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Abstract. Marine aerosol samples collected from the South
China Sea (SCS) to the eastern Indian Ocean (EIO) dur-
ing a cruise from 10 March to 26 April 2015 were stud-
ied for diacids and related compounds. In view of air mass
backward trajectories, source regions, and geographical fea-
tures, the cruise area was categorized into the South China
Sea (SCS), the eastern Indian Ocean off the coast of western
Indonesia (EIO-WI), the EIO off the coast of Sri Lanka (EIO-
SL), Malacca, and the Sri Lanka docking point (SLDP). Total
concentrations of diacids, oxoacids, and «-dicarbonyls were
high at the SLDP, followed by the SCS and Malacca, and they
were the low in the EIO-WI. In this study, oxalic acid (C)
was the dominant diacid during the cruise, followed by mal-
onic acid (Cj3) in the SCS, EIO-WI, EIO-SL, and Malacca,
and succinic acid (C4) was relatively more abundant than
C;3 diacid at the SLDP. Except for SLDP, C3/C4 mass ra-
tios were always greater than 1, and no significant differ-
ence was observed during the cruise. The C/Cy4 and C; /total
diacid ratios also showed similar trends. The average mass
ratios of adipic acid (Cg) to azelaic acid (Cy) were less than
unity except for in the EIO-WI; the mass ratios of phthalic
acid (Ph) to azelaic acid (Co) were less than 2 except for in
the SCS. The concentrations of diacids were higher when the
air masses originated from terrestrial regions than when they
originated from remote oceanic regions. Based on the molec-
ular distributions of organic acids, the mass ratios, and the

linear correlations of selected compounds in each area, we
found that the oxidation of biogenic volatile organic com-
pounds (BVOCs) released from the ocean surface and sub-
sequent in situ photochemical oxidation was the main con-
tributor to diacids, oxocarboxylic acids, and «a-dicarbonyls
from the SCS to the EIO. In addition, the continental out-
flow, which is enriched in anthropogenic VOCs and their
aged products, influenced the organic aerosol loading, par-
ticularly over the SCS. Emissions from Sri Lanka terrestrial
vegetation as well as fossil fuel combustion and subsequent
photochemical oxidation also played a prominent role in con-
trolling the organic aerosol loading and the molecular distri-
bution of diacids and related compounds at the SLDP.

1 Introduction

Land-sea—air interaction is one of the most important issues
in Earth system science. Atmospheric aerosols are one of
the major components in the Earth’s atmosphere and are the
key carriers of the global biogeochemical cycle of nutrients
(Zhuang et al., 1992; Li et al., 2017; Tan et al., 2011). At-
mospheric aerosols containing inorganic and organic mate-
rials play a vital role in air quality, atmospheric chemistry,
and the health of humans and ecosystems, and they have a
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critical impact on the global climate system (Ramanathan et
al., 2001). Organic aerosols in tropospheric regions account
for up to 90 % of the total fine aerosol mass, and most of
these aerosols are water soluble (Kanakidou et al., 2005). The
abundant diacids, oxoacids, and «-dicarbonyls are reported
to be the major fraction of water-soluble organic aerosols
(Sorooshian et al., 2010; Ervens et al., 2011; Cong et al.,
2015); these water-soluble aerosols enhance the capacity of
aerosol particles to act as cloud condensation nuclei and ice
nuclei in the atmosphere (Ervens et al., 2011; D. Zhao et al.,
2016; Vergara-Temprado et al., 2017; Huang et al., 2018),
whereas water-insoluble substances such as lipid-class com-
pounds can reduce their hygroscopic activity (Kawamura et
al., 2017).

It has been well established that aerosols in the marine at-
mosphere are influenced by emissions from the ocean sur-
face, such as plankton activity (Cavalli et al., 2004; O’Dowd
and De Leeuw, 2007; Facchini et al., 2008). Marine-emitted
aerosols account for more than half of the global natural
aerosol burden (1000-3000Tg yr_l; lii and Duce, 1988);
thus, they significantly influence the Earth’s climate system
(Haywood, 1999). Previous studies on marine aerosols have
mainly focused on the measurement of non-sea-salt and sea-
salt sulfates (Charlson et al., 1987, 1992) and mineral dust
(Schulz et al., 2012). However, diacids and related com-
pounds in marine aerosols have been paid little attention, de-
spite the fact that they account for more than 10 % of total
carbon (TC) in remote oceanic regions (Kawamura and Sak-
aguchi, 1999; Wang and Kawamura, 2006), which highlights
their importance in the marine atmosphere.

Generally, molecular distributions of dicarboxylic acids in
atmospheric aerosols are characterized by the dominance of
oxalic (Cy) acid, followed by malonic (C3) and succinic (C4)
acids (Fu et al., 2013a; Kawamura and Bikkina, 2016). They
can be directly emitted from anthropogenic emissions, such
as fossil fuel combustion (Kawamura and Kaplan, 1987) and
biomass burning (Narukawa et al., 1999; Kawamura et al.,
2013), and can also be formed by the atmospheric oxidation
of various volatile organic compounds (VOCs) emitted from
primary sources (Kawamura et al., 1996a). In addition, unsat-
urated fatty acids emitted from oceanic biota can be further
photo-oxidized to form the corresponding diacids in the at-
mosphere (Kawamura and Sakaguchi, 1999; Rinaldi et al.,
2011). Isoprene, an abundant VOC from terrestrial higher
plants as well as oceanic biota, is a major precursor of sec-
ondary organic aerosols (Lim et al., 2005; Carlton et al.,
2009), including low-molecular-weight diacids such as Cp—
C4 (Nguyen et al., 2010).

Chemical characterization of dicarboxylic acids, oxoacids,
and «-dicarbonyls in atmospheric aerosols provides useful
knowledge on the relative contribution of possible primary
sources, the long-range atmospheric transport, and the pho-
tooxidation routes of organic compounds (Kawamura and
Bikkina, 2016). Many studies have investigated the impacts
of continental air outflows on the concentration, composi-
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tion, and distribution of organic aerosols in marine regions
(Fu et al., 2013a). For example, a long-term observation of
aerosols on Chichijima Island in the western North Pacific
found a remarkable increase in the concentrations of dicar-
boxylic acids in winter and spring due to the influence of the
East Asian air outflow conveyed by the westerlies (Mochida
et al., 2003a). Moreover, organic compounds such as unsatu-
rated fatty acids from marine sources are main contributors to
the secondary formation of diacids and related compounds in
the ocean atmosphere (Miyazaki et al., 2010; Kawamura and
Gagosian, 1987). Bikkina et al. (2014) found that the abun-
dance of C,—Cg and Cy diacids continued to increase with the
increase in phytoplankton activity in the North Pacific Ocean.
Meanwhile, the oxidation products of isoprene (e.g. pyruvic
and glyoxylic acids) observed in the marine boundary layer
had a similar concentration trend to that of C,, suggesting
that the secondary oxidation of biogenic VOCs from marine
sources significantly contributes to the atmospheric loading
of diacids and related compounds.

The oceans cover more than 70 % of the Earth’s surface,
and marine aerosols are important components of the global
aerosol system of natural sources. However, current knowl-
edge about the biogeochemical cycles of organic matter in
the tropical marine atmosphere is very limited. The South
China Sea (SCS) is a large semi-closed marginal basin and
one of the largest marginal seas in the world (Liu et al.,
2002). The seasonal division of prevailing winds in the SCS
is mainly influenced by the northeast monsoon from roughly
mid-October to mid-March of the following year and by the
southwest monsoon from mid-May to mid-September, while
mid-March to mid-May is the spring transition period, during
which the wind direction is variable. The climate of the SCS
is part of the East Asian monsoon system (Lau et al., 1998).
The Indian Ocean is the third largest ocean in the world, with
distinct tropical maritime and monsoon climate characteris-
tics. The prevailing wind over the Indian Ocean in summer
is the southwest monsoon, while the prevailing wind in win-
ter is the northeast monsoon (Fu et al., 2016; Ramanathan et
al., 2005). The Indian Ocean is warmer than the Pacific and
Atlantic oceans at the same latitude; thus, it is called the trop-
ical ocean. The tropical eastern Indian Ocean (10° S—15° N,
65—100° E), including the southern Bay of Bengal, the south-
eastern Arabian Sea, the eastern equatorial Indian Ocean, and
parts of the southern Indian Ocean, is one of the key regions
affecting climate change, such as drought and flood, in China
(Yao et al., 2015).

