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Abstract Methanesulfonate (MSA) in the marine boundary layer is commonly considered to be solely
contributed by the oxidation of ocean-derived dimethyl sulfide (DMS) and often used as an indicator of
marine biogenic sources. But whether this judgment is valid in coastal seas and how the validity is affected
by air mass transport history have been less discussed. Based on multi-year observations of aerosol MSA in
the coastal East China Sea (ECS) and the Gulf of Agaba (GA), as well as the analysis of air mass transport
pattern and exposure to ocean surface phytoplankton biomass, we found that terrestrial sources made a
non-negligible contribution to MSA over the ECS but not over the GA. The abundant MSA in winter over
the coastal ECS was likely associated with substantial emissions of volatile organic sulfur compounds
from both anthropogenic and natural sources in eastern China and significant terrestrial transport
influenced by the East Asian Monsoon. Good correlations between aerosol MSA and air mass exposure

to surface phytoplankton biomass were established by removing the influence of terrestrial transport

and confining the air transport height within boundary layer, which makes it possible to construct
parameterizations for obtaining the spatiotemporal distributions of marine biogenic aerosol components
using satellite ocean color datasets.

1. Introduction

Marine biogenic sources contribute substantially to atmospheric gaseous and particulate components and
exert significantly environmental and climatic effects (Carpenter et al., 2012; O'Dowd et al., 2004). Ocean
organism-derived dimethyl sulfide (DMS) is the largest natural source of sulfur-containing gases emitted
to the atmosphere (Watts, 2000), which can be oxidized and transformed into sulfate aerosols and thereby
impact the cloud condensation nuclei (CCN) and downward radiation over the ocean (Barnes et al., 2006;
Charlson et al., 1987). A part of DMS will be oxidized to form methanesulfonic acid/methanesulfonate
(MSA) by both gaseous and aqueous phase reactions in the atmosphere (Barnes et al., 2006; Hoffmann
et al., 2016). MSA is one of the most abundant secondary organic aerosol (SOA) components in marine
environment, and its ratio to non-sea-salt SO~ (nss-SO,*") ranges from less than 1072 to near 1 (Bates
et al., 1992; Facchini et al., 2008; Gondwe et al., 2004). Thermodynamic calculation and global modeling
have shown that MSA in the atmosphere also plays a potential role in the formation and growth of aerosols
(Bork et al., 2014; Hodshire et al., 2019; Zhao et al., 2017).

The more vital role of MSA in atmospheric chemistry research is being used as a tracer for marine bio-
genic sources (Savoie et al., 2002), because it is generally considered to be solely from the biogenic DMS
over the ocean. For example, the concentration of biogenic SO,* is usually estimated by multiplying MSA
concentration by the nss-SO,*/MSA ratio measured in the pristine marine atmosphere (Gao et al., 1996;
Park et al., 2017; Savoie & Prospero, 1989; Zhang et al., 2014) or calculated by a temperature-dependent
function (Bates et al., 1992; Mihalopoulos et al., 2007; Nakamura et al., 2005; Yang et al., 2009). However,
the quantitative relationship between MSA and biogenic SO >~ depends on the oxidation pathway of DMS,
which is influenced by many factors in addition to temperature, such as DMS oxidants, relative humidity,
vanadium in aerosols, and cloud cover (Barnes et al., 2006; Gaston et al., 2010; Hoffmann et al., 2016; Huang
et al., 2015; Sorooshian et al., 2015). Moreover, recent studies have pointed out that aerosol MSA may not
be chemically stable under the exposure of high concentration of OH radical due to heterogenous oxidation
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(Kwong et al., 2018; Mungall et al., 2017). Therefore, considerable caution should be taken when using MSA
as a quantitative tracer.

In contrast to a large amount of studies exploring the chemical pathways of MSA, its sources have drawn
little attention yet. The uniqueness of marine biogenic source for aerosol MSA over the ocean is still gener-
ally accepted (Mungall et al., 2017). However, it should be noted that the precursors of MSA (DMS, dime-
thyl disulfide (DMDS), dimethyl sulfoxide, etc.) can also be derived from terrestrial sources including tree
emission (Vettikkat et al., 2020), biomass burning (Meinardi, 2003), salt marsh emission (Dacey et al., 1987;
Wang & Wang, 2017) and anthropogenic sources such as pulp and paper industry, manure, and rayon/
cellulosics manufacture (Giri et al., 2015; Lee & Brimblecombe, 2016; Zang et al., 2017). For example, it has
been estimated that the vegetation and soil contribute 3,470 and 868 Gg S a™! of DMS and DMDS, and the
estimated global fluxes from pulp and paper industries were 1,462 and 273 Gg S a™* for DMS and DMDS,
respectively (Lee & Brimblecombe, 2016). The contribution of terrestrial sources to total emissions of DMS
and DMDS is approximate 21% on a global scale (Lee & Brimblecombe, 2016). High concentrations of
MSA have been observed in inland areas of China, which were primarily from anthropogenic sources or
soil emission (Li et al., 2021; Yuan et al., 2004). Additionally, the size distribution of MSA mainly in fine
particles suggests that it may be transported over a long distance (Jung et al., 2014; Kerminen et al., 1997;
Sorooshian et al., 2015). Therefore, terrestrial sources may have a non-negligible contribution to the aerosol
MSA over coastal seas, but this issue has not been thoroughly studied.

