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Abstract. Marine organic aerosols play crucial roles in cloud formation and climate regulation within the marine boundary
layer. However, the abundance of marine primary organic carbon (MPOC) generated by sea spray and secondary organic
carbon (MSOC) formed via gas-to-particle conversion or atmospheric oxidation/aging processes remains poorly quantified,
which hinders our understanding on the climate effects of marine aerosols. In this work, two shipboard cruises were
conducted over the West Pacific Ocean to estimate abundance and compositions of marine organic aerosols. We propose an
observation-based approach to quantify the MPOC and MSOC using a combined parameterization of the observed Na* in
fine aerosol particles and the surface chlorophyll-a (Chl-a), an indicator of marine biological activity. The parameterization
approach of MPOC using [Chl-a] X [Na*]°# was validated through comparing with the water-insoluble organic carbon in the
aerosol samples. The estimated MPOC (0.33 £ 0.32 ugC m) averagely accounted for 56%—66% of the total organic carbon
in the collected samples, which was mainly attributed to the protein-like substances transferred into the sea spray aerosols
from seawater. Over the West Pacific Ocean, the MPOC and MSOC displayed peak concentrations over the regions 5°S—
5°N (0.64 £ 0.56 and 0.44 £ 0.32 pgC m>) and 35°N-40°N (0.46 = 0.35 and 0.51 + 0.30 pgC m™). The variation and spatial
distribution of MPOC and MSOC along the latitude were driven by the marine biological activities. High MSOC
concentrations were also observed over the region of 15°N-20°N (0.35 + 0.41 pugC m™), which was due to an additional
contribution by the oxidation of volatile organic precursors from the photochemical production of seawater organics. This

study proposes a parameterization approach to quantify the MPOC and MSOC over the Pacific Ocean or other oceanic areas.
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Our results highlight the marine biogenically driven formation of marine organic aerosols, and different quantitative relations

of MPOC with seawater Chl-a and other parameters are needed based on in-situ observations across oceanic regions.

1 Introduction

Marine aerosols are one of the most important natural aerosols on a global scale (De Leeuw et al., 2011; Quinn et al.,
2015b). Observation and modeling studies have proved that marine aerosols are an important source of cloud condensation
nuclei (CCN) and ice-nucleating particles (INPs) over remote oceanic areas, and play a vital role in Earth's radiation balance
(Demott et al., 2016; Quinn et al., 2017; Sinclair et al., 2020; Vergara-Temprado et al., 2017; Wolf et al., 2019; Xu et al.,
2022). Sea salt, sulfate, and organic matters (OM) make up the major components of marine aerosols, and the chemical
nature determines the hygroscopicity, ice nucleation, and climate impacts of marine aerosols (Huang et al., 2022; Zhao et al.,
2021). Marine organic aerosols (MOA) have attracted attention due to their effects on CCN formation over the remote ocean
(Zhao et al., 2021). Limited understanding on the formation, flux and composition of MOA results in the estimation
uncertainty of climate regulation by marine aerosols (Brooks and Thornton, 2018a; Quinn and Bates, 2011; Quinn et al.,
2015b).

Organics are a major fraction in marine aerosols, contributing 3%—90% of submicron aerosol mass (Huang et al., 2018;
O'dowd et al., 2004; O'dowd et al., 2008; Shank et al., 2012). MOA could be primarily released from the ocean surface or
secondarily formed via the oxidation and gas-to-particle conversion of volatile organic compounds (VOCs), including
dimethyl sulfide (DMS), isoprene, etc., in the marine boundary layer (Fu et al., 2011; Trueblood et al., 2019). Ocean surface
is one of the largest active reservoirs of organic carbon on Earth (~18%), resulting from phytoplankton, algal as well as the
related senescence and lysis (Hedges, 1992; Quinn and Bates, 2011). Wave breaking and bubble bursting at the ocean
surface would inject quantities of organic-enriched sea spray aerosols (SSA) into marine atmospheres (Hu et al., 2024;
Quinn et al., 2014). Organic matters are predominant in the fine or submicron SSA, which are usually dominated by water-
insoluble organic carbon (WIOC) (Cavalli, 2004b; Cravigan et al., 2020; Miyazaki et al., 2020). However, the majority of
the water-soluble organic carbon (WSOC) in MOA is contributed by secondary processes via the VOC oxidation or aged
organic aerosols (Schmitt-Kopplin et al., 2012; Trueblood et al., 2019).

A recent modeling study suggested that regional emission rates of MOA are largely related to the spatial distribution of
ocean biological productivity (Zhao et al., 2021). During phytoplankton blooms, the organic content elevated to as high as
63% of submicron aerosols, compared to a proportion of 15% during the low biological activity periods (O'dowd et al.,
2004). Seawater chlorophyll-a (Chl-a) or its combination with wind speed and aerosol size has been used to parameterize
the organic fraction in SSA (Gantt et al., 2012; Gantt et al., 2011). However, the abundance of various organics in SSA
remains highly uncertain and is a current challenge to understand their role in cloud formation (Albert et al., 2012; Brooks

and Thornton, 2018a).
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Observation-based parameterization of primary and secondary MOA is urgently needed to constrain the modeling
results (Brooks and Thornton, 2018b; Quinn et al., 2015a). In this work, two shipboard observations of atmospheric aerosols
were conducted from the temperate to the tropical regions over the West Pacific Ocean (WPO) during spring and summer.
Chemical compositions of marine aerosols, including organic carbon and inorganic ions, and seawater parameters were
simultaneously obtained during the cruises. We derived a parameterization to estimate the primarily emitted organic aerosols
in the SSA from wave breaking and bubble bursting, and separated the primary and secondary MOA based on the
observation results. The derived formulation of primary MOA was validated by the measured water-insoluble organics and
protein-like organic matter in marine aerosols, which are primarily generated by sea spray. We further investigated the
spatial distribution, fluorescence characteristics of MOA, and the driving factors of MOA formation over the WPO. Our
results provide an easy observation-based approach to divide the primary and secondary MOA based on the aerosol
components and seawater Chl-a, as well as an observation-based parameterization of the primary MOA for further

improving the parameterization of sea spray organic aerosols in large-scale models.

