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Abstract

Marine biological activities make substantial influences on aerosol composition and properties. The eastern China seas are
highly productive with significant emissions of biogenic substances. Air mass exposure to chlorophyll a (AEC) can be used to
indicate the influence of biogenic source on the atmosphere to a certain degree. In this study, the 12-year (2009-2020) daily AEC
were calculated over the eastern China seas showing the spatial and seasonal patterns of marine biogenic influence intensity
are co-controlled by surface phytoplankton biomass and boundary layer height. The AEC was linearly correlated with aerosol
methanesulfonate (MSA) in each of three sub-regions, and the constructed parameterization scheme was applied to simulate
the spatiotemporal variation of marine biogenic MSA. This AEC-based approach with observation constraints provides a new
insight into the distribution of marine biogenic aerosols which may become increasingly important with the decline of terrestrial

input to the studied region.
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Key Points:

e Air mass exposure to chlorophyll (AEC) is a good indicator for the influence extent of
marine biogenic emission on atmospheric environment

e Variation of AEC over the eastern Chin seas is co-controlled by surface chlorophyll a and
boundary layer height

e AEC-based parameterization provides a new insight into simulating the distribution of
marine biogenic aerosols
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Abstract

Marine biological activities make substantial influences on aerosol composition and properties.
The eastern China seas are highly productive with significant emissions of biogenic substances.
Air mass exposure to chlorophyll a (AEC) can be used to indicate the influence of biogenic
source on the atmosphere to a certain degree. In this study, the 12-year (2009-2020) daily AEC
were calculated over the eastern China seas showing the spatial and seasonal patterns of marine
biogenic influence intensity are co-controlled by surface phytoplankton biomass and boundary
layer height. The AEC was linearly correlated with aerosol methanesulfonate (MSA) in each of
three sub-regions, and the constructed parameterization scheme was applied to simulate the
spatiotemporal variation of marine biogenic MSA. This AEC-based approach with observation
constraints provides a new insight into the distribution of marine biogenic aerosols which may
become increasingly important with the decline of terrestrial input to the studied region.

Plain Language Summary

Marine organisms can generate trace gases contributing to the formation and growth of
atmospheric aerosols and thereby affect the climate. Along with the great reduction of air
pollutants in China and weakening of East Asian winter monsoon, atmospheric transport of
substances from mainland to the eastern China seas has declined significantly over the past
decade. Accordingly, marine biogenic aerosols become increasingly important, which have not
yet been well investigated. In this study, the air mass exposure to chlorophyll a (AEC) index
representing the influence of marine biogenic source on the air was calculated over the eastern
China seas during 2009 to 2020 based on air mass backward trajectories and surface chlorophyll
retrieved from satellite images. The AEC values declined from the northwest to southeast region
and were especially prosperous in spring, which was associated with the variations of surface
chlorophyll a and boundary layer height. Taking aerosol methanesulfonate (MSA, a typically
biogenic component) as a representative, we showed the capability of using the AEC and
observations to simulate the variation of marine biogenic aerosol components. This method
enables further exploration of the interaction between natural and anthropogenic aerosols and
their environmental and climatic effects.

1 Introduction

Atmospheric aerosols, originating from numerous natural and anthropogenic sources,
play critical roles in the Earth’s climate system (Pdschl, 2005). Marine biological activities can
produce and release a large quantity of organic compounds, which will make great contribution
to marine aerosols via primary emissions in the form of sea spray aerosols and secondary
formation of sea-to-air transferred gases (Carpenter et al., 2012; O'dowd et al., 2004). It has been
estimated that the global emission of marine organic carbon (OC) aerosol was around 8 Tg year !,
comparable to the magnitude of anthropogenic fossil and biofuel OC (Spracklen et al., 2008).
The impact of marine biogenic source on aerosols often closely connects to the surface
phytoplankton biomass (Mansour et al., 2020b; Rinaldi et al., 2013). For example, marine
organic matters dominate the fine-mode aerosol mass during the blooming period and inorganic
species are more important with the low-biological activities in the North Atlantic (O'dowd et al.,
2004).