Coastal seas are significantly affected by atmospheric transport from adjacent continent. Meanwhile, they
often appear strong biological activities and subsequently high emissions of DMS and other biogenic com-
ponents (Spracklen et al., 2008; Yang et al., 2015), which may greatly affect aerosol formation and prop-
erties. It is necessary to differentiate between land- and ocean-derived MSA and unravel the influence of
marine biogenic sources on aerosol components in these regions. A good correlation between MSA and sea
surface phytoplankton biomass can be the evidence for predominant influence of marine biogenic source
on MSA, since ocean-derived DMS is a degradation product of dimethylsulphoniopropionate (DMSP) pre-
dominantly synthesized by phytoplankton (Bullock et al., 2017; Sunda et al., 2002).

In this paper, aerosol MSA concentrations and seasonal variations were characterized based on multi-year
observations at two coastal sites, Huaniao Island of the East China Sea and the Gulf of Agaba in Red Sea.
Combined with the satellite remote-sensing chlorophyll a (Chl-a) concentrations, meteorological data, and
air mass backward trajectories, we revealed the factors influencing MSA concentrations and identified the
dominant sources of MSA at different sites and seasons. Based on these results, we established good corre-
lations between MSA and surface phytoplankton biomass by removing the influence of terrestrial input and
confining air transport height within boundary layer, which would be very useful for exploring the linkage
between lower atmosphere and surface ocean, obtaining the spatiotemporal distribution of marine biogenic
aerosols and exploring their climate effects.

2. Materials and Methods
2.1. Sampling and Chemical Analysis

Huaniao Island (HNI, 30.86°N, 122.67°E) is located in the coastal East China Sea (ECS) east to the Yangtze
River Estuary (YRE) with humid climate. The ECS is a eutrophic sea and has high phytoplankton bio-
mass, while YRE is one of the most densely populated regions in the world with enormous anthropogenic
emissions to the atmosphere (Figure 1). By contrast, the Gulf of Aqaba (the GA, 29.52°N, 34.92°E) is an
oligotrophic sea surrounded by the deserts of Arabia, Sinai, Sahara and Negev with low rainfall (~30 mm
per year) and relatively low population density (Chen et al., 2007) (Figure 1). Total suspended particles
(TSP) were collected at HNI from 2013 to 2018 and in the GA from 2003 to 2005 using high-volume parti-
cle samplers with sampling durations of several hours to 3 days. The samples were stored at —20°C prior
to further analysis. Detailed information about totals of 385 and 96 samples collected respectively at HNI
and the GA is listed in Table 1. Water soluble ions (MSA, SO42‘, Nat, etc.) were extracted using deion-
ized water and analyzed by ion chromatography (DIONEX ICS-3000 for HNI samples and DIONEX DX-
500 for the GA samples) generally within 6 months after the sampling. The detailed sampling procedure
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Figure 1. Locations of Huaniao Island and the Gulf of Aqaba (green triangles) with the background of spatial distribution of average chlorophyll a
concentrations during 2000-2018 (Terra-MODIS) and population density in 2015 (gridded population of the world, version 4: Population density, revision 11)

(Center for International Earth Science Information Network - CIESIN - Columbia University, 2018).

and chemical analysis were presented in previous studies (Chen et al., 2007; Wang et al., 2016). The mass
concentration of nss-SO,* (|nss-SO,*|) was calculated using Na* as the indicator of sea salt aerosol

([nss - so?;] - [so?; ] - 0.251[Na*]) (Claeys et al., 2017).

Table 1
Sampling Periods and Number of Samples at HNI and the GA

Sampling site Sampling period Season Number of samples

HNI March 22 to April 19, 2013 Spring 19
July 18 to August 11, 2013 Summer 24
October 20 to November 13, 2013 Autumn 23
December 22, 2013 to January 14, 2014 Winter 22
December 28, 2014 to January 19, 2015 Winter 21
March 29 to May 5, 2015 Spring 36
August 4 to August 23, 2015 Summer 19
October 21 to November 15, 2015 Autumn 25
December 30, 2015 to January 19, 2016 Winter 20
July 22 to August 17, 2016 Summer 26
October 24 to December 1, 2016 Autumn 33
March 11 to March 19, 2017 Spring 8
June 21 to July 9, 2017 Early summer 18
August 28 to September 12, 2017 Late summer 13
January 2 to January 25, 2018 Winter 19
April 2 to May 3, 2018 Spring 31
October 25 to November 22, 2018 Autumn 28

The GA August 20, 2003 to November 22, 2004 One-year period 60
May 5 to September 11, 2005 Spring, summer 36