2 Materials and Methods
2.1 Cruises and sample collection

Two shipboard cruise observations were conducted over the West Pacific Ocean (Fig. 1). Cruise I was conducted in
spring during 19 Feb.—9 April, 2022 on the R/V KeXue research vessel, and Cruise II was conducted in summer during 19
June—30 July, 2022 onboard of the R/V Dongfanghong 3 research vessel. High-volume particle samplers (Qingdao Genstar
Electronic Technology, China) were placed on the upper deck of the ship to collect the total suspended particles (TSP) and
PM, s (particles with a diameter of <2.5 pm) samples in marine atmospheres. To avoid the contamination of ship exhausts,
the aerosol samplers were placed upwind on the foredeck of the ship. The quartz fiber filters were pre-baked at 500°C for 6 h
before sample collection. The field blank aerosol sample was collected during each cruise.

Surface seawater samples were collected by a CTD (conductivity-temperature-depth) assembly (Seabird911). The
concentration of the in-situ seawater Chl-a was measured using a fluorescence spectrophotometer (F-4700, Hitachi, Japan)
(Wang et al., 2023a). Surface Chl-a concentrations were also obtained based on the satellite-derived data (Siemer et al., 2021;
Tuchen et al., 2023). The satellite-derived Chl-a data were provided by Copernicus Marine Environmental Monitoring
Service (CMEMS) with a spatial resolution of 4 km and a monthly temporal resolution (https://marine.copernicus.cu/). Here,
we utilized the satellite-derived Chl-a data during March and June 2022 to support our conclusion. The concentration of
soluble organic carbon in the seawater was measured by a total organic carbon (TOC) analyzer (TOC-L, Shimadzu, Japan).
Air temperature and wind speed were monitored by the shipborne meteorological station. Surface net solar radiation (SSR)
data were obtained from the hourly data of the ECMWF Reanalysis v5 (ERAS) product (Hersbach et al., 2020), with a
spatial resolution of 0.25°. The 24-hr backward trajectories of air masses (Fig. S1) originating at 500 m above the ground

level were calculated along the observation cruises every 24 hr using the HYSPLIT model (Version 5.2.1, NOAA).

3
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2.2 Aerosol chemical composition analysis

An aliquot of the filter sample was extracted by Milli-Q water (>18.2 MQ-cm) in ultrasonication, and filtered through
0.22 um PTFE filters. The extracted solutions were analyzed by ion chromatograph systems (ICS-Aquion and ICS-2100
DIONEX) to obtain the concentrations of water-soluble inorganic ions (Na*, NHs*, K¥, Mg?", Ca?*, Cl-, NOs and SO4>) and
methanesulfonic acid (MSA). The WSOC in the aerosol samples was measured by the TOC analyzer (TOC-L, Shimadzu,
Japan). Organic carbon (OC) and elemental carbon (EC) were analyzed using a Sunset Laboratory thermal/optical carbon
analyzer. Concentration of the water-insoluble organic carbon (WIOC) was calculated by the difference between OC and
WSOC concentrations in each sample. The mass concentration of organic aerosols was calculated by multiplying OC by a
conversion factor 1.6 (Wang et al., 2023b). The OM/OC conversion factor (1.6) was selected based on previous observation
results of marine organic aerosols. Over the North Atlantic, an OM/OC mass ratio of 1.8 was adopted for WSOC based on
the speciation of WSOC performed on the samples, and a conversion factor of 1.2 was applied for WIOC (Cavalli, 2004a).
An average OM/OC ratio of 1.75 was observed in the submicron organic aerosol samples over the Atlantic Ocean (Huang et
al., 2018). A higher proportion of water-soluble secondary organic aerosols (SOA), with higher OM/OC ratios than primary
MOA, was observed in Huang et al. (2018) than in this study. Here, the proportions of WIOC are comparable to (summer
cruise) or higher than (spring cruise) those of WSOC, and thus an OM/OC ratio of 1.6 was selected here. The mass
concentrations of PMas or TSP were obtained by summing the measured OM, EC, and water-soluble ions in each aerosol
sample. The aerosol samples with EC> 0.2 pgC m™ might be influenced by the ship exhausts (Lawler et al., 2020), which
thus were excluded in our discussion. A total of 14 sets of aerosol samples during Cruise I and 17 sets of samples during

Cruise II would be used for further discussion in this work.

2.3 Fluorescence spectra analysis

Filter acrosol samples were extracted by methanol and filtered through a 0.22 um PTFE syringe filter. The methanol-
extracted solutions were measured by a fluorescence spectrometer (F98, Lengguang Technology, China) to obtain the
excitation (Ex) and emission (Em) spectra of MOA. Excitation—emission spectra were scanned within 200—600 nm using a 1
cm optical path length. Pre-processing of the fluorescence spectra data included instrument correction, inner filter correction,
Raman and scattering removal, and blank subtraction, which was conducted according to Stedmon and Bro (2008) and
Murphy et al. (2013). Fluorescent components in MOA were identified by excitation-emission matrix-parallel factor (EEM-
PARAFAC) analysis (Murphy et al., 2013; Stedmon and Bro, 2008). The fluorescence intensity was reported using the unit

of RU L' m after considering the extracted solution volume and air volume of each sample (Fu et al., 2015).
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3 Results and Discussion
3.1 Overview of marine organic aerosols during the cruises