Although great progress has been made in the field of
atmospheric organic aerosols, studies on diacids, oxoacids,
and a-dicarbonyls in the marine atmosphere are scarce and
have been limited to the Mediterranean, the North Pacific, the
South Pacific, the Caribbean, and the Atlantic Ocean (Kawa-
mura and Bikkina, 2016); thus, little is known about marine
aerosols over the Indian Ocean. Studies on the molecular
composition and distribution of dicarboxylic acids and re-
lated compounds can provide useful information for source
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analysis as well as information regarding the secondary for-
mation and photochemical transformation processes of at-
mospheric organic aerosols. In this study, total suspended
particle (TSP) samples collected on a day- and night-time
basis over the SCS and the EIO were studied for diacids,
oxoacids, and «-dicarbonyls, which provided an ideal op-
portunity to investigate the spatial distributions of marine
organic aerosols influenced by organics from both marine
emissions and long-range continental transport. In addition,
carbonaceous components, i.e. organic carbon (OC), elemen-
tal carbon (EC), and water-soluble OC (WSOC), in the TSP
samples were measured. Based on the molecular and spatial
distributions, the mass ratios of organic compounds, and their
relations with bulk components as well as backward air mass
trajectories, we discuss their sources and possible formation
pathways in the study region.

2 Materials and methods
2.1 Marine aerosol sampling

Marine aerosol sampling was performed on the
R/V “Shiyan 17 during cruise NORC2015-10 in the
SCS and the EIO (Fig. 1) from 10 March to 26 April 2015.
TSP samples were collected at daytime (rn =44) and
night-time (n = 43) using a high-volume air sampler (Ki-
moto AS-810A, KIMOTO, Japan) placed on the front upper
deck of the vessel’s navigation room. The exhaust outlet of
the ship was located at the stern, and the aerosol samples
were collected underway to avoid potential pollution from
the ship’s emissions. The three samples collected at the Sri
Lanka docking point (SLDP) when the ship was docked in
the port were seriously polluted by ship exhaust emission.
Therefore, these three samples are discussed separately for
comparison with the other samples. The air sampler was
operated at a flow rate of 1.0m® min~! with pre-combusted
(450°C, 6h) quartz filters (25cm x 20 cm, Pallflex® TM,
2500 QAT-UP). We also collected field blanks (n =4)
during the cruise. After sampling, the filter samples were
wrapped in aluminium foil, packed in zip-lock bags, and
stored in the dark at —20 °C until the chemical analysis.

The 5d air mass backward trajectories arriving at
100 m a.s.1. (metres above sea level) each day were computed
using the HYSPLIT (https://www.ready.noaa.gov/HY SPLIT.
php, last access: 17 March 2019) model (Fig. 1). The air
masses that arrived over the South China Sea (SCS) origi-
nated from East Asia and the surrounding oceanic regions.
The air masses that arrived over the eastern Indian Ocean off
the coast of western Indonesia (EIO-WI) originated from the
remote EIO, whereas those that arrived over the eastern In-
dian Ocean off the coast of Sri Lanka (EIO-SL) were mixed
from the remote EIO and the Bay of Bengal. The air masses
that arrived over Malacca were from the Southeast Asian
subcontinent and the surrounding EIO. In addition, the vessel
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Figure 1. (a) Cruise tracks used for aerosol collection in the South
China Sea (SCS) and the eastern Indian Ocean (EIO) from 10 March
to 26 April 2015. The red line is located in the SCS region, the
yellow line is in the eastern Indian Ocean near western Indone-
sia (EIO-WI), the green line is in the eastern Indian Ocean near
Sri Lanka (EIO-SL), the blue line is in the Malacca region, and
the red solid points are the collection positions of the three Sri
Lanka docking point (SLDP) samples. The base map (© MAT-
LAB) reflects an average composite of Chlorophyll a concentra-
tions from March to April 2015 obtained from the NASA web-
site: https://modis.gsfc.nasa.gov/data/dataprod/chlora.php (last ac-
cess: 3 July 2019). (b) Air mass backward trajectories for the sam-
pling days at an arrival height of 100 m; the map was produced using
© Meteolnfo software. (Please note that the above figure contains
disputed territories.)
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was docked at the Sri Lanka docking point (SLDP) for 3d,
during which the air masses were mainly from the surround-
ing oceanic regions. Thus, the aerosol samples collected in
these different locales during the cruise may have been af-
fected by long-range atmospheric transport; hence, we seg-
regated the TSP samples into five categories: SCS, EIO-WI,
EIO-SL, Malacca, and SLDP (Fig. 1).

2.2 Determination of diacids and related compounds

Aerosol samples were determined for water-soluble organic
acids using a previously reported method (Kawamura, 1993).
Briefly, small pieces (47 mm in diameter) of TSP filter sam-
ples were extracted three times using organic-free Milli-Q
water (10 mL) under ultrasonication. The extracts were then
concentrated to dryness and reacted with 14 % BF3/n-butanol
at 100°C for 1 h. The derivatized acids and carbonyls were
extracted with n-hexane and injected into a split/splitless gas
chromatograph (GC-FID, Agilent 6980) equipped with a HP-
5 column for the determination of diacids and related com-
pounds. The field blank filters were also analysed using the
same experimental procedure. Recoveries of major organic
acids were better than 85 %. The analytical errors in the du-
plicate analysis were within 10 % for major species. Con-
centrations of diacids and related compounds were corrected
according to the field blanks.

2.3 Measurements of WSOC, OC, and EC

For WSOC measurement, 17.3 or 34.7 cm? of each filter was
extracted with Milli-Q water (20 mL) under ultrasonication
for 20 min; the extracts were analysed using a total organic
carbon (TOC) analyser (TOC-L, 5000A, Shimadzu, Japan).
OC and EC were determined by a carbon analyser (Sunset
Laboratory Inc., USA), using a piece (1.5cm?) of each fil-
ter, following the Interagency Monitoring of Protected Visual
Environments (IMPROVE) protocol (Pavuluri et al., 2011).
The limits of detection (LODs) for both OC and EC were
0.1 ug C cm™2 with a precision of greater than 10 %. The con-
centrations of all of the carbonaceous components reported
here were corrected using the field blanks.

Table 1 shows the concentration levels of OC and EC
in TSP samples collected from different marine regions.
The concentration of EC (4.24 43.02 ugm™>) in the SLDP
aerosols was much higher than the concentrations in other
regions (SCS was 0.27 £0.15ugm™3, EIO-WI was 0.05 +
0.05ugm—3, EIO-SL was 0.04 +0.18 uygm~>, and Malacca
was 0.24 4 0.18 uyg m—3), which proved that the SLDP sam-
ples were seriously polluted by ship exhaust, but pollution
from exhaust in other sea areas should be minor.

Atmos. Chem. Phys., 20, 6841-6860, 2020

3 Results and discussion

3.1 OC, EC, and WSOC concentrations in marine
aerosols

The concentrations of OC, EC, and WSOC in each marine
region (SCS, EIO-WI, EIO-SL, Malacca, and SLDP) are
summarized in Table 1. In the samples collected from the
SCS to the EIO from March to April 2015, the mass con-
centrations of OC and EC varied from 0.02 to 20.9 ugm™3
(mean of 1.29 42.72 uygm~3) and from 0.00 to 7.57 uygm—>
(mean of 0.3340.90ugm™3) respectively. Generally, the
mass concentrations of OC and EC at the SLDP were the
highest, followed by Malacca and SCS, and the lowest val-
ues were found in the EIO-WI and EIO-SL. In this study,
the mean mass concentrations of OC and EC in the SCS
were 1.5 times (OC mean of 0.82 pug m~—3) and 1.7 times (EC
mean of 0.16 ugm™>) higher than those reported by Fu et
al. (2013a) in the SCS in late February 1990. As the sampling
season was the same, the above situation indicated that the
input of anthropogenic emissions to the SCS carbon aerosols
was increasing with the economic development of the areas
surrounding the SCS. The mass concentrations of OC and EC
in the SCS were lower than those in the western SCS (OC of
2.04pugm~> and EC of 3.0 uyg m™—>) which were strongly af-
fected by biomass burning (Song et al., 2018). In addition,
the carbonaceous aerosol levels in Malacca were similar to
those in the Bay of Bengal (OC of 1.9 ugm™3 and EC of
0.4 ug m—3; Kumar et al., 2008). The concentrations of car-
bon components at the SLDP were relatively close to that of
Jeju Island (OC of 11.3 ugm ™3 and EC of 3.0 ugm™3; Jung
and Kawamura, 2011), and were higher than that of Sapporo
Island (OC of 6.1 ygm™3 and EC of 1.9 ugm™3; Simoneit
et al., 2004); the above-mentioned two sites were greatly
affected by terrestrial long-range transmission. Meanwhile,
the concentrations of carbon components in the EIO-WI and
EIO-SL were lower than those in the northern Atlantic (OC
of 0.93 ugm™3 and EC of 0.27 uygm~3; Zhang et al., 2010),
the Pacific (OC of 0.82ugm™> and EC of 0.22ugm~3;
Zhang et al., 2010), Amsterdam Island (OC of 0.24 ug m3
and EC not detected; Claeys et al., 2010), the Arctic Ocean
(OC of 0.56 ug m_3; Fu et al., 2013b), and so on. These loca-
tions were all less affected by terrestrial anthropogenic emis-
sions. The concentration levels of carbonaceous components
in the EIO-WI and EIO-SL were lower than those in the In-
dian Ocean (OC of 0.71 ygm™ and EC of 0.49 uygm~3; Fu
etal., 2011).