GA, Gulf of Aqaba; HNI, Huaniao Island.
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2.2. Air Mass Backward Trajectories and Attribution of Air Mass Source Regions

Air mass backward trajectories were calculated using the National Oceanic and Atmospheric Adminis-
tration (NOAA) Air Resources Laboratory's Hybrid Single-Particle Lagrangian Integrated Trajectories
(HYSPLIT) model (https://ready.arl.noaa.gov/HYSPLIT.php) (Stein et al., 2015) with the starting height at
100 m and a total run time of 72 h. National Centers for Environmental Prediction (NCEP)'s Global Data
Assimilation System (GDAS) Archive (1° X 1°) was used in the trajectory calculation for HNI (ftp://arlftp.
arlhg.noaa.gov/pub/archives/gdas1). NCEP/National Center for Atmospheric Research (NCAR) Global Re-
analysis Data Archive (2.5° X 2.5°) (ftp://ftp.arl.noaa.gov/pub/archives/reanalysis) were used for the GA be-
cause the time coverage of GDAS data set only date back to December 2004. There are a total of 73 endpoints
(including the receptor site) with the interval of 1 h along the entire 72-h trajectory. The meteorological
parameters including temperature, relative humidity (RH), boundary layer height (BLH) and wind speed at
each endpoint were also extracted from GDAS data set. In order to determine the main source regions of air
masses transported to HNI and the GA during the sampling periods, we counted the number of endpoints
of all trajectories (released every 3 h) in each 0.2° x 0.2° grid cell in the areas adjacent to HNI (10-65°N,
75-145°E) and the GA (22-50°N, 10-45°E) and normalized the non-zero endpoint numbers for all grid cells.
The higher density of trajectory endpoints indicates the higher frequency that air masses cross the region,
which is very likely to be the main source region during the sampling period.

2.3. Retention of Air Masses Over Land and Within Marine Boundary Layer

In order to identify whether an air mass was mainly from oceanic or terrestrial region, the retention ratio of
the air mass over land (R,) was calculated by Equation 1.

Iy

ZZland e’wz
Ry = ==——0p @

N 7y
Notal 72
Zl =1 4

where N,

o 1S the total number of trajectory endpoints. N,

ana 1S the total number of tr?jectory endpoints

located over land, while ¢, is the backward tracking time with the unit of hour and ¢ 7 is the weighting
factor related to tracking time as the diffusion of air mass and deposition of particles take place along the
transport, hence the regions corresponding to longer backward tracking time have weaker influence on
the receptor site than the nearby regions. As a result, the larger R, value indicates that the air mass is more
influenced by terrestrial transport and its source region is more likely to be on land. The schematic diagram
of R, calculation is shown in Figure S1 in the Supporting Information S1. Similar methods to characterize
air mass source region have been used in other studies. For example, Willis et al. (2017) have used the FL-
EXPART-WRF model to calculate the average residence time of sampled air masses over open water prior to
a sampling site in the Arctic. Similar method has also been used in calculating the percentage of time spent
by trajectories over different surface types (land, marginal ice zone, compact sea-ice, and open ocean) in the
Antarctic (Decesari et al., 2020).

When the air mass is above marine boundary layer (MBL), its connection to local sea surface processes,

including marine biogenic emission and subsequent atmospheric reactions, may be significantly weaker.

Here the retention ratio of an air mass within marine boundary layer (R, ) was calculated by Equation 2.
i

Z(\/:below 6772
Ry = '17[’ )

Z Nocean e - 72
i=1

Here, N,.., is the total number of trajectory endpoints located over the ocean (referred to marine end-
points). Ny, is the number of marine endpoints with the heights below BLH (Figure S1 in the Support-
"

i

ing Information S1). e 7 is the weighting factor related to tracking time. The larger R . values indicate
that the movement of air over the ocean are mainly confined within marine boundary layer.
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2.4. The Calculation of Air Mass Exposure to Chl-a

An air mass exposure to Chl-a (AEC) index can represent the influence extent of marine biogenic emission
on sampled air mass. It has been used to analyze the relationships between phytoplankton biomass and
volatile organic compounds (VOCs) (Arnold et al., 2010), trace elements deposition (Blazina et al., 2017),
and atmospheric DMS (Park et al., 2018) in various environments. This approach is based on a simple tenet
that the emission of a biogenic compound should be positively related to the surface phytoplankton biomass
in the surrounding area of air transport path. Although several studies have pointed out that Chl-a is not
directly correlated with atmospheric components as plankton physiology or other physiochemical states
of surface oceans control the production and emission of biogenic gases or aerosols (Quinn et al., 2014;
Simo & Pedros-Alio, 1999), Chl-a is still a good proxy in this study because field observations revealed that
seawater DMS concentrations usually highly correlated with Chl-a in coastal seas (Yang et al., 2011; Zhang
et al., 2014). In addition to emission intensity, the BLH greatly affects the vertical convectional mixing and
concentrations of atmospheric substances in boundary layer (Tang et al., 2016). Hence, in this study, we
modified the calculation of AEC index on the basis of Park et al. (2018) by adding a term reciprocal to BLH.
The AEC for each trajectory was calculated using Equation 3.

