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The impact of inorganic salts and organicmatter (OM) on the production of primarymarine aerosols is still under
debate. To constrain their impact, we investigated primary aerosols generated by a sea-spray generator chamber
using surface water samples from rivers, estuaries, and seas that were collected along salinity gradients in two
temperate Korean coastal systems and one Arctic coastal system. Salinity values showed an increasing trend
along the river–estuary–coastal water transition, indicating the lowest amount of inorganic salts in the river
but the highest amount in the sea. In river samples, the lowest number concentration of primary aerosol particles
(1.01 × 103 cm−3) was observed at the highest OM content, suggesting that low salinity controls aerosol produc-
tion. Moreover, the number concentration of primary aerosols increased drastically in estuarine
(1.13 × 104 cm−3) and seawater (1.35 × 104 cm−3) samples as the OM content decreased. Our results indicate
that inorganic salts associated with increasing salinity play a much larger role than OM in aerosol production
in river-dominated coastal systems. Laboratory studies using NaCl solution supported the conclusion that inor-
ganic salt is a critical factor in modulating the particles produced from river water and seawater. Accordingly,
this studyhighlights that inorganic salts are a critical factor inmodulating the production of primarymarine aero-
sols.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Primary marine aerosol or sea spray aerosol (SSA) particles, pro-
duced through wave breaking on the ocean surface (Gong, 2003) are
the largest source of natural aerosols to the atmosphere; therefore,
they have a significant impact on Earth's radiation equilibrium
(Partanen et al., 2014) and climate (Cochran et al., 2017). In addition
to inorganic salts, SSA particles are heavily enriched in OM relative to
their concentration in the surface ocean (Prather et al., 2013; Wang
et al., 2017). For instance, the OM fraction in submicrometer SSAs in-
creases up to 80% during oceanic phytoplankton blooms (Facchini
et al., 2008). On a global scale, it is estimated that 8.0 ± 0.4 Tg yr−1 of
primary submicrometer organic aerosols is emitted from the oceans to
the atmosphere (Vignati et al., 2010; Spracklen et al., 2008). When
OM is incorporated into global model simulations (Gantt et al., 2009;
O'Dowd et al., 2008), satellite-derived chlorophyll a (Chl a) is used as
a proxy for surface ocean biological activity in an effort to parameterize
the emission of sea spray organics. This is based on findings from open
oceans in the northeast Atlantic and the Southern Ocean, whereby Chl
awas observed to be highly correlated with the OM fraction of ambient
marine aerosols at both monthly and seasonal timescales (O'Dowd
et al., 2004; O'Dowd et al., 2008; Sciare et al., 2009; Spracklen et al.,
2008). In contrast, measurements of SSAs in the northwest Atlantic
and the Californian Pacific Ocean have indicated that dissolved organic
carbon (DOC) in surface seawater is themajor source of OM to SSAs, re-
gardless of the Chl a concentration (Bates et al., 2012; Quinn et al.,
2014). Accordingly, it appears that oceanic Chl a concentrationsmay ex-
plain the variation in the OM fraction of SSAs downwind of plankton
bloom regions in the open oceans. However, Chl a concentrations may
not be applicable to other regions such as coastal oceans, where
phytoplankton-derived Chl a accounts for only a small fraction of the
OM in surface waters (less than 0.4% of OM) (Gardner et al., 2006;
Huot et al., 2007; Quinn et al., 2015).