EC is the product of residential coal combustion, fossil
fuel combustion, and the incomplete combustion of biomass,
whereas OC contains both primary organic carbon and sec-
ondary organic aerosol generated by the photochemical re-
actions of organic gases in the atmosphere. The concentra-
tion of EC in SLDP aerosol (4.24 & 3.02 ugm—3) was much
higher than that in other marine areas (SCS was 0.27 &
0.15ugm=3, EIO-WI was 0.05 £ 0.05 uygm~—3, EIO-SL was

https://doi.org/10.5194/acp-20-6841-2020



6845

Is

bonyls in marine aeroso

icar

ids, and «-d

ids, oxocarboxylic aci

1C acl

J. Yang et al.: Dicarboxyl

YOIF0vC €0r9vL SLEFTCY ¥0I-6C0 ISTFS8T  90°6—€C0 9%'0F96°0 10¢91°0 66'cTFIS9 TCI-8Y1 [eloiqng
€8°0FCLT  8ET080 ce0+ce0  88°0-IPq 9¢'0F610 I¥I-IPq LO'0OF €00 6C°0-1Pq S9°0F690 681-IPq 6D® O10UBUOUOXO-6
LOBFLY8 T9I-1Pq 0I'0F+L00 €T0-IPq Pq Pq Pq Pq WIFLET 6 eIPq 8™ ‘210UBI00X(0-8
IPq IPq IPq P9 IPq P9 IPq IPq 0F€C0 €C’0-1Pq Lo “oroueldoyoxQ-L
LOOFOT0 1T0-L00 SO0F¥00 SI'0-IPq €00Fv00 SI'0-IPq 80°'0F €10 6¢0-S0°0 €0'0F 100 60°0-IPq §0@ “oroueyuadoxQ-g
S6’eFOI'S LTO6-IV'] COTFCLO 997CIPq LT0F900 <rI-IPq Pq Pq Iv'0F 620 60 1-1Pq Yo ‘droueInqoxQ-v
060FCI'T  91I't=SS0 [9°0F9¢°0 10CIPq 9T 0FST0 SL0IPa Y1I'0F LTO €9'0-90°0 95°0F98°0 €ST¥I'0 €O “drouedordoxQ-¢
9¢TF8CTY9 C989C¢ 80CFSOT T6T—E000 98'0FL60 687600 €C0F€C0 SL0-TPq L8TF8CT €TO6-I¥0 2O “O1AX0KID
rOFEl'l  T9I-€80 wO0F+9r'0 €TI-IPA 6I'0F €0 SLOTITO LT'0OF0€0 0L°0-1Pq wo+090 0LT1-100 I&d o1anIkq
SpIoe o1AX0qIed0X()
[ECF VIS 80L—65C 8SI1F L0T 10S-6'1¢ I'ELF9LL  v6C—6S8 €eCF1'9¢C £€96-8C'8 981 F S0¢ 6SL—9vY [eloiqng
OI'TF0ST veEe VTl 89°cF6Sc  LTO6-LIO 9¢0F S0 L8I-IPA 61'0FCI'0 €9°0-1Pq OL TFS8T SLL7IPq LD “oneunidoyey]-f
8 0+F907T SLTSI'I 06'0F00 1T 6ICSI0 LyOF¥S0  01I'CT=S00 ¢C0+2CC0o £€8°0-TPq YETFOLT  v86-IPq €D *oIuo[eWOoIdY]
YSOF ST S6'1-88°0 SEOFIEO SOI-IPa €COFEr0 180-IPa LT'0OF SO0 cL0-1IPq €S°0F 90 sTTIpa Yoy ‘oneN
CO'TF65°0 9L 1-IPq [T0F0I'0 6S0-IPq 60'0F €00 8£0-IPq LI'OFET0 ST 1-1Pq LSOFTCO TI'TIPq ydy “dreypydora],
P80F 66’1  €LT801 0C0+2CI'0  6¥V0-IPq 90'0+200 <C0o-IPq 80°'0+20°0 LE0-TPq 91'0+<00 090-1Pa ydt ‘arregiydosy
[€TF80I TEI-€98 ECTFYOT  96°€-9C0 6S'0FLLO S6T900 ¥€'0F 050 ST 1-1Pq 68'1F6CC LS99I0 ud “oreyud
OTF08¢c 6V'69CTC LYyOFELO  €CTI7IT0 [T0F2E0 960900 SI'0F6£0 9L°0-LT°0 8Y'0F<C80 CI'T-LIO N “orerew Ao
68°0F o'l 6V CI80 €C0F6£0 LOT-800 CC0+8C0 ¢80-S00 CCOFLLO Sy 1-91°0 8Y'0FPLO 9I'T-LIO d “otrewng
8E'TFOST VI'V=8ST 6S0FLLO TYI-¥00 CC0F8C0 T01-800 IT'0F61°0 6S'0-L00 L90FE6'0 0L TTCIO JARNSIA
ECTFPT  6T°¢-L90 SC0F9C0 6S50-1IPq IPq IPq S0'0F200 81°0-1Pq 8I'0FS0°0  89°0-1P9 901 oL [S[AYIeIN
68°¢F 669 T10I-19C 8CTFEOT  96¢-1T0 0€'0+96°0 8I'I=€I0 CI'o+¢€0 ¥6°0-80°0 86°0F OVl LEE0L0 D1 “IIUIINS[AYION
6L 0F V6’1l  LY'TCO'L 90'TF¢€6'0 6C¢IPq €COFVYI0  T80-IPq 90'0F 10°0 6C°0-1Pq S9°0FS6'0 9TCIPA Y1 “oruorewAyioN
IPq Pq IT°'0F900 6C0-IPq Pq P9 80°'0F 200 ge0-IPq Pq P9 CIp “otorpauedapo
68°0FC9°0 +9'1-1Pq SI'0F0C0 8¢0-IPq 0I'0F€1'0  8¢0-IPq SI'0OF91°0 69°0-1Pq S0'0+200 9I'0-IPq LD *ororpauesapup)
6’ 1F00T €¥'€-990 97'0F8S°0 OI'I-IPq 89'IF LSO 906-1Pq Y20F 620 ¢8°0-1Pq €S°0F8CO 69CIPA 0T “oroeqeg
I'S9F689  OVI-L'II1 6CTFC8T 96¢—CE0 SLCTFSTT  T°SI-600 67’0 F S0 cCcIpq LSTFT8T  L6971P9 6D ‘orefozy
Pq Pq Pq Pq ILCFIS0 ¢vI-IPq 20'0F¥00°0  60°0-TPq Pq Pq 80 ‘oraqng
SCO0F8CO SY'0-IPq '0F<cr'0  0C1-IPq LT'OFCI'0 0S0-TPq LO'0OF €00 cc0-1pq 09°'0F8S°0 881-IPq LD *oromnrg
€9CFOLY  LI'L=S6'] 9 T+8CTT 65¢7100 6C0FIC0 8I'1-€00 CCoOFCro €8°0-LI'0 €60FIIT  60¥—<€I'0 90 ‘ordipy
G8'CFT88 9¥I—6'C oLeFore €5671Pa 9'0F8'0 69 1-1Pq 61'0F€C0 6L°0-1Pq SI'C+09C 1TS8¢ECO §D ‘oLreimin
CCeFCTSy S8V L'CTCFO8L  67TLS8I'I MBrFeer 90C-LS0 SOTF S ¥'9-€T0 Y1+ 81 Y0S—€L'T D ‘oruroong
0SIFTTr v'66-6'SC V'SCFTYC OVL=LST S6'6F61'8 TTHr9L0 ST+ 60T YII=v€0 €CF9¢ 6°'L8 11T €D “omoreN
orl + €0¢ YSv—6L1 CITFSvl eLE=S Y] eSS+ T8S  TECTITS 781 F T8I 1oL—¢vv eVl +€eC 979-¢0¢ €0 a1exQ
Sproe o1 AX0qIedI(

ds Fueoly o3uey S Fuesly oSuey ds Fueoly o3uey ds F ueoly A3uey S Fuesly aSuey
(€ =u) daTs (6 = u) BOOR[R (8z = u) 1S-01d (0t =) 1M-01d (Lz=u) SOS soroadg

