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Environmental context. Water-soluble dicarboxylic acids and related compounds are ubiquitous in atmo-
spheric aerosols. They are abundantly emitted from Asian countries and transported to the Pacific Ocean.
During the long-range transport, photochemical processing modifies organic aerosols. We conducted a 1-year
observation of diacids and related compounds at Okinawa Island, an outflow region of the Asian Continent, to
clarify their sources and photochemical aging.

Abstract. Ambient aerosol samples were collected for 1 year at Okinawa Island, Japan, and were analysed for water-
soluble dicarboxylic acids, oxoacids, a-dicarbonyls and fatty acids to better understand biogenic v. anthropogenic sources
and the formation–transformation of organic aerosols during long-range atmospheric transport. Here, we report seasonal
variations of diacids and related compounds in Okinawa. We found a predominance of oxalic acid (C2) followed by
malonic (C3) and succinic (C4) acid. Total diacids and oxoacids maximised in spring when air masses originated from the

Asian Continent with westerly winds. In contrast, phthalic acid (Ph), a tracer of anthropogenic sources, peaked in winter.
We found an increased C3/C4 ratio in summer, suggesting an enhanced photochemical aging of organic aerosols. The
average ratio of total diacid-C/total carbon (TC) (5.4%) is higher than that (3.1%) from the East China Sea, suggesting that
Okinawa aerosols are more aged than East Asian aerosols but less aged compared to those from the remote Pacific

including tropics (8.8%). Biogenic short-chain fatty acids and azelaic acid (C9), the latter is a specific oxidation product of
unsaturated fatty acids, maximised in summer, whereas higher plant-derived long-chain fatty acids maximised in spring.
This study demonstrates that the ambient aerosols in Okinawa are strongly influenced by the Asian outflow in winter and

spring and by biogenic organic matter in summer and spring. Enhanced contribution of oxalic acid to aerosol TC in spring
suggests that Okinawa organic aerosols are mainly produced in East Asia and photochemically transformed during the
transport.
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Introduction

Low molecular weight dicarboxylic acids (diacids) are an

important group of water-soluble organic compounds in atmo-
spheric aerosols.[1–4] Diacids, oxoacids and a-dicarbonyls have
been reported abundantly in tropospheric aerosols from

urban,[1,4–6] rural,[7,8] marine[9–18] and Antarctic regions.[19]

Total diacids account for ,1–3% of the particulate carbon in
urban areas and .10% in the remote marine atmo-
sphere.[2,6,9,20] Because of their water-soluble properties,

dicarboxylic acids and related compounds have received much
attention. The particles enriched with diacids can act as cloud
condensation nuclei (CCN)[21–23] and thus contribute to the

radiative balance on the Earth.[21] Gierlus et al.[24] reported an
important effect of oxalic acid (C2) on CCN activity of mineral
dust aerosols from laboratory experiments. The formation of

new particles and nanoparticles in the atmosphere are enhanced
in the presence of organic acids.[25,26] Xu and Zhang[27] reported

that dicarboxylic acids can contribute to the aerosol nucleation
process in the presence of sulphuric acid and ammonia and can
interact with the trace nucleation species in the atmosphere.[28]

Small organic acids may also have an adverse effect on human
health.[29]

Diacids and related compounds can be directly emitted in the
atmosphere from primary sources. Automobile emission, fossil

fuel combustion, meat cooking operation and biomass burning
are the main primary sources.[30–35] Similarly, these organic
compounds are formed in the atmosphere through photo-

induced oxidative chain reactions of unsaturated fatty acids,[36]

aromatic hydrocarbons and cyclic olefins[14,37] and biogenic
volatile organic compounds (BVOCs).[38–40] For example, C2,
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malonic (C3) and succinic (C4) acids can be produced by the

oxidation of various hydrocarbons through intermediate com-
pounds such as pyruvic (pyr), glyoxylic (vC2), maleic (M),
fumaric (F), hydroxysuccinic (hC4) and ketomalonic (kC3) acids

as well as glyoxal (Gly) and methylglyoxal (MeGly).[14,39–41]

In addition, C2 can be formed in the atmosphere through in cloud
oxidation of isoprene, whereas C5–C6 diacids are produced by

the oxidation of cyclic olefins.[37] Recently, Myriokefalitakis
et al.[42] reported that 79% of oxalate in remote marine aerosols
originates from biogenic isoprene by photochemical processes.

The world coal consumption is greatest in East Asia. One
fourth of the primary carbonaceous aerosols are generated in
China.[43] The major sources in Chinese carbonaceous aerosols
include fossil fuel combustions (e.g. coal for energy, diesel

traffic),[44–46] biomass burning (e.g. wood, biofuel and agricul-
tural crop residue burning)[47–49] and secondary organic aerosol
formation.[50] Large amounts of low quality coal are used for

house heating and cooking purposes.[13] Diacids and related
compounds are found in remote marine sites in the East Asian-
Pacific region,[10] suggesting a long-range atmospheric transport

of organic pollutants from East Asian countries to the North
Pacific and photochemical production during the transport.[51–54]

Okinawa is the southern-most main island of Japan and is

situated in the outflow region of Central and South China. Cape
Hedo is located on the northern edge of Okinawa and has been
used as a supersite of the Atmospheric Brown Clouds (ABC)
project.[55] This site has been regarded as an ideal location to

study the chemical processes (production, transformation and
degradation) involving organic aerosols in East Asia. At Cape
Hedo, various studies have been conducted for major ions,[56]

normal hydrocarbons, hopanes and polynuclear aromatic hydro-
carbons (PAHs),[52,54] trace gasses,[57] characteristics of organic
aerosols[58] and stable hydrogen isotope ratios of n-alkanes.[59]

Studies of CCN activity and hygroscopic growth have also been
conducted at Cape Hedo.[60] However, no studies have been
done on dicarboxylic acids and related compounds at this super
site, although there are a few such studies from elsewhere in the

western North Pacific Rim.[10,11,61]

In this study, we report, for the first time, molecular distribu-

tions of diacids, oxoacids and a-dicarbonyls as well as fatty
acids in the ambient aerosols collected at Cape Hedo. Organic
carbon (OC), elemental carbon (EC), water-soluble organic

carbon (WSOC) and inorganic ions were also measured in the
aerosol samples. By comparing our datasets with previously
published data from East Asian cities and Gosan site in Jeju

Island,[61] we discuss anthropogenic v. biogenic sources of
organic aerosols, formation of secondary organic aerosol
(SOA) and atmospheric processing of water-soluble organic

aerosols transported over Okinawa in the western North Pacific
Rim. CapeHedo is surrounded by subtropical forest and ambient
temperature and solar radiation are higher than Gosan site.

Samples and analytical procedures

Site description

Aerosol samples were collected at Cape Hedo Atmosphere and
Aerosol Measurement Station (CHAAMS, 26890N, 128820E)
located on the north-west coast of subtropical Okinawa Island.
Fig. 1 shows the locations of Cape Hedo and Okinawa Island.
Okinawa is situated 1500 km south of Tokyo, 2000 km south-
east of Beijing, 800 km east of Chinese coast, and 1000 km south

of South Korea. Northern Okinawa, where Cape Hedo is
located, is mostly covered with subtropical rain forests, and no
major industries are present.[59] Thus, biogenic emission

including isoprene is also significant. It is positioned in the
outflow region of East Asia, especially China, and local
anthropogenic activities are rare.[52,55] In the Asian Pacific

region, the East Asian monsoon dominates in winter to spring,
whereas the monsoon from the Pacific dominates in summer to
autumn.[52] Therefore, continental air masses from East Asian

countries generally arrive over Okinawa during winter and
spring.

