [Oros and Simoneit, 2000]. A
series of hopanes (C27‐C32) were detected in the marine
aerosols. Their concentrations ranged from below detection
limit (<0.001 ng m−3) to 0.31 ng m−3 (average 0.04 ng m−3),
which are 2–3 orders of magnitude lower than those re-
ported in Asian continental aerosols [Fu et al., 2008,
2010b]. The highest concentration of hopanes, together with
the EC content (Table 1), was obtained in the marine
aerosols collected over the western North Pacific (QFF114)
in spring. This suggests that the marine aerosols over this
region were significantly influenced by the continental
aerosols in East Asia where motor vehicular emission and
fossil fuel combustion are important contributors to EC.
[17] PAHs are typical thermal degradation products of

fuels. The sources of PAHs include incomplete combustion
of coal and natural gas, automobile emissions, and biomass
burning. Twenty‐one PAHs (3 to 7 rings) were detected in
the MBL ranging from phenanthrene to dibenzo(a,e)pyrene
with a predominance of benzo(b)fluoranthene (BbF). Total
concentrations of PAHs ranged from 0.001 to 1.6 ng m−3

(0.20 ng m−3). The highest level of PAHs was observed over
the western North Pacific with an abrupt decrease toward

Figure 2. Abundances of organic compound classes detected in the marine aerosols.
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the central North Pacific, indicating a rapid dilution and/or
deposition of anthropogenic organic matter offshore. Retene
is a tracer for the burning of conifer wood [Simoneit, 2002].
It was only detected over the western North Pacific. 1,3,5‐
Triphenylbenzene, a tracer for plastic burning [Simoneit et al.,
2005], was detected in the MBL near the Asian continent and
California Coast, suggesting an influence of plastic burning
activities over the coastal ocean.

3.3. Biomass Burning Tracers

[18] Biomass burning is one of the most important sources
of primary organic aerosols in the atmosphere. Levoglucosan
and its two isomers, galactosan and mannosan, are specific
tracers for biomass burning [Simoneit, 2002]. Levoglucosan
was detected in all the marine aerosols with a concentration
range of 0.008–27 ng m−3 (2.9 ng m−3) (Table 1), representing
its background level over the oceans. These values are similar
to those reported in marine aerosols over the western North
Pacific (0.01–15 ng m−3) [Mochida et al., 2010] and Indian
Ocean aerosols collected at Gan (12.3–25.4 ng m−3) and
Kanimaadhoo (1.97–8.62 ng m−3) sites [Stone et al., 2007].
[19] The highest level of levoglucosan (27 ng m−3) was

found over the western North Pacific (QFF114), indicating a
significant contribution of biomass burning under the
influence of Asian outflow in winter/spring [Kawamura et al.,
2003]. Much lower concentrations of levoglucosan over the
remote oceans than over the oceans near the Asian continent
and California Coast suggest that levoglucosan may be
removed by both dry and wet depositions of atmospheric
particles during long‐range transport. Another possible
removal process is the photodegradation of levoglucosan by
free radicals such as OH in the atmosphere [Hoffmann et al.,
2010]. Further, atmospheric dilution of levoglucosan during
transport could be responsible for lower concentrations over
the open oceans.
[20] Three lignin/resin acids (vanillic, syringic, and dehy-

droabietic acids) were detected in the samples with a con-
centration range of 0.01–0.44 ng m−3. Dehydroabietic acid is
a terpenoid biomarker present in vegetation smoke [Medeiros
and Simoneit, 2008]. Cholesterol is a tracer for smoke parti-
cles generated frommeat cooking and also a source marker of
marine organisms [Simoneit and Elias, 2000]. b‐Sitosterol, a
general biomass burning tracer present in smoke from a
variety of vegetation types [Simoneit, 2002], was also found
in the marine aerosols. In summary, the detection of sterols,
lignin/resin products, together with anhydrosugars in the
marine aerosols indicates that biomass burning is an impor-
tant source of organic aerosols in the MBL.