"(O1d) UeadQ ueIpu] WIAISES oY) 0} (SDS) BAS BUIYD YINOS A} WO SINIO O[-GTOZIYON 2y Sutmp
Pa129[102 s[dues g1, ut DO pue DH JO (ot 5ii) SUONLNUIIUOD SE [[9M SE S[AUOQIEIIP-D PUE ‘SPIJE JAX0GIEIOXO ‘SPIJE JAXOQILIIP JO (W U) SUONENUIOUOD JO Arewrwung *[ AqEL

Atmos. Chem. Phys., 20, 6841-6860, 2020

2/10.5194/acp-20-6841-2020

1.0

//doi

https



6846 J. Yang et al.: Dicarboxylic acids, oxocarboxylic acids, and «a-dicarbonyls in marine aerosols

¢
Elzmo|olzzols
— »n a8 o Q< =N
=R gleZg|g
:|° 2l EgE|g
g o q“ o)
z g S Q|2
g 2l ET|F
= g =
[}
8 g <
=] Q
bS] =] Q
<] Q _
5 3 <
5y =1
= —
& coo|”|ococo
o N O = wn N O
2IREE (1FEF |z
£ Do D~ g
=3 w9 o S oo
2 —_ N W oo O o
=
° - o A =Z
= loni [N o
= G Q& G £
g H H H H H H T
g | oe 2o B w
g |t o A 2
% 0w Q A v}
=8
[}
=
ol
8 |oo2 - oo
o |ooco )
s |7L?h e 7
G | oo DL W g
& wn — QN N O N (=)
5 o w A& o =S (¢}
|
w
T | 222 W= =2
= N ) W o o
g |G - & & g
s H H H H H H T
e |29o9 —oo
<3 — o = o th o «
g TRV = 2 v}
=]
E
=
g |ooo S oo
oo o oo =
L9 TP T 7
- o NN 5
o o o P =) ag
S =0 o RS ()
S oo N = o 2
W o o o o
O — © o N g
H H H H H H T
S oo - -9
o= A PRI 2]
G o O J~=o v
S oo - oo
oo — o o
FIE OIFLL| |7
oS s Ao g
RN 90
IRV NN O = Q 5
= = O
— o L oo W %
TN =R g
H H H H H H e
o —oQ
O = o oo 2]
N oo B S w v}
—- W A
— o o W
P9 J E=0o o
[ I_LI
=N 9N —_ 2 §
nn @ ol a9
=30 i O K ()
b= N » s =Z
i W = 9]
VSN DS w» g
H H H H H H T
W L 00 W=
— oW n = 2]
SN 0 =D w)

Atmos. Chem. Phys., 20, 6841-6860, 2020

(6 = u) vOOR[EIN (8¢ =u) 1S-0I4d (07 =u) IM-OId (Lz=u) $DS soroadg

(¢=uw)dais

panunuo) *[ AqeL,

0.21 £0.18 uygm™3, and Malacca was 0.24 +0.18 uygm™3),
indicating that the aerosol samples from the SLDP were se-
riously polluted by ship exhaust, but the other marine sam-
ples were not. OC and EC can roughly determine the source
of aerosols. There was a weak correlation between the con-
centration of OC and EC in aerosols from the SCS to the
EIO (R2 =0.34, P < 0.001), indicating that the origins of
organic aerosols were different from those of EC and were af-
fected by multiple sources (Turpin and Huntzicker, 1995). In
addition, the OC / EC ratio can be used to indicate the contri-
bution of different sources (Chow et al., 1996). The contribu-
tion of different emission sources, the influence of secondary
organic aerosol formation, and the removal path of OC
and EC can all affect the OC / EC ratio. When the OC / EC
ratio is greater than 2, it indicates the presence of secondary
organic aerosols. The OC / EC ratio was 5.52 4+ 5.33 (range
of 1.02-29.7) in the SCS, 11.84 +17.44 (range of 1.55-
51.0) in the EIO-WI, 0.96 £ 2.33 (range of 0.96-9.28) in the
EIO-SL, 8.76 & 6.84 (range of 2.71-24.4) in Malacca, and
2.98 £0.97 (range of 2.14-4.04) at the SLDP. Among these
values, the ratio of OC / EC in the SCS was very similar to
that measured by Fu et al. (2013a) in TSP samples collected
in the SCS (OC / EC: 5.1). The above results indicate that the
contribution of secondary organic aerosols was widespread
in aerosol samples from the SCS to the EIO, except for some
samples in EIO-WI and EIO-SL.

The concentrations of WSOC were highest (range of 1.12—
7.44ngm™3 and mean of 4.43 4 3.17ngm™3) at the SLDP
followed by Malacca (range of 0.09—2.72ngm~> and mean
of 1.1540.92 ng m™3), the SCS (range of 0.22-2.31 ngm™3
and mean of 1.05+0.65ngm™?), the EIO-SL (range of
0.06-1.00 ng m~3 and mean of 0.35 4 0.25ngm™3), and the
EIO-WI (range of 0.05-0.58ngm™> and mean of 0.15+
0.12ngm™3). The WSOC concentrations from the SCS to
EIO are much lower than those in urban aerosols from Tokyo
(mean of 13 ugm™3; Sempéré and Kawamura, 1994) and in
biomass burning aerosols from Amazonia (18-51ugm~3;
Kundu et al., 2010a). However, WSOC concentrations in
the EIO-SL are comparable to those reported in marine
aerosols from the central Pacific (mean of 0.30ugm™3;
Hoque and Kawamura, 2016), the western Pacific (mean of
0.33ug m_3; Sempéré and Kawamura, 2003), and Hawaii
(mean of 0.39 ug m~3; Hoffman and Duce, 2013). Kawamura
et al. (2010) determined lower WSOC concentrations (range
of 0.04-0.30 uygm~> and a mean of 0.18 ygm™3) in Arctic
aerosols, which are comparable to those observed in the EIO-
WL

3.2 Concentrations and molecular distributions of
dicarboxylic acids and related compounds

The concentrations of dicarboxylic acids, oxocarboxylic
acids, and «-dicarbonyls in each marine region (the SCS,
EIO-WI, EIO-SL, Malacca, and the SLDP) are summarized
in Table 1. Their chemical structures are shown in Fig. S1

https://doi.org/10.5194/acp-20-6841-2020
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Figure 2. Molecular distributions of dicarboxylic acids and related compounds in TSP samples from the (a) SCS, (b) EIO-WI, (c) EIO-SL,

(d) Malacca, and (e) SLDP from 10 March to 26 April 2015.

in the Supplement. Most of the organic species were found
to be more abundant at the SLDP followed by the SCS,
Malacca, the EIO-WI, and the EIO-SL (Table 1). For the
aerosol samples from the SCS, the 5d backward trajecto-
ries (Fig. 1b) showed that the air masses originated from
East Asia, whereas the air masses that arrived at Malacca
were delivered from Southeast Asia. The concentrations of
diacids and related compounds were highest in the SCS fol-
lowed by Malacca, due to increased anthropogenic inputs
conveyed by long-range atmospheric transport from East
Asia (Y. Zhao et al., 2016) and Southeast Asia respectively.
The C; diacid showed the highest abundance, with the abun-
dance of the other components (see Table 1 for full com-
ponent abbreviations) showing the following orders for the
different locations: C3 > C4 > MeGly > wCy > C5 > Ph =
Gly > Cg over the SCS (Fig. 2a); C3 > MeGly > C4 > F >

https://doi.org/10.5194/acp-20-6841-2020

Ph > Cg =~ Cg over the EIO-WI (Fig. 2b); C3 > C4 > Cg =
MeGly > wC> > Gly > Ph over the EIO-SL; and C; > C3 >
C4 > kC7 > C5 > wCy > Cg &~ MeGly over Malacca. The
dominance of C; followed by the C3 and C4 diacids is consis-
tent with coastal marine aerosols (Kundu et al., 2010b; Kun-
war and Kawamura, 2014) and remote marine aerosols from
the western North Pacific (Bikkina et al., 2015), suggesting
similar formation processes for dicarboxylic acids in the at-
mosphere of coastal or remote regions.