Aerosol sampling

Total suspended particles (TSP) were collected on a weekly

basis at CHAAMS station from October 2009 to October 2010.
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Fig. 1. Map showing the geographical region of Cape Hedo, Okinawa, where aerosol samplingwas performed. Cape Hedo is situated

in the north-west coast of Okinawa Island.
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Aerosol samples (n¼ 50) were collected using a high-volume

air sampler (Kimoto AS-810B) and pre-combusted (450 8C, 4 h)
quartz fibre filters (Pallflex 2500QAT-UP, 20� 25 cm). The
sampling periods were generally 7 days.

To obtain a sufficient amount of aerosol particles for the
measurements ofWSOC, OC, EC, major ions and some organic
tracers, we performed aerosol sampling for 7 days. Although the
sampling period is long, positive and negative artefacts by

adsorption and desorption of semi-volatile organic acids on
the quartz filter would be minimal and not affect their concen-
tration seriously.[18] Some diacids with double bondsmay not be

stable during sampling, but we did not evaluate this issue in the
study. Before and after sampling, sample filters were stored in a
pre-combusted glass jar (150mL)with a Teflon-lined screw cap.

The sample filters were stored in darkness at �20 8C until
analysis. Field blanks were also collected on site. Before
chemical analysis, the TSP mass of each sample was measured
gravimetrically.

Chemical analysis

Weanalysed the filter samples forwater-soluble diacids, oxoacids

and a-dicarbonyls using methods described previously.[2,14]

Briefly, an aliquot of the filter was extracted with organic-free
ultrapure water (10 mL� 3) under ultrasonication for 10 min.

To remove insoluble particles and filter debris, the extracts were
passed through a glass column (Pasteur pipette) packed with
quartz wool, pH-adjusted to 8.5–9.0 with 0.1 M KOH solution
and then concentrated almost to dryness using a rotary evapo-

rator under vacuum. The extracts were reacted with 14% boron
trifluoride (BF3) in n-butanol at 100 8C for 1 h to convert
carboxy groups into dibutyl esters and oxo groups to dibutoxy

acetals. The derived esters and acetals were extracted with
n-hexane and analysed using a capillary gas chromatograph
(GC; HP 6890). By comparing GC retention times with

authentic standards, the GC peaks were identified and the
identifications were confirmed by mass spectrometric exami-
nation using a GC–mass spectrometer (GC/MS) system.

Prior to actual sample analysis, a recovery test was per-
formed. Ten microlitres of free C2 (1.03 nmol mL�1), malonic
(C3) (1.12 nmol mL�1), succinic (C4) (1.46 nmol mL�1), glutaric
(C5) (1.04 nmol mL�1) and adipic (C6) (0.83 nmol mL�1) diacids

in aqueous solutionwere spiked on a pre-combusted quartz fibre
filter. The spiked diacids were extracted and analysed like an
actual sample. The recoveries for diacids were above 85% for

C2 andmore than 90% for C3, C4, C5 and C6.We determined the
recovery of a-dicarbonyl (glyoxal) to be 91%. We also con-
ducted a reproducibility test using three different parts of the

same aerosol filter that had been collected on the rooftop of our
institute building using a high volume air sampler. The analyti-
cal errors in the triplicate analysis were less than 2% for C2 and
C3, 5% for C4 and 1% for C5 and C6. We found small peaks of

C2, C3 and vC2 acids in the field blank filters. However, the
blank levels relative to real samples were,1% for C2,,2% for
C3 and,5% forvC2. Concentrations of all the species reported

here are corrected for the field blanks.
The concentrations of OC and EC were measured using a

Sunset Laboratory carbon analyser following the Interagency

Monitoring Protected Visual Environments (IMPROVE)
thermal–optical evolution protocol.WSOCwasmeasured using
a Shimadzu carbon analyser (TOC-VCSH). Major ions were

determined using an ion chromatograph (761 Compact IC,
Metrohm, Switzerland). The detailed analytical procedures for
OC, EC, WSOC and major ions are reported elsewhere.[62]

Backward air mass trajectory analysis

To identify the source regions of air masses over Cape Hedo, a

5-day back trajectory analysis at a 500-m elevation was per-
formed for each day during the campaign using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4)

model (http://www.arl.noaa.gov/ready/hysplit4.html, accessed
August 2011), NOAA Air Resources Laboratory.[63,64] Fig. S1
in the Supplementary material shows the air mass trajectories
calculated for every day for winter, spring, summer and autumn

seasons. In spring and winter, our sampling site was strongly
influenced by continental air masses (Russia, Mongolia, North-
east China, Korea and South Japan). In contrast, in summer, the

site was strongly covered by oceanic air masses, whereas in
autumn it was influenced by both oceanic and continental air
masses. Because the sampling duration is 7 days, it is difficult to

differentiate the origins of the air masses. Each sample contains
either mixed continental or oceanic air masses.

Results

We found high TSP mass concentrations in spring with the
highest value (286 mg m�3) in March. The aerosol mass
concentrations are generally below 125 mg m�3 throughout the

year. Concentrations of OC in this study ranged from 0.76 to
7.12mgm�3 (average, 1.74� 1.03 mgm�3). The highest average
value was found in spring (2.36 mg m�3) whereas the lowest

value was found in autumn (1.42 mg m�3). Details on the con-
centrations of TSP, WSOC, OC, EC and inorganic ions are
presented elsewhere.[62]

Molecular distributions of dicarboxylic acids, oxoacids
and a-dicarbonyls

Wedetected a homologous series of a,v-dicarboxylic acids (C2–
C12), v-oxocarboxylic acids (vC2–vC9, pyruvic acid, Pyr),

aromatic diacids (phthalic, Ph, isophthalic, iPh, and terephthalic
acids, tPh) and a-dicarbonyls (Gly and MeGly) in the aerosol
samples. Unsaturated aliphatic diacids (M, F and methylmaleic,

mM) and multifunctional dicarboxylic acids (hydroxysuccinic
acid, hC4, ketomalonic, kC3, and 4-ketopimelic, kC7) were also
detected (see Table 1 for identities of all compounds). Oxalic
acid (C2) was found as the most abundant species followed by

malonic (C3) and succinic (C4) acids in autumn, spring and
winter (see Fig. S2, Supplementary material). However, in most
summer samples, azelaic acid (C9), which is a specific oxidation

product of unsaturated fatty acids,[31,36,65,66] became the third
most abundant species following C3. It is important to note that
in two summer samples C9 was the secondmost abundant diacid

following C2.
vC2was found as themost abundant oxoacid followed byPyr

and 7-oxoheptanoic acid (vC7) in all seasons. Similarly, MeGly

is the most abundant a-dicarbonyls in all seasons.
Table 1 presents concentrations of diacids, oxoacids and

a-dicarbonyls in the Cape Hedo aerosols together with the
abbreviations of each compound. Concentrations of total diacids

ranged from 26 to 671 ng m�3 (average 246� 150 ng m�3)
throughout the campaign. Total diacids showed the highest
concentration in spring (average 344 ng m�3) followed by

winter (313 ng m�3). Lower concentrations were found in
summer (131 ng m�3) and autumn (190 ng m�3).