3.4. Sugars and Sugar Alcohols

[21] Sugars are water‐soluble and thus contribute to
water‐soluble organic carbon (WSOC) in aerosols, and can be
used as tracers for primary biological aerosol particles [Bauer
et al., 2008]. Ten sugar compounds (glycerol, erythritol,
arabitol, fructose, glucose, mannitol, inositol, sucrose, tre-
halose, and maltose) were measured in the marine aerosols
with a concentration range of 0.05–6.1 ng m−3 (2.3 ng m−3).
Glucose, fructose and sucrose originate from plant materials
such as pollen, fruits, and their fragments [Bartolozzi et al.,
1997; Baker et al., 1998; Pacini, 2000], but in addition
glucose may also result from cellulose pyrolysis [Shafizadeh,
1984]. The sugar alcohols (arabitol, mannitol, and erythritol)

are marker compounds for airborne fungal spores [Lewis
and Smith, 1967; Bauer et al., 2008]. A strong positive
correlation (R2 = 0.94, p < 0.01) between arabitol andmannitol
was found in the marine aerosols. Trehalose is also due to
fungal spores [Lewis and Smith, 1967] and is a tracer for soil
resuspension [Simoneit et al., 2004a]. Sucrose is a dominant
sugar in the phloem of plants and in developing flower buds
[Bieleski, 1995].

3.5. Biogenic SOA Tracers

[22] Isoprene is primarily emitted by terrestrial vegetation
during the daytime. However, oceanic phytoplankton and
seaweed also emit isoprene, whose emission rate is highly
variable in time and space [Bonsang et al., 1992; Yokouchi
et al., 1999; Palmer and Shaw, 2005]. Six compounds were
identified as isoprene SOA tracers in the marine aerosols,
including 2‐methylglyceric acid, three C5‐alkene triols, and
two diastereoisomeric 2‐methyltetrols (2‐methylthreitol and
2‐methylerythritol). Claeys et al. [2004a] first identified
2‐methyltetrols as oxidation products of isoprene in the
Amazonian forest aerosols. Since then, these compounds
have been detected in ambient aerosol samples from Europe,
North America and Asia [Hallquist et al., 2009, and refer-
ences therein]. Concentration ranges of 2‐methyltetrols were
0.07–15 ng m−3 (2.4 ng m−3) with 2‐methylerythritol being
more abundant than 2‐methylthreitol. C5‐Alkene triols were
detected in all the samples ranging from 0.002 to 4.6 ng m−3

(0.65 ng m−3), which are higher than those reported in Arctic
aerosols (0.01–0.15 ng m−3) [Fu et al., 2009]. Concentrations
of 2‐methylglyceric acid were 0.03–2.1 ngm−3 (0.55 ngm−3).
This acid is a possible oxidation product of methacrolein
[Claeys et al., 2004b] and is known to be formed by photo-
oxidation of isoprene under high‐NOx conditions [Surratt
et al., 2006, 2010].
[23] The total concentrations of isoprene SOA tracers

ranged from 0.11 to 22 ng m−3 (3.6 ng m−3), accounting for
0.48–29% (10%) of the total identified organics. Over the
North Atlantic Ocean, the concentrations of isoprene SOA
tracers (0.20–0.54 ng m−3) were lower than those by a recent
model estimate (up to 5 ng m−3) during a period of high
biological activity [Anttila et al., 2010]. This is reasonable
because our samples were mainly collected in winter, when
marine emissions of isoprene should be negligible. These
considerations suggest that the major source of isoprene
SOA tracers over the North Atlantic is of terrestrial origin.
[24] Pinonic and pinic acids are well‐known tracers pro-