’!
2 Chlaye 7 200 3)
AEC = BLH

n

Here Chlg, represents the mean Chl-a concentration within a radius of 20 km at a given endpoint (Figure
S1 in the Supporting Information S1) from Terra-MODIS Chl-a concentration products (OCI algorithm,
8-day composite, 0.042° x 0.042°, https://oceandata.sci.gsfc.nasa.gov/MODIS-Terra/Mapped/8-Day/4km/
chlor_a/). Chlg; is set to zero if the endpoint locates on land or the air mass pressure is below 850 hPa. If
no MODIS Chl-a concentrations are available at the endpoint over the ocean and with the pressure higher
than 850 hPa, this endpoint will be excluded. ¢ is the tracking time of endpoint. n is the total number of
endpoints with valid Chl-a concentrations. The BLH below 50 m will be replaced by 50 m. In order to avoid
the large uncertainty associated with largle percentage of data missing, the AECs of trajectories with n < 37

i

were not calculated and set to invalid. e 72 is the weighting factor related to tracking time. The AEC corre-
sponding to each TSP sample was calculated as the arithmetic average of AECs of all trajectories during the
sampling duration (released every 3 h). Considering the different time resolutions between MODIS Chl-a
products (8 days) and calculated backward trajectories (3 h), we compared the AEC indices calculated using
MODIS products with those calculated using Geostationary Ocean Color Imager (GOCI) Chl-a products
binned to 1-day resolution (details shown in the Supporting Information S1). The AEC values based on the
two satellite products agree quite well (Figure S2 in the Supporting Information S1), suggesting that using
8-day MODIS products is credible.

3. Results and Discussion

3.1. Concentrations and Seasonal Variations of MSA

Large seasonal and inter-annual variations of MSA and nss-SO > concentrations were observed over HNI.
The highest seasonal average concentrations of MSA (0.067 g m~3) and nss-SO,* (13.26 g m~>) occurred
in the spring and winter of 2015, respectively, while the highest average MSA/nss-SO,* (0.014) took place
in the late summer of 2017 and spring of 2018 (Figure 2a). The average MSA concentration ([MSA|) during
2013-2018 over HNI (0.040 + 0.034 ug m~>) was in the same order of magnitude as those measured in the
middle- and low-latitude open oceans, but the average |nss-SO,*| (7.39 + 5.43 g m~>) was an order of
magnitude higher, which was only slightly lower than those of coastal cities in eastern China (Figure 2d
and Table S1 in the Supporting Information S2). This gives a basic understanding that the atmospheric
environment in the coastal ECS is significantly affected by the terrestrial transport of anthropogenic pol-
lutants, which was consistent with a large part of the air mass source regions located on land (Figure 3).
As for inter-annual variation, the average |nss-SO,*| from 2013 to 2015 was 2.38 times as much as the av-
erage from 2016 to 2018. The sharp decline is likely to be resulted from China's effective pollution control
and abatement in recent years, especially the obvious reduction of point source SO, emissions (van der A
et al., 2017; Zheng et al., 2018). [MSA| also showed a decrease but the trend was milder, and the average
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Figure 2. (a) Concentrations of methanesulfonate (MSA) and nss-SO,*" and ratios of MSA to nss-SO,>” (MSA/nss-SO,>) over Huaniao Island (HNI) in each
sampling season. The box chart demonstrates 25%-75% percentile with whiskers representing the range of outlier. Horizontal line in box represents the median.
The meanings of other symbols are shown as below: “~” minimum and maximum; “x”1% and 99%; “[]” mean. (b) Seasonal variations of MSA and nss—SOAZ’
concentrations as well as MSA/nss-SO,* over HNI. (¢) Time series of MSA concentration over the GA. The red diamond represents monthly mean and error bar
represents standard deviation. (d) Comparison of average MSA and nss-SO,?- concentrations over HNI and the GA with those reported in previous studies. The
detailed information of the data shown in this figure and literature sources are listed in Table S1 in the Supporting Information S2.
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Figure 3. Spatial distributions of normalized numbers of air mass trajectory endpoints for Huaniao Island and the Gulf of Agaba during the sampling periods,
representing the distribution of main source regions for air masses transported to receptor sites.

ratio of MSA/nss-SO 2~ during 2016-2018 was 1.36 times higher than that during 2013-2015. The average
[MSA] (0.018 + 0.010 ug m~) over the GA was much lower than that over HNI, corresponding to the
relatively low ocean productivity. Although terrestrial transport also significantly influences the GA (Fig-
ure 3), the lower [nss-SO,*] (3.20 = 1.25 pug m~3) than HNI suggested that anthropogenic emissions from
surrounding land should be much lower than eastern China.