Table 2 gives relative abundances of diacids, oxoacids and

a-dicarbonyls. Fig. 2 shows pie diagrams for the relative
abundances of straight-chain C2–C10 diacids for four seasons.
The relative abundances of C2 showed a maximum in winter

Diacids and related compounds in Okinawa
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(55–83%, average 80%) and a minimum in summer (65–84%,

73%). In contrast, the highest relative abundances of C3 (2.5–
17%, 11%) and C9 (1.1–7.3%, 4.0%) were found in summer
and the lowest values were in winter. Similarly, C6 (0.35–1.6%,

0.9%), Ph (0.99–6.3%, 3.0%) and tPh (0.14–1.0%, 0.46%)
showed the highest relative abundances in winter.

Seasonal variation of diacids, oxoacids and a-dicarbonyls

Monthly averaged variations in the concentrations of total dia-

cids, oxoacids and a-dicarbonyls in Okinawa aerosols are given
in Fig. 3. Total diacids show a peak in winter to spring although
they slightly declined in February (Fig. 3a), whereas oxoacids
peaked in January and April (Fig. 3b). In contrast, a-dicarbonyls
show amaximum concentration in January with the second peak
in April (Fig. 3c).

Fig. 4 presents monthly averaged concentrations of selected

diacids. Although concentrations of diacids are generally higher
in winter and lower in summer, their seasonal variations are
compound specific. Short-chain saturated diacids (C2–C4) show

maxima in winter to spring and minima in summer (Figs 4a–c),
whereas long-chain diacids such as C7, C8 and C10maximised in
spring (Fig. 4e, f, h). In contrast, we found that C9 maximised in

summer (Fig. 4g). Aromatic diacids such as Ph and tPh show
winter maxima (Fig. 4i, j). Similarly, aliphatic unsaturated
diacids such as M, F and mM acids show winter maxima (not

shown as a figure). Branched chain diacids, i.e. iC4 and iC5

acids, are characterised by winter to spring maxima and methyl-
glutaric acid (iC6) is characterised by a winter maximum.
Multifunctional diacids, i.e. kC3 and kC7, maximised in spring

whereas hydroxysuccinic acid (hC4) peaked in summer (not
shown as a figure).

Table 1. Concentrations (ngm23) of diacids, oxoacids and a-dicarbonyls in the total suspended particle (TSP) samples collected fromOctober 2009

to October 2010

Note: BDL, below detection limit (0.001 ng m�3), s.d., deviation

Compounds Concentrations

Winter Spring Summer Autumn

Range (average � s.d.) Range (average � s.d.) Range (average � s.d.) Range (average � s.d.)

Diacids

Oxalic, C2 90–415 (244� 92.2) 165–414 (272� 83) 17–496 (96� 125) 24–261 (148� 86.0)

Malonic, C3 12–47 (25� 9.7) 16–40 (29� 7.2) 2.0–68 (15� 18) 6.6–32 (19� 8.6)

Succinic, C4 0.95–41 (16� 10.0) 7.7–31 (18� 7.1) 0.72–57 (6.5� 15) 1.3–15 (8.7� 4.4)

Glutaric, C5 1.52–5.8 (3.1� 1.3) 1.4–6.8 (2.9� 1.5) 0.06–8.1 (0.99� 2.2) 0.21–8.7 (1.9� 2.7)

Adipic, C6 0.77–4.0 (1.9� 0.84) 0.75–3.37 (1.6� 0.78) 0.07–2.5 (0.63� 0.62) 0.24–1.6 (0.86� 0.39)

Pimelic, C7 0.17–1.5 (0.75� 0.42) 0.21–3.0 (0.99� 0.72) 0.05–2.0 (0.59� 0.56) 0.27–1.0 (0.66� 0.28)

Suberic, C8 0.05–0.50 (0.21� 0.12) 0.25–0.78 (0.41� 0.18) 0.04–0.57 (0.20� 0.15) 0.07–0.3 (0.20� 0.08)

Azelaic, C9 0.53–3.8 (1.5� 0.83) 1.1–5.1 (3.2� 1.5) 1.0–7.6 (3.9� 1.9) 1.2–6.7 (2.4� 1.5)

Sebacic, C10 0.04–0.34 (0.19� 0.11) 0.12–0.81 (0.33� 0.20) 0.06–0.33 (0.17� 0.08) 0.05–0.28 (0.15� 0.08)

Undecanedioic, C11 BDL-1.06 (0.38� 0.31) 0.20–0.62 (0.43� 0.14) 0.03–1.1 (0.25� 0.30) 0.03–0.45 (0.20� 0.14)

Dodecanedioic, C12 BDL-0.46 (0.10� 0.13) BDL-0.26 (0.07� 0.09) BDL-0.09 (0.01� 0.03) 0.00–0.15 (0.04� 0.06)

Methylmalonic, iC4 0.35–1.0 (0.66� 0.22) 0.37–1.2 (0.69� 0.25) 0.05–0.83 (0.29� 0.22) 0.17–0.7 (0.45� 0.17)

Methylsuccinic, iC5 0.68–2.9 (1.8� 0.77) 0.93–3.5 (1.8� 0.93) 0.08–2.0 (0.67� 0.52) 0.47–1.8 (1.0� 0.46)

Methylglutaric, iC6 0.13–2.3 (0.47� 0.59) 0.19–0.77 (0.40� 0.19) 0.03–0.96 (0.25� 0.25) 0.04–0.43 (0.23� 0.14)

Maleic, M 0.50–3.3 (1.4� 0.75) 0.67–4.5 (1.8� 1.2) 0.08–2.2 (0.44� 0.56) 0.17–1.3 (0.67� 0.36)

Fumaric, F 0.65–2.7 (1.6� 0.66) 1.1–3.2 (1.8� 0.67) 0.19–3.3 (0.97� 0.81) 0.42–1.8 (1.10� 0.43)

Methylmaleic, mM 0.18–1.4 (0.66� 0.40) 0.09–1.8 (0.53� 0.55) 0.02–1.3 (0.26� 0.35) 0.07–0.58 (0.26� 0.17)

Phthalic, Ph 2.5–15 (8.4� 3.9) 1.3–8.3 (3.8� 2.4) 0.40–7.6 (1.9� 1.9) 0.69–7.9 (2.5� 2.0)

Isophthalic, iPh 0.01–1.7 (1.1� 0.49) 0.44–2.3 (1.0� 0.61) 0.08–1.5 (0.35� 0.36) 0.17–0.88 (0.44� 0.23)

Terephthalic, tPh 0.37–2.4 (1.5� 0.59) 0.19–2.5 (1.1� 0.62) 0.05–1.2 (0.37� 0.35) 0.06–1.0 (0.52� 0.33)

Hydroxysuccinic, hC4 BDL–0.09 (0.05��0.03) 0.03–0.10 (0.05� 0.02) BDL–0.29 (0.06� 0.08) 0.02–0.08 (0.03� 0.02)

Ketomalonic, kC3 0.54–1.9 (1.0� 0.42) 0.51–2.5 (1.0� 0.61) 0.03–2.19 (0.36� 0.57) 0.08–1.8 (0.65� 0.49)

Ketopimelic, kC7 0.10–2.8 (1.1� 0.67) 0.83–2.7 (1.4� 0.50) 0.02–4.0 (0.50� 1.0) 0.07–1.0 (0.57� 0.39)

Total diacids 162–513 (313� 114) 208–532 (344� 105) 26–671 (131� 169) 41–318 (190� 101)

