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Abstract. Ambient polycyclic aromatic hydrocarbons (PAHs) and their derivatives have severe adverse impacts
on organism health and ecosystem safety. However, their global distributions, sources, and fate in marine aerosol
remain poorly understood. To fill the knowledge gap, high-volume air samples were collected along a transect
from China to Antarctica and analyzed for particulate PAHs and derivatives. The highest PAH concentrations in
marine aerosols were observed in the Western Pacific (WP: 447± 228pgm−3), followed by the East China Sea
(ECS: 195 pgm−3), the Antarctic Ocean (AO: 111±91pgm−3), the East Australian Sea (EAS: 104±88pgm−3),
and (the lowest) the Bismarck Sea (BS: 17±12pgm−3). Unexpectedly, PAH concentrations in the AO were even
higher than those in the EAS and BS. This could be attributed to the relatively low anthropogenic PAH emissions
from Australia and Papua New Guinea, whereas AO is often affected by emissions from engine combustion and
biomass burning. In contrast to the distribution of PAHs, OPAH levels in the EAS were much higher than those
in the AO. It was assumed that OPAHs mainly originated from the secondary formation of parent PAHs through
reactions with O3 and OH radicals, both of which are more prevalent in the EAS. Several source apportionment
models suggested that PAHs and their derivatives in marine aerosol are dominated by three sources: coal burning
and engine combustion emissions (56 %), wood and biomass burning (30 %), and secondary formation (14 %).
Specifically, marine aerosols in the ECS and WP were significantly affected by coal burning and engine combus-
tion, while those in the BS and EAS were mainly influenced by wildfire and coal combustion. AO was primarily
dominated by biomass burning and local shipping emissions.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs), a class of semi-
volatile organic compounds (SVOCs), are often considered
carcinogenic and mutagenic pollutants (Li et al., 2023; Wei
et al., 2021). These pollutants are generally released from
the combustion of fossil fuels, biofuels, oil spills, and other
biogenic sources (Li et al., 2021a; Zhang et al., 2023). Due
to long-range atmospheric transport (LRAT), PAHs emitted
from industrial and residential sources can often be trans-
ported to remote regions such as the open ocean and polar ar-
eas (Li et al., 2021a; Zhang et al., 2023). These PAHs species
can exert toxic effects on marine organisms through dry and
wet deposition (Li et al., 2021b). Additionally, high levels
of oxidants (OH radicals, NO3 radicals, and O3) enriched
in the atmosphere can promote the transformation of parent
PAHs into their alkylated, nitrated, and oxygenated deriva-
tives (RPAHs, NPAHs, and OPAHs, respectively) (Zimmer-
mann et al., 2013). Compared to parent PAHs, nearly all of
these derivatives exhibit higher toxic potency to aquatic an-
imals due to their direct-acting mutagenicity (Bandowe and
Meusel, 2017; Kovacic and Somanathan, 2014). Therefore,
it is crucial to investigate the spatial characteristics of PAHs
and their derivatives and to identify the key factors and po-
tential sources of atmospheric PAHs. This knowledge is es-
sential for reducing potential damage to ocean ecosystems
and improving marine environmental management.

A growing body of literature has explored the spatial
variations of ambient PAHs in the marine atmosphere. For
instance, Kang et al. (2017) found that atmospheric PAH
concentrations in the East China Sea ranged from 0.16–
17.6 ngm−3 (average: 3.87 ngm−3 ), with these compounds
being dominated by 4-ring PAHs. Subsequently, Neroda et al.
(2020) investigated PAHs in the aerosols of the North-West
Pacific Ocean, estimating total PAH levels ranging from
17.1 pgm−3 (northern part of the Sea of Japan) to 142 pgm−3

(La Perouse Strait). More recently, Wietzoreck et al. (2022)
reported that the mean concentrations of total PAHs, RPAHs,
OPAHs, and NPAHs in the gas and particulate phases in the
Mediterranean were 2.99±3.35, 0.83±0.87, 0.24±0.25, and
4.34± 7.37pgm−3, respectively. Most current studies about
PAHs in marine aerosols focus on regional scales, particu-
larly in oceans with intense anthropogenic activities, while
few studies reveal the spatial distributions of PAHs and their
derivatives in remote oceans (e.g., the polar oceans) or on a
global scale. The Southern Ocean is often considered a re-
mote and pristine sea, and its local ecosystem is more sensi-
tive to PAHs and their derivatives. However, to date, only a
few studies have investigated the spatial variations of ambi-
ent PAHs in the marine aerosol within this region. Cabrerizo
et al. (2014) first demonstrated that the volatilization from
soil and snow might be the major sources of ambient PAHs in
the Southern Ocean and Antarctica. Very recently, Van Over-
meiren et al. (2024) analyzed the components of PAHs and
OPAHs at a coastal site in Antarctica and found that phenan-