The eastern China seas (Bohai, Yellow and East China seas) are adjacent to densely
populated eastern China, and the continental outflow of atmospheric pollutants may have notable
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influence on aerosols over this region (Wang et al., 2016; Xu et al., 2021). Meanwhile, they are
highly productive as a result of exogenous input of abundant nutrients, and the emissions of
biogenic substances are much larger than oligotrophic seas (Zhang et al., 2014; Zhou et al.,
2021). Several cruise and island based observations have shown the significance of marine
biogenic source to carbonaceous aerosols (Kunwar and Kawamura, 2014; Li et al., 2022) and
specific components (e.g. amines, carboxylic acids, sulfur-containing species) (Guo et al., 2016;
Hu et al., 2015; Yang et al., 2009; Zhou et al., 2019). However, the spatiotemporal dynamics of
marine biological influence on atmospheric environment and subsequent distributions of
biogenic aerosol components are still poorly understood, due partly to the scarcity of field
observation.

Air mass exposure to chlorophyll a (AEC), i.e. the weighted average concentration of sea
surface chlorophyll a (Chl a) along the transport path of air mass, is a good surrogate for the
extent to which the air mass at a specific site is affected by marine biogenic emissions (Arnold et
al., 2010; Blazina et al., 2017; Park et al., 2018). This index encompasses (1) biogenic emission
intensity proxied by surface Chl a concentration, (2) transport path characterized by air mass
backward trajectory, and (3) diffusion and loss indicated by a weighting factor related to
transport time. Zhou et al. (2021) have made improvement by adding a term reciprocal to
boundary layer height (BLH), since BLH is a critical factor controlling ventilation and thereby
concentrations of atmospheric components in the boundary layer. Based on this modified AEC
index, the linkage between marine biogenic aerosol and phytoplankton biomass can be examined
(Zhou et al., 2021). Aerosol methanesulfonate (MSA), as an important oxidation product of
oceanic organism-derived dimethyl sulfide (DMS), is traditionally considered an indicator for
marine biogenic sources (Park et al., 2017; Savoie et al., 2002; Yang et al., 2009). It is also one
of the most abundant components of secondary organic aerosol (SOA) in marine environment
(Facchini et al., 2008). Good correlations have been found between MSA and AEC in coastal
seas when removing terrestrial perturbation and constraining air transport within marine
boundary layer (MBL, (Zhou et al., 2021)).

In this study, based on air mass backward trajectories and satellite remote sensing
products, we elucidated the spatiotemporal distribution of AEC over the eastern China seas
during 2009 to 2020. These results showed how the influence extent of marine biogenic emission
on MBL aerosols varies on a regional scale, which has not been addressed before. By integrating
historical aerosol observations and AEC values, a parameterization scheme for the concentration
of marine biogenic MSA is developed. The results demonstrate the prospect of estimating
distribution of marine biogenic aerosols through an observation constrained method on the basis
of AEC index. In the end, the potential rising importance of marine biogenic emissions compared
to terrestrial transport was discussed by analyzing the decadal trend of terrestrial transport
intensity.

2 Materials and Methods

2.1 Calculation of Trajectories and Relevant Indexes

The air mass backward trajectories were calculated by Hybrid Single-Particle Lagrangian
Integrated Trajectories (HYSPLIT) model with input of Global Data Assimilation System
(GDAS) Archived (1° x 1°) meteorology dataset. The starting height was 100 m and the
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trajectory duration was 72 h. The BLH at each trajectory endpoint was extracted from GDAS
dataset.

The AEC value for a specific trajectory was calculated by Equation 1:

Niotal L 600
tota e 72
Yot Chlaje 72 BLH

AEC = : (1)
where Ngy¢q; 1S the total number of hourly endpoints (73 containing the receptor point) along
the trajectory. Chla; represents the mean Chl a concentration (Terra-MODIS 8-day composite

of Chl a concentration, 0.042° x 0.042°) within a radius of 20 km centered in the ith endpoint of
a trajectory. {i and BLH; are the tracking time (hour) and BLH (m) of the ith endpoint,

respectively. e 72 is the weighting factor related to tracking time, because the location
corresponding to longer transport time has weaker influence on the receptor site due to the
diffusion and deposition along the transport. n is the number of endpoints with valid Chl a
concentrations. The detailed calculation processes and associated data filtration rules refer to
Zhou et al. (2021).

The air mass retention ratio over land (RL), i.e. the weighted ratio of air transport time
over land to the whole duration, was calculated by Equation 2 indicating the influence of
terrestrial transport on the receptor site:

Niand e—%
R, =227 @)
Zl_tlotale 72
where Niand is the total number of trajectory endpoints located over land.

Based on aerosol observations during four cruises over the eastern China seas (Section
2.3 and Text S1), R index showed positive relationships with both typical anthropogenic metal
Cd and dust-associated metal Al (Figure S1). The average concentrations of Cd and Al for RL >
0.75 were 5.8 and 14.5 times higher than for RL < 0.05, respectively (medians were 23.6 and 16.6
times higher). These results presented the reasonability of using RL as proxy for terrestrial
transport.