Oxoacids

Pyruvic, Pyr 2.2–9.5 (4.9� 2.5) 1.8–17 (4.5� 3.9) 0.23–6.4 (1.4� 1.59) 0.54–4.2 (2.4� 1.2)

Glyoxylic, vC2 10–38 (21� 8.4) 8.8–6.6 (21� 14) 0.76–46 (7.1� 12) 1.6–21 (12� 7.1)

3-Oxopropanoic, vC3 0.69–1.9 (1.3� 0.44) 0.73–2.4 (1.5� 0.55) 0.08–2.7 (0.65� 0.66) 0.24–1.3 (0.79� 0.38)

4-Oxobutanoic, vC4 0.01–1.9 (0.88� 0.47) 0.51–2.1 (1.2� 0.50) 0.18–1.1 (0.45� 0.27) 0.21–37 (3.4� 10)

5-Oxopentanoic, vC5 0.11–0.53 (0.31� 0.15) 0.10–0.55 (0.28� 0.13) 0.04–0.35 (0.14� 0.08) 0.05–0.32 (0.13� 0.09)

7-Oxoheptanoic, vC7 1.3–6.4 (2.8� 1.4) 1.3–4.8 (2.9� 0.88) 0.22–5.1 (1.3� 1.3) 0.12–3.3 (1.2� 0.90)

8-Oxooctanoic, vC8 0.21–4.5 (1.4� 1.0) 0.09–2.8 (1.8� 0.77) 0.02–6.08 (0.89� 1.6) 0.10–2.0 (1.00� 0.70)

9-Oxononoic, vC9 0.14–5.3 (2.3� 1.2) 0.71–3.0 (1.6� 0.69) 0.02–5.3 (0.71� 1.4) 0.13–2.3 (0.90� 0.70)

Total oxoacids 17–58 (34� 13) 17–94 (35� 20) 1.7–74 (12� 19) 3.6–67 (22� 17)

a-Dicarbonyls
Glyoxal, Gly 1.8–19 (6.0� 5.6) 1.3–30 (5.0� 7.6) 0.26–6.6 (1.7� 1.6) 0.39–6.8 (2.6� 1.9)

Methylglyoxal, MeGly 6.1–35 (16� 11) 3.1–16 (8.7� 3.6) 0.14–14 (3.0� 3.8) 0.56–15 (8.1� 4.8)

Total a-dicarbonyls 8.9–54 (22� 15) 4.9–37 (13� 8.4) 0.39–21 (4.2� 5.4) 1.2–22 (11� 6.5)
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Monthly averaged concentrations of selected oxoacids and
a-dicarbonyls are presented in Fig. 5. Pyr, vC2, vC3 and vC4

maximised in spring and minimised in summer (Fig. 5a–d). Gly
showed two peaks in January and April whereas MeGly peaked

in January. Monthly variations of vC2, vC4 and MeGly are
similar to C2, except for February and March (Fig. 4a). The
similar monthly trends would imply that their formation pro-

cesses are similar or related each other.

Correlation coefficients among selected diacids and related
compounds

The results of correlation analyses among diacids and related
compounds for four seasons are presented in Tables S1 to S4 in
the Supplementary material. In winter, C2 is correlated with its

precursor compounds such as C3 (r¼ 0.83), C4 (0.68) and Gly
(0.73) (Table S1).[14] Although there is no direct correlation
between C2 and Pyr, we found a strong correlation between vC2

and its possible precursors such as Pyr (0.95) and Gly (0.95). In

spring, similar correlations were obtained between C2 and its
precursors such as C3 (0.89), C4 (0.84), kC3 (0.68), Pyr (0.83)

and vC2 (0.76) (Table S2). A strong relation was also found
between vC2 and Pyr (0.95). In summer, strong relations were
obtained between C2 and its precursors; vC2 (0.99), C3 (0.95),
C4 (0.96), kC3 (0.99), Pyr (0.98) and MeGly (0.82) (Table S3).

Similarly, a very strong relation was detected between Pyr
and vC2 (0.98) during summer. We also found a strong corre-
lation between C2 and its precursors in autumn (Table S4).

However, the correlations of a-carbonyls were not so strong for
combinations of some organic species (e.g. oxalic acid) for
1-year datasets (data are not shown as a table). The weak

correlations may suggest that sources or formation mechanism
of a-dicarbonyls are different during different seasons.

Molecular compositions of n-alkanoic and alkenoic acids

A homologous series of straight chain fatty acids (C14 : 0–C24 : 0),
including unsaturated fatty acid (C18 : 1), were detected in
Okinawa aerosols (see Table 3). Fig. S3 in the Supplementary
material shows the seasonally averaged molecular composition

of fatty acids. Their distributions are generally characterised by
an even carbon number predominance with a peak at palmitic

Table 2. Relative abundances (%) of individual compound in total diacids, oxoacids and a-dicarbonyls in aerosols over Okinawa

Compounds Relative abundances

Winter Spring Summer Autumn

Range (average � s.d.) Range (average � s.d.) Range (average � s.d.) Range (average � s.d.)

Diacids

Oxalic, C2 56–83 (80� 7.0) 74–82 (79� 2.2) 66–84 (73� 5.0) 58–83 (75� 7.1)

Malonic, C3 6.3–15 (7.2� 2.2) 7.2–10 (8.1� 1.0) 2.5–18 (11� 4.7) 8.1–21 (9.6� 4.0)

Succinic, C4 0.35–10 (3.9� 2.3) 3.2–7.3 (5.4� 1.0) 0.41–8.5 (4.3� 1.8) 2.6–6.7 (5.3� 1.3)

Glutaric, C5 0.61–2.1 (0.85� 0.37) 0.40–1.3 (0.86� 0.22) 0.14–1.2 (0.62� 0.25) 0.40–6.9 (2.2� 1.8)

Adipic, C6 0.35–1.6 (0.90� 0.37) 0.25–0.63 (0.51� 0.10) 0.23–0.70 (0.52� 0.14) 0.26–1.2 (0.69� 0.27)

Pimelic, C7 0.06–0.48 (0.22� 0.11) 0.05–0.56 (0.15� 0.15) 0.09–1.1 (0.51� 0.26) 0.21–0.85 (0.30� 0.22)

Suberic, C8 0.01–0.14 (0.06� 0.03) 0.07–0.24 (0.09� 0.04) 0.08–0.45 (0.17� 0.09) 0.05–0.23 (0.11� 0.05)

Azelaic,C9 0.28–0.77 (0.47� 0.17) 0.38–2.2 (0.65� 0.56) 1.1–7.3 (4.0� 2.0) 0.53–5.5 (0.96� 2.1)

Sebacic, C10 0.01–0.21 (0.08� 0.06) 0.04–0.15 (0.09� 0.03) 0.05–0.37 (0.22� 0.10) 0.02–0.28 (0.08� 0.08)

Undecanedioic, C11 0.00–0.21 (0.06� 0.06) 0.09–0.16 (0.13� 0.02) 0.09–0.26 (0.18� 0.06) 0.02–0.27 (0.10� 0.07)

Dodecanedioic, C12 0.00–0.17 (0.01� 0.04) 0.00–0.06 (0.02� 0.02) 0.00–0.01 (0.00� 0.00) 0.00–0.05 (0.01� 0.02)

Methylmalonic, iC4 0.18–0.42 (0.21� 0.06) 0.12–0.29 (0.23� 0.05) 0.12–0.48 (0.24� 0.10) 0.14–0.45 (0.31� 0.10)