To date, aerosol production from wave breaking in freshwater sys-
tems such as lakes (known as lake spray aerosols), rivers, and estuaries
has been far less studied in comparison to SSAs (Slade et al., 2010; May
et al., 2016). As partially enclosed coastal waterbodies where river
water and seawater mix, coastal estuarine systems are complex, pro-
ductive coastal ecosystems connecting land and ocean (Ward et al.,
2020; Canuel and Hardison, 2016). Estuaries are characterized by salin-
ity gradients that range from rivers to oceans: 0.5‰ or less for river
water, 0.5‰–29‰ for estuarine water, and approximately 35‰ for sea-
water. Previous studies have demonstrated the influence of salinity on
the number size distribution of primary aerosol particles using NaCl so-
lution or synthetic water (including only inorganic salts) (Russell and
Singh, 2013; Mårtensson et al., 2003) but not for natural water samples
(including both inorganic salts and OM) with different salinities. In
terms of OM properties, unlike the open oceans, where phytoplankton
production is the predominant source of OM (Whittle, 1977), the
main sources of OM in estuaries can be divided into two categories:
(1) terrestrial OM (allochthonous), which comes from soils and plant
detritus (Yoon andWoo, 2013; Goni et al., 2008), and (2) in situ produc-
tion (autochthonous) of phytoplankton, aquatic plants, and microbes
(Martin et al., 2018; Small et al., 1990). Depending on the source and
composition, estuarine OM exhibits a diverse reactivity (Galy et al.,
2007) with a wide age range that extends back over 8000 14C years
(Canuel andHardison, 2016;Marwick et al., 2015). Therefore, variations
in the concentration, source, composition, and age of OM along a river–
estuary–coastal ocean salinity gradient play important roles in the re-
gional carbon cycles of continental margins. However, the relative im-
portance of such variations in the production of primary marine
aerosol and atmospheric processes remains largely uncertain in coastal
oceans. To date, only one study has been conducted in the river-
influenced coastal oceans, demonstrating that terrestrial OM, mostly
delivered from the Mackenzie River, can enhance primary aerosol pro-
duction in the Arctic coastal region (Park et al., 2019). However, the
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authors did not consider the effect of OM characteristics (e.g., the
molecular-level chemical composition and reactivity of OM) and on pri-
mary aerosol production under low salinity conditions (<19‰).

Here, we investigate the link between the complex source and age
characteristics of OM in surface water samples, and primary aerosol
production as a consequence of wave breaking along river–estuary–
coastal ocean systems. Aerosol generation chamber experiments were
performed using surface water samples (sampling water depth: 0 to
~50 cm) from a closed estuarine system (Geum) and an open (Seomjin)
estuarine system in South Korea (Fig. 1). Primary aerosols were pro-
duced in a sea spray tank using three types of surface water samples
taken along a salinity gradient: (a) river water (RW, i.e., freshwater),
(b) estuarine water (EW, i.e., water from the interface of freshwater
and saltwatermixing), and (c) seawater (SW, i.e., saltwater). The results
from the two temperate Korean coastal systems were compared with
the results of an Arctic chamber experiment (Park et al., 2019), which
used water samples collected from the Mackenzie coastal system in
September 2017 onboard the Korean icebreaker R/V Araon (Fig. 1).
The objectives of this study are (1) tomeasure the number size distribu-
tion of primary aerosol particles; (2) to compare this with the concen-
tration, chemical composition, source, and radiocarbon age of OM in
the surface water samples; and (3) to assess how the quantity and
chemical characteristics of inorganic salts and OM in the three types of
water samples influence the properties of primary aerosols in the tem-
perate and Arctic coastal systems studied here.

2. Materials and methods

2.1. Sample collection

Surface water samples were collected from the Geum and Seomjin
coastal systems in May 2018 (Fig. 1 and Table S1). Surface water was
collected directly into a high-density polyethylene carboy through
Tygon tubing using an aspirator system. All samples were taken from
the water surface at a depth of ~1 m. Both water salinity and pH were
measured in situ using a Hydrolab DS5 multi-parameter water quality
sonde (OTT Hydromet, Kempten, Germany). We obtained the total ni-
trogen (TN, mg L−1), total phosphorus (TP, mg L−1), and Chl a
(mg L−1) data from theKoreanWater Environment Information System
(http://water.nier.go.kr), andWater Resources Management Information
System (http://www.wamis.go.kr). To investigate the effect of surface
water OM on primary aerosol properties, we analyzed three surface RW
samples from both rivers, four surface EW samples from the estuary tran-
sition zones, and four surface SW samples from the Yellow Sea and South
Sea. The abbreviations GRW, GEW, and GSW represent RW, EW, and SW,
respectively, sampled from the Geum estuary system. The abbreviations
SRW, SEW, and SSW represent RW, EW, and SW, respectively, sampled
from the Seomjin estuary system.

2.2. Bubble-bursting chamber experiments

Bubble-bursting experiments were conducted using a laboratory-
scale sea spray tank of 5 L capacity filled with 3 L of each water sample
(GRW, GEW, GSW, SRW, SEW, and SSW). Detailed information on the
performance and operation of the tank has been previously described
(Park et al., 2019). In brief, the water sample was pumped into the top
of the tank at a constant rate of 3 L min−1 using an aquarium pump.
Then, SSA particles were produced by splashing the water through
plungingwater jets, separated into eight jets, which could closely simu-
late the air entrainment caused by a breaking wave. During the experi-
ments, the bubble flowrate and temperature inside the chamber system
remained constant for all water samples. To ensure the absence of am-
bient room air, particle-free air was continuously supplied into the
tank at a flow rate of 10 L min−1. Before turning on the water jet,
blankmeasurementswere performedduring thefirst 15min of each ex-
periment by verifying the total number concentration of particles in the