Table 1 shows the total concentrations of diacids in ma-
rine aerosols from the five regions in this study (the SCS
was 0.27+0.15 ng m~3, the EIO-WI was 0.05+0.05ng m ™3,
the EIO-SL was 0.04 £0.18ng m~3, Malacca was 0.24 +
0.18ngm™3, and the SLDP was 0.2740.15ngm™3). Fu
et al. (2013a) reported that the mean concentrations of to-
tal diacids in marine aerosol samples in the SCS and the

Atmos. Chem. Phys., 20, 6841-6860, 2020
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Indian Ocean were 489 and 301ngm™> respectively. By
comparison of this study with aerosols from other marine
areas, it was found that the mean concentration of total
diacids in the EIO was similar to that in the western Pa-
cific Ocean (60 & 39 ng m~3; Wang et al., 2006). Further-
more, the concentrations of total diacids from the five sea ar-
eas in this study were all lower than that reported for the East
China Sea (850 ng m~3; Mochida et al., 2003b) and higher
than that reported for the Southern Ocean (4.54+4.0ngm™3;
Wang et al., 2006). In addition, the concentrations of to-
tal diacids in aerosol samples in all sea areas in this study
were higher than that reported at Alert in the Canadian
High Arctic (25 ngm~3; Kawamura et al., 1996a) and lower
than that reported in urban aerosol from Xi’an, China, dur-
ing different dust events (932-2240ngm™3; Wang et al.,
2015) and in aerosol in the megacity of Chennai in India
(694.5 4 176.3 and 640.6 £ 150.6ngm ™ in early and late
winter respectively and in summer 502.9 +117.9ngm™3;
Pavuluri et al., 2010). Combined with the geographical loca-
tion of the SLDP and the fact that the samples were collected
in the ship’s docking port, it is speculated that the organic
aerosol samples from SLDP may have been affected by local
coastal and terrestrial biological sources and anthropogenic
emissions (especially fossil fuel combustion). The diacid
abundance order (Cy > C9 > C4 > C3 > Ph > Cs) observed
at SLDP was similar to that reported in continental aerosols
(Kawamura and Bikkina, 2016).

3.2.1 Dicarboxylic acids

Cy—C4, Cq, Coy, and phthalic (Ph) acids are important
species of dicarboxylic acids; this section briefly sum-
marizes the main sources and/or formation processes of
these organic acids. C, diacid concentrations ranged from
443 to 70.1ngm~> with a mean of 18.2+18.4ngm™3
in the EIO-WI, from 5.21 to 232ngm™> with a mean of
58.2+55.3ngm™3 in the EIO-SL, from 14.5 to 373 ngm~>
with a mean of 145+ 112ng m~3 in Malacca, from 30.3 to
626 ng m—> with a mean of 2334143 ngm~3 in the SCS, and
from 179 to 454ngm~> with a mean of 303 + 140 ngm™3
at the SLDP. It can clearly be seen that the concentrations
of C; acid in the SCS and Malacca were higher than those
in the EIO-SL and EIO-WI (Table 1). This large amount of
C, could have been generated from the following sources:
fossil fuel combustion (Kawamura and Kaplan, 1987; Don-
nelly et al., 2010), biomass combustion (Schauer et al., 2001;
Narukawa et al., 1999), cooking emissions (Kawamura and
Kaplan, 1987; Rogge et al., 1993), and the photooxidation
of VOCs and other precursors (Kawamura and Yasui, 2005;
Kundu et al., 2010b). The diurnal variation trend of C; acid
was similar to that of C3 and C4 acids, indicating that these
compounds may have had similar photochemical oxidation
pathways or emission sources in the atmosphere.

Cy diacid was found to be the most abundant diacid in the
range of C7—Cy; diacids, which is similar to findings on ma-
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rine aerosols from the southern and western Pacific Ocean
(Wang et al., 2006). Such a high abundance of Cg diacid in-
dicates that marine biogenic emissions and the subsequent
photochemical formation of organic aerosols were likely sig-
nificant over the SCS and EIO, as Cyg diacid is a photochemi-
cal oxidation product of unsaturated fatty acids emitted from
productive marine regions (Bikkina et al., 2014; Hoque et
al., 2017). In addition, the photochemical oxidation of Co
diacid leads to the generation of its lower homologues in-
cluding C4—Cg diacids (Yang et al., 2008; Kawamura et al.,
1996a). Thus, the similar abundance of diacids (C,—Cg and
Co) in the SCS and at Malacca (Fig. 3) suggests that marine
biogenic emission was a major source, although the influ-
ence of the continental air masses transported from East and
Southeast Asia was also significant. However, the concen-
trations of diacids over Malacca were relatively low, which
indicated that the influence of polluted air masses transported
from Southeast Asia was lower than that from air masses
from East Asia. In general, the abundance of diacids in the
EIO-SL and EIO-WI regions was lower than that in the SCS
and Malacca regions. This was likely because the air masses
that arrived over the EIO-SL and EIO-WI regions mostly
originated from remote oceanic regions; thus, marine bio-
genic emission should have been the major potential source
of organic aerosols and the Asian outflow should not have
had a significant influence. Interestingly, the concentrations
of Cy diacid (mean of 68.9£65.1 ng m~3) in the SLDP sam-
ples were several times higher than that observed in other
regions over the SCS and EIO. As noted above, Cg diacid is
mostly derived from unsaturated fatty acids of biogenic ori-
gin and has been considered as a marker for biogenic organic
aerosols (Kawamura and Gagosian, 1987). Therefore, the
high concentration of Cy diacid at the SLDP is likely derived
from the oxidation of unsaturated fatty acids from mainland
biota (Zhao et al., 2018). In fact, terrestrial air masses, which
are enriched with higher plant emissions and secondary or-
ganic aerosol (SOA) produced upon subsequent oxidation of
BVOCs during daytime, are likely transported onshore by
land breezes during night-time (Kang et al., 2017). In ad-
dition, the photochemical breakdown of Cg diacid should be
insignificant during the night-time hours.

Figure 3 shows the temporal variations in selected diacids
over the SCS and EIO during the sampling periods. The spa-
tial patterns of Cg and Cy diacids were similar (Fig. 3). C¢
diacid could be produced via the oxidation of cyclic olefins
emitted from anthropogenic sources (e.g. fossil fuel com-
bustion; Kawamura et al., 1996a), and it could also be de-
rived from photochemical breakdown of biogenic Cg diacid
(Kawamura et al., 1996b). Bikkina et al. (2015) concluded
that the high mass concentrations of Cg in marine aerosols
were consistent with the high biological activity at the ocean
surface. This similar temporal variation in C¢ and Cy diacids
and the results of backward trajectories (Fig. 1b) indicate that
the formation of Cg diacid is mostly from the photochemi-
cal breakdown of Cy diacid, which was likely derived from

https://doi.org/10.5194/acp-20-6841-2020
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Figure 3. Daily variations in the concentrations of selected organic acids and water-soluble organic carbon (WSOC) in TSP aerosol in the
South China Sea and the eastern Indian Ocean from 10 March to 26 April 2015; all parameters are in nanograms per cubic metre (ng m~3)
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https://doi.org/10.5194/acp-20-6841-2020 Atmos. Chem. Phys., 20, 6841-6860, 2020



6850 J. Yang et al.: Dicarboxylic acids, oxocarboxylic acids, and «a-dicarbonyls in marine aerosols

marine biogenic emissions. Based on the ultraviolet (UV) ir-
radiation of oleic acid and the ozone system, Matsunaga et
al. (1999) found a series of C,—Cy diacids, with high abun-
dance of Cy diacid. Temporal variations in Cy, Cg, and Cr—
C4 diacids were also similar (Fig. 3), suggesting that the
photochemical breakdown of Cy9 might be the major forma-
tion pathway of short-chain diacids such as Cg, Cs, and C4
diacids. Further ageing processes eventually led to the for-
mation of Cy diacid in the EIO. Thus, the molecular distri-
butions and temporal variations of diacids inferred that the
organic aerosols collected over the EIO were likely primar-
ily derived from marine biogenic emissions. However, the
contribution of diacids to WSOC was reduced in the EIO-WI
and EIO-SL due to low biological activity in these oceanic
regions, as reflected by the low Cg diacid loading.

Phthalic acid (Ph acid) is a tracer for anthropogenic or-
ganic aerosols. Concentrations of Ph acid in the EIO-WI
and EIO-SL were similar to those in western North Pa-
cific aerosol (more biologically influenced aerosols were
0.6ngm™3 and less biologically influenced aerosols were
0.5ng m~3: Bikkina et al., 2015). In addition, concentrations
of Ph acid from the SCS to the EIO were much lower than
those reported in the urban atmosphere, such as in Chen-
nai (21ngm™3; Pavuluri et al., 2010) and Chinese cities
(90ng m~3; Ho et al., 2007). Ph acid can be released directly
from fossil fuel combustion (Kawamura and Kaplan, 1987).
Secondary formation via the atmospheric oxidation of aro-
matic hydrocarbons such as naphthalene is also important
(Fu et al., 2009; Ho et al., 2010). Such low levels of Ph acid
suggested that the marine aerosols from the EIO were not
as seriously impacted by continental air masses from East
and Southeast Asia. It is worth noting that Ph was several-
fold more abundant at the SLDP than in other regions (Ta-
ble 1); therefore, we do not preclude the influence of anthro-
pogenic emissions, particularly fossil fuel combustion, asso-
ciated with the terrestrial air masses that arrived at the SLDP.