Methylsuccinic, iC5 0.24–1.1 (0.65� 0.26) 0.25–0.66 (0.58� 0.13) 0.29–1.6 (0.80� 0.37) 0.21–1.4 (0.95� 0.42)

Methylglutaric, iC6 0.06–0.46 (0.11� 0.11) 0.06–0.23 (0.10� 0.04) 0.03–0.40 (0.24� 0.12) 0.03–0.52 (0.09� 0.15)

Maleic, M 0.22–1.0 (0.43� 0.23) 0.28–0.86 (0.66� 0.20) 0.13–0.47 (0.38� 0.09) 0.12–0.63 (0.43� 0.15)

Fumaric, F 0.30–1.0 (0.48� 0.20) 0.38–0.75 (0.57� 0.10) 0.34–3.2 (0.65� 0.95) 0.18–2.0 (0.79� 0.51)

Methylmaleic, mM 0.09–0.63 (0.23� 0.16) 0.04–0.34 (0.22� 0.11) 0.03–0.35 (0.20� 0.09) 0.04–0.41 (0.18� 0.12)

Phthalic, Ph 0.99–6.3 (3.0� 1.5) 0.52–1.58 (1.5� 0.39) 0.78–3.3 (1.6� 0.74) 0.36–2.9 (1.2� 0.77)

Isophthalic, iPh 0.00–0.87 (0.27� 0.20) 0.12–0.79 (0.29� 0.17) 0.18–0.45 (0.31� 0.08) 0.08–0.41 (0.26� 0.09)

Terephthalic, tPh 0.14–1.0 (0.46� 0.22) 0.08–0.48 (0.35� 0.11) 0.12–0.74 (0.33� 0.18) 0.12–0.58 (0.37� 0.13)

Hydroxysuccinic, hC4 0.00–0.04 (0.02� 0.01) 0.01–0.03 (0.01� 0.01) 0.00–0.18 (0.02� 0.05) 0.00–0.19 (0.01� 0.05)

Ketomalonic, kC3 0.21–0.67 (0.38� 0.14) 0.19–0.57 (0.30� 0.10) 0.11–0.35 (0.32� 0.08) 0.15–0.67 (0.34� 0.15)

Ketopimelic, kC7 0.04–0.54 (0.27� 0.12) 0.26–0.55 (0.33� 0.09) 0.04–0.59 (0.25� 0.17) 0.15–0.51 (0.29� 0.11)

Oxoacids

Pyruvic, Pyr 9.1–20 (15� 3.2) 8.8–18 (12� 2.3) 8.5–16 (13� 2.6) 6.4–19 (12� 2.7)

Glyoxylic, vC2 48–66 (61� 4.8) 44–69 (54� 6.9) 41–63 (53� 7.0) 31–71 (63� 9.0)

3-Oxopropanoic, vC3 2.7–5.7 (4.3� 0.69) 2.4–6.7 (4.7� 1.1) 3.6–12 (7.6� 2.7) 1.8–11 (4.4� 2.5)

4-Oxobutanoic vC4 0.01–4.7 (2.0� 1.4) 1.9–5.9 (4.7� 1.3) 1.5–14 (5.3� 3.2) 0.75–54 (3.1� 2.4)

5-Oxopentanoic, vC5 0.25–2.1 (1.0� 0.45) 0.28–1.5 (1.1� 0.35) 0.47–5.8 (1.5� 1.5) 0.26–2.9 (0.77� 0.76)

7-Oxoheptanoic, vC7 4.5–13 (6.4� 2.5) 3.0–16 (11� 3.5) 6.9–21 (10� 3.6) 0.27–16 (7.6� 4.4)

8-Oxooctanoic, vC8 0.87–9.0 (2.7� 2.2) 0.36–11 (6.1� 2.7) 0.36–12 (4.3� 3.2) 2.5–11 (4.9� 2.5)

9-Oxononoic, vC9 0.78–11 (6.6� 2.7) 2.4–9.3 (6.6� 1.8) 0.59–7.1 (4.2� 2.0) 2.3–6.9 (4.5� 1.4)

a-Dicarbonyls
Glyoxal, Gly 14–45 (24� 9.9) 12–80 (24� 16) 21–65 (35� 13) 12–56 (22� 11)

Methylglyoxal, MeGly 55–85 (76� 9.9) 20–88 (75� 16) 35–79 (65� 13) 44–87 (78� 11)
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acid (C16 : 0) followed by stearic (C18 : 0) or oleic (C18 : 1) acid.

C16 : 0 and C18 : 0 peaked in summer. In contrast, longer-chain
fatty acids (C20, C22 and C24), which are specific to terrestrial
higher plants,[67] maximised in spring. The concentration of

total fatty acids ranged from 1.1 to 23.3 ng m�3 (average
8.1� 7.3 ng m�3). The carbon preference index (CPI) was
calculated for the homologous series of fatty acids (C14 : 0 to
C24 : 0) as the ratio of the sum of even carbon number fatty acids

to the sum of odd carbon fatty acids.[68,69] We found the highest
CPI value in summer (average 49) and the lowest value (18)
in winter.

Discussion

Sources of TSP

The higher concentrations of TSP in spring are caused by the

westerly winds that uplift mineral dusts from the arid regions in
China and Mongolia and transport them to the Pacific. The
outflow of Asian dust from arid regions of China and Mongolia

to the Pacific is a common phenomenon in spring. Crustal ele-
ments like Ca, Fe, Al, Ba, etc. are abundant in Asian dusts and
loess deposits.[70,71] Mori et al.[72] and Duncan et al.[73] reported
elevated levels of Asian dust in Okinawa in spring. We found a

strong correlation between Ca2þ and TSP (r¼ 0.81) in spring,
suggesting that spring aerosols are significantly influenced by
dust particles. A similar positive correlation was observed in

summer (0.91). In spring, non sea salt-Ca2þ is the main con-
tributor to total Ca2þ, whereas in summer, sea salt-Ca2þ is the
main contributor to total Ca2þ.[62] Thus, Ca2þ shows good

correlation with TSP during both seasons. Backward air mass
trajectories demonstrated that the air masses in spring mostly
originated from the arid regions in China and Mongolia (see

Fig. S1). In every spring, there are dust events that frequently
occur in the arid region in North China and influence many
outflow regions including Okinawa.[70,72,73]

However, no statistically important relation was found

between Ca2þ and TSP in winter and autumn. To identify their
source regions, we further analysed the air mass back trajec-
tories, which demonstrated that the summertime air masses

originate mostly from the Pacific Ocean and sometimes from
South-east Asia. It is important to note that dust events do not
occur in China and Mongolia during winter. Thus, we did not

obtain any good correlation between Ca2þ and TSP in winter.