http://water.nier.go.kr
http://www.wamis.go.kr


Fig. 1. Surface water sampling sites in the (A) Geum, (B) Seomjin, and (C) Arctic coastal systems.
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air space of the tank. The value was zero, confirming that there was no
leakage and no background particles. The SSA particles generated by
this tank were dried using a series of diffusion dryers, and then the
number size distribution of the dried SSA particles in the size
range of 10 nm to 1 μm were measured. Before each experiment,
the total number concentration of primary aerosol particles pro-
duced from deionized water was determined, which lasted approx-
imately 2 h. The value was 53.43 cm−3, ensuring that there was no
secondary aerosol production (e.g., gas-to-particle conversion pro-
cesses), contamination, or leakage inside the tank (Fig. 2). The sea
spray tank was also used to produce primary aerosols using the
RW, EW, and SW samples for comparison under consistent genera-
tion conditions.

2.3. Measurements of primary aerosol properties

The size distribution of primary aerosols in the size range of
7–300 nm was measured with a scanning mobility particle sizer
(SMPS) (differential mobility analyzer (DMA), TSI 3081, USA; and con-
densation particle counter (CPC), TSI 3772, USA) every 3 min. In the
SMPS system, the aerosol and sheath flow rates were 1.0 L min−1 and
10 L min−1, respectively. An optical particle counter (OPC) (TSI 3330,
USA)was also used to measure the size distribution of primary aerosols
in the size range of 300 nm to 1 μm with a sample flow rate of
1.0 L min−1 every 3 min. The sizing calibration of SMPS (for DMA)
andOPCwas performed using a certified particle standard, such as poly-
styrene latex (PSL) particles of known sizes (152 nm PSL particles for
SMPS and 2 μm PSL particles for OPC; Duke Scientific, USA), showing a
good agreement within ~3%. To obtain the number size distribution of
primary aerosol particles in the size range of 7 nm to 1 μm, we used
SMPS data from 7 nm to 300 nm and OPC data from 300 nm to 1 μm.
The OPC system was only used to generate the tail toward the primary
3

aerosols larger than 300 nm, which was not detected by the SMPS sys-
tem.

2.4. Characterization of OM in surface water samples

For the DOC and POC analyses, approximately 0.12 L of each water
sample was filtered through pre-combusted (450 °C for 5 h), pre-
weighed glass fiber filters (Macherey-Nagel, Duren, Germany; 0.45 μm
pore size). Duplicates or triplicates were taken for each sample. After fil-
tration, the filters were freeze-dried (−60 °C for 24 h) and then
weighed to calculate the concentration of total suspended matter
(TSM). Part of each filter (or the entire filter for POC analysis) was acid-
ified with 12 M HCl to remove inorganic carbon for 24 h. The POC con-
centration, PN concentration, and δ13CPOC were analyzed using an
elemental analyzer combined with an isotope ratio mass spectrometer
(Delta V, Thermo Fisher Scientific, Bremen, Germany or Isoprime vi-
sION, Elementar, Langenselbold, Germany). We used IAEA–CH–3 cellu-
lose and IAEA–N–1 ammonium sulfate as working standards for
determining the concentration and stable isotope ratio of POC and con-
centration of PN, respectively. The precisionwas <0.1% for POC concen-
tration, <0.9% for PN concentration, and <0.1‰ for POC stable isotope
ratio. All DOC and TDN samples were analyzed against surface seawater
consensus referencematerial (CRM) supplied by theHansell Laboratory
University of Miami (Batch 17–2017, Lot#10-17 SSR, DOC: 70–73 μM,
TDN: 3–5 μM). More than five CRM samples were analyzed on each an-
alytical day, and precision was characterized by a relative standard de-
viation of <5% for both DOC and DTN. Radiocarbon analyses were
conducted at the National Ocean Science Accelerator Mass Spectrome-
try Facility of the Woods Hole Oceanographic Institution (NOSAMS) in
the USA and Alfred Wegener Institute (AWI) in Germany following
standard protocols. The radiocarbon data of POC are presented in delta
notation (Δ14CPOC, ‰).