3.2.2 Oxocarboxylic acids

Oxocarboxylic acids (wCr—wCy and pyruvic acid), the inter-
mediate products of the oxidation of monocarboxylic acids,
can be further oxidized to form diacids (Warneck, 2003;
Carlton et al., 2007). Similar to diacids, oxocarboxylic acids
are mainly derived from combustion sources, but they can
also be produced by the photooxidation of various organic
precursors from anthropogenic and biological sources in the
atmosphere (Kawamura and Bikkina, 2016). The concen-
trations of total oxoacids ranged from 1.48 to 13.2ngm™3
(mean of 6.51:i:3.99ngm_3) in the SCS, from 0.16 to
2.0l ngm~3 (mean of 0.96+0.46ngm™3) in the EIO-WI,
from 0.23 to 5.06ngm™> (mean of 1.85+1.51ngm™3) in
the EIO-SL, from 0.29 to 10.4ngm_3 (mean of 4.22+
3.75ngm™3) in Malacca, and from 7.46 to 40.3ngm™>
(mean of 24.0£16.4ng m~3) at the SLDP. Thus, the concen-
trations of total oxoacids in this study were lower than those
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from Gosan, Jeju Island, South Korea (mean of 53 ng m~3;
Kawamura et al., 2004) and urban sites in China (45ngm~3;
Ho et al., 2007). The concentrations of oxoacids were also
lower in the EIO-WI than in the other regions (Table 1). The
spatial distributions of w-oxoacids showed the following or-
der with respect to location: SLDP > SCS > Malacca > EIO-
SL > EIO-WI. This is consistent with those of major diacids
(Cy, C3, and C4) and indicates that these oxoacids are po-
tential precursors of dicarboxylic acids (Sempéré and Kawa-
mura, 1994).

Glyoxylic acid (wC,) was the most abundant oxoacid fol-
lowed by pyruvic (Pyr) acid (Table 1). These components
are all important intermediates in photooxidation processes
and are used in the production of low-carbon-number diacids
such as C;, C3, and C4 diacids (Hatakeyama et al., 1987).
Several studies have reported that Pyr is produced by the in-
cloud oxidation of isoprene in the atmosphere (Carlton et al.,
2006, 2009) which can be transported from mainland regions
and/or emitted from the ocean surface (Shaw et al., 2010).

3.2.3 «-Dicarbonyls

The concentrations of total a-dicarbonyls (glyoxal and
methylglyoxal) varied over a wide range (0.56-20.2 ngm™>)
with a relatively high abundance in the SCS (mean of
5.25+4.46 ngm~>) and SLDP (mean of 7.354+3.58 ngm ™).
The average concentration of total «-dicarbonyls during the
cruise was higher than those in super-micrometre and sub-
micrometre aerosols collected over the North Pacific in sum-
mer (0.514+0.22ngm™3 in more biologically influenced
aerosols and 0.664+0.20ngm™> in less biologically influ-
enced aerosols; Miyazaki et al., 2010). The abundances of a-
dicarbonyls were higher in the SCS and Malacca than in the
EIO-SL and EIO-WI, which were similar to the spacial pat-
terns of diacids and oxoacids (Fig. 2, Table 1). The concen-
trations of both glyoxal (Gly) and methylglyoxal (MeGly)
were higher in the SCS, and their spatial distributions were
consistent with those of diacids. Gly and MeGly can be
formed via the atmospheric oxidation of isoprene, which
is emitted from terrestrial vegetation and/or marine phyto-
plankton (Sorooshian et al., 2009). In addition, Gly is also a
photochemical oxidation product of aromatic hydrocarbons
from the combustion of fossil fuels (Carlton et al., 2007;
Volkamer et al., 2007). Both species can exist in the aerosol
phase and be further oxidized to form less-volatile organic
acids such as Pyr, wCy, and C, (Sorooshian et al., 2006).
Therefore, the higher abundances of Gly and MeGly over the
SCS compared with the other three regions could have been
due to enhanced continental outflow as well as the high bio-
logical activity at the sea surface. The spatial distributions of
total oxoacids and «-dicarbonyls were similar to those of to-
tal diacids, indicating that they had similar origins or forma-
tion mechanisms (Kunwar et al., 2017). Based on the back-
ward trajectory analysis, we identified four source regions for
diacids and related compounds: (a) East Asia, (b) Southeast

https://doi.org/10.5194/acp-20-6841-2020
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Asia, (c) the Bay of Bengal, and (d) the eastern Indian Ocean.
When air masses originated from East Asia and Southeast
Asia and their coastal areas (i.e. SCS and Malacca), the con-
centrations of these compounds were high; when air masses
were mainly derived from the eastern Indian Ocean (i.e. EIO-
WI), their concentrations was the lowest; and when the air
masses originated from the Bay of Bengal and the eastern
Indian Ocean (i.e. EIO-SL), the concentration of these com-
pounds was between the former two.

3.2.4 Fractions of diacids and related compounds in
WSOC and OC

Spatial-temporal distributions of WSOC showed much
higher values in the SCS and Malacca than in the EIO-WI
and EIO-SL regions (Fig. 3j). As discussed above, such a
high abundance of WSOC in the SCS and Malacca may have
been caused by the enhanced ageing of organic compounds
from the surface ocean due to high biological activity and
subsequent oxidation that produces more water-soluble or-
ganics. In this study, the spatial-temporal trends of diacids
and related compounds are generally consistent with those
of OC, EC, and WSOC, which are high in the SCS and low in
other regions. The fractions of some major diacids, oxoacids,
and a-dicarbonyls in WSOC and OC are presented in Ta-
ble 2. The total diacids account for 12.0 £ 5.75 % (range of
2.00 %-32.4 %) of WSOC over the EIO, whereas the frac-
tions of oxoacids and a-dicarbonyls in WSOC ranged from
0.03 % to 1.22 % (mean of 0.34 +0.20 %) and from 0.02 %
to 3.12 % (mean of 0.60 £ 0.68 %) respectively. In addition,
a strong linear correlation was found between WSOC and C,
diacid (Table 2), which suggests that the WSOC was mainly
generated via secondary formation rather than via biomass
burning emissions associated with the Asian outflow.

3.3 Relative abundances of diacids and related
compounds

The concentrations of diacids and related compounds and
their relative abundances in the atmosphere are controlled
by the emission of their precursors and subsequent oxidation
processes. Pie diagrams of the percentage contributions of in-
dividual straight-chain diacids to total aliphatic diacids in the
different regions from the SCS to EIO (SCS, EIO-WI, EIO-
SL, Malacca, and SLDP) are depicted in Fig. 4. The percent-
age contributions of low-molecular-weight diacids, C>—Cy,
to total mass concentrations, X (C,—Cj3), varied from 96.4 %
to 98.9 % (mean of 97.6 £ 1.25 %) in the SCS, from 85.2 %
to 96.0% (mean of 90.6 +5.38 %) in the EIO-WI, from
90.6 % to 99.4 % (mean of 95.0+4.44 %) in the EIO-SL,
from 94.2 % to 98.0 % (mean of 96.1 4+ 1.88 %) in Malacca,
and from 72.0 % to 95.0 % (mean of 83.5+11.5 %) at the
SLDP. Interestingly, the relative abundances of C; to the to-
tal mass concentrations of C,—Cj, diacids, XCy—Cj2, were
similar in four regions (Fig. 4). A significant difference was
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found in the relative abundance of C; diacid between SLDP
and the other four regions with the lowest value found at the
SLDP, whereas Cy diacid showed the opposite behaviour.
Figure 5 presents the relative abundances of the sums
of short-chain diacids (C;—C4), long-chain diacids (Cs—
Cy2), unsaturated diacids (M, F, mM, Ph, iPh, and tPh),
diacids containing an additional functional group (hCy, kCs,
and kCy), oxoacids (wCr—wCg and Pyr), and a-dicarbonyls
(MeGly and Gly) in the measured total diacids and related
compounds in different regions from the SCS to EIO. The
relative abundances of short-chain diacids were much higher,
accounting for about 90 % of the total in the SCS and about
60 % in the EIO-WI. Long-chain diacids were found to be
second highest at the SLDP and Malacca with respect to
abundance, whereas «-dicarbonyls were second highest in
the EIO-WI and EIO-SL; the highest abundances of long-
chain diacids and a-dicarbonyls were observed at the SLDP
and in the EIO-SL respectively (Fig. 5). Furthermore, the
abundance of long-chain diacids was relatively high in the
EIO-WI and EIO-SL but was the lowest in the SCS. The rel-
ative abundances of unsaturated diacids were the highest in
the EIO-WI followed by SLDP, whereas oxoacids were high-
est in SLDP, followed by the EIO-WI, and showed the low-
est values in the SCS and Malacca (Fig. 5). The high abun-
dances of short-chain diacids indicate that the aerosols from
the SCS to EIO were significantly aged during long-range
transport, while the high abundances of long-chain diacids
and «-dicarbonyls suggest that the contributions from bio-
genic emissions were much higher over the EIO and at SLDP.
The high atmospheric levels of unsaturated fatty acids and
oxoacids at the SLDP infer that the contributions from an-
thropogenic sources are also significant at this location.