duced by the oxidation of a/b‐pinene with O3 and OH radi-
cals [Kavouras et al., 1998; Yu et al., 1999; Larsen et al.,
2001]. Concentrations of pinonic and pinic acids ranged
from 0.001 to 0.56 ng m−3 (0.19 ng m−3) and 0.005–3.1 ng
m−3 (0.55 ng m−3), respectively. Both 3‐hydroxyglutaric acid
(3‐HGA) [Claeys et al., 2007] and 3‐methyl‐1,2,3‐butane-
tricarboxylic acid (MBTCA) [Szmigielski et al., 2007]
have more recently been reported from the photooxidation of
a‐pinene, and are considered as higher‐generation products
of a‐pinene oxidation [Szmigielski et al., 2007; Kourtchev
et al., 2009]. Concentrations of 3‐HGA and MBTCA in
themarine aerosols are 1.6 ± 2.6 ngm−3 and 0.32 ± 0.55 ngm−3,
respectively. b‐Caryophyllinic acid, an ozonolysis or pho-
tooxidation product of b‐caryophyllene [Jaoui et al., 2007],
was detected in most of the samples with a maximum con-
centration of 2.5 ng m−3.
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[25] Total concentrations of biogenic SOA tracers are
0.19–27 ng m−3 (6.6 ng m−3), which account for 0.48–29%
(10%) of the total identified organics in the marine aerosols.
Their spatial distributions exhibited higher loadings over the
coastal/tropical regions than the remote oceans, with a
maximum over the South China Sea (Figure 3a).

3.6. Other Polar Organic Acids

[26] Eight aromatic acids, i.e., benzoic acid, three phthalic
acids (o‐, m‐, and p‐ isomers), and four hydroxybenzoic
acids were detected in the samples, with total concentrations
ranging from 0.03 to 14 ng m−3 (1.9 ng m−3). The molecular
distribution of phthalic acids is characterized by the pre-
dominance of o‐phthalic acid. The average concentrations of
salicylic acid were 0.02 ± 0.03 ng m−3, which are similar to
those reported in Arctic aerosols (0.002–0.10 ng m−3,
0.04 ng m−3) [Fu et al., 2009].
[27] Six hydroxyacids/polyacids (glycolic, glyceric, malic,

tartaric, citric, and tricarballylic acids) were detected in the
aerosols with a concentration range of 0.30–39 ng m−3.
Malic acid was the dominant compound, followed by gly-
colic acid (hydroxyacetic acid), the smallest a‐hydroxy
acid. They are hygroscopic and highly water soluble, and
are suggested as secondary oxidation products. Positive
correlations can be found between these acids and biogenic
SOA tracers (Figure 4).

3.7. Relative Abundances of Polar Organic Marker
Compounds

[28] Figure 5a presents the relative abundances of iso-
prene SOA tracers in the marine aerosols. 2‐Methyltetrols
were found as the major species, followed by 2‐methyl-
glyceric acid and C5‐alkene triols. Chamber experiments
demonstrate that 2‐methylglyceric acid is formed under
high‐NOx conditions, while the 2‐methyltetrols are mainly
generated under low‐NOx conditions [Surratt et al., 2006].
The formation of C5‐alkene triols can be explained by the acid‐
catalyzed degradation of C5‐epoxydiols, whereas 2‐methyl-
tetrols are considered to be formed by the acid‐catalyzed
degradation of C5‐epoxydiols and/or C5‐trihydroxyhy-
droperoxides [Kleindienst et al., 2009; Paulot et al., 2009;
Surratt et al., 2010].
[29] In this study, the concentration ratios (%) of C5‐

alkene triols to 2‐methyltetrols are <10% over the remote
oceans (Figure 6), while much higher ratios (up to 66%)
were obtained off the California Coast and in the Indian
Ocean as well as the South China Sea. The observed lower
ratios in the pristine open oceans are in agreement with the
low ratios (<10%) obtained in laboratory experiments for
the isoprene photooxidation in the absence of NOx

[Kleindienst et al., 2009]. In addition, the low ratios and the
presence of C = C bond in the structure of C5‐alkene triols