The concentrations of the water-soluble ions and carbonaceous aerosols in the fine particles (PMa.s) along the cruises
are presented in Fig. 1. The average OC concentration in PMa s was 0.67 ugC m= (0.21-2.18 pugC m™) during the spring
observation and 0.54 pugC m= (0.12—1.42 ugC m™) during the summer observation. The EC concentrations were 0.066 =+
0.056 pgC m and 0.055 = 0.052 pgC m during the spring and the summer observations, much lower than those observed
over coastal areas typically influenced by continental outflows (Sahu et al., 2009; Zhang et al., 2025). The observed OC
concentrations during our cruises were comparable to previous studies over the North Pacific Ocean (0.5-0.7 ugC m), and
lower than those observed at an island in the West Pacific Ocean (1.7 1.0 ugC m3) (Hoque et al., 2015; Hoque et al., 2017;
Kunwar and Kawamura, 2014). Organic matters were the dominant components in the fine particles, which respectively
contributed 18%—75% (40% on average) and 13%—74% (48% on average) of the PM>s mass in spring and summer. This is
consistent with previous findings that the organic fractions were dominant in the submicron marine aerosols (Facchini et al.,
2008; O'dowd et al., 2004). Film drops could efficiently transfer hydrophobic organic compounds enriched in the air—water
interface into the submicron aerosols, which explained the size-selective enrichment of organics in marine aerosols (Cochran
et al., 2016b; Prather et al., 2013; Quinn et al., 2015a; Wang et al., 2017). The mass concentrations of PM> s were calculated
by summing the measured OM, EC, and water-soluble ions. Metal elements were not measured in this study, which
contributed <3.5% of the marine aerosol mass concentration over the East China Sea (Hsu et al., 2010). Without considering
the metal elements, we may overestimate the organic proportion in marine aerosols. During the sampling, positive artifacts
of OC may exist due to the absorption of gaseous organic vapor on the filters, and negative artifacts may exist due to the
evaporation of volatile organic compounds (Huebert and Charlson, 2000). The OC concentration was measured using
thermal-optical analysis. Quantification uncertainty may be introduced due to the formation of pyrolyzed OC, which
complicates the accurate determination of the OC/EC split point (Cao et al., 2025; Chow et al., 2004).

Taking the spring observation as an example, the OC mass in most PMz s samples was roughly equal to that in the
corresponding TSP samples (Fig. S2), which were simultaneously collected using two aerosol samplers during the cruise.
The campaign-averaged OC concentrations were comparable in the PMas (0.67 pgC m™) and the TSP (0.69 pgC m™)

samples. Thus, our further discussion on marine organic aerosols would focus on the results obtained from the PMa.s samples.



152
153

154
155
156
157

158
159
160
161
162
163
164

_-(a) Cruis;‘

45°N ‘ £

2 ug/m?® ‘
1 pg/m? I
1

I oc J
Il :C
S0,
I Na*
I cr
“f..[] other ions

=

5°8 1 i i i r
I18°E 128°E 138°E 148°E 158°E 168°E

0.05

T < (2

°S 4 = e r
1I8°E 128°E 138°E 148°E 158°E 168°E

longitude longitude
0.4

P [ Jwsoc Il WIOC © Chl-a .
= )
@) <
)

= S
= ~
3 S

—— Wind Speed 15 o

0.8 (\g

o~ L —

g 06 10 <

B 5]

+3 0.4 FS %

=

2 02 Ho §
D PP & & ‘b‘ ‘I§ ‘b-‘ “§ %‘ ‘b-* Q& Q‘ (ﬁ \§ \Q \§ \Q \Q\ \& \S’ \0 \0 \Q \"'\ \& \0\ \0\ \\§ \& \&

IS O R R O R

Date/2022

Figure 1 Spatial distributions of water-soluble ions and carbonaceous aerosols (organic carbon, OC, and elemental carbon,
EC) in the PMas samples during (a) Cruise I conducted during spring, and (b) Cruise II conducted during summer. Time
series of (c) the water-soluble OC (WSOC), water-insoluble OC (WIOC), and Chl-a, and (d) Na* concentration in aerosol
samples and the wind speed during the cruises. In panels (a) and (b), the ship route is colored by the concentration of
seawater Chl-a. Other ions include NO3-, NH4*, K*, Mg?" and Ca®*.

The abundance of MOA displayed similar spatial distribution (Fig. 1) and strong or medium correlations with the sea
surface Chi-a concentration (Cruise I: r = 0.81, p < 0.01; Cruise II: r = 0.67, p < 0.01), an indicator of the marine biological
activity (Brooks and Thornton, 2018a; Miyazaki et al., 2020). During the biologically active periods, the sea surface layer
was enriched in organics, which would be readily transferred into sea spray aerosols through wave breaking and bubble-
bursting processes (Cochran et al., 2016a; Cochran et al., 2017; Crocker et al., 2022; Wang et al., 2015). The correlation
coefficients between OC and EC were lower (Cruise I: r=0.48; Cruise II: r = 0.17) than those between OC and seawater Chl-
a, suggesting that the potential impacts of transported anthropogenic pollutants were limited during the cruises. The air
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masses were mainly transported from open oceanic regions, and thus the impacts of terrestrial outflows were limited during
the cruises (Fig. S1). The OC concentration levels in marine aerosols were higher during the spring cruise than during the
summer cruise (Fig. 1¢). This was due to the relatively higher phytoplankton activities along the cruise in spring, indicated
by the higher seawater Chl-a in spring (0.09 + 0.06 ug L") than in summer (0.07 + 0.05 pg L'!). However, the difference was
not significant, with a P value of 0.33. The highest OC concentration occurred on 14 March during the spring cruise, when
the highest seawater Chi-a (0.24 pg L") was observed (Fig. 1). For the samples collected near the equator, the MOA or
biogenic VOC precursors could also be transported from coastal oceanic regions of Papua New Guinea and Indonesia with
higher marine biological activity and higher isoprene emission fluxes (Cui et al., 2023; Zhang and Gu, 2022). This could be
an additional reason for the higher OC level during the spring cruise and the highest OC concentration observed on 14 March.