Fig. 2. Number size distributions of primary aerosol particles produced from surface water in the (A) Geum and (B) Seomjin coastal systems and relative fractions of primary aerosol
particles produced from surface water samples from the (C) Geum and (D) Seomjin coastal systems. Values in parentheses indicate the water salinity.
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A fraction of each filtered samplewas immediately placed in a 40mL
amber vial with HgCl2 to determine the DOC concentration and corre-
sponding optical properties. The DOC and DTN concentrations of the fil-
tered water samples were measured using a total organic carbon (TOC)
analyzer (TOC-L; Shimadzu, Japan) equipped with a total nitrogen (TN)
measuring unit (TNM-L; Shimadzu, Japan) and auto-samplers (ASI-L
and ASI-V; Shimadzu, Japan) by the high-temperature combustion
method. To determine the sources of DOC in thewater samples, the op-
tical properties and signatures of chromophoric and fluorescent DOC
(i.e., CDOM and FDOM, respectively) were further analyzed. An
ultraviolet-visible (UV-VIS) spectrometer (S-3100; Sinco, Korea) with
10 cm quartz cuvettes was used to measure CDOM. Deionized water
was used as a reference, and the absorption spectra were scanned
from 190 nm to 1100 nm at 1 nm intervals. The optical density at a spe-
cific wavelength of the measured absorbance was transformed into the
CDOMabsorption coefficient [aCDOM(λ)] (m−1). In this study, the CDOM
valuewas derived at 375 nm,which is widely used as a proxy for terres-
trial DOC. A subfraction of CDOM fluoresces is defined as the FDOM,
which was measured by a Varian Cary Eclipse fluorescence spectrome-
ter (Varian, USA). The excitation (EX)−emission (EM)matrices (EEMs)
were collected using the EX spectra from 250 nm to 500 nmand the EM
spectra from 280 nm to 600 nm. The EEM of deionized water was
subtracted from the values of the analyzed samples to eliminate the
water Raman signal. Based on the ranges of Coble (2007), it is possible
to distinguish four different groups of fluorophores: terrestrial humic-
like fluorescence (peaks A) (EX: 260 nm, EM: 380–460 nm), terrestrial
fulvic-like fluorescence (peaks C) (EX: 350 nm, EM: 420–480 nm), ma-
rine humic-like fluorescence (peaks M) (EX: 310 nm, EM:
380–420 nm), and proteinaceous fluorescence (peaks T) (EX: 270 nm,
EM: 340 nm).
4

To characterize the molecular DOM components, DOM was ex-
tracted as described by Hao et al. (2006) using solid-phase extraction
(SPE) with a hydrophilic–lipophilic balanced (HLB) SPE cartridge
(6 mL, 500 mg, Oasis-HLBTM, Waters, USA). The DOM extracts (10 μL)
were injected into an Orbitrap Q-Exactive spectrometer (Thermo Fisher
Scientific, Germany) coupled with liquid chromatography (Ultimate
3000, Dionex Co., USA). The Acclaim™ C18 column (2.1 mm× 150mm,
2.2 μm, 120 Å, Thermo Fisher Scientific, USA) was used for chromato-
graphic separation, with methanol as the mobile phase at a flow rate
of 0.3 mL min−1 for 20 min. Mass spectra were acquired under a capil-
lary temperature of 320 °C, and 3.8 kV (positive-ion) and 3.0 kV (nega-
tive-ion) of spray voltages in full scan mode (100–1500 m/z) at high
resolution (140,000 FWHM). Mass spectra and formula assignment
were conducted using a Thermo Xcalibur Qual Browser (ver. 2.5).

3. Results and discussion

3.1. Number size distribution of primary aerosol particles

We determined the number size distribution of primary aerosols in
the size range from 7 nm to 1 μm for the surface waters sampled from
the Geum and Seomjin coastal systems, as displayed in Fig. 2A and B.
In the Geum coastal system, the salinity was extremely low in the
upper parts of the dam due to the blockage of salinity diffusion (0‰
for the Geum RW (hereafter GRW) samples, see Supplementary Infor-
mation Table S1). After the dam, the salinity drastically increased to
20 ± 14‰ for the Geum EW (hereafter GEW) samples as a result of
freshwater–seawater mixing. The salinity of the Geum SW (hereafter
GSW) samples was 33 ± 1‰, which is similar to that of typical re-
gional seawater (i.e., approximately 32–33‰ for the Yellow Sea)