threne, pyrene, and fluoranthene derived from volcanic emis-
sions accounted for the major fractions of PAHs. To the best
of our knowledge, only Zhang et al. (2022) investigated the
global variations of PAH components in marine aerosols and
found a clear latitudinal gradient from the Western Pacific
to the Southern Ocean. They also identified coal combus-
tion as the major contributor to ambient PAHs (52 %). Zet-
terdahl et al. (2016) also revealed that shipping emissions
might play an important role for PAHs in the marine at-
mosphere. They verified that the new regulation (since late
2014) about the use of low-sulfur residual marine fuel oil in-
stead of heavy oil significantly altered the chemical compo-
sitions of PAHs (increasing the low-ring components while
decreasing the high-ring components). Unfortunately, nearly
all current studies focus solely on PAHs and OPAHs in re-
gional oceans, whereas no study has comprehensively inves-
tigated the spatial variations of particulate PAHs and all their
derivatives on a global scale. Moreover, the source contribu-
tions of PAH derivatives in different oceans remain unknown.
It is important to fill the knowledge gaps regarding the com-
positions, sources, and fate of PAH derivatives in the marine
atmosphere on a global scale.

In our study, an expedition research cruise aboard a Chi-
nese research vessel from October 2019–April 2020, travel-
ing from China to Antarctica, provided a unique opportunity
to reveal the distributions, compositions, and fate of parent
PAHs and their derivatives (RPAHs, NPAHs, and OPAHs).
Taking advantage of this unique opportunity, our study aims
to (1) investigate the latitudinal gradient of PAHs and their
derivatives, (2) study the major factors contributing to the
spatial variations, and (3) identify the sources using a posi-
tive matrix factorization (PMF) model.

2 Material and methods

2.1 The shipping cruise and sample collection

The research expedition of the Chinese research vessel took
place from 22 October 2019–21 April 2020. The expedition
sailed from Shanghai in China, crossing the Pacific, Indian
Ocean, and Southern Ocean, and finally arrived at Antarctica.
Then, the return route was also from Antarctica to Shanghai,
in China. Detailed information on the shipping route is de-
picted in Figs. 1 and S1 in the Supplement.

Atmospheric samples were collected using a high-volume
air sampler (HVAS, TISCH Environmental, USA), posi-
tioned on the upper deck of the RV Xuelong, approximately
30 m above sea level. Aerosol particles were captured on
Whatman quartz fiber filters (QM-A, 20.3cm×25.4cm, pore
size 2.5 µm), which were pre-baked at around 500 °C for
over 4 h to eliminate water and organic residues. The HVAS
operated at an airflow rate of approximately 1.2 m3 min−1,
with each sampling event lasting 2–3 d, resulting in total air
volumes typically ranging from 3000–4000 m3. During this
time, atmospheric particles were collected along the cruise
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Figure 1. The sampling sites during the cruise from Shanghai to Antarctica (orange dots) (a). The total concentrations (unit: pg m−3)
of PAHs, OPAHs, RPAHs, and NPAHs for all of the samples (from AE-1 to AE-35) (b). The indicators from AE-1 to AE-35 represent
the collected aerosol samples in the global marine environment. ECS, WP, BS, EAS, and AO represent East China Sea, Western Pacific,
Bismarck Sea, Eastern Australia Sea, and Antarctic Ocean, respectively. Publisher’s remark: please note that the above figure contains
disputed territories.

path, spanning approximately 2–4° of latitude, yielding a sin-
gle aggregate sample per filter. To minimize potential con-
tamination from the research vessel, a wind direction sen-
sor directed the HVAS, ensuring that only air masses from
a sector of approximately 120° on either side of the ves-
sel’s central trajectory were sampled. After collection, in-
dividual filters were carefully separated, folded, wrapped in
aluminum foil, placed in ziplock bags, and stored in the dark
at −20°C until particle characterization analyses began. A
total of 35 samples were collected during the cruise, along
with two field blank samples prepared from filters mounted
in the HVAS with an air pump flow rate set to 0. The sam-
pling protocols for the blanks mirrored those described above
regarding duration, filter mounting, collection, transport, ob-
servation, and measurements.