The observed concentrations of WSOC and WIOC over the open Pacific Ocean were lower than those observed in the
atmosphere under severe influence of continental outflows (Sahu et al., 2009; Zhang et al., 2025). Marine organic aerosols
were dominated by the water-insoluble fractions, with the WIOC/OC mass ratios of 70 + 27% in spring and 48 + 35% in
summer (Fig. 1). The proportion of water-soluble organics in MOA over the WPO was lower than that observed over the
East Asian marginal seas in autumn (75%), during which severe impacts of continental anthropogenic pollutants were
observed (Zhang et al., 2025). The observed WIOC concentrations showed stronger correlations with the seawater Chl-a (r =
0.79, p < 0.01 in spring and r = 0.63, p < 0.05 in summer) than the correlations between WSOC and Chl-a (r = 0.32 in spring
and r = 0.42 in summer). This indicated the closer linkage of marine biological-related organics with the WIOC than with the
WSOC in marine aerosols. Marine phytoplankton could produce gel-like aggregates and contribute to extracellular polymer
particles, water-insoluble polysaccharide-containing transparent exopolymer, and protein-containing organics, etc. in
seawater (Aller et al., 2017; Lawler et al., 2020). These organic substances could be enriched in the surface seawater and
then transferred into the atmospheric aerosols within the marine boundary layer. Previous studies suggested that seawater
organics injected into aerosol particles through wave breaking or bubble bursting tend to be more hydrophobic and water
insoluble (Cavalli, 2004b; Facchini et al., 2008; Miyazaki et al., 2010; O'dowd et al., 2004). Water-soluble organics in
marine aerosols are usually related to the aged organic aerosols through long-range transportation or the SOA formed via the
oxidation of marine reactive organic gases (Boreddy et al., 2018; De Jonge et al., 2024; Miyazaki et al., 2010). Reactive
gaseous precursors of organic aerosols are widely observed over different oceanic regions (Tripathi et al., 2024; Tripathi et

al., 2020; Wang et al., 2023a), which contribute to the SOA formation in the marine boundary layer.

3.2 Correlations of MOA with other parameters

The similar variation trends and good correlations between WIOC in marine aerosols and seawater Chl-a (Fig. 1, 2)
suggested the origins of MOA from seawater through ocean bubble bursting or wave breaking. Seawater Chl-a is a widely
used oceanic parameter to indicate the marine biological activity or the enrichment of organics in marine aerosols (O'dowd et
al., 2004; O'dowd et al., 2008; Rinaldi et al., 2013; Spracklen et al., 2008), which has been employed to predict the organic

fraction in marine aerosols. Over the West Pacific Ocean, we observed better correlations between OC or WIOC
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concentrations and Chl-a than those between organic or water-insoluble organic mass fractions and Chl-a (Fig. 2a—2d).
Some studies reported poor correlations between seawater Chl-a and the organic fraction in SSA, and proposed that the
organic enrichment is also controlled by physical processes, especially the wind-driven sea spray production processes (De
Leeuw et al., 2011; Lewis and Schwartz, 2004; Salter et al., 2014). Seawater Chl-a concentration is one of the most
important factors driving the variation of organic fraction in the SSA, and they display good correlations when the wind
speed does not vary a lot. However, wind speed should be combined with surface Chl-a to predict the organic fraction in
SSA if the wind speed varies obviously during the observation or simulation periods (Gantt et al., 2011; Grythe et al., 2014).
This is due to the influence of wind on the coverage of sea surface microlayer (SML) in the sea surface, which is enriched in
organic compounds. For a given chemical composition of seawater, the largest coverage of sea surface by SML and a higher
organic fraction in SSA are expected during calm winds. However, the SML would be destructed by mixing into the
underlying seawater and the organic fraction in SSA decreased when surface wind exceeded 8 m s (Gantt et al., 2011).

Thus, researchers usually combine wind speed with surface Chl-a to predict the organic fraction in SSA (Gantt et al., 2011;

Grythe et al., 2014).
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Figure 2 The scatter plots of OC, WIOC concentrations or fractions in marine aerosols as a function of (a-d) surface
seawater Chl-a, (e-h) wind speed (WS) and (i-1) [Na*] in PM2 s samples during the two cruises. The data points during the
springtime Cruise I and the summertime Cruise II are in blue and red, respectively. The regression line in each panel
represents the correlation between the two parameters during the two cruises with a 95% confidence band.

During our cruises over the WPO, the concentrations of OC or WIOC in PMzs showed a decreasing trend with the
increase of wind speed (Fig. 2e, 2f). The organic fraction in marine aerosols displayed a negative correlation with the wind
speed (Fig. 2g, 2h). The organic-enriched SML in the sea surface would be destructed under high wind speed conditions,
which results in a decrease of organic substances transported into the SSA (Gantt et al., 2011). The concentration or
proportion of Na* in the marine aerosols showed positive correlations with the wind speed during the observations (Fig. S3).
Atmospheric SSA are primarily released as a mixture of inorganic sea salt and organic matters from the ocean surface. We
observed weak positive correlations between OC or WIOC and Na* concentrations (Fig. 2i, 2j). We proposed that, for the
filter-based observation or the samplings with a similar time resolution, Na* in fine particles could be used as a better
indicator of the overall organic production levels than the wind speed in marine atmospheres. The [Na*] represents the bulk
sea salt abundance generated by wave breaking and bubble bursting, and reflects the overall effects of wind speeds and other
meteorological conditions on SSA production during the period of filter sample collection. Russell et al. (2010) found strong
correlations between ocean-derived submicron organic aerosols and Na* concentrations (Russell et al., 2010). It should be
noted that dust storms also transport Na* to marine atmospheres, especially over the marginal seas (Zhang et al., 2025).
When using Na' in marine aerosols as the indicator of SSA production, the Na* contributed by transported dust storms
should be excluded, especially during dust episodes. For the collected TSP samples, the OC concentrations did not display
an obvious correlation with the seawater Chl-a (Fig. S4). This is because the dominant production processes of OC and sea
salts are different. Organic matters in marine aerosols are enriched in the submicron SSA, which is mainly formed by film
drops from bursting bubble-cap films (Wang et al., 2017). In contrast, the majority of the sea salt mass exist in larger

supermicron or coarse-mode particles generated by jet drops from the base of bursting bubbles (Wang et al., 2017).