As shown in Figure 2b, [nss-SO, >] was the highest in winter (10.33 + 7.09 ug m—3) and the lowest in summer
(5.88 £4.19 ug m~3). This is consistent with previous studies, and the higher pollutant emissions and prevail-
ing northwesterly winds in winter result in the highest [nss—SO42*J (Sunet al., 2015; Wang et al., 2015, 2016).
[MSA] was the highest in spring (0.056 + 0.043 ug m3), followed by winter (0.042 + 0.040 ug m~3), and the
lowest in summer and autumn (0.037 + 0.023 and 0.027 + 0.021 ug m3, respectively). Differently, MSA/
nss-SO,2~ was much higher in spring and summer than in autumn and winter (P < 0.001). The seasonal
variation of [MSA] is significantly different from those of other mid-latitude regions of the world. Observa-
tions in the Eastern Mediterranean from 1996 to 1999 showed that [MSA| was the highest in summer and
the lowest in winter, which was consistent with the seasonal variation of DMS emission flux (Kouvarakis
et al., 2002; Kouvarakis & Mihalopoulos, 2002; Kubilay et al., 2002). In addition, long-term observations
in Cape Grim, Tasmania from 1988 to 1990 (Ayers et al., 1991), and Mace Head, Ireland from 1993 to 1994
(McArdle et al., 1998) also showed similar results. In surrounding marginal seas, seawater DMS concen-
tration and DMS emission flux were found to be two to three times higher in summer than those in winter
(Yang et al., 2011). The reason for mismatch between the seasonal variation of [ MSA| and marine DMS
emission needs to be carefully studied. In contrast, [MSA] over the GA exhibited a typical seasonal cycle
like other mid-latitude oceans, which was the highest in summer and the lowest in winter (Figure 2c).
Therefore, marine biogenic sulfur emission was likely an important factor controlling MSA over the GA.

The formation and loss of aerosol MSA are affected by many environmental factors. The oxidation of
DMS involves both gas- (with OH, NO,, reactive halogens, etc.) and aqueous-phase reactions (Hoffmann
et al., 2016), and different reaction pathways will lead to different product structures. Recent studies have
found that aqueous-phase oxidation is the main formation pathway of aerosol MSA (Hoffmann et al., 2016;
Van Rooy et al., 2021; Zhu et al., 2006), and the cloud processing can greatly increase the yield of MSA. For
example, significant positive relationship has been observed between [ MSA] and particle liquid water con-
tent over the coastal city Hong Kong (Huang et al., 2015), and both [MSA| and MSA/nss-SO,?" have been
found much higher in cloud water than in submicron particles over the coastal areas of western United
Sates (Sorooshian et al., 2015). The mean RH along each trajectory was calculated and then averaged to each
TSP sample (RH_traj). As shown in Figure 4a, the RH_traj over HNI was the highest in summer and the
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Figure 4. (a-d) Seasonal variations of averaged meteorological parameters along trajectories including (a) relative humidity, (b) temperature, (c) boundary
layer height (harmonic mean) and (d) wind speed (along trajectories over oceanic region only) for each sample collected at Huaniao Island (HNI). (e and f)
Seasonal variations of Nat and NO,~ concentrations over HNI. The box chart demonstrates 25%-75% percentile with whiskers representing the range of outlier.
The horizontal line and circle in box represent the median and mean respectively, and the markers “x” represent 1% and 99%.

lowest in winter with an average of 77.2% and 53.7%, respectively. Therefore, the intensity of aqueous-phase
oxidation of DMS cannot explain the phenomenon of higher [MSA] in winter than in summer.

The initial reaction step of DMS with OH is a two-channel mechanism involving hydrogen abstraction and
OH addition, and the latter channel will lead to a higher yield of MSA (Barnes et al., 2006; Bates et al., 1992).
In ambient temperature range, the overall reaction rate coefficient for OH + DMS and the branching ratio
of addition channel both increase with the decrease of temperature (Figure S4 in the Supporting Informa-
tion S1) (Barnes et al., 2006; Gondwe et al., 2004; Hynes et al., 1986). Therefore, the amplification of addition
channel and the subsequent higher yield ratio of OH initiated formation of MSA under low temperature
conditions (Figure 4b) may be one of the reasons leading to higher [MSA] in winter than in summer over
HNI. In addition, due to the potential oxidation loss of particulate MSA by OH radical (Kwong et al., 2018;
Mungall et al., 2017), the higher concentration of atmospheric OH in summer may also cause lower [ MSA|.