Figure 3. (a) Concentrations of biogenic SOA tracers from the oxidation of isoprene, a/b‐pinene, and
b‐caryophyllene detected in the marine aerosols, and (b) their percentages (%) in organic carbon (OC).
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may imply a significant chemical decomposition during
long‐range transport. It should be noted that relative
humidity can also affect the concentration ratio of C5‐alkene
triols to 2‐methyltetrols in the absence of NOx [Surratt et al.,
2010].
[30] The relative abundances of a/b‐pinene SOA tracers

in the MBL were characterized by the predominance of
3‐HGA (Figure 5b), which is a higher‐generation oxidation
product [Hallquist et al., 2009; Kourtchev et al., 2009].
Although MBTCA is also considered as a higher‐generation
oxidation product of a/b‐pinene, its relative abundances
were found to be higher over the coastal regions than the
remote oceans. The higher relative abundance of MBTCA
over the coastal regions could be explained by the higher NOx

concentrations (typical for polluted conditions) over the
coastal regions than over open oceans.
[31] As mentioned earlier, arabitol and mannitol are tra-

cers for airborne fungal spores, and levoglucosan is a spe-
cific tracer for biomass burning aerosols. Figure 5c shows
the relative contributions of these organic markers together
with biogenic SOA tracers. A decrease of biomass burning
and fungal spore tracers and an increase of biogenic SOA
tracers were found over the western to eastern North Pacific
(QFF100–104), an outflow region of Asian aerosols. This
pattern may indicate that the atmospheric lifetime of bio-
genic SOA tracers should be longer than those of biomass
burning and fungal spore tracers. Higher fractions of bio-
genic SOA tracers were also found in the MBL off the

California Coast and over the North Atlantic, Indian Ocean
and South China Sea. However, over the western North
Pacific, the fraction of levoglucosan significantly increased
in early spring. These results suggest that biogenic SOA is
an important source of organic aerosols in the remote oceans
including the North Pacific, North Atlantic and tropical re-
gions, while biomass burning plumes in winter to spring can
significantly influence the organic chemical composition of
aerosols over the western North Pacific under the conditions
of strong Asian outflow.

3.8. Source Apportionment of the Identified Organics

[32] To better understand the sources of organic aerosols
in the marine atmosphere, organic compound classes
quantified in the marine aerosols, including unresolved
complex mixture (UCM) of hydrocarbons (Table 1), can be
roughly apportioned to five emission sources and one atmo-
spheric oxidation products as follows: (a) “terrestrial natural
background” characterized by higher plant wax n‐alkanes,
HMW fatty acids and fatty alcohols (>C20); (b) “marine
natural background” mainly reflected from LMW fatty acids
and fatty alcohols (≤C20), and sterols; (c) “biomass burning”
characterized by levoglucosan and its isomers, b‐sitosterol,
4‐hydroxybenzoic acid, and lignin/resin acids; (d) “fossil fuel
combustion” characterized by petroleum‐derived n‐alkanes,
UCM, hopanes, and PAHs; (e) “terrestrial primary biological
origin” characterized by primary saccharides and reduced
sugars; and (f) “atmospheric oxidation” reflected by biogenic
SOA tracers, aromatic acids, and hydroxy‐/polyacids.
[33] The source strengths are apportioned based on the

above categorized organic tracers for the marine samples
(Figure 7). In the MBL over the North Pacific and North
Atlantic, atmospheric oxidation (32%), marine natural
background (22–33%) and fossil fuel combustion (26–28%)
were the major contributors, while terrestrial natural back-
ground (4–8%), terrestrial primary biological origin (4–7%)
and biomass burning (1–3%) were minor contributors. Off
the California Coast and over the North Indian Ocean and
South China Sea, atmospheric oxidation (47–59%) was the
most important contributor, followed by terrestrial natural
background (11–25%), whereas marine natural background
(4–14%) and biomass burning (2–7%) were minor. These
results indicate that SOA formation is one of the most
important sources of marine organic aerosols in the tropical
regions. In the MBL over the western North Pacific in early
spring, fossil fuel combustion (26%), atmospheric oxidation
(25%) and biomass burning (24%) were found as the most
abundant groups whereas marine natural (8%) and primary
biological (6%) sources were found to be minor, suggesting
a strong influence of the Asian outflow over the western
North Pacific. It should be noted that the apportionment may
contain some uncertainties because many of the specific
compounds could have multiple sources.