Fig. 3. Variations in (A) particulate organic carbon (POC), (B) particulate nitrogen (PN),
(C) stable carbon isotopes of POC (δ13CPOC), (D) radiocarbon isotopes of POC (Δ14CPOC),
(E) dissolved organic carbon (DOC), (F) dissolved total nitrogen (DTN),
(G) chromophoric DOM (CDOM), and (H-J) fluorescence intensities in the Geum and
Seomjin coastal systems. H, I, and J represent the fluorescence intensities of peak A
(terrestrial humic-like substances), peak M (marine humic-like substances), and peak T
(proteinaceous substances), respectively. The error bars represent the standard
deviation according to the number of samples (n).
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(Wei et al., 2010; Seo et al., 2017). Because salinity can be defined as
the amount of inorganic salt (e.g., NaCl, KCl, CaCl2, K2SO4, and MgSO4)
dissolved in water (Williams and Sherwood, 1994), such salinity
changes revealed the lowest amount of inorganic salts in the GRWsam-
ples but the highest amount in the GSW samples. The total number con-
centration of primary aerosol particles generated from the GRW
samples (1.12 × 103 cm−3) was 8–12 times lower than that of primary
aerosol particles generated from the GEW (9.39 × 103 cm−3) and GSW
(1.35 × 104 cm−3) samples. As illustrated in Fig. 2C, the modal diame-
ters of the aerosol particles for the GRW, GEW, and GSW samples
were 32.9 ± 2.5 nm, 79.6 ± 12.2 nm, and 86.7 ± 2.2 nm, respectively.

In comparison to the Geum coastal system, the salinity along the
Seomjin coastal system increased more gradually owing to the absence
of a dam (Supplementary Information Table S1), with salinities of 0‰,
24 ± 10‰, and 35 ± 0.4‰ for the Seomjin RW, EW, and SW (hereafter
SRW, SEW, and SSW) samples, respectively. The total number concen-
tration of primary aerosol particles generated from the SRW samples
with low salinity (8.02 × 102 cm−3) was 17 times lower than those gen-
erated from the SEW (1.32 × 104 cm−3) and SSW (1.36 × 104 cm−3)
samples with higher salinities. The modal diameters of primary aerosol
particles generated from the SRW, SEW, and SSW samples were 23.9 ±
0 nm, 69.8 ± 1.8 nm, and 85.1 ± 0 nm, respectively (Fig. 2D).

For both coastal systems, the RW samples with a relatively low inor-
ganic salt resulted in a very low production of primary aerosols that had
a smaller size than other the EW and SW samples. This indicates that the
number concentration and modal diameter of primary aerosol particles
can be influenced by the amount of inorganic salts (associated with sa-
linity level) in water samples. The production of smaller-sized primary
aerosol particles in the RW samples may be related to the fact that the
droplets produced by bubble bursting in freshwater had lower concen-
trations of inorganic salts (i.e., lower salinity and lower solute concentra-
tions), thus forming smaller dry particles than those produced by bubble
bursting in seawater (assuming the initial droplet was the same size)
(Blenkinsopp and Chaplin, 2011; Slade et al., 2010). Relatively small-
sized particles of ~46 ± 6 nmwere also observed in freshwater samples
from the Laurentian Great Lakes (May et al., 2016; Axson et al., 2016),
and over Lake Michigan (Slade et al., 2010). Moreover, the modal diam-
eters of primary aerosols generated from the GSW (86.7 ± 2.2 nm) and
SSW (85.1 ± 0 nm) samples also agreed well with the modal diameters
of primary SSAs created using laboratory generation techniques (May
et al., 2016; Sellegri et al., 2006; Schwier et al., 2015).

Notably, the number size distributions of primary aerosols produced
from the GEW 1 (salinity 10‰) and SEW1 (salinity 17‰) samples with
moderate salinity exhibited different features compared to the GSW
(salinity 33‰) and SSW (salinity 35‰) samples with higher salinity
(Fig. 2A–D). The modal diameter of the number size distribution for
the GEW 1 and SEW 1 samples was approximately 71 nm. We note
that, for the GEW 1 and SEW 1 samples, the number concentrations of
primary aerosol particles of >71 nm were lower than those for the
GSW and SSW samples due to the lower salinity; however, differences
in the number concentration of primary aerosol particles of <71 nmbe-
tween them were not significant. This suggests that the components of
water samples other than salinity contributed to the enhancement of
number concentration of smaller-sized primary aerosols (<71 nm) for
theGSW1 and SSW1 samples. In general, aquatic systems are primarily
composed of dissolved inorganic salts (e.g., Na+ and Cl−) and OM
(e.g., particulate organic carbon (POC) and DOC). Thus, we inferred
that the production of smaller-sized primary aerosol particles
(<71 nm) frommoderate salinity water was influenced not only by in-
organic salts but also by theOMproperties of the surfacewater samples.
We discuss this in more detail in Section 3.3. For example, the chemical
compositions and phase images of submicrometerfilm and jet drop par-
ticles were investigated using an intermittent plunging water sheet
(Wang et al., 2017). The authors demonstrated that both particles had
a core-shell structure that was typical of dry SSA particles: an inorganic
salt core and an OM-rich shell.
5