Several previous studies have indicated that NO, radical is equally or even more important than OH in
oxidizing DMS over coastal regions under the influence of anthropogenic NO,. For example, the measure-
ments off the New England Coast (the mean NO, concentration was 4 ppbv) demonstrated that there was
an anticorrelation between NO, and DMS concentrations (Stark et al., 2007). A long-term observation on
the north coast of Crete, eastern Mediterranean showed that the DMS oxidation by N 0, was 2.7 and 8.5
times as effective as that by OH in summer and winter, respectively (Vrekoussis et al., 2006). Although NO,
radical has not been directly measured, the concentration of NO~ over HNI were measured (Figure 4f) and
NO, over adjacent monitoring stations (Dinghai, Putuo and Chuansha, Figures S5 and S6, in the Support-
ing Information S1) were obtained, and they all exhibited a significant seasonal cycle, that is, the highest
in winter and the lowest in summer. Accordingly, the importance of NO, relative to OH oxidation may in-
crease in winter like over the eastern Mediterranean. The dominantly initial step of gas-phase DMS + NO,
reaction is hydrogen abstraction, which leads to a higher end-product yield of SO~ than MSA (Barnes
et al., 2006). Hence the gas-phase chemistry of DMS + NO /NO, may not be the cause of the abnormal
seasonal variation of MSA over HNI.
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Reactive halogens, such as BrO and Cl radicals, are also important DMS oxidants in MBL. But the modeling
study has revealed that their contributions to DMS oxidation over coastal seas are likely to be insignificant,
in competition with NO, and OH (Breider et al., 2010). Furthermore, the knowledge of reactive halogens
over this region is still quite limited due to the lack of field observations and the strong influence of terres-
trial sources (Peng et al., 2021; Wang et al., 2020). Hence the potential roles of reactive halogens in the MSA
formation are not further discussed.

In addition to chemical processes, physical conditions may also greatly influence the MSA concentration
in MBL, such as BLH controlling the dispersion of atmospheric constitutes (Li et al., 2017) and wind speed
affecting the sea-to-air flux of DMS (Liss & Merlivat, 1986; Wanninkhof, 1992). As shown in Figure 4c, the
average BLH along trajectories (BLH_traj, harmonic mean of BLH at each trajectory endpoints for a specific
sample) was the lowest in winter (227 m), which was only about half of the average BLH_traj in summer
(440 m) (Figure 4c). Besides, [MSA] and |nss-SO,?"] were found to be negatively correlated with BLH_ traj
(Figure S7 in the Supporting Information S1). This indicates that the weaker ventilation along air mass
transport could elevate [MSA| in winter, and it further emphasizes the necessity of adding BLH into the
AEC index calculation.

The seasonal averages of wind speed along marine trajectories (WS_traj_ocean) for HNI were 6.65, 5.56,
7.04 and 6.65 m s7! in spring, summer, autumn and winter, respectively (Figure 4d). Similarly, the average
concentration of sea-salt aerosols (proxied by Na*) was also the highest in autumn and the lowest in sum-
mer (Figure 4e). In addition, [Na*] was found to be significantly correlated with WS_traj_ocean (r = 0.72),
but its correlation with the local wind speed at HNI was much weaker (r = 0.43) (Figure S8 in the Support-
ing Information S1). This suggested that the WS_traj ocean was a better index of marine primary emis-
sion than local wind speed at the receptor site. By contrast, there was no correlation between [MSA| and
WS_traj_ocean at HNI (Figure S8 in the Supporting Information S1). Similarly, no seasonal covariation was
found between the above two variables at the GA (Figure S3 in the Supporting Information S1). Thus, wind
speed was not a primary factor causing the seasonal variation of MSA though it could greatly influence the
emission of oceanic DMS.

3.2. Dominant Source Regions of MSA in Different Seasons

The above section discussed several possible reasons of the abnormal seasonal variation of MSA at HNI, but
it cannot clarify whether wintertime MSA was derived from marine sources. The R, reflects the influence
of terrestrial sources on aerosol composition. In HNI, the R, values corresponding to summer samples were
mostly distributed at low levels with 38.0% equal to zero and 76.0% lower than 0.1 (Figure 5a). By contrast,
the R, values in winter were much higher, of which 43.9% were greater than 0.5. Moderate R, values were
found in spring and autumn with the average R higher in autumn (0.33) than in spring (0.24). The seasonal
pattern of R, values reveals the increasing influence of terrestrial transport on the coastal ECS from summer
to winter, under the transition of prevailing wind directions of East Asia Monsoon. When selecting samples
mainly from the ocean with little perturbation by terrestrial sources (R, < 0.1), [MSA| showed a seasonal
variation as spring > summer > autumn > winter (Figure 5b). Therefore, the high concentrations of win-
tertime MSA were very likely not to be contributed by marine sources.