3.3 Estimation of primary and secondary MOA

Based on the correlation analysis of the observed parameters, we proposed a parameterization scheme to separate the
marine primarily-emitted OC (MPOC) in the SSA generated through wave breaking or bubble bursting processes and the
secondarily formed organic carbon (MSOC) in the marine aerosols over WPO. For a given marine environment condition (a
given Chl-a, wind speed, sea surface temperature (SST), etc.), the abundance of MPOC should be constant (Gantt et al.,
2011). Seawater Chl-a concentration is the most important factors driving the variation of organic fraction in the SSA, and
has been widely used to estimate the organic fraction in SSA (Gantt et al., 2011; Vignati et al., 2010). For given chemical
composition of seawater, the largest organic fraction in SSA is expected during calm winds. An increase in wind speed
above 34 m s will cause a rapid decrease of organic fraction due to the destructing of the SML coverage, and the lowest

organic fraction is expected for wind exceeded 8 m s™! (Gantt et al., 2011). Seawater temperature is related to the production
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efficiency and the number concentrations of SSA (Christiansen et al., 2019). In other words, it is a consistent relation
between the MPOC and the sea surface Chl-a when the marine environment conditions remain stable. Sea surface Ch/-a and
wind speed have been utilized to parameterize the MPOC in global models (Gantt et al., 2012). Based on the shipboard
observations in the present study, the mass ratio of the bulk OC (unit: ugC m) versus seawater Chl-a (unit: pg L!) ranged
from 3.0 x 107 to 1.9 x 102. The increased ratios or fitting line slope of OC versus Chl-a relevant to the lowest ones were
attributed to the favorable marine conditions for the SSA generation, and the elevated contribution of SOA (e.g.,
methanesulfonic acid from DMS oxidation, isoprene SOA contributed by phytoplankton emission) (Barnes et al., 2006; De
Jonge et al., 2024; Gupta et al., 2025; Ma et al., 2024; Wang et al., 2023b). The MSOC here includes the organic aerosols
formed via gas-to-particle conversion of gaseous precursors and oxidation/aging processes of primary OC. The idea is
conceptually similar to the classic OC/EC ratio method (Lim and Turpin, 2002; Turpin and Huntzicker, 1995), which uses
EC as the tracer and has been widely used to estimate the primary and secondary OC in the continental atmospheres. Here
we explored a formulation to estimate the MPOC and MSOC based on the observed OC and Na* in marine aerosols and the

seawater Chl-a:

[0C] = [MPOC] + [MSOC] Eq. 1
[MPOC]=[ - ]x(%) Eq.2
MPOCI= ([ = 1x[Na*]) x (— %) Eq. 3

where the [OC] is the total OC concentration in the marine aerosols, and [Chl-a] is the concentration of surface seawater

[OC] . . . . [oC] . .
Chl-a. The (— in equation (2) represents the ratio of [OC] versus [Chl-a] in SSA, and = in equation
L -1 [ = Ix[Na"]
. + . .
(3) is [OC] versus ([Chl-a] x [Na*}P) in the primary SSA.
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Figure 3 The scatter plots of OC in marine aerosols as a function of (a) seawater [Chl-a] and (f) ([Chl-a] x [Na']°#) during
the two cruises; (b, g) Comparison of WIOC and the estimated MPOC based on the regression in panel (a) and panel (f); (c,

10



268
269
270
271
272

273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302

h) Comparison of WSOC and the estimated MSOC; (d, i) Comparison of WIOC and the estimated MPOC, and (e, j)
Comparison of WSOC and the estimated MSOC using the formulation of Vignati (2010) and Gantt (2011). The dashed lines
in panels (a, ) are the regression line of [OC] and [Chl-a] or ([Chi-a] x [Na*]*%) with 0-30% percentile ratios, indicated by
solid markers, during Cruise I (blue) and Cruise II (red). The regressions line in panels (b—e, g—j) represent the correlation
between WIOC and the estimated MPOC or between WSOC and the estimated MSOC in each panel during the two cruises.

Here, Eq. 2 or Eq. 3 is used to estimate the concentrations of MPOC based on the seawater [Chl-a] without or with
considering the simultaneously measured Na" concentrations as the input parameters. When p=0, Eq. 3 is the same
formulation as Eq. 2 without the Na*" as an input parameter. Based on the correlation analysis, the MOA abundance was
mainly driven by the Chl-a abundance. We used Chl-a as the parameter to predict the concentration of MPOC in Eq. 2. For
the samples with the lowest 30% percentile of [OC]/[Chl-a] ratios, we proposed that the generation of organic aerosols was
dominated by the primary sea spray. The dataset with 0-30% percentile of [OC]/[Chl-a] ratios, indicated by the solid
markers in Fig. 3a, was used to calculate the fitting line of MPOC versus [Chl-a]. This is similar to the classic OC/EC ratio
method (Turpin and Huntzicker, 1995). The OC/EC ratios in POC is usually calculated based on the dataset with the lowest
10%—20% percentile OC/EC ratios observed during the campaign, which is then used to separate the POC and SOC in each
aerosol sample (Lim and Turpin, 2002; Yu et al., 2021). We used the data with the lowest 30% percentile of [OC]/[Chl-a]
ratios, considering the number of data points to calculate the fitting curve of MPOC versus [Chl-a]. With more data points,
the data with the lowest 10%—20% percentile [OC]/[ Chl-a] ratios could be used to estimate the [MPOC]/[Chl-a] ratios, and
the estimated MPOC abundance may be a little higher than the results using the lowest 30% percentile data. The ratios of
[MPOCY)/[Chi-a] were 4.28 during cruise I and 4.34 during cruise II (slopes of the fitting lines in Fig. 3a), which were then
used to estimate the MPOC during each cruise. The performance of MPOC parameterization was evaluated by comparing the
estimated concentrations of MPOC with the WIOC concentrations, which is generally considered as a proxy for MPOC (Fig.
3b). The average mass ratio of WIOC versus MPOC was 1.17 (r=0.87), and 69% of the data points fall within the 1:2 and 2:1
line (Fig. 3b). The shipboard observations suggested that the OC concentrations primarily generated by sea spray over the
WPO could be approximately estimated by 4.3 X [Chl-a] when other related parameters were absent.