3.4 Implications for the origins and formation
pathways of diacids and related compounds

Different emission sources and the extent of ageing lead to
large differences in the concentrations of diacids and related
compounds; hence, the mass concentration ratios of selected
species can serve as effective markers for the identification of
their origins and formation/transformation processes. Tem-
poral variations in the mass ratios of several organic acids as
well as the relative abundance of C; to total aliphatic diacids
are depicted in Fig. 6. The spatial distributions of C3/Cy,
Cy/C4, and Co /(X Cy — Cy) ratios are similar to each other.
It has been reported that Cz diacid can be produced from
C4 diacid by oxidative reaction (Kawamura and Ikushima,
1993). There were robust relationships among C,, C3, and
Cy4 diacids in SCS, EIO-WI, and EIO-SL regions and be-
tween Cz and Cy4 diacids in Malacca (Table S1 in the Sup-
plement), suggesting that they were likely derived from sim-
ilar sources. The C3/Cy4 ratio can be used as an effective
marker to assess the extent of organic aerosol ageing (Kawa-
mura and Ikushima, 1993). The C3/Cy4 ratios were reported
to be low (0.25-0.44) in vehicular emissions, because the C;

Atmos. Chem. Phys., 20, 6841-6860, 2020



6852

J. Yang et al.: Dicarboxylic acids, oxocarboxylic acids, and «a-dicarbonyls in marine aerosols

Jp— 0% 24,39 0o 290%
. 771% g 007 12.1% ° il
/ N\ 11.6% \ )
| i 16.0 %, ) 76.1%! 10.1%
80.0% ! ST | ‘
‘ - 4.65 %
\ 6.01% R 125% ¥6.83%
< < 0% . 040%
—— 36.1% 35.9% | c
V2
(a) SCS (b) Malacca C,
[ c,
h ,"‘18‘71% 248% 21.5% 36.1% T Cs
7 g : 17.5%
£ i 2
[ S—mmm  066% 78.3% B C,
o/ 0 . \
6.1% | V | 097.210/4 |\ ¥ 6.26% B C,
N ) 076% 17208 0% i C
29.8% 12.2% 14.3% —
: 14.6% S ElcC,
(c) Elo-WI (d) EIO-SL B C,,
9.42% Blc
12
T 8.66% 80.26% - 355%
YN p ~.10.6%
/ 15.3%
! i % | — {
| y | ! 77.6%| T 310,2.40 %
\ 132% 12.35% 2.15%
j s 7.1%
\ Y 70.33%
65.4% - : N 7 0% 0.33%
. 0.50%  °, 10.4% e 197% 47 59%
(e) SLDP (f) EIO

Figure 4. Pie charts showing the percentage contribution of individual diacids to the total aliphatic homologous diacids (XC>—Cj7) in aerosol

from different sea areas collected during the NORC2015-10 cruise.

Table 2. The fractions of diacids and related compounds in WSOC and OC in marine aerosols collected during the NORC2015-10 cruise.

Components Relative abundance (%)

in WSOC in OC
Oxalic, Cy 0.61-14.3 (4.78 £2.63) 0.28-12.2 (3.52 +2.34)
Malonic, C3 0.14-2.82 (0.854+0.54) 0.07-2.41 (0.63 +0.50)
Succinic, C4 0.10-1.94 (0.54£+0.37) 0.04-1.86 (0.41+0.34)
> Cr—Cy 1.02-22.0 (7.50£4.01) 0.47-18.8 (5.55 £ 3.68)
>" Diacids 2.00-32.4 (12.0£5.75) 0.92-27.7 (8.84 £5.61)

> Oxocarboxylic acids
> a-Dicarbonyls

0.03-1.22 (0.34 +0.20)
0.02-3.12 (0.60 £ 0.68)

0.01-1.93 (0.26 £ 0.26)
0.02-8.95 (0.47 +1.08)

diacid is too thermally unstable to be easily degraded during
combustion (Kawamura and Kaplan, 1987). In contrast, the
C3/C4 ratios were reported to be high (range of 1.0-11 and
a mean of 3.9) in marine aerosols collected from the North
Pacific (including the tropics), which were considered to be
photochemically aged during atmospheric transport (Kawa-
mura and Sakaguchi, 1999). The C3/C4 ratios in this study
ranged from 0.3 to 4.6 with a mean value of 2.0. They are
higher than those in urban aerosols from Chinese megaci-
ties (range of 0.6—1.1 and mean of 0.74; Ho et al., 2007),
Tokyo (range of 0.56-2.9 and mean of 1.6; Kawamura and
Ikushima, 1993), and New Delhi, India (range of 0.40-1.1
and mean of 0.66 at daytime and 0.58 at night-time; Miyazaki
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et al., 2009). It is worth noting that both malonic and succinic
acids show a net loss from coastal areas to the open oceans,
but the net loss is less for C3 diacid — which is potentially
owing to photochemical processing (Fu et al., 2013a). There-
fore, these higher C3/C4 ratios suggest that organic aerosols
from the SCS to EIO are subjected to significant, intensive
photochemical ageing during atmospheric long-range trans-
port via the outflows from East and Southeast Asia to remote
oceanic regions (Fig. 1). Furthermore, the C3/C4 ratios in-
creased with the decrease of latitude over the SCS, suggest-
ing that the photochemical transformation of C4 diacid to C3
diacid was enhanced at lower latitudes due to the increase in
temperature and solar radiation. However, such a trend did
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[ a-Dicarbonyls (%): Gly and MeGly
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Figure 5. Relative abundances of individual compound classes in
the total diacids, oxoacids, and a-dicarbonyls in aerosols from dif-
ferent sampling areas collected during the NORC2015-10 cruise.

not appear during the return voyage, and the C3/Cy ratios
were much lower than those reported over the North Pacific.
In addition, the temporal variations in their concentrations
were similar throughout the campaign. These results indicate
that their in situ formation from the BVOCs (e.g. isoprene)
emitted from marine biota might also be significant.

The C,/C4 mass ratios can also be used to assess the ex-
tent of organic aerosols’ ageing (Sorooshian et al., 2007). In
the SCS, the C;/C4 ratios (7.6-28.9) showed an increasing
trend with the decreasing latitude. The C,/C4 ratios in the
EIO were higher than those reported in Chinese cities (mean
of 7.1; Ho et al., 2007), Sapporo (mean of 3.1; Aggarwal and
Kawamura, 2008), and South Korea (mean of 8.6; Kundu et
al., 2010b). These results indicate that C, could be largely
generated by the photochemical degradation of C4 diacid.
Moreover, a significant correlation was found between the
relative abundance of C, (C; %) and the C,/C4 mass ratio
(Fig. S2c), suggesting the potential formation of C; diacid
from the photochemical breakdown of Cy4 diacid. A concur-
rent trend (Fig. 6¢) was also obtained for the increased con-
tribution of C; to total aliphatic diacids, Cy/X(Cy — Cy2),
suggesting more photochemical ageing of organic aerosols
at low latitudes with stronger solar radiation.

The C/ 2 (Cy — Cyp) ratio has also been considered as an
indicator of the degree of organic aerosols’ ageing during
long-range atmospheric transport (Wang et al., 2006). In gen-
eral, the more the aerosol particles are aged, the higher the
Cy/2(Cy —Cyp) ratios (Kawamura and Sakaguchi, 1999).
The C,/X(Cy — Cy2) was higher (0.76 £0.06) in the SCS
than in the EIO-SL (0.74 4+ 0.08) and Malacca (0.71£0.11),
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followed by the EIO-WI (0.65+£0.11) and SLDP (0.60 &
0.11). The values found in this study were also lower than
the value reported in wintertime (0.8 £0.04) and higher
than that reported in summertime (0.5 £ 0.01) in Himalayan
aerosols (Hegde and Kawamura, 2012). These results indi-
cate that the organic aerosols in the SCS were likely more
aged and/or influenced by anthropogenic emissions from
East Asia, whereas the ageing of organic aerosols was pos-
sibly less intensive and influenced by only marine biogenic
emissions in the EIO-WI and Malacca. At the SLDP, the low
Cy/ X (Cy — Cyp) ratio was likely driven by the local coastal
biota and the terrestrial biogenic and anthropogenic emis-
sions as well as the less ageing, particularly at night-time.