It should be noted that MSA is mostly distributed in fine particles with a lifetime of several days (Jung
et al., 2014; Kerminen et al., 1997; Sorooshian et al., 2015), and therefore it is reasonable to relate the MSA
concentrations measured in TSP with the indexes calculated on the basis of 72-h trajectories of air masses.
As shown in Figure 6, negative correlations between MSA/nss-SO,*” and R, were observed in spring and
summer, consistent with the general understanding that MSA is mainly from the ocean while nss-SO,* is
mainly from the terrestrial anthropogenic sources. In autumn, there was no obvious correlation between
these two variables. Unexpectedly, there was a significant positive correlation between MSA/nss-SO,>” and
R, in winter, which meant the value of MSA/nss-SO,>" was higher in air masses originating from the land
than from the ocean. The intercept of linear fitting for wintertime data is 0.00138 + 0.00046. If we use this
value as the end member value of marine air masses, we can approximate the concentration of marine MSA
by multiplying [nss-SO,*| by this value. As a result, the average concentration of marine MSA in winter was
0.014 + 0.005 pug m3, accounting for only 34.0 + 11.3% of total MSA (more than half from terrestrial sourc-
es). Considering the deposition of marine MSA during transport and the higher concentration of nss-SO,>-
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over the land than that over the sea, the ratio of marine MSA to nss-SO 42’ was lower than 0.00138 + 0.00046
when affected by terrestrial air masses. Therefore, the actual marine biogenic contribution to aerosol MSA
was likely to be even lower than abovementioned estimation. This phenomenon suggested that wintertime
MSA over HNI could be strongly contributed by terrestrial sources from eastern China. While in spring and
summer, MSA was predominantly from the ocean; and in autumn, it could be derived from the mixture of
both terrestrial and marine sources. As for the GA, a significantly negative correlation was found between
MSA/nss-SO,* and R, (Figure S9 in the Supporting Information S1), suggesting that aerosol MSA was pre-
dominantly derived from marine sources in accordance with its annual cycle.

3.3. Linkage to Marine Phytoplankton Biomass

AEC can serve as an indicator of the strength of marine biogenic sources affecting the components in at-
mospheric aerosols. In general, the AEC at HNI is significantly higher in spring and summer than in other
two seasons (Figures S10 and S11 in the Supporting Information S1). The average values in four seasons
are: 2.78 + 4.53 mg m™ in spring, 1.77 £ 1.86 mg m> in summer, 0.45 + 0.33 mg m —3 in autumn, and
0.43 + 0.66 mg m™3 in winter. Extremely high AEC values (>10 mg m~3) occurred in the spring of 2015
and early summer of 2017 with low R, (< 0.1). The seasonal variation of AEC is in accordance with that of
[MSA] in the samples corresponding to air masses mainly from the ocean (Figure 5b).

The correlations between [MSA| and AEC under different conditions were investigated. As shown in Fig-
ure 7a, R significantly affected their correlations in HNI, and high correlation coefficients were found
under extremely low level of R . This indicated that MSA was linked to marine biogenic sources when air
masses were solely transported from the ocean. Significant contribution of terrestrial sources could inter-
fere with the linkage between MSA and marine productivity. As for the GA, R, showed little effect on the
correlation coefficients between [MSA| and AEC (Figure 7b), implying that land source contribution to
MSA was negligible.

In addition to the effect of R, the correlations between [MSA] and AEC for both HNI and the GA could be
enhanced by applying R, filtration to high levels, especially for R, > 0.9 (Figure 7). This suggested that
ocean surface emissions had a strong influence on the local chemical composition of aerosols within marine
boundary layer, but not on those above boundary layer. It highlights the importance of air transport height
in linking the atmospheric components with surface sources along the transport path. Only when marine
air mass transport mainly within boundary layer can the valid linkage be established. Therefore, the applica-
tion of spatiotemporal correlation analysis, potential source contribution function (PSCF), or concentration
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the raw data, and the colored diamonds with error bars represent the binned data according to the R, ranges in Figure 5a and their standard deviations. As
for autumn and winter, because there is only one data corresponding to R, = 0, this data is binned into the second range (0 < R, <0.1). The lines and shaded
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weighted trajectories (CW'T's) without considering R, (Mansour et al., 2020; Stahl et al., 2020) may cause
biases in identifying MSA source regions. As for HNI, it should be noted that the correlation did not improve
with the filtration of R, to higher level when R = > 0.6 under the condition of R, = 0. This is because
most of the data under the condition of R ;, > 0.6 are already in the range of R, > 0.9 (37 of 43, Figure
S12 in the Supporting Information S1).

Under the condition of R, > 0.9, significantly positive correlations between [MSA| and AEC were found
in spring and summer over HNI (Figure 7c), whereas no correlations existed in autumn and winter. As for
the GA, [MSA| was positively correlated with AEC for the two-year sampling period (Figure 7d). In conclu-
sion, the contribution of non-marine sources to aerosol MSA was insignificant in the GA and in the spring
and summer of coastal ECS, and in these situations MSA could be used as a good indicator for biological
influence.

3.4. Potential Terrestrial Sources

Industrial emissions and biomass burning are two important sources of atmospheric pollutants over east-
ern China (Bi et al., 2019; Wang et al., 2005) and are likely to emit abundant MSA precursors as men-
tioned above. Unfortunately, there is little information about the emission factor for volatile organic sulfur
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compounds from these sources. Therefore, it is difficult to estimate their emissions and relative contribution
to sulfur components in regional atmosphere.