3.9. Contributions of Compound Classes to Aerosol
OC: Mass Closure for Organics

[34] Table 2 presents the contribution of each compound
class to OC in the marine aerosols. Total n‐alkanes accounted
for 0.14–0.37% of OC. UCM hydrocarbons of fossil fuel
combustion origin are found to account for 0.44–1.7%
(0.88%) of aerosol OC, which are similar to those (0.37–
1.5%, 0.86%) reported in Chichi‐jima, a remote island in the

Figure 4. Positive correlations between the concentrations
of (a) biogenic SOA tracers and hydroxy‐/polyacids and
(b) 2‐methylglyceric acid and malic acid detected in the
marine aerosols.
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western North Pacific [Simoneit et al., 2004b], and much
lower than those reported in urban aerosols from Tokyo (1–
6%, average 4%) [Kawamura et al., 1995], Sapporo (1.0–
6.6%, 3.4%) [Simoneit et al., 2004b], and Chennai (1.1–17%,

5.5%) [Fu et al., 2010b]. This indicates that the contribution
of UCM hydrocarbons emitted from fossil fuel combus-
tion to OC is more significant in the urban atmosphere than
the MBL. Anhydrosugars (levoglucosan, galactosan and

Figure 5. Relative abundances of (a) isoprene SOA tracers, (b) a/b‐pinene SOA tracers, and (c) organic
marker compounds derived from different sources including biomass burning (levoglucosan), fungal
spores (arabitol + mannitol), and SOA formation (biogenic SOA tracers).

Figure 6. Concentration ratios (%) of C5‐alkene triols to 2‐methyltetrols detected in the marine aerosols.
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mannosan) account for 0.01–1.1% (0.15%) of OC, where
the highest value (1.1%) was obtained in the western North
Pacific (QFF114). Sugars/sugar alcohols show higher rela-
tive abundances (>0.1%) of OC in the aerosols over the
tropical/coastal regions, whereas those of open ocean sam-
ples were less than 0.03%. This suggests that biogenic pri-
mary emissions such as fungal spores and pollens, as well as
biomass burning sources also affect the organic composition
of the remote aerosols.
[35] Biogenic SOA tracers account for 0.05–1.5%

(0.44%) of aerosol OC, among which 2‐methyltetrols are
found to contribute 0.01–0.80% (0.17%) of OC. Their
spatial distributions are similar to those of sugars/sugar
alcohols and PAHs. Other compound classes that signifi-
cantly contribute to OC include fatty acids (0.08–1.9%),
fatty alcohols (0.09–0.58%), hydroxy‐/polyacids (0.13–
1.1%), and aromatic acids (0.01–0.52%). However, the sum
of total organic species identified in this study only composes
of less than 5.7% of OC, which indicates that a significant
fraction (>90%) of marine organic aerosols is still not spec-
ified in terms of molecular levels. It is of interest to note that
one of the major species contributed to OC in the MBL are
low molecular weight (LMW) dicarboxylic acids such as
oxalic acid [Kawamura and Usukura, 1993; Kawamura and
Sakaguchi, 1999], which will be briefly discussed below.
Other unidentified organic species may include humic‐like
substances [Graber and Rudich, 2006], organosulfates
[Claeys et al., 2010;Hawkins et al., 2010], amines and amino
acids [Kuznetsova et al., 2005; Facchini et al., 2008;
Sorooshian et al., 2009], polysaccharides and proteins
[Hawkins and Russell, 2010], and others [Kanakidou et al.,
2005; Hallquist et al., 2009].
[36] Kawamura and Usukura [1993] reported very high

concentrations (17–1040 ng m−3) of LMW dicarboxylic
acids in the coastal and remote marine aerosol samples
collected in the North Pacific. Some of the aerosol samples
(QFF100, 102, 103 and 104) collected during the same
cruise were analyzed for diacids. Using these data, we cal-
culated the contributions of C2‐C11 diacids to aerosol OC to
be 3.6–16.8% (average 11.6%) with the highest contribution
of oxalic acid (1.7–8.5%, av. 5.8%). These values are much
higher than those calculated for the primary and secondary
organic tracers studied here (see Table 2). Such a compar-
ison suggests that diacids are an important fraction of