Concentration ratios of diacids and related compounds:
implications for sources and formation mechanisms

Many studies have been conducted to interpret the production
mechanisms of C2, C3 and C4 from long-chain diacids.[2,8,40,74]

These organic acids have been proposed to result from atmo-
spheric chain reactions, e.g. C2 is formed by the oxidation of

vC2, Pyr, Gly, C3 and C4.
[14] Hence, concentration ratios of C2/

vC2, C2/Pyr, C2/Gly, C2/C4, C2/C3 and C3/C4 could be used as
indicators of secondary production of oxalic acid.[61] The C2/

Gly and vC2/Gly ratios maximise in May or June (Fig. 6f, g).
In the atmosphere, C3 is produced from the photochemical
oxidation of C4, hence the C3/C4 ratio has been used to indicate

photochemical aging.[2,30,61] During long-range atmospheric
transport, aerosols are more aged and oxidation of C4 diacid is
enhanced to result in C3. The higher concentration of C3 over C4

suggests that C3 diacid is produced from a photochemical oxi-

dation process. A ratio of 3 is used as an index for secondary
formation of diacid.[9,75] Kawamura and Ikushima[2] reported a
high C3/C4 ratio (3) in urban aerosols during summer in the
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presence of an elevated concentration of oxidant. In Cape Hedo
aerosol, C3/C4 ratios show a small peak in February with a large

peak in August (Fig. 6d). The higher C3/C4 ratio during summer
suggests that the summertime aerosols are photochemically
more processed. In contrast, C2/vC2 ratios increase from winter

to spring and stay high in summer, although a dropwas observed
in April (Fig. 6h). Production of oxalic acid is more significant
during spring than winter (Fig. 6f, g, h, i). The increases in the
ratios in summer suggest that photochemical breakdown of

longer-chain diacids and intermediate species occurs to result in

shorter-chain diacids and oxalic acid, the latter is considered as
an end product.

Ph and C6 are produced by the incomplete combustion of
aromatic hydrocarbons (e.g. naphthalene) and cyclic olefins.[14]

In contrast, C9 is a specific oxidation product of biogenic

unsaturated fatty acids as stated above. Hence, Ph/C9 and
C6/C9 ratios have been used as tracers to better distinguish
anthropogenic versus biogenic emissions.[4] The highest C6/C9

ratio was found in winter (average 1.5) followed by spring

(0.61). The averaged ratio in spring (0.61) is higher than in
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summer (0.10). The averaged Ph/C9 and C6/C9 ratios (Fig. 6a,b)
are the highest in winter followed by spring, suggesting that

Cape Hedo is more influenced by anthropogenic sources during
winter than spring. Seasonal variations of Ph/C9 show a similar
trend with C6/C9 ratios, again suggesting that the long-range
transport of organic pollutants is enhanced in winter. In contrast,

the lowest C6/C9 and Ph/C9 ratios in summer indicate a
decreased input from anthropogenic sources or an enhanced
biogenic input from the ocean. The medium ratios of Ph/C9 and

C6/C9were obtained in spring, suggesting that the aerosols are of
both biogenic and anthropogenic origin. The biogenic emissions

from terrestrial higher plants are most active during the growing
season in East Asia.

Possible sources of diacids, oxoacids and a-dicarbonyls

The predominance of C2 has been reported in many aerosol
samples collected from urban,[2,76,77] remote marine[9–11,61] and
background sites in Africa.[7,78] In contrast, C4 was the most

Table 3. Concentrations (ng m23) of fatty acids found in the atmospheric aerosols over Okinawa Island during winter, spring, summer and autumn

Note: BDL, below detection limit (0.001 ng m�3). Concentrations of C15 : 0 and C19 : 0 are below detection limit

Fatty acids Concentration

Winter (n¼ 13) Spring (n¼ 13) Summer (n¼ 12) Autumn (n¼ 12)

Range Average � s.d. Range Average � s.d. Range Average � s.d. Range Average � s.d.

C14 : 0 0.57–3.9 2.2� 0.82 1.2–4.2 2.5� 0.80 0.41–3.4 1.1� 0.84 0.43–2.2 1.20� 0.55

C16 : 0 0.23–6.7 1.5� 1.6 0.03–7.8 3.3� 2.2 0.96–11 5.3� 2.8 0.17–6.3 1.8� 1.7

C17 : 0 0.04–0.25 0.09� 0.06 0.04–0.19 0.12� 0.05 0.03–0.55 0.11� 0.14 0.02–0.15 0.08� 0.04

C18 : 0 0.28–2.28 0.93� 0.51 0.19–2.8 1.1� 0.67 0.39–3.6 2.0� 0.99 0.03–2.2 0.71� 0.59

C18 : 1 0.02–2.2 0.36� 0.58 0.10–1.7 0.67� 0.50 0.37–6.1 2.4� 1.7 0.02–5.9 0.96� 1.7

C20 : 0 0.06–0.33 0.19� 0.09 0.06–1.5 0.39� 0.45 0.04–0.34 0.18� 0.10 0.03–0.21 0.09� 0.06

C21 : 0 BDL-0.41 0.13� 0.12 BDL-0.17 0.02� 0.05 BDL-0.04 0.01� 0.02 BDL-0.18 0.04� 0.05

C22 : 0 0.04–0.87 0.39� 0.27 0.08–2.7 0.60� 0.84 0.03–0.57 0.23� 0.15 0.03–0.34 0.13� 0.09

C23 : 0 BDL-0.35 0.09� 0.11 BDL-0.7 0.12� 0.23 BDL-0.50 0.07� 0.14 BDL-0.03 0.01� 0.01

C24 : 0 0.04–1.0 0.33� 0.29 BDL-2.6 0.57� 0.83 0.04–0.64 0.31� 0.18 BDL-0.34 0.12� 0.10

Total 1.3–18 6.2� 4.5 1.7–24 9.4� 6.6 2.3–26 12� 7.1 0.73–18 5.1� 4.9
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abundant species in summertime Antarctic aerosols[19] and ice
core samples from Greenland.[79] Jung et al.[80] reported that

tPh, a tracer of plastic burning, was the most abundant diacid in
the urban aerosols from Ulaanbaatar, Mongolia.

Springmaxima of short-chain diacids inCapeHedo (Table 1)
suggest an extra biogenic source for diacids. 2-Methylglyceric

acid, an isoprene-SOA tracer,[81] showed higher concentrations
in spring than summer in the Cape Hedo aerosols (C. Zhu and

K. Kawamura, 2014, unpubl. data), suggesting that Cape Hedo
is more influenced by biogenic sources in spring. Cape Hedo is
surrounded by subtropical forest and there are significant
numbers of isoprene-emitting trees as stated above. In addition,
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springtime air masses mostly come from Mongolia, Inner

Mongolia, Hebei, Shandong, Liaoning, North and South Korea
and some air masses come from the forest area of the north part
of Mongolia and south part of Russia. Although Okinawa

experiences higher temperature and more biogenic VOCs are
expected to be emitted from the trees in summer,[82] their
contributions to short-chain diacids may be less important
because of the influence from the clean oceanic air masses

(Fig. S1).
The lowest concentration of short-chain diacids was

observed in summer (Table 1) attributable to a significant

delivery of clean air masses from the Pacific. The higher relative
abundances of C2 in winter (Fig. 2a) suggest an enhanced
photochemical aging of organic aerosols during long-range

atmospheric transport from the Asian Continent to subtropical
Okinawa Island, although the ambient temperature in inland
China is very low (e.g. �14 8C) in winter.[83] We also expect
primary emissions of C2 from fossil fuel and biofuel combustion

in Chinese source regions during December and January.
In contrast to Gosan and Tokyo aerosols (summertime

maximum), the relative abundance of C2 showed a winter

maximum and summer minimum. Individual backward trajec-
tories suggest that air masses arriving over Cape Hedo are more
aged than those over Gosan because of the longer distance from

the source region (Fig. S4). The higher relative abundance of C2

in winter suggests that the enhanced emission in the source
region (East Asia) and the subsequent atmospheric transport to

Cape Hedo play major roles in controlling diacid concentrations
in the western North Pacific Rim.