3.2. OM properties in surface water

To elucidate the role of OM in the number size distributions of pri-
mary aerosols along a salinity gradient, we further characterized POC
and DOC in the Geum and Seomjin water samples. The highest POC
and particulate nitrogen (PN) concentrations were found in the RW
samples for both coastal systems, and showed decreasing trends from
the river sites to the sea sites (Fig. 3A and B). Typically, the δ13C and
Δ14C characteristics of POC have been used to assess the source and
age of OM (Raymond and Bauer, 2001). The lowest δ13CPOC values
were in the GRW (−29.41‰) and SRW (−25.09‰) samples, which
gradually increased toward the GSW and SSW samples (Fig. 3C).
Other studies have reported δ13CPOC values of −28.0 ± 4.0‰ for
terrestrial-derived POC (Marwick et al., 2015; Peterson and Fry, 1987;
Meyers, 1997) and −20.0 ± 2.0‰ for marine-derived POC (Chen
et al., 2008; Guo et al., 2015; Ye et al., 2017). Accordingly, the increasing
trends of δ13CPOC in the Geum and Seomjin coastal systems indicate that
the contribution of terrestrial-derived OC to the total OC pool reduced
seawards due to mixing with marine-derived OC. The trends of
Δ14CPOC in the two coastal systems were similar, with depleted values
for the EWsamples (Fig. 3D). Nonetheless, it isworth noting that the av-
erage Δ14CPOC value of the GEW samples (−55.4 ± 60.8‰) was lower



Fig. 4. Scatter plots of (A) POC, (B) DOC, and (C) CDOM versus salinity using a color scale
for the total number concentration of primary aerosol particles.
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than that of the SEW samples (−33.3 ± 31.4‰). This suggests that the
contribution of older POC to the total POC pool was larger for the GEW
samples than for the SEW samples, which might be associated with
the resuspension of reworked older bottom sediments due to tidal cur-
rents (Kang et al., 2020).

TheDOC concentration also exhibited a decreasing trend from the RW
to SW sampling sites, reducing from 3.64 mg L−1 to 2.19 mg L−1 in the
Geum coastal system, and from 2.53 mg L−1 to 1.71 mg L−1 in the
Seomjin coastal system (Fig. 3E). The dissolved total nitrogen (DTN)
and DOC concentrations presented similar patterns (Fig. 3F). As the
light-absorbing fraction of dissolved OM (DOM), chromophoric DOM
(CDOM) has been commonly used as an optical proxy to evaluate the rel-
ative levels and spatial distributions of terrestrial-derived DOC in aquatic
environments (Mannino et al., 2008; Li et al., 2017). The highest CDOM
absorption values were in the GRW 2 (18.21 m−1) and SRW 1
(14.72 m−1) samples (Fig. 3G), indicating elevated inputs of terrestrial-
derived DOC at these sites. A significant positive correlationwas obtained
between DOC concentrations and CDOM values for the Geum (R=0.93)
and Seomjin (R = 0.96) coastal systems (Fig. S1). These results suggest
that the dominant source of DOC in both coastal systemswas of terrestrial
origin (e.g., plant- and soil-derived DOC). A previous study in the Geum
and Seomjin systems found that a potential DOC source at the same
sites might be a mixture of C3-derived forest soils and cropland OM
(Kang et al., 2019). As a subfraction of CDOM, fluorescent DOM (FDOM)
allows us to distinguish between different groups of fluorophores, such
as terrestrial humic-like substances (peaks A), marine humic-like sub-
stances (peaks M), and protein-like substances (peaks T) (Fig. S2). The
differences in the three fluorescence intensities of peaks A, M, and T be-
tween the sample groups were minor (Fig. 3H−J), suggesting that the
sources of the fluorescent components were similar. In addition, non-
significant changes in protein-like substances (i.e., peaks T), which are
usually characterized as amino acid-like DOM derived from the ocean,
were observed for all samples, indicating little impact of marine-derived
OM (e.g., phytoplankton and bacteria) on the properties of DOM.