A combined parameterization scheme of multiplying seawater [Chl-a] by [Na']? was also used to predict the
concentration of MPOC (Eq. 3). A weak correlation between OC and Na" was observed here (Fig. 2i, 2j), and we thus
combined [Na*] as the input parameter to reflect the variation of the bulk sea spray aerosol abundance. In the scatter plot of
OC and ([Chl-a] x [Na*}), taking p=0.45 as an example in Fig. 3f, we proposed that the generation of organic matters were
dominated by the primary sea spray in the samples with the lowest 30% percentile of [OC]/([Chl-a] x [Na*}) ratios. The
dataset with 0-30% percentile of [OC]/([Chl-a] x[Na*]*%) ratios, indicated by the solid markers in Fig. 3f, was used to
calculate the fitting line of MPOC versus [OC]/([Chl-a] x[Na']%#). The fitting line was then employed to estimate the
MPOC in other marine aerosol samples based on the seawater Chl-a and the aerosol Na* concentrations. In each sample, the
increased OC concentration relevant to the MPOC fitting line is attributed to the additional contribution by MSOC.

We compared the estimated MPOC and the measured WIOC to evaluate the performance of the MPOC

parameterization and determine the p value in equation 3. Both the correlation coefficients (r) and the slopes of the fitting
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line between WIOC and estimated MPOC are used to evaluate the performance of different MPOC parameterization
approaches. It means that the estimated MPOC shows a similar variation trend to WIOC if with a r value closer to 1, and a
good comparison with the WIOC mass concentrations if with a fitting line slope closer to 1. We tested the performance of
the MPOC formulation when changing the p value from 0—1, with an interval of 0.05. The variations of the fitting line slopes
and correlation coefficients of WIOC and MPOC are shown in Fig. S3. When using a p value of 0.35-0.65, the estimated
MPOC matched well with WIOC concentrations, with the fitting line slopes of 1.03—1.05 and the r values of 0.86—0.88.
When using p=0.45, both the fitting line slope (1.036) and r value (0.88) suggested an overall better performance than using
other p values (Fig. S5, 3g). Without the [Na*] as an input parameter, the fitting line slope and r of WIOC and MPOC were
respectively 1.17 and 0.87 (Fig. 3b), suggesting an underestimation of MPOC. In further analysis, we employed Eq. 3 with
p=0.45 to estimate the MPOC. A total of 58% of the estimated data points fell within the WIOC/MPOC 2:1 and 1:2 lines
(Fig. 3g), and 73% fell within the 3:1 and 1:3 lines, during the two cruises. The estimated MSOC matched better with the
WSOC in the marine aerosols when using a combination of [Chl-a] and [Na*] (equations 1 and 3) as the input parameters
and considering the variation of sea spray aerosols (Fig. 3c, 3h). Based on equations 1 and 3, the estimated MSOC
concentrations in half of the samples fall within the WSOC/MSOC 3:1 and 1:3 lines, and the fitting line slope (0.50) was
closer to 1 (Fig. 3h). Using equations 1 and 2, the fitting line slope of WSOC and estimated MSOC was 0.46, and 46% of the
estimated MSOC concentrations fall within the WSOC/MSOC 3:1 and 1:3 lines (Fig. 3c). It is noted that, based on the
shipboard in-situ observation, we cannot exclude the potential impacts of gaseous precursors or aged organic aerosols long-
range transported from terrestrial environments, which were mostly in the MSOC fraction. The organic aerosols transported
from terrestrial environments were secondary or aged organic aerosols, and tend to be water-soluble organic compounds
(Boreddy et al., 2018; De Jonge et al., 2024; Miyazaki et al., 2010). Based on the air mass back trajectories (Fig. S1) and the
weak correlations between OC and EC stated in section 3.1, the impacts of transported continental outflows were limited
during the cruises.

The MPOC was also estimated using the formulations in literatures (Gantt et al., 2011; Vignati et al., 2010) based on
the observed seawater Chl-a, OC and Na" in aerosols as well as the wind speed observed during the cruises over the WPO
(Fig. 3d, 3i). Vignati et al (2010) estimated the organic mass fraction in sea spray aerosol (OMssa) using seawater [Chl-
al: %OMssa = 43.5 X [Chl-a](mg m~) + 13.805. Gantt et al (2011) predicted the OMssa using a combination of [Chil-a] and

10 m wind speed (Uio): (Chl—a, 19)

= Trexp (—269] 17018 1) ° where is the maximum observed
e - . 10

during the cruises. The estimated MPOC displayed good correlations with the observed WIOC. However, the abundance of
MPOC was underestimated approximately by 38%—48% through comparing with the WIOC concentrations (Fig. 3d, 3i).
The estimated MSOC using the parameterizations from Gantt et al. (2011) or Vignati et al. (2010) showed similar variation
trends to the WSOC in the collected aerosols samples. The comparison of the estimated MSOC and the WSOC
concentrations using formulations in literatures (slopes in Fig. 3e, 3j), however, were not as good as those estimated in this

study (slopes in Fig. 3h). The MPOC source functions in Gantt et al. (2011) and Vignati et al. (2010) were proposed based
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on the observation over the North Atlantic, which has been widely employed in large-scale models. These parameterizations
perform well to trace the variation trends of MPOC. However, they might lead to an underestimation of the primary MOA
over the West Pacific Ocean. This is mainly due to different seawater compositions, marine environment or atmospheric
meteorological conditions in the North Atlantic and the West Pacific Oceans, which result in different quantitative relations
between seawater Chl-a and MPOC in these oceanic regions. What’s more, the seawater Chl-a was determined using the
spatial average of the satellite-derived Chl-a concentrations in Gantt et al. (2011). This could be an additional reason for the
different parameterizations between Chl-a and MPOC compared with the results based on the in-suit measured Chl-a in this
work. The results highlight different quantitative relations of MPOC with seawater Ch/-a and other parameters in different
areas, which are needed to be provided through in-situ observations across different oceanic regions and to constrain in

global models.