The highest relative abundance of C9 in summer (Fig. 2c)
indicates that Okinawa aerosols are heavily affected by biogenic

emissions of unsaturated fatty acids from the ocean surface and
the island itself. In contrast, the highest relative abundances of
C6 and aromatic diacids (Ph and tPh) in winter (Fig. 2a; Table 2)

suggest a significant anthropogenic contribution in this season
by the long-range atmospheric transport from China and other
Asian countries. These aromatic diacids are derived from fossil

fuel combustion sources,[84] plastic burning[80] or atmospheric
photochemical degradation of PAHs.[2] Fossil fuel combustion,
domestic biomass burning and plastic burning maximise during
winter in East Asia.[80,83] Because the local anthropogenic

emission is insignificant in our sampling site as stated above,
these aromatic acids likely originate from large cities in East
Asia. In fact, large amounts of PAHs were reported in Chinese

megacities during winter.[13]

vC2was found as themost abundant oxoacid followed by Pyr
in the Okinawa aerosols. vC2 has been proposed as one of the

major precursors of oxalic acid.[14,38] The highest concentration
of vC2 in spring may be in part attributable to the emission of
isoprene from the local forests because vC2 is the intermediate

oxidation product of isoprene to C2.
[8] Tambunan et al.[85]

reported that the Moraceae family including the genus Ficus is
very common in the Okinawa forests and emits isoprene at
higher rates than other plant families. Similarly, the highest

relative abundances of vC3 and vC4 were found in summer,
suggesting that they are formed by the oxidation of unsaturated
fatty acids containing a double bond at the C-3 or C-4 position.

Unsaturated fatty acids can be emitted from sea surface micro-
layers and also from local vegetation in Okinawa as described
above.

a-Dicarbonyls showed the highest concentration in winter.
The photochemical degradation of a-dicarbonyls may be
restricted in winter. In contrast, photochemical oxidation of

a-dicarbonyls in summer is probably enhanced with higher solar

radiation and ambient temperature. Gly and MeGly are gas-
phase oxidation products of VOCs such as benzene, toluene,
xylene,[86–89] isoprene,[90] ethylene,[41] terpene,[91] acetylene,

ethene[38] and naphthalene and alkylnaphthalenes.[92,93] The
a-dicarbonyls can be further oxidised to C2. Gly and MeGly
exist as dimers in aerosols.[94] They can exist in cloud water
and remain in the aerosol phase when cloud droplets evaporate

or non-volatile oligomers are formed during the evaporation
process.[95,96] Gly shows hydration and self-oligomerisation in
the presence of acid and humidity.[97] Gly and MeGly can act as

precursors for SOA formation by heterogeneous process-
es.[98,99] These oligomers can be rapidly decomposed to Gly
during the analytical procedure (BF3–n-butanol treatment) and

then derivatised to less-volatile dibutoxy acetals.

Seasonal molecular compositions and photochemical
processing

Concentrations of short-chain saturated diacids (C2–C4) showed
winter to spring maxima (see Fig. 4), suggesting a significant
production of these diacids during late winter to spring. In

contrast, long-chain diacids such as C7, C8 and C10 show
springtime maxima in April or May. The spring maxima may be
caused by the enhanced emissions of their precursors (unsatu-

rated fatty acids) from terrestrial vegetation followed by sub-
sequent oxidation in the atmosphere. However, C9 did not show
a maximum in spring, but maximised in June (Fig. 4g). This

difference between C9 and other long-chain diacids may indi-
cate that the source of C7, C8 and C10 is different from that of C9.
Unsaturated fatty acids are enriched in sea surface micro-layers
because of phytoplankton activity and emitted to the atmosphere

followed by photochemical oxidation of oleic acid to result in
C9.

[36] Hence, C9 may be formed from marine-derived unsatu-
rated fatty acids by photochemical processing in summer.

In winter, strong or good correlations were obtained between
C2 and its precursors such as C3, C4 and Gly (Table S1),
suggesting the secondary formation of C2 from various organic

precursors including biogenic and aromatic hydrocarbons (e.g.
isoprene, benzene, toluene and PAHs). In spring, similar corre-
lations were found between C2 and its precursors (C3, C4, kC3,
Pyr and vC2) as well as a very strong relation between vC2 and

Pyr (r¼ 0.95) (Table S2). These results suggest that photochem-
ical chain reactions of various organic precursors result in the
production of small diacids. In summer, strong correlations were

found between C2 and its precursor compounds (vC2, C3, C4,
kC3, Pyr and MeGly) (Table S3). Interestingly, very strong
correlations (0.82–0.99) were obtained between Pyr and vC2

throughout four seasons (Tables S1–4). These results suggest
that C2 may be formed through gas phase oxidations of
various VOCs including isoprene followed by subsequent

oxidation in aqueous (aerosol) phase. In fact, isoprene SOA
tracers were abundantly detected in summer aerosols (C. Zhu
and K. Kawamura, unpubl. data), Both terrestrial and marine
emissions of isoprene are significant in summer in and around

Okinawa. We also found a strong correlation between C2 and its
precursors in autumn (Table S4). Hence, we can conclude that
production of SOA is more significant than the primary emis-

sions in summer and autumn at Cape Hedo.
To better understand the sources of organic aerosols and their

atmospheric processes, we further analysed correlations

between concentrations of diacids and EC. EC is a tracer of
primary anthropogenic emission from fossil fuel combus-
tion.[80] We found a good correlation between total diacids
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and EC with the highest correlation coefficient (r¼ 0.70) in
winter (not shown as a figure). However, weaker correlations

were found in autumn (0.62) and summer (0.61). The good
correlation in winter suggests that diacids are associated with
anthropogenic sources. No statistically significant correlation

was found between diacids and Naþ in all the seasons even in
summer when most air masses originated from the Pacific. This
result suggests that diacids are not directly emitted from the

ocean although seawater contains C2 and other diacids,
[100] but

are largely formed through secondary oxidation processes.
However, primary emission from fossil fuel combustion is
somehow important especially in East Asian megacities in

winter and spring, and the emission products are long-range
transported to the western North Pacific Rim.

Unsaturated aliphatic diacids, i.e. M, (cis-), F (trans-) and

mM acids, are proposed as photochemical oxidation products of
aromatic hydrocarbons such as benzene and toluene.[14] Ban-
dow et al.[87] have shown that maleic anhydride is produced by

the oxidation of benzene and toluene. M may be further
converted into F by photo-induced isomerisation.[2] The F/M
ratios at Cape Hedo maximised in summer (3.3) followed by
autumn (1.6), spring (1.19) and winter (1.16). The highest F/M

ratio in August (Fig. 6c) suggests that the isomerisation reaction
proceedsmore under the conditions of higher solar radiation and
ambient temperature. It is of interest to note that the highest

average temperature was recorded in August.

Contributions of diacids and related compounds to TSP,
OC, TC and WSOC

Total diacids constituted 0.06–1.6% (average 0.40%) of TSP
aerosols. Fig. 7 shows the monthly averaged contribution of
diacids to TSP (%). The highest ratio was obtained in January.

Based on seasonally averaged total diacid/TSP ratios, we found
the highest ratio (0.47%) in winter and the lowest (0.06%) in
summer. The higher loading of diacids in winter is probably
attributable to fossil fuel combustion and biofuel burning in East

Asia, followed by long-range atmospheric transport to Okinawa
Island. Total diacids account for 0.9–20.6% (average 5.8%) of
OC and 2.2–22.9% (average 8.2%) of WSOC. The seasonally

averaged contributions were highest in spring whereas lowest
values were found in summer for both diacid-C to OC (spring
7.9%, winter 6.2%, autumn 5.8%, summer 3.4%) and diacid-C

to WSOC (spring 10%, winter 8.4%, autumn 8.8%, and sum-
mer 5.3%).