2.2 Chemical analysis

Automated Soxhlet extraction with DCM (JT Baker, Avan-
tor group, Poland, pesticide residue grade) in a B-811 ex-
traction unit (Büchi, Flawil, Switzerland) for PAH, NPAH,
and OPAH analyses was employed. The extract was cleaned
up using a silica column (with 1 cm i.d. as open tube using
5 g of silica (Merck, Darmstadt, Germany), 0.063–0.200 mm,
activated at 150 °C for 12 h, 10 % deactivated with water)
and 1 g Na2SO4 (Merck, Darmstadt, Germany). For the anal-
ysis of RPAHs, PM2.5 samples were extracted based on
the procedure described in Iakovides et al. (2021). A gas
chromatograph (Agilent 7890B GC) coupled with a mass
spectrometer (Agilent 5977B MS) was employed to deter-
mine the concentrations of PAH, NPAH, and OPAH species.
The detailed analysis method and quality control of these
PAHs and their derivatives are introduced in the Supplement
(Sect. S1 and Table S1 in the Supplement). The reference
standards of PAHs (Pyr-d10 and BaP-d12; Wako Pure Chem-

icals, Osaka, Japan), OPAHs (purchased from First Standard,
Sigma, America), RPAHs (AccuStandard; New Haven, CT,
USA), and NPAHs (2-fluoro-7-nitrofluorene; Aldrich Chem-
ical Company, Osaka, Japan) were used for calibrating the
quantification.

2.3 Source apportionment

As a typical receptor-based model used for source apportion-
ment, the PMF 5.0 version has been widely applied to de-
termine the potential origins of PAH and their derivatives,
as well as to determine the contribution ratios of multiple
sources to these components (Sharma et al., 2016). The aim
of the PMF model is to solve the issues of chemical mass
balance between the observed concentration of each PAH
species and their source contributions via decomposing the
input matrix into factor contributions and factor profiles. The
detailed equation is shown in Eq. (1). Additionally, the con-
tribution of each source for an individual component should
be ensured to be non-negative. Briefly, the basic principle of
PMF is to determine the least object function Q when gik is
a non-negative matrix based on Eq. (2) (Jaeckels et al., 2007;
Taghvaee et al., 2018).

xij =

p∑
k=1

gilflj + eij , (1)

Q=

n∑
i=1

m∑
j=1


xij −

p∑
k=1

gilflj

uij


2

, (2)

where xij and eij represent the PAH concentrations and un-
certainty of the j th component, respectively. gil denotes the
contribution ratio of the lth source to the ith sample, flj is
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the ratio of the j th component in the lth source, and eij de-
notes the residual of the j th element in the ith sample. The
2- to 6-factor solutions were examined, and a three-factor
solution was decided on with the ratio of Q (robust) and Q

(true) reaching 0.93. The coefficients of determination (R2)
between the predicted and observed concentrations of PAHs
and their derivatives are shown in Table S2. The uncertainties
linked with factor profiles were assessed based on three error
calculation methods, including the bootstrap (BS) method,
displacement (DISP) analysis, and the combination method
of DISP and BS (BS-DISP). For the BS method, 1000 runs
were conducted, and the result is considered to be robust as
all of the factors showed a mapping of above 90 %. DISP
analysis also demonstrated that this solution was stable as
the observed drop in the Q value was < 0.1%, and no factor
swap occurred. For the BS-DISP analysis, the solution was
verified to be useful as the observed drop in the Q value was
< 0.5%. Moreover, the results from both BS and BS-DISP
did not show any asymmetry or rotational ambiguity for all
of the factors (Ambade et al., 2023; Gao et al., 2015; Yan
et al., 2017).

2.4 GEOS-Chem model

The GEOS-Chem (v13.4.0) model was employed to estimate
O3 and OH radical concentrations during 1 January–31
December in 2019. This model comprises a complex chem-
istry mechanism of tropospheric NOx–VOC–O3–aerosol
(Park et al., 2004). This model was driven by MERRA2
meteorological parameters (Hamal et al., 2020; Koster et al.,
2020; Qiu et al., 2020). A global simulation was conducted
at a spatial resolution of 2°× 2.5° (Qiu et al., 2020; Weagle
et al., 2018; Zhang et al., 2021a). The historical multi-sector
anthropogenic emission dataset was downloaded from the
Community Emissions Data System (Hoesly et al., 2018).
Natural emissions including wildfire, soil, and lightning
emissions were also incorporated into the GEOS-Chem
model. Wildfire emissions derived from the Global Fire
Emissions Database (GFED) were used for simulations
(Chen et al., 2023). The lightning NOx emissions were
collected from http://geoschemdata.wustl.edu/ExtData/
HEMCO/OFFLINE_LIGHTNING/v2020-03/MERRA2/,
last access: 25 May 2025 (Murray et al., 2012).