3.4 Spatial distribution and driving factors of primary and secondary MOA

Based on the validated formulation, concentrations of MPOC and MSOC in the marine aerosols over the WPO are
estimated. Here we employed Eq. 3, with p=0.45, for the estimation of MPOC. The concentrations and relative contributions
of MPOC and MSOC along the latitude are shown in Fig. 4. The estimated MPOC was respectively 0.43 &+ 0.40 and 0.24 +
0.21 ugC m>, averagely accounting for 66% = 27% and 56% + 30% of the total OC in marine aerosols, during the
springtime Cruise I and the summertime Cruise II. The dominant contribution of MOA by the marine fresh carbon pool was
also observed during the Arctic cruises, during which the MPOC contributed 80% of the carbonaceous fraction based on the
stable carbon isotopic signature (Gu et al., 2023). The estimated MSOC concentrations were comparable in spring (0.25 +
0.28 pgC m™) and in summer (0.27 = 0.30 pgC m~) over the WPO. The SOA fraction among the total organic aerosols was

higher during the summer cruise (44% on average) than during the spring (34% on average).
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Figure 4 The variations of (a) estimated MPOC, (b) MSOC, (c) seawater Chl-a and (d) TOC along the latitude during the
two cruises over the WPO. Spatial distributions of the estimated MPOC and MSOC during (e) the springtime Cruise I, and (f)
the summertime Cruise II. Ocean is coloured by the sea surface Chl-a concentrations in March (panel e) and July (panel 1),
2022. The marker size in panels (e, f) represents the observed OC concentration in each sample.

Both MPOC and MSOC displayed high concentrations over the oceanic regions among 5°S—5°N (0.64 + 0.56 and 0.44
+ 0.32 ugC m) and 35°N-40°N (0.46 £+ 0.35 and 0.51 = 0.30 pgC m>), which were consistent to the spatial distribution of
the sea surface Chl-a (Fig. 4). In contrast to the findings over the North Atlantic that plankton had little impact on the
chemical compositions of SSA (e.g., organic mass fraction) (Bates et al., 2020), we observed a positive correlation between

MOA and seawater Chl-a and the driving effects of surface Chl-a on the abundance of primary MOA over the WPO (Fig. 2,
14
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4). In addition, the observation areas within 35°N—40°N were the Kuroshio Oyashio Extension (KOE) region, where the
nutrient enrichment driven by upwelling favored the phytoplankton growth and resulted in elevated seawater Chl-a levels
(Wang et al., 2023a). The extreme physical disturbance in the KOE further promoted the sea spray-generated organics from
seawater as well as the production of VOCs from phytoplankton. Based on the air mass back trajectories (Fig. S1), the
impacts of transported terrestrial outflows were limited among the observation regions. Marine organic aerosols or biogenic
VOC precursors could also be transported from coastal oceanic regions with higher Chl-a levels and higher isoprene
emission fluxes (Cui et al., 2023; Zhang and Gu, 2022), which could be an additional reason for the higher MOA
concentrations within 5°S—5°N and 35°N—40°N.

The MSOC also displayed a peak over the areas among 15°N-20°N (0.35 + 0.41 ugC m?, Fig. 4b), which could be
attributed to the additional contribution by abiotic VOC precursors from the photochemical production in the sea surface
microlayer and their further oxidation in marine boundary layer (Bruggemann et al., 2018). Previous studies suggested that
interfacial photochemical degradation of dissolved organic matters in seawater could be an important source of marine
VOCs (e.g., isoprene) on a global scale (Bruggemann et al., 2018; Cui et al., 2023; Wang et al., 2023a; Yu and Li, 2021). For
remote oceanic regions with high solar radiation but low biological activities, interfacial photochemistry of surface organics
could be a major source of abiotic VOCs in the marine boundary layer (Bruggemann et al., 2018; Cui et al., 2023). Higher
concentration levels of the surface seawater TOC concentrations were observed along the summer cruise within 15°N-20°N
(Fig. 4d). The strong solar radiation during the summertime (19 June- 30 July) Cruise II, as shown in Fig. S6, favored the
photochemical VOC production and the SOA formation in marine atmospheres. During the summer cruise, the estimated
MSOC/OC ratios over the oceanic regions of 15°N-20°N were 65%—72%, and the SOA formation drove the elevation of
MOA concentrations over this area during summer (Fig. 4f).

Acrosol samples were collected among 15°N—30°N during both the spring and the summer cruises, which were
compared to elaborate the seasonal difference. The variations of the estimated MPOC and MSOC along the latitude are
shown in Fig. S7, S8. Among the observation region within 15°N—30°N, the average MPOC was comparable in spring (0.16
ngC m3) and summer (0.18 pgC m3), with the average Chl-a concentration 0.042 and 0.044 pg L', respectively. Among the
oceanic regions with similar concentrations of seawater Chl/-a, the MPOC abundance in marine aerosols was comparable
without seasonal difference. Among 15°N—30°N, the elevation of MPOC concentrations was consistent with the elevated
seawater Chl-a concentration without seasonal difference (Fig. S7a). This is consistent with the finding that marine biogenic
activities drive the MPOC production. The average MSOC concentration was 0.24 ugC m within 15°N-30°N in summer,
higher than that in spring (0.19 pgC m=). The elevated MSOC was driven by the increase of seawater TOC concentrations
(Fig. S8b). What’s more, the stronger solar radiation in summer (Fig. S6) favored the photochemical VOC production in
SML, their further photo-oxidation reactions, and the MSOC formation in the atmosphere.
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3.5 Fluorescence characteristics of MOA