Maleic acid (M, cis form) is transformed to fumaric acid
(F, trans form) with enhanced photochemical activity; hence,
the M/F mass ratio has been considered as a proxy to as-
sess the degree of aerosol ageing (Kawamura and Sakaguchi,
1999). In general, low M/F values reflect that secondary ox-
idation is an important source. M/F ratios were found to be
lower in the EIO-WI (0.07-0.73) than in other regions (0.9—
2.3; Table 3). The mean M/F value was 1.33 in samples col-
lected in the SCS, 0.29 in the EIO-WI, 1.30 in the EIO-SL,
2.08 in Malacca, and 1.77 at the SLDP. They were all lower
than those in Xi’an aerosols (summer value of 2.22 and win-
ter value of 2.38), and they were about the same or less than
those reported at the Korean Gosan site (spring value of 1.38,
summer value of 0.76, autumn value of 1.62, and winter
value of 2.21), which were considered to be aged. This indi-
cates that the ageing of organic aerosols was more intensive
in the EIO-WI, whereas in Malacca and SLDP, the organic
aerosols were less aged and/or influenced by local emissions
— thus, the cis—trans transformation was weak.

According to the description of the origins of Cg, Ph, and
Cy in the above sections, the Cg/Cg and Ph/Cy ratios could
provide insight into the relative strength of biogenic and an-
thropogenic sources in the given area. Cg/Co ratios showed
lower values in the EIO (except sample no. 2; Fig. 6f),
which can be attributed to the large influence from marine
air masses containing fatty acids like oleic acid, a precur-
sor of Cg diacid (Kawamura and Gagosian, 1987). Tempo-
ral variations in the Ph/Cy ratios from the SCS to EIO are
shown in Fig. 6g, with a mean of 2.02 in the SCS, 1.56 in
the EIO-WI, 1.22 in the EIO-SL, and 0.90 in Malacca. These
values were lower than that (5.71) reported for wintertime
Gosan aerosols from South Korea (Kundu et al., 2010a) but
higher than the values reported for summertime (1.7) and
wintertime (1.78) aerosols in Xi’an, China (Wang et al.,
2012) and aerosols in the western Pacific (1.41; Sempéré
and Kawamura, 2003). These comparisons suggest signifi-
cant secondary formation of organic aerosols from anthro-
pogenic precursors (e.g. naphthalene) transported from East
and Southeast Asia (Fig. 1). However, C¢ and Cy diacids
showed a positive correlation (R = 0.51, p < 0.0001) among
all samples, indicating that Cg diacid is likely also signifi-
cantly derived from the photooxidation of BVOCs such as
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Table 3. Diagnostic mass ratios of selected diacids and related compounds in TSP samples collected during the NORC2015-10 cruise.

6855

Mass ratio Mean £ SD

SCS EIO-WI EIO-SL Malacca SLDP
Cy/Cy 16.2+£8.14 17.1+10.6 16.1£6.72 151+124 8.28+3.80
C3/Cy 2.18+095 1.794+£090 2.05£0.80 1.99+1.14 1.2340.63
Cy/wCy 101 +69.8 146 +£220 69.7+41.2 721+£1678 48.1+£5.79
C, /Pyr 580+£499 70.3+63.7 193+ 191 294 £254  267+71.0
Cy/2(Cy—Cyp) 0.80£0.05 0.76+£0.07 0.78+£0.07 0.76£0.11 0.65+0.12
C3/2(Cy—Cyp) 0.12£0.04 0.09£0.02 0.11£0.03 0.12£0.05 0.09+£0.02
Cy4/2(Cy—Cyp) 0.06£0.02 0.06£0.03 0.06£0.04 0.08£0.06 0.09+£0.03
Ce/Co 076 £0.93 1.17+£0.76 0494+0.52 0.49+£0.39 0.114+0.07
Ph/Cyq 2024426 166+1.33 122+1.19 0.90£0.21 0.344+0.34
M/F 1.33£0.52 0.29+0.19 1.30£0.59 2.08+1.72 1.77+£0.17
Cy/MeGly 129+156 11.34+£10.6 57.9+40.8 81.9+555 92.1+£13.1
C,/Gly 681+ 1466 14.6+15.2 127 £ 196 205+184 77.4+21.2
Gly/MeGly 0.86+0.67 1.02+045 1434+2.31 0.31+£0.12 1.244+0.32

cyclic olefins. The higher Ph/Cy ratios found over the SCS
compared with other regions (Fig. 6g) again suggest that the
contribution from fossil fuel combustion is also significant,
which is associated with the continental outflow mainly over
the SCS and slightly over the EIO.

The origins of MeGly, Gly, Pyr, and isoprene have been
discussed in the above sections. The mass ratios such as
Pyr/Cj, @C;/C2, Gly/C>, and MeGly/C; can be used to ex-
plore the C, formation pathway and/or its origin. Here, all
the ratios were found to peak in the EIO-WI and/or EIO-SL
regions (Fig. 6), where the clean oceanic air masses arrived
at the sampling points (Fig. 1), whereas in the SCS, Malacca,
and SLDP, these ratios were insignificant except for wCs/C;
(Fig. 6). These spatial distributions of the Pyr/C,, wC;/C3,
Gly/C,, and MeGly/C; ratios indicate that the loading of
organic aerosols in the EIO-WI and EIO-SL regions was
likely influenced by marine biogenic emissions and their sub-
sequent oxidation processes. In addition, there were good
correlations among Pyr, wC>, and MeGly in the SCS and
Malacca, whereas the correlations were poor in the samples
from EIO-WI and EIO-SL (except for Pyr and MeGly in
EIO-WI and wC;, and Pyr in EIO-SL). The results showed
that organic aerosols produced by BVOCs (e.g. isoprene)
emitted from the ocean surface were more aged in the EIO-
WI and EIO-SL than in the SCS and at Malacca, where they
were affected by anthropogenic emissions.

Finally, to better understand the enhanced emission of un-
saturated fatty acids and BVOCs from the biologically active
ocean surface from the SCS to EIO, we present the satellite
image of chlorophyll-a loading in the EIO in Fig. la. The
concentrations of chlorophyll a in the SCS and Malacca were
higher than in the other regions studied. Interestingly, high
concentrations of diacids and related compounds (Fig. 3)
were consistent with high concentrations of chlorophyll a at
the marine surface. This consistency indicates that the high
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abundance of diacids in the SCS and Malacca attributes to the
oceanic emissions of BVOCs from areas of high biological
activity followed by photooxidation, although the influence
of anthropogenic emissions associated with the continental
outflow cannot be excluded.

4 Conclusions

The dicarboxylic acids, oxocarboxylic acids, and o«-
dicarbonyls in marine aerosols collected from the SCS to
EIO from 10 March to 26 April 2015 provided new insight
into their origins and formation processes in tropical regions.
The spatial distribution of diacids showed high concentra-
tions in nearshore regions (the SCS, Malacca, and the SLDP)
and relatively low concentrations in remote regions (the EIO-
WI and EIO-SL). Their molecular distributions were charac-
terized by the dominance of C; diacid. Anthropogenic pollu-
tants under Asian outflow conditions strongly influenced the
concentrations of dicarboxylic acids in the SCS and Malacca,
whereas oceanic biogenic emissions and subsequent oxida-
tion influenced the distributions the above-mentioned species
in the EIO-WI and EIO-SL. A close relationship between the
temporal variability of Cy, Cg, and the total concentration
of short-chain diacids (C>,—C4) implied that the in situ sec-
ondary formation of long-chain diacids (including C3 and
C4) and related compounds was significant from the SCS
to EIO rather than the photochemical breakdown of higher
diacids to their lower homologues (despite significant ageing
of the air masses transported from the terrestrial region), due
to the enhanced emission of VOCs from marine biota in the
region. This finding was also supported by good linear rela-
tionships among C4, hCy4, and C3 diacids. The positive cor-
relations obtained between C; % and the C,/C4 ratios and
the negative correlations obtained between C; % and C3z %
as well as C4 % indicated that the formation of C, from Cy4
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diacid via Cg is significant. Furthermore, the enhanced emis-
sions of biogenic unsaturated fatty acids and VOCs from the
ocean surface and subsequent photochemical oxidation con-
trolled the high and low levels of diacids and related com-
pounds measured in the SCS and Malacca and in the EIO-
WI and EIO-SL respectively. These results combined with
5d backward air mass trajectories and the satellite image of
chlorophyll a suggest that the emission of BVOCs from the
biologically active ocean surface and their subsequent ox-
idation reactions were more significant over the SCS and
Malacca than that over the EIO-WI and EIO-SL regions.
Finally, SLDP samples were affected by all of the sources
mentioned above. In addition, terrestrial biogenic and anthro-
pogenic emissions might have played a significant role in the
loading of diacids and related compounds at the SLDP. Fur-
ther work on the chemical characterization of the marine or-
ganic aerosols at a molecular level using high-solution mass
spectrometry (MS), such as Orbitrap and Fourier-transform
ion cyclotron resonance MS (FT-ICR-MS), are needed to ob-
tain detailed information on sulfur-containing organics from
both biogenic and anthropogenic sources.
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