3 Results and discussions

3.1 The chemical compositions of PAHs and their
derivatives in the atmosphere

The concentrations of 18 PAHs, 11 OPAHs, 9 RPAHs, and
7 NPAHs in 33 samples were determined. The average con-
centrations of 6 PAHs, 6 OPAHs, 6 RPAHs, and 6 NPAHs
were 157±98, 1920±1250, 12.1±9.5, and 3.0±1.6pgm−3,
respectively. The total concentrations of PAHs and their
derivatives in the marine aerosols (Pacific and Antarctic

Ocean (AO)) were significantly lower than those in urban re-
gions such as Harbin (86.9 ngm−3) (Ma et al., 2020), Augs-
burg (1.3 ngm−3) (Pietrogrande et al., 2011), or southeastern
Florida (3.0 ngm−3) (Sevimoglu and Rogge, 2016). How-
ever, the PAH concentration in our study was comparable
to those in some remote regions. For instance, Cabrerizo
et al. (2014) found that the total concentration of 18 par-
ticulate PAHs over AO ranged from 0.03–4.2 ngm−3. Later
on, Zhang et al. (2022) reported that the 15 PAHs in PM2.5
across the Pacific and AO ranged from 0.11–1.2 ngm−3. Very
recently, Van Overmeiren et al. (2024) revealed that the to-
tal concentrations of 15 PAHs in PM2.5 in Antarctica was
only 1.5 pgm−3, which was even lower than the result in our
study. The large gaps for PAH concentrations between re-
mote ocean (polar region) and urban regions might be asso-
ciated with the intensity of anthropogenic emissions (Shen
et al., 2013; Zhang and Tao, 2009). Although the total con-
centration could provide the overall picture of PAHs in the
global marine boundary layer, the specific compounds in
PAHs also varied greatly.

Among all of the PAHs, BbF (Benz[b]fluoranthene)
showed the highest level (26.8± 10.4pgm−3), followed by
Ace (Acenaphthylene) (18.4± 9.8pgm−3), Fluoran (16.3±
8.4pgm−3), and (the lowest one) Acy (0.12± 0.05pgm−3)
(Fig. 2). Overall, the PAHs in the global marine aerosols were
dominated by 3- to 5-ring components (∼ 83%), which was
in agreement with the result in the Pacific and Indian Ocean
observed by Zhang et al. (2022). It was reported that Fluoran,
Acy, and Ace were often sourced from biomass or coke burn-
ing (Zhang et al., 2021c), while BbF was generally enriched
in the production of wood and coal combustion (Li et al.,
2022), indicating that the marine aerosol could be influenced
by solid fuel burning.