High-resolution mass spectrometry can provide a large number of
empirical formulae based on DOM samples, including those of lipid-
like, protein-like, carbohydrate-like, unsaturated hydrocarbon-like,
lignin-like, tannin-like, and condensed aromatic structures (CAS), as
displayed in the van Krevelen diagrams (Fig. S3). The highest intensities
of lignin-like substances (42%–64%) were observed for all water sam-
ples (Fig. S4). Furthermore, larger amounts of lignin-like substances
were found in the GRW and SRW samples in comparison to the GSW
and SSW samples. Lignin provides an important tracer for plant-
derived products (also called terrestrial DOM), and various types of lig-
nin are regarded as refractory compounds. Their contribution toDOMac-
cumulates along riverine pathways as a result of slower remineralization;
thus, lignin concentrations are relatively high in the oceans (Nebbioso and
Piccolo, 2013). A previous study analyzed the molecular compositions of
organic aerosols in the atmosphere over the Arctic during the spring–
summer period using an ultrahigh-resolution mass spectrometer (Choi
et al., 2019). The authors found that lignin compounds accounted for ap-
proximately 30% of the total assigned molecular formulae when the air
masses mainly passed over the ocean region. These results indicate that
the accumulation of OM potentially derived from terrestrial sources in
the Arctic Ocean could influence the chemical characteristics of Arctic or-
ganic aerosols. Hence, the molecular mass data of DOM from the two Ko-
rean coastal systems hint at the potential direct emission of terrestrial
lignin-like organic compounds from surface water into the atmosphere
via bubble bursting processes.

3.3. Influence of inorganic salts and OM in water samples on primary aerosol
properties

To investigate how inorganic salts and OM control the production of
primary aerosols, we compared the POC, DOC, and CDOM concentra-
tions of the RW, EW, and SW samples from the Geum and Seomjin
6

coastal systems with those of the RW, EW, and SW samples from the
Arctic coastal system. This was achieved by altering the color according
to the total number concentrations of primary aerosol particles in the
size range of 7 nm to 1 μm (Fig. 4A–C). Although the GRW and SRW
samples had the highestOMconcentrations, the number concentrations
of primary aerosol particles were relatively low, ranging from
5.57 × 103 cm−3 to 1.53 × 104 cm−3. It can be assumed that a small
number of particles were generated under low salinity conditions,
even though a large amount of OM was added to the water samples.
In contrast, the GSWand SSW samples had the highest number concen-
trations of primary aerosol particles (1.25 × 104 cm−3 and
1.37 × 104 cm−3), despite their relatively low OM concentrations. This
implies that higher salinities were associated with higher particle con-
centrations, regardless of the OM content of the water samples. Hence,
it seems that the dissolved inorganic salts in the water samples were
more important than the OM inmodulating the production of particles.
In the EW samples, the number concentrations of primary aerosol par-
ticles were also higher (9.76 × 103 cm−3 for GEW 1 and
1.27 × 104 cm−3 for SEW 1) than those in the RW samples. Although
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the salinity of the GEW 1 and SEW 1 samples was 2–3 times lower than
that of the GSWand SSWsamples, the difference in the number concen-
trations of primary aerosol particles between the EW and SW samples
was minor. Unlike the RW and SW samples, the particle number con-
centration trends for the GSW 1 and SSW1 samples do not follow salin-
ity changes, whereas higher DOM and CDOM values were observed in
EW samples than in SW samples. This suggests that the characteristics
of OM (predominantly of terrestrial origin) play a role in generating
aerosol particles under moderate salinity conditions.

Our Geum and Seomjin results generally agreed with those of our
previous study conducted in the Arctic coastal system, where terrestrial
OM inputs were dominant (Park et al., 2019). In the Arctic coastal sys-
tem, Park et al. (2019) found positive correlations between the number
concentration of primary aerosols and sea surface OM (e.g., DOC, CDOM,
Chl a, and TEP). This showed that primary aerosol production was af-
fected by the salinity and OM of coastal water samples collected under
moderate salinity conditions (19‰–25‰) because of the influence of
discharges from the Mackenzie River. This suggests that OM of terres-
trial origin enhances the concentration of primary aerosols at a given sa-
linity level. Hence, our previous work also supports our hypothesis that
terrestrial-derived OM would have a substantial effect on the produc-
tion of primary aerosols under moderate salinity conditions in coastal
systems.