Fig. 8 presents seasonal contributions of diacids to total

carbon (TC¼OCþ EC). Total diacid-C/TC ratios ranged from

1.03–12.8% (average 5.4%) (Fig. 8a), showing the highest

value (7.3%) in spring and lowest value (3.3%) in summer.
During long-range atmospheric transport, aerosols are photo-
chemically more processed. With the enhanced aging of aero-

sols, diacid-C/TC ratios increase because diacids are mainly
produced in the atmosphere from photochemical oxidation of
their precursors. Thus, the diacid-C/TC ratio is used as a tracer to
discuss the aging of aerosols.[9,18,77,94] Winter to spring maxima

were observed for individual saturated diacids (i.e. C2, C3, C4,
C7, C8 and C10) (Fig. 8b–d,f–g,h). These results further suggest
that concentrations of short-chain diacids at Cape Hedo are

mainly controlled by their production in East Asia including
China and Mongolia followed by photochemical processing
during the long-range atmospheric transport. However, our

results are different than those reported from Gosan site, Jeju
Island in the northern East China Sea,[61] where the ratios of
short-chain diacidsmaximised in summer not winter. Jeju Island
is very close to the Asian Continent and locates further north,

and hence photochemical aging during atmospheric transport is
less in winter. In contrast, photochemical aging of organic
aerosols around Okinawa should be higher than Jeju Island.

On the other hand, C6 showed a peak in December and
decreased towards January with a slight increase in March
(Fig. 8e). Ph peaked in December and gradually decreased

towards April (Fig. 8j), suggesting a direct emission from fossil
fuel combustion and secondary formation from PAHs. tPh-C/
TC ratios (Fig. 8k) stayed high in December to March, suggest-

ing an enhanced plastic burning that is common inMongolia and
China in winter.[80] In contrast, C9 showed a gradual increase
from January towards summer with a peak in July (Fig. 8h)
attributable to enhanced biological activities. Unsaturated ali-

phatic diacids showed a broad peak in March, except for M that
also showed a peak in August, suggesting a photo-induced cis-

to-trans isomerisation under strong UV radiation and high

ambient temperature. Branched chain diacids, except for iC6,
and multi-functional diacids also showed maxima in spring (not
shown as a figure), further supporting a significant oxidation of

aromatic hydrocarbons that are transported from the Asian
Continent. Similar seasonal variations were also observed for
diacid-C/WSOC (not shown as a figure).

Fig. 9 shows seasonal variations in the contributions of

oxocarboxylic acids and a-dicarbonyls to TC (%). Total
oxoacid-C/TC and a-dicarbonyl-C/TC ratios respectively
ranged from 0.02–0.82% (average 0.19%) and 0.005–0.35%

(0.10%). Contributions of individual oxoacids (e.g. vC4) to TC
maximise in spring, except for vC9 that showed a peak in
February. The seasonal variations of the oxoacid-C/WSOC ratio

showed maxima in winter, whereas the a-dicarbonyl-C/WSOC
ratio showed winter and spring peaks (not shown as a figure).

To better understand the sources and transformation process-

es, we performed correlation analyses for the concentrations of
total diacids, oxoacids and a-dicarbonyls, and the ratios (%) of
total diacid-C/TC, oxoacid-C/TC and a-dicarbonyl-C/TC. Total
concentrations of the compound classes show strong and fair

correlations (e.g. r¼ 0.93 for total diacids v. total oxoacids and
r¼ 0.50 for total diacids v. total a-dicarbonyls), and their con-
tributions to TC also show strong and good correlations (e.g.

r¼ 0.92 for total diacid-C/TC v. total oxoacid-C/TC and r¼ 0.75
for total diacid-C/TC v. total a-dicarbonyl-C/TC). The correla-
tion analysis suggests that these organic compounds originate

from similar sources or similar formation pathways.[101]

The average ratio of total diacid-C/TC (5.4%) in this study
(Fig. 8a) is three times higher than that (1.8%) reported over the
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Southern Ocean,[101] but slightly lower than that (7%) of the
western Pacific.[101] Our value (5.4%) is much lower than that
(8.8%) reported in remote marine aerosols from the Pacific

including tropics.[9] However, our value (5.4%) is higher than
those reported in the aerosol samples from the western Pacific
(3.2%),[102] Arctic (4%),[18] Sapporo (1.8%),[103] Chennai

(1.6%),[77] Tokyo (0.95%)[2] and Mongolia (0.6%).[80] This

comparison may indicate that photochemical production of
diacids in the Cape Hedo aerosols is more significant than the
regions described above, but less significant than the remote

Pacific including tropics.
Unsaturated diacids (M, F and mM) are formed by the

photochemical oxidation of aromatic hydrocarbons such as

benzene and toluene as stated above. The broad peaks of
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diacid-C/TC ratios (%) for M and mM were detected in March,
whereas a sharp peak of F was obtained in August (not shown
as a figure), again suggesting a photo-induced cis-to-trans

isomerisation under strongUV radiation in summer. The highest
ratios (%) of branched chain diacid-C/TC and multi-functional
diacid-C/TC were observed in spring (not shown as a figure),

further supporting a significant oxidation of aromatic hydro-
carbons during long-range atmospheric transport from the
Asian Continent.

Summary and conclusions

Homologous series of a,v-dicarboxylic acids (C2–C12),

v-oxocarboxylic acids (vC2–vC9), pyruvic acid, aromatic diacids
(phthalic, isophthalic, and terephthalic acids), and a-dicarbonyls
(glyoxal and methylglyoxal) as well as fatty acids were studied

in aerosol samples from Cape Hedo, Okinawa in the western

North Pacific Rim.We found a predominance of oxalic acid (C2)
followed by malonic (C3) and succinic (C4) acid in all seasons,
except for summer when azelaic acid (C9), a specific oxidation

product of unsaturated fatty acids, is the second or third most
abundant diacid. The seasonal variation of C2, C3 andC4 showed
winter to spring maxima.

We found enhanced concentrations of phthalic (Ph) and
adipic (C6) acids together with C2–C4 diacids in winter, suggest-
ing an important anthropogenic emission from East Asian
megacities followed by long-range atmospheric transport over

Okinawa Island in the western North Pacific Rim. The greater
concentrations of oleic acid (C18 : 1) in summer demonstrate a
significant contribution of oceanic organicmatter to theOkinawa

aerosols in the warmer season, being consistent with a high
abundance ofC9.We found that theC3/C4 and F/Mconcentration
ratios maximised in summer because of the photochemical

processing of organic aerosols under strong solar radiation.
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The averaged total diacid-C/TC ratio (5.4%) in the Okinawa

aerosols was found to be much higher than the values (,2%)
reported in urban aerosols from Japan and China, but lower than
that (8.8%) reported in the remote marine aerosols from the

Pacific including the tropics. These comparisons further indi-
cate that Okinawa aerosols are photochemically more aged than
urban aerosols, but less aged than the remote marine aerosols in
the open ocean. Total diacids in the Okinawa aerosols accounted

for on average 5.8% of OC and 8.2% ofWSOC. The high ratios
demonstrate that the organic aerosols from the western Pacific
Rim are enriched with water-soluble organic acids as a result of

photochemical processing during long-range atmospheric trans-
port in the outflow region of East Asia.
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