Among all of the OPAHs, 1-Naphthaldehyd showed the
highest concentration (852± 406pgm−3), followed by 1,4-
Chysenequione (787± 386pgm−3), Ancenaphthenaquinone
(133±75pgm−3), Anthraquinone (58±31pgm−3), and (the
lowest one) 5,12-Naphthacenequione (1.49± 0.64pgm−3).
In general, the absolute concentrations of OPAHs were
comparable or slightly lower than those of PAHs, espe-
cially in some high-latitude sites. Nevertheless, the OPAH
concentrations in our study were markedly higher than
PAH levels (p < 0.01). It is well known that OPAHs are
often released from incomplete combustion or generated
from photochemical reactions of O3, OH, and NO3 radi-
cals with PAHs (Zhang et al., 2022). The higher concen-
trations of O3 and OH radicals over tropical oceans might
largely promote the PAH oxidation (Zhang et al., 2022).
For RPAHs, 1,3-Dimethylnaphthalene (4.47± 2.64pgm−3)
and 2-Methylnaphthalene (4.38±2.42pgm−3) accounted for
the major fractions (73 %) of RPAHs, while the concentra-
tions of other species were relatively low. Wietzoreck et al.
(2022) confirmed that the chemical compositions of RPAHs
in Middle East seas displayed similar patterns when com-
pared with our study. The NPAHs in the marine aerosol were
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Figure 2. The average meteorological parameters during the cruise (a). T , Dew, Prec, and WS denote 2 m air temperature (unit: °C),
dewpoint temperature (unit: °C), precipitation (mm), and wind speed (ms−1), respectively. The average concentrations (log10 (concen-
tration), unit: pgm−3) of PAHs, OPAHs, RPAHs, and NPAHs for all of the samples (b). The contribution ratios of species in PAHs,
OPAHs, RPAHs, and NPAHs (unit: %) (c). For OPAHs, 1,4-Nap, 1-Nap, 1-Ance, 9-Flu, Ance, Anthra, Benza, Benzo(a), 1,4-Chy, 5,12-Nap,
and 6H-Benzo(cd) represent 1,4-Naphthoquinone, 1-Naphthaldehyde, 1-Ancenaphthenaquinone, 9-Fluorenone, Ancenaphthenaquinone,
Anthraquinone, Benzanthrone, Benzo(a) anthracene-7,12-dione, 1,4-Chysenequione, 5,12-Naphthacenequione, and 6H-Benzo(cd)pyrene-
6-one, respectively. For RPAHs, 2-Methylnap, 1-Methylnap, 2,6-Dinap, 1,3-Dinap, 1,6,7-Trinap, 2-Methylant, 1-Methylphe, 1-
Methylant, and 1-Methylflu denote 2-Methylnaphthalene, 1-Methylnaphthalene, 2,6-Dimethylnaphthalene, 1,3-Dimethylnaphthalene, 1,6,7-
Trimethylnaphthalene, 2-Methylanthracene, 1-Methylphenanthrene, 1-Methylanthracene, 1-Methylfluoranthene, respectively. For NPAHs, 1-
Nitronap, 2-Nitronap, 1,3-Dinitronap, 5-Nitroace, 2-Nitroflu, 9-Nitroant, and 1,8-Dinitronap reflect 1-Nitronaphthalene, 2-Nitronaphthalene,
1,3-Dinitronaphthalene, 5-Nitroacenaphthene, 2-Nitrofluorene, 9-Nitroanthracene, and 1,8-Dinitronaphthalene, respectively.

also dominated by 2-Nitronaphthalene (2.2±1.1pgm−3) and
5-Nitroacenaphthene (2.0± 0.7pgm−3), while the contribu-
tions of other species were negligible.

3.2 The spatial variations of particulate PAH derivatives
and key meteorological factors

To reveal the spatial variations of atmospheric PAHs and
their derivatives, all of the sampling sites were divided into
five groups (regions): East China Sea (ECS), Western Pacific
(WP), Bismarck Sea (BS), Eastern Australia Sea (EAS), and
Antarctica Ocean (AO). The PAH concentrations followed
the order of WP (447± 228pgm−3) > ECS (195 pgm−3)
> AO (111± 91pg m−3) > EAS (104± 88pgm−3) > BS
(17± 12pgm−3) (Fig. 3). Based on a Mann–Whitney test,
the PAH concentrations in the WP were significantly higher
than those in other oceans (p < 0.05). High levels of PAHs
in the WP are closely linked with the high coverage of
continent-affected regions such as Southeast Asian and East
Asian countries. AO showed the lower PAH concentrations,

because the sea was far away from continental sources. In
general, PAH levels in the remote marine atmosphere ap-
pear to be affected by long-range transport and air–seawater
exchange, whereas local anthropogenic emissions might be
responsible for the ambient PAHs near the continent. For
the AO, the Antarctic continent lacks anthropogenic activ-
ity; thus, this leads to the lower PAH levels in the atmo-
sphere of AO. It should be noted that both EAS and BS were
close to Australia, while the PAH concentrations in these
oceans were even lower than those in the AO. It was as-
sumed that Australia possesses very low anthropogenic PAH
emissions (< 10µgkm−2) compared with many other conti-
nents (Shen et al., 2013). Although the total PAHs showed
remarkably higher concentrations in the ECS and WP, all
of the congeners did not show the same spatial variations
with the total PAH levels. For instance, Fluoran, Pyr, BeP,
and BaP levels in the AO were even higher than those in the
ECS, and the BbF levels in the EAS were much higher than
those in the ECS. BbF generally originated from wood burn-
ing (Zhang et al., 2022a), and wildfire often occurred in the
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Figure 3. The spatial variations of PAHs and derivatives in the marine aerosols, where n represents the average concentration of PAHs and
derivatives, and the ratio (%) denotes the quotient of PAH concentrations in each region and the total concentrations in all five regions (a).
The spatial distributions of PAH species (unit: pgm−3) in the global marine aerosols are shown (b).

summer and autumn of Australia (Haque et al., 2021), which
might elevate the BbF concentration in the marine aerosol
along Australia. The simulated wildfire-related ambient ben-
zene concentration via the GEOS-Chem model (Fig. S2) was
utilized to establish the relationship with the ambient BbF
level in the aerosols, and the correlation coefficient reached
0.52 (p < 0.05). The result confirmed that local wildfire in
Australia largely increased BbF concentrations in the marine
aerosol.