Non-marine biogenic sources may be another important contributor to MSA precursors in eastern China.
For example, some higher plants in salt marshes, especially Spartina alterniflora, can also emit a large
amount of DMS (Dacey et al., 1987; De Mello et al., 1987). Spartina alterniflora is the main invasive plant
along the coastal wetlands of China. The total area covered by this species is 34,178 ha in China in 2006-
2008 and 94.22% of the area locates in eastern Jiangsu Province, Shanghai, and Zhejiang Province surround-
ing HNI (Lu & Zhang, 2013). A field measurement conducted in a salt marsh in Jiangsu has found that the
emission flux of DMS by Spartina alterniflora is much higher in winter (297.0 + 24.8 ugS m=2 h™) than in
other seasons, resulting from higher DMSP lyase activity in senescing tissue in winter (Wang & Wang, 2017).
This flux value is about 32-70 times the average sea-to-air flux of DMS from the ECS and the Yellow Sea (YS)
(4.25-9.32 ugS m™2 h') measured in January to February, 2007 (Yang et al., 2011). Therefore, the contribu-
tion of DMS emitted by Spartina alterniflora is nonnegligible, especially for offshore areas close to coastal
wetlands like HNI. In addition, a recent study pointed out that DMS is also ubiquitous in freshwater lakes
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in eastern plain of China, with the concentration ranging from 7.8-694 ng L™ (Deng et al., 2020). DMS can
also originate from paddy soil by anaerobic microorganism degradation and the emission will be higher
when organic manure and chemical fertilizer are both applied (Yang et al., 1996).

In conclusion, there are significant emissions of MSA precursors from both anthropogenic and natural
sources in eastern China. Together with high DMS-to-MSA yield ratio under low temperature and weak
ventilation under low BLH in winter, abundant aerosol MSA is formed and then transported to marginal
seas by East Asian winter monsoon, which makes a dominant contribution to MSA in marine aerosols. The
results highlight the need to characterize MSA precursor emissions from terrestrial environments, their
distributions, seasonalities, and their impacts on marine aerosol physicochemical properties. The signifi-
cant contribution of terrestrial sources to MSA could also explain the slight inter-annual decreasing trend
of MSA over HNI as shown in Figure 2a. With the on-going air pollution control, the anthropogenically
derived MSA may have been decreasing like nss-SO,*, but the amount of MSA derived from natural sources
may remain stable. Therefore, the overall MSA exhibited a decrease during 2013-2018, but the decreasing
trend was slighter than nss-SO>". Correspondingly, the ratios of MSA to nss-SO > showed an increasing
trend. In the future, with the further decline of anthropogenic air pollutants in China, natural components
originating from both marine and terrestrial biogenic sources will play more and more important roles in
the atmospheric chemistry. As for the GA, the relatively low population density, extremely arid climate, low
intensity of agricultural activity, and lack of lakes and coastal wetlands in its surrounding continent result
in that terrestrial DMS emissions from both anthropogenic and natural sources are negligible.

4. Conclusions

We obtained long-term observational data of MSA and nss-SO 2 in aerosols over two distinct coastal sites.
MSA over the GA, surrounded by arid land with low vegetation coverage and population density, exhibited a
typical seasonal cycle as mid-latitude oceans (highest in summer and lowest in winter). Although the emis-
sion of DMS from adjacent marginal seas is much higher in summer than that in winter (Yang et al., 2011),
MSA concentration over HNI was higher in winter. The accumulation of aerosols under low boundary layer
and high conversion rate of DMS to MSA under low temperature conditions may play roles in causing this
abnormal seasonal variation, but they cannot clarify where the wintertime MSA originated. By analyzing
the relationships between MSA, nss-SO 42’, and R;, we found that ocean-derived MSA contributed less than
34.0% of total MSA over HNI in winter. Therefore, MSA precursors from terrestrial sources, including both
anthropogenic and natural emissions, were the dominant contributors to wintertime MSA. Due to the sub-
stantial influences of terrestrial MSA sources, the correlation between MSA and AEC was greatly affected
by the level of R,. This phenomenon was absent in the GA, suggesting that there was no terrestrial MSA
sources around it. In addition, we found that the linkage between MSA and phytoplankton biomass was
valid only when air masses were mainly constrained within MBL. By applying the filtration of R, to great-
er than 0.9, MSA was significantly correlated with AEC in spring and summer over HNI, but not in autumn
and winter. Therefore, in the spring and summer of coastal ECS, MSA is still predominantly derived from
marine biogenic sources and can serve as a qualitative indicator for marine biological influence.

In conclusion, air mass history needs to be carefully considered when using MSA as an indicator for marine
biogenic sources in coastal seas especially near urban/industrial centers or certain biogeographic zones
with great emission flux of MSA precursors. Good correlations between atmospheric MSA and surface phy-
toplankton biomass were established by filtration for clean marine air masses and confining the air trans-
port within marine boundary layer. This approach can be used to link other marine biogenic compounds in
the atmosphere (like amines (Zhou et al., 2019), hydrocarbons, and other secondary and primary organic
compounds (Gantt & Meskhidze, 2013; Palmer & Shaw, 2005)) to sea surface phytoplankton, which is very
useful for construct parameterizations to obtain their spatiotemporal distributions using satellite ocean
color datasets.
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