The fluorescence spectrum of MOA was analyzed to gain a further understanding on the composition characteristics of
MOA over the WPO. Based on the EEM PARAFAC analysis, three fluorescent components were identified in marine
organic aerosols during each cruise observation (Fig. 5, S4). Similar fluorescence components were resolved during the
Cruise I (Fig. 5a-5¢) and Cruise II (Fig. 5d-5f). Each component was named based on the fluorescence characteristics and the
temporal variation of the fluorescent intensity. Component 1 (C1) shows a peak (Ex/Em = 285/307 nm) identical to the
protein-like substances (PRLIS) (Chen et al., 2016b). The PRLIS are enriched in the surface seawater and could be injected
into SSA via bubble bursting (Miyazaki et al., 2018a; Santander et al., 2021). The similar variations of C1 intensity and Na*
in the marine aerosols, especially during the summer observation (Fig. S9), suggested the origins of PRLIS from marine
biological materials (Fu et al., 2015; Santander et al., 2022). Thus, C1 was designated as marine PRLIS. Component 2 (C2)
has a peak Ex/Em = 320-335/389 nm (Fig. 5), which is related to terrestrial humic-like substances (HULIS) (Chen et al.,
2016b). Component 3 (C3) displayed the fluorescence characteristics of oxygenated HULIS, with a peak Ex/Em = 365-
370/450-455 nm (Fig. 5). The intensities of C2 and C3 showed similar variations to the concentrations of EC and sulfate in
marine aerosols (Fig. S9), which indicated their sources related to combustion emission and secondary formation (Tang et al.,
2024). Oxygenated HULIS included the secondarily-formed and aged organic aerosols from both terrestrial and marine

sources.
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Figure 5 (a-f) The excitation (Ex) and emission (Em) spectra of the identified fluorescent components: C1: marine protein-
like substances (PRLIS), C2: terrestrial humic-like substances (HULIS), C3: oxygenated HULIS. (g) Time series of the
fluorescent component relative abundances and the MPOC/OC mass ratios in the marine aerosols over the West Pacific
Ocean.

The fluorescent components of the MOA were dominated by the PRLIS primarily emitted by the sea spray (C1 shown
in Fig. 5a, 5d), which contributed 74%—94% (86% on average) and 84%—98% (92% on average) of the MOA fluorescent
intensity during Cruise I and Cruise II, respectively (Fig. 5g). It is noted that the proportion of different fluorescent
compounds did not represent their mass contributions, as the florescent efficiency of organic compounds was related to their
chemical structures. Organic molecules with substantial conjugation of n-bonds or double bound structures are known to be
especially efficient at emitting fluorescence, particularly when N atoms are present (Chen et al., 2016a; Pohlker et al., 2012).
Amino acids, vitamins, and humic-like substances have been identified as efficient fluorophores (Graber and Rudich, 2006;
Laskin et al., 2015; Pohlker et al., 2012). The sea-to-air transfer of phytoplankton-produced protein-containing organics
leads to a significant enhancement of fluorescent compounds in SSA (Aller et al., 2017; Lawler et al., 2020; Miyazaki et al.,
2018b). The PRLIS, or named protein-like organic matter (PLOM), has been identified as a common component in the
oceanic organic matter, and enriched in marine aerosols (Chen et al., 2016b). However, the biogenic SOA (e.g., isoprene
oxidation products abundant in marine atmospheres) molecules, without conjugated double bounds, are weakly fluorescent
or do not display fluorescent properties (Carlton et al., 2009; Laskin et al., 2015). Thus, the WSOC contributed by biogenic
SOA was not included in the detected fluorescent components, and the observed proportions of PRLIS emitted by sea sprays
was higher than those of the WIOC mass contribution in the marine aerosols.

During the summertime Cruise 11, the fluorescent intensity and the relative contribution of marine-emitted PRLIS (C1)
were higher than those during Cruise 1. During the summer cruise, the contribution of the marine PRLIS among the total
fluorescent organic aerosols displayed a similar variation trend to the mass fraction of the estimated MPOC (Fig. 5g). The
variation of the marine PRLIS (C1) intensity was consistent to the seawater Chl-a concentration in summer (Fig. S9). This
further indicated the dominant contribution of primary MOA in marine organic aerosols, which could be attributed to the
marine biological materials and injected into the atmosphere through bubble bursting. The marine biological PRLIS could be
related to tryptophan-like or tyrosine-like components as well as the non-nitrogen-containing organic compounds in

atmospheric aerosols (Chen et al., 2016b).

4 Summary

In-situ shipboard observations were conducted to investigate the abundance and composition of MOA over the open
Pacific Ocean. We proposed a formulation to separate and estimate the primary and secondary MOA based on the seawater
Chl-a or its combination with Na* in marine aerosols. Based on the validated formulation, the estimated MPOC accounted
for 56%—66% of the total OC in the marine aerosol samples, which were mostly related to the protein-like substances from

seawater biological materials. Both the MPOC and the MSOC displayed peak concentrations among 5°S—5°N and 35°N—
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40°N over the West Pacific Ocean. The spatial distribution of MOA along the latitude was driven by the marine biological
activities, indicated by the seawater Chl-a. For the secondary MOA, high concentrations were also observed over the region
of 15°N-20°N, which was attributed to an additional contribution by the secondary oxidation of VOCs generated from the
photochemical production of seawater organics.

This study provides a parameterization to estimate the primary and secondary MOA based on the shipboard observation
evidence, and highlights the marine biogenically driven MOA formation over the North Pacific Ocean. For the observation
studies, our results provide an easy approach to separate the primary and secondary MOA with different chemical natures,
based on the seawater Chi-a and aerosol components (OC, Na®). The approach is not dependent on the organic tracers,
usually obtained through complex analysis procedures, or limited to the time resolution of sample collection. In previous
studies, fractions of organics in marine aerosols have been estimated based on an empirical relationship of satellite-derived
oceanic Chl-a, or a combination with wind speed and aerosol size distribution (Gantt et al., 2012; Li et al., 2024; Wang et al.,
2024). Here, we gain the quantitative relations of primarily-generated marine organic aerosols with sea salts and Chl-a based
on measurement results of the marine aerosols and seawater. For the modelling studies, the sea salt flux has been better
estimated than that of marine organic aerosols in global models (Gantt and Meskhidze, 2013). The MPOC formulation here
would help to improve the parameterization of MOA in models and better understand the climate effects of marine aerosols

on a global scale.
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