The total OPAHs also exhibited marked spatial varia-
tions with the highest concentrations in the WP (3328±
1846pgm−3), followed by EAS (2675± 1452pgm−3), ECS
(2506 pgm−3), AO (1447±865pgm−3), and (the lowest one)
BS (897±544pgm−3). Unlike the spatial distribution of par-
ent PAHs, OPAH levels in the EAS were much higher than
those in the AO and BS. It is widely acknowledged that
OPAHs were mainly derived from the secondary formation
of parent PAH and O3 and OH radicals (Ambade et al., 2023).
It was assumed that both O3 and OH radicals were higher
in the tropical oceans compared with the temperate and
southern oceans based on the GEOS-Chem model (Fig. S3).
The correlation analysis also suggested that the OPAH
concentrations displayed a good relationship with the O3
level (r = 0.55, p < 0.05). In addition, the ratios of OPAH/
PAH in the ECS, WP, BS, EAS, and AO were 13, 7, 53,

26, and 13, respectively. We could find that the oxidation
capacities of PAH in the BS and EAS were much higher
compared with other oceans, though the primary emission of
PAH in the BS was relatively low. All of these results demon-
strated that the strong oxidation capacity of O3 and OH
radicals promoted the higher OPAH concentrations. Most
of the OPAH species displayed similar spatial variations
with the total OPAH concentrations, while few components
such as 1-Naphthaldehyd, Ancenaphthenaquinone, and 6H-
Benzo(cd)pyrene-6-one levels in the ECS were still higher
than those in the EAS. This might be linked with the emis-
sion intensity of their precursors.

Both RPAHs and NPAHs showed higher levels in the
ECS (20 and 3.6 pgm−3) and WP (22± 13 and 3.0±
1.2pgm−3), which were significantly higher than those
in other seas. Among all of the species of RPAHs and
NPAHs, 1-Methylnaphthalene and 2-Nitronaphthalene ex-
hibited significantly higher concentrations in the ECS (1.61
and 3.61 pgm−3) and WP (2.1± 1.3 and 2.8± 1.1pgm−3)
compared with other regions (Figs. S4 and S5) (p < 0.05).
It has been well documented that both of these species were
derived from diesel vehicle emissions. Southeast Asia and
East Asia showed the higher diesel vehicle emissions of par-
ent PAHs compared with Australia and some countries in the
Southern Hemisphere (Shen et al., 2013).
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Figure 4. The correlation of PAHs, OPAHs, RPAHs, and NPAHs as well as meteorological parameters. The correlation of PAH
species and meteorological factors (b). The correlation coefficients and log(1/p) values of OPAH species (c). A1 (B1), A2 (B2), A3
(B3), A4 (B4), A5 (B5), A6 (B6), A7 (B7), A8 (B8), A9 (B9), A10 (B10), and A11 (B11) in (c) represent 1,4-Naphthoquinone,
1-Naphthaldehyd, 1-Ancenaphthenaquinone, 9-Fluorenone, Ancenaphthenaquinone, Anthraquinone, Benzanthrone, Benzo(a) anthracene-
7,12-dione, 1,4-Chysenequione, 5,12-Naphthacenequione, and 6H-Benzo(cd)pyrene-6-one, respectively. The correlation coefficients and
log(1/p) values of RPAH species (d). A1 (B1), A2 (B2), A3 (B3), A4 (B4), A5 (B5), A6 (B6), A7 (B7), A8 (B8), and A9 (B9) in
(d) denote 2-Methylnaphthalene, 1-Methylnaphthalene, 2,6-Dimethylnaphthalene, 1,3-Dimethylnaphthalene, 1,6,7-Trimethylnaphthalene,
2-Methylanthracene, 1-Methylphenanthrene, 1-Methylanthracene, and 1-Methylfluoranthene, respectively. The correlation coefficients and
log(1/p) values of NPAH species (e). A1 (B1), A2 (B2), A3 (B3), A4 (B4), A5 (B5), A6 (B6), and A7 (B7) in (e) reflect 1-Nitronaphthalene,
2-Nitronaphthalene, 1,3-Dinitronaphthalene, 5-Nitroacenaphthene, 2-Nitrofluorene, 9-Nitroanthracene, and 1,8-Dinitronaphthalene, respec-
tively.