organic aerosols in the remote marine atmosphere. Although
diacids are in part emitted from primary sources such as
fossil fuel combustion [Kawamura and Kaplan, 1987] and
biomass burning [Narukawa et al., 1999], the majority of
diacids are produced in the atmosphere by the oxidation of
biogenic and anthropogenic organic precursors during long‐
range transport [Kawamura and Usukura, 1993; Kawamura
and Yasui, 2005; Kawamura et al., 2010].

4. Conclusions

[37] Atmospheric concentrations and spatial distributions
of eleven organic compound classes were studied for the
coastal and remote marine aerosols. The identified organics
(0.94–111 ng m−3, 34 ng m−3) were more abundant in the
coastal MBL than the remote oceans. The long‐range
atmospheric transport of terrestrial organic matter to the
remote oceans is the main delivery process of marine
organic aerosols. Distributions of biogenic SOA tracers that
are produced by the oxidation of isoprene, a/b‐pinene and

Figure 7. Pie diagrams showing the relative abundances of organic species detected in themarine aerosols,
which are roughly grouped according to their potential sources. Averaged percentages are presented for
samples from the (a) North Pacific (n = 4), (b) California Coast (n = 3), (c) North Atlantic (n = 2), (d) Indian
Ocean (n = 1), (e) South China Sea (n = 1), and (f) western North Pacific (n = 2).

Table 2. Contributions of Organic Compound Classes to Organic
Carbon (%) in the Marine Aerosols

Compound Classa Range Average

Total n‐alkanes 0.14–0.37 0.24
UCM hydrocarbonsb 0.44–1.7 0.88
Plant wax alkanes 0.01–0.13 0.06
Fatty acids 0.08–1.9 0.82
Fatty alcohols 0.09–0.58 0.31
Anhydrosugars 0.01–1.1 0.15
Sugars/sugar alcohols 0.06–0.44 0.17
Biogenic SOA tracers 0.05–1.5 0.44
Isoprene SOA tracers 0.01–1.2 0.26
a/b‐Pinene SOA tracers 0.01–0.39 0.17
2‐Methyltetrols 0.01–0.80 0.17
Hydroxy‐/polyacids 0.13–1.1 0.47
Aromatic acids 0.01–0.52 0.12
Lignin/resin acids 0.001–0.02 0.01
Sterols 0.01–0.06 0.03
Hopanes 0–0.02 0.01
PAHs 0.001–0.11 0.02
Total identified organics 1.3–5.7 3.7

aCompound concentrations (ngC m−3) were calculated for each species
and then divided by OC. Values are given in percent.

bUCM hydrocarbon‐carbon was calculated assuming that UCM carbon/
mass ratio is equivalent to that of C28 alkane. See Table 1 for UCM data.
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b‐caryophyllene in the marine aerosols were characterized
by a predominance of isoprene oxidation products. Total
biogenic SOA tracers accounted for 0.05–1.5% (0.44%) of
OC. The spatial distributions of biogenic SOA tracers
exhibited higher loadings over the coastal/tropical regions
than the open oceans, being similar to those of anthropo-
genic sources (e.g., PAHs). This suggests that biogenic
SOA tracers in the MBL are mainly transported from the
continental sources. The results of source apportionment
show that the identified organics in the MBL are mainly of
secondary origin over the tropical regions. In the remote
oceans, marine natural emissions are found to be one of
the main sources of marine organic aerosols. Further study
is needed to characterize the seasonal variations of marine
organic aerosols and to better evaluate the impact of biogenic
VOCs on the aerosol chemistry over the oceans, especially in
the Southern Ocean where the contribution from oceanic
organic aerosol is proposed to be more important than the
Northern Hemisphere [De Gouw and Jimenez, 2009].
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