To further examine the impact of inorganic salts on the production of
primary aerosols, the number size distributions of primary aerosols pro-
duced from pure NaCl solutions for various solution concentration
ranges (0.5–35‰) were determined (Fig. 5). The total number concen-
tration of primary aerosol particles increased from 6.13 × 103 to
2.01 × 104 cm−3 with increasing salinity from 0.5‰ to 35‰, which
was probably the result of differences in bubble coalescence (May
et al., 2016). The higher ion concentrations under high salinity levels in-
hibit bubble coalescence, leading to the formation of smaller bubbles,
thus generating higher number concentrations of primary aerosol parti-
cles. We found that the variations in the total number concentration
((6.62 ± 0.54) × 103 cm−3) and modal diameter (55.2 ± 0 nm) of pri-
mary aerosols were minor when the NaCl concentration was <1‰,
whereas both values increased proportionally from those at NaCl con-
centrations of 5‰ (1.21 × 104 cm−3) and 10‰ (1.67 × 104 cm−3). At
an NaCl concentration of ≥10‰, there was little variation in the number
concentration of primary aerosols (e.g., 1.78 × 104 cm−3 at an NaCl con-
centration of 35‰), indicating that the proportional increase in the
number concentration of primary aerosols ceased. These results indicate
that an inorganic salt concentration of at least 10‰would be necessary
Fig. 5. The number size distribution of primary aerosol particles produced from NaCl
solutions with varying salinity (0.5–35‰).
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to initiate the production of a high number concentration of primary
aerosol particles in river–estuary–coastal ocean systems. Our results
were comparable to those of the previous studies, which used different
bubble generationmethods (e.g., capillary tip or glassfilter) to study the
production of SSA particles from ocean bubble bursting (Russell and
Singh, 2013; Mårtensson et al., 2003). Accordingly, sea salts appear to
be an important factor for generating primary aerosols not only in the
open ocean systems but also in the coastal ocean systems.

4. Conclusion and atmospheric implications

In this study, we carried out sea-spray chamber experiments using
the RW, EW, and SW samples from the two temperate Korean coastal
systems and theArctic coastal system to investigate the influence of sur-
face water properties on the number size distribution of primary aero-
sols. However, our study was limited with respect to the primary
aerosol generation method (freshwater versus seawater) (Section S1).
In the present study, the sea-spray tank system was used to generate
primary aerosols for all samples for the purpose of comparison under
consistent generation conditions (Section 2.2). This was because we fo-
cused on investigating the effects of the differences between inorganic
salts and OM from RW and SW on primary aerosol production. In the
near future, additional laboratory chamber experiments should be per-
formed by applying different generation systems for RW and SW sam-
ples.

Themean annual global freshwater discharge from land to the ocean
has been estimated to be 37,288 ± 522 km3 yr−1, which is ~7.6% of
global precipitation (Dai and Trenberth, 2002). In terms of the produc-
tion of primary aerosols, there are two major points to consider in
such coastal oceans. First, in association with river discharge (Xu et al.,
2008; Cloern et al., 2017), salinity values increase between fresh river
water (low salinity of<0.5‰) tomixedwater along coastlines and estu-
aries (moderate salinity of 0.5–29‰), and then to saline water in the
oceans (high salinity of >29‰). This spatial distribution pattern of salin-
ity is of great importance to the production of primary aerosols in river–
estuary–ocean systems. Previous field campaigns in open-ocean sys-
tems demonstrated that the number concentration and diameter of
SSAs dependonwind speed, sea surface temperature, and seawater par-
ticle attenuation at 660 nm, thus enabling the improvement of SSA pa-
rameterizations in global climate models (Saliba et al., 2019). Here, we
suggest that the salinity associated with the inorganic salt content at
the sea surface should also be incorporated into future global coupled
ocean–atmospheric models to improve their accuracy in predicting
the production of primary marine aerosols in river-dominated coastal
systems.

Second, riverinedischarges greatly affect the abundance and compo-
sition of OM in river–estuary–coastal ocean systems. Rivers transport
~0.4 × 1015 g of OM each year, of which ~60% is DOC and ~40% is POC
(Raymond and Bauer, 2001). The OM in coastal oceans thus represents
a substantial amount of terrestrial-derived POC andDOC (e.g., from land
plants and soils), leading to a diverse reactivity of OMwith ages dating
back over 104 radiocarbon (14C) years (Raymond and Bauer, 2001).
Aged terrestrial-derived OM can be directly emitted from surface sea-
waters into the atmosphere via bubble bursting (Beaupré et al., 2019),
potentially affecting oceanic and atmospheric biogeochemistry, local
air quality, the coastal ocean carbon cycle, and climate. Accordingly,
more work is required to better constrain the impact of terrestrial-
derived OM (e.g., lignin) on the production of primary marine aerosols
in coastal systems, especially for moderate salinity zones.
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