Besides, some key meteorological factors including 2 m
air temperature (T ), 2 m dewpoint temperature (Dew), pre-
cipitation (Prec), and wind speed (WS) were also selected
to assess their impacts on PAH derivatives (Fig. 4). The re-
sult suggested that most PAH derivatives showed significant
negative correlation with nearly all of the meteorological pa-
rameters. Among all of the meteorological parameters, WS
showed the highest correlation coefficients with all of the
PAH derivatives, indicating that dilution and diffusion condi-
tions significantly affected their fate, because most of these
compounds showed relatively long lifetime. Besides, T also
showed the higher negative correlation with PAH derivatives,
because the gas–particle partitioning of PAHs was mainly
controlled by the air temperature (Li et al., 2020; Wang et al.,
2019b). High air temperature usually suppresses gaseous to
particulate sorption of PAH derivatives to marine aerosol and
compound-dependent adsorption kinetics in the atmosphere
(Andreae, 1983; Gustafson and Dickhut, 1996; Wang et al.,
2019a). Although rainfall washout might be an important

pathway for PAH decrease, the correlation coefficients of
Prec and PAH derivatives were slightly lower than other me-
teorological factors. It was assumed that the sampling period
showed less rainfall events; thus, the PAH derivatives were
not sensitive to Prec.

3.3 Source apportionment of parent PAH and
derivatives

The diagnostic ratio between PAHs has been widely utilized
to identify the major sources of particulate PAHs. Based on
previous studies, the Fluoran/(Fluoran+Pyr) ratio could be
applied to distinguish the potential sources. The ratios less
than 0.4, 0.4–0.5, and greater than 0.5 could be treated as
petrogenic source (< 0.4), petroleum combustion or biomass
burning (0.4–0.5), and coal combustion (> 0.5), respectively
(Yunker et al., 2002; Zhang et al., 2021a). In our study, the
Fluoran/(Fluoran+Pyr) ratios in nearly all of the regions
except AO (0.46) were higher than 0.5, indicating the im-
pact of coal combustion on marine aerosols in most regions
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Figure 5. The factor profiles (% of species) resolved from PMF analysis (a). Source contributions of three factors to the total parent PAHs and
derivatives in PM2.5 at the marine atmosphere (b). The numbers from 1–38 denote Nap, Acy, Ace, Flu, Phe, Ant, Fluoran, Pyr, BaA, CT, BbF,
BkF, BeP, BaP, Per, IP, BghiP, DBA, 1,4-Naphthoquinone, 1-Naphthaldehyd, 2-Nitronaphthalene, 1-Ancenaphthenaquinone, 9-Fluorenone,
Ancenaphthenaquinone, Anthraquinone, Benzanthrone, Benzo(a) anthracene-7,12-dione, 1,4-Chysenequione, 5,12-Naphthacenequione,
6H-Benzo(cd)pyrene-6-one, 2-Methylnaphthalene, 1-Methylnaphthalene, 2,6-Dimethylnaphthalene, 1,3-Dimethylnaphthalene, 1,6,7-
Trimethylnaphthalene, 2-Methylanthracene, 1-Methylphenanthrene, and 1-Methylanthracene, respectively.

in the Northern Hemisphere and tropical regions. The geo-
chemical index method shows some uncertainties; thus, it is
necessary to employ more diagnostic ratios to enhance the
reliability. The BaP/BghiP ratio was also widely applied to
separate the sources of vehicle emissions (≤ 0.6) and coal
burning (> 0.6). Both BS (0.90) and EAS (0.84) showed
higher BaP/BghiP ratios, indicating the important impact of
coal combustion on the local marine aerosol (Katsoyiannis
et al., 2007). However, the ratio in the ECS was much lower
than 0.6, indicating that the vehicle or shipping emissions
also play a significant role on the local aerosol. Meanwhile,
the BaP/(BaP+CT) ratios in the ECS and WP reached 0.09
and 0.31, respectively. The result fills in the domain derived
from diesel emissions, which further supports the inference
that marine aerosols in both ECS and WP were significantly
affected by diesel emissions (Ma et al., 2020). For the AO,
all of the diagnostic ratios suggested that the oceans were
mainly affected by shipping emission and wood burning.

Although the geochemical index method could identify the
potential sources of PAH species, the contributions of mul-
tiple sources to PAHs and their derivatives still remained
unknown. Therefore, positive matrix factorization (version
PMF 5.0) was utilized to determine more source informa-
tion of PAH species. After 30 runs, the optimal three factors
with the lowest values of Q (robust) and Q (true) were de-
termined. Factor 1 (56 %) possesses higher loadings of Flu-
oran, BaA, CT, BeP, BaP, and 1-Methylnaphthalene (Fig. 5).
It is well known that Fluoran and BaA are typical indicators

for coal combustion (Wang et al., 2016). Meanwhile, BeP,
BaP, and 1-Methylnaphthalene are often derived from ship-
ping emissions (Li et al., 2022). Therefore, factor 1 could be
defined as the mixed source of coal burning and engine com-
bustion emissions. Factor 2 (30 %) shows a high correlation
with low-molecular-weight (LMW) PAHs such as Nap, Flu,
Phe, Ant, and BbF. It is well documented that these LMW
PAH species mainly originate from wood and biomass burn-
ing (Chen et al., 2022; Zhang et al., 2021a, 2020). Factor 3
(14 %) is characterized by medium and high contributions of
5,12-Naphthacenequione, 1,6,7-Trimethylnaphthalene, and
2-Nitronaphthalene. Many previous studies have confirmed
that the photochemical reaction involving NO2 initiated by
OH radicals was highly effective for the production of 2-
Nitronaphthalene in PM2.5 (Arey et al., 1990; Atkinson et al.,
1990). Hence, the factor could be treated to be the secondary
formation. Based on the source apportionment, we verified
that EAS showed a relatively high secondary contribution
compared with some regions such ECS and WP. It was as-
sumed that EAS showed the higher atmospheric oxidants and
low PAH emissions (Ambade et al., 2023; Shen et al., 2013),
which was in good agreement with the spatial variations of
PAHs and OPAHs.
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4 Conclusions and implications

In summary, our study verifies the ubiquitous occurrence
of PAHs and their derivatives in the aerosols of the West-
ern Pacific (WP), Bismarck Sea (BS), East Australian Sea
(EAS), and even the Antarctic Ocean (AO). The highest PAH
concentrations in marine aerosols were observed in the WP
(447± 228pgm−3), followed by the East China Sea (ECS)
(195 pgm−3), AO (111±91pgm−3), EAS (104±88pgm−3),
and (the lowest) BS (17± 12pgm−3). PAH derivatives (e.g.,
OPAHs, RPAHs, and NPAHs) also showed higher concen-
trations in the WP. The spatial characteristics of these com-
ponents can be related to precursor emissions and oxidation
patterns (e.g., OH/NO3 radicals, O3).

For instance, the higher PAH and derivative concentrations
observed in the WP were primarily due to higher anthro-
pogenic emissions from coal and engine combustion. PAH
concentrations in the AO were even higher than those in the
EAS and BS, while OPAH levels in the EAS were much
higher than those in the AO. It is widely acknowledged that
OPAHs mainly originate from the secondary formation of
parent PAHs through reactions with O3 and OH radicals. The
concentrations of O3 and OH radicals are higher in tropical
oceans compared to temperate and southern oceans.

Both geochemical index methods and the PMF model
suggested that PAHs and their derivatives in global marine
aerosols are controlled by three major sources: coal burning
and engine combustion emissions (56 %), wood and biomass
burning (30 %), and secondary formation (14 %). Marine
aerosols in the ECS and WP were dominated by coal burn-
ing and engine combustion, while BS and EAS were mainly
influenced by wildfires and coal combustion. AO was signif-
icantly affected by biomass burning and local shipping emis-
sions.

However, this study has some limitations. Firstly, it fo-
cuses only on particle-phase PAHs and derivatives, while
gas-phase PAH species were not measured. Additionally,
data on PAHs in seawater were lacking. Future research
should investigate gas–particle partitioning and the exchange
processes between air and seawater phases in the global ma-
rine environment. Moreover, our study did not include cruise
observations of marine aerosols in the Atlantic or Arctic
oceans. Future studies should collect marine aerosols from
all major oceans. Furthermore, measuring the concentrations
of PAHs and derivatives in marine aerosols over multiple
years will help analyze the impact of changes in anthro-
pogenic emissions on these components, providing insight
into their spatial distribution and fate (formation or removal
mechanisms).
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