In addition to AEC and RL, the harmonic mean of BLH along trajectory (BLH._traj) and
the retention ratio of air mass within MBL (RwmsL) were also calculated (Zhou et al., 2021).

2.2 Analysis of Spatiotemporal Variation

Our research domain (23—37° N, 117-130° E) includes the south Yellow Sea (YS), the
East China Sea (ECS) and part of Northwest Pacific (NP). It was divided into 145 1° x 1° grids
as shown in Figure S2. In order to reveal the spatiotemporal variations of AEC and Rv in this
region, trajectories starting from the center of each grid were calculated with an interval of 6
hours during 1 January 2009 to 31 December 2020, and a total of 17532 trajectories were
obtained for each grid. Then the R, AEC, BLH_traj (further divided to BLH L and BLH_O for
endpoints located over the land and ocean, respectively), RmeL and AEC™ (AEC index without the
BLH term) indexes corresponding to each trajectory were calculated. Empirical orthogonal
function (EOF) analysis, a widely used approach to extract the spatially and temporally varying
modes from climate variables, was used to decompose the AEC and RL monthly anomalies (144
% 145 matrixes). The principle and calculation method of EOF analysis can be found in Li et al.

(2013).
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2.3 Field Observations and Parameterization of Marine Biogenic MSA

Total suspended particulate (TSP) samples were collected by high-volume samplers in a
total of 6 cruises in the eastern China seas during 2014 to 2020. The concentrations of water-
soluble ions, including MSA, were determined by ion chromatography (IC) and trace metals
were determined by inductively coupled plasma mass spectrometry (ICP-MS). The details about
the cruise campaigns and aerosol measurements are given in Text S1 and Figure S3. Previously
reported data of aerosol MSA from 2 islands (Huaniao Island 30.9° N, 122.7° E; and Okinawa
Island 26.9° N, 128.2° E) and 8 cruise campaigns during 2009 to 2020 were also integrated for
parameterization. The detailed locations, time periods, and data sources are listed in Table S1.

The entire research domain was split into three regions (Region 1 to Region 3) based on
monthly averaged AEC dataset from 2009 to 2020 using the K-means clustering algorithm
(shown in Figure 2b). The K-means clustering divide the initial dataset into a predefined number
of subgroups by minimizing the sum of squared Euclidean distances between each data point and
the corresponding cluster centers (Beddows et al., 2014). The data match-up between AEC and
the concentration of marine biogenic MSA was performed for each region (see details in Text
S2), and the linear regression functions between two variables were obtained. Using the
parameterization scheme between MSA and AEC, the spatiotemporal distribution of marine
biogenic MSA was simulated. For grids located on the boundary, the fitting parameters were
obtained by linearly interpolating the parameters of two adjacent regions.

3 Results and Discussion

3.1 Spatiotemporal Distribution of AEC

According to previous study, the linkage between aerosol components and AEC could be
established when marine air mass transported mainly within the boundary layer (Zhou et al.,
2021). Therefore, the AEC and other indexes were filtrated by the condition of RmsL > 0.9 in this
study. The AEC generally decreased from the northwest to southeast oceanic regions with the
highest values occurring in the majority of YS and coastal ECS in April and May, and the lowest
indexes distributed in the NP especially in summer (Figure S4).

The EOF analysis of AEC showed that the first mode (Mode 1) could explain 77.3% of
variance and decreased from the YS and northern coastal ECS to the remote ocean (Figure 1a).
The corresponding principal component (PC1) demonstrated an annual cycle with the maximum
in April and May and the minimum during November to January as well as an inter-annual
variation with relatively high values in 2015-2017 (Figure 1b). Both spatial and seasonal
variations of Mode 1 were co-controlled by surface Chl a and BLH. Specifically, higher values
in the YS and coastal ECS generally accorded with higher Chl a concentrations and lower BLH
(Figures S5-S7), and PC1 peaked in the late spring every year corresponding to almost each
spike of Chl a (spring bloom) and trough of BLH (Figure 1b). The seasonal variation of BLH
over the ECS was suggested to be affected by thermal stability defined as sea surface
temperature minus the temperature at 850 hPa (Kuribayashi et al., 2011). The inter-annual
variation of PC1 seemed predominantly driven by the BLH and its highest peaks in 2015-2017
were likely associated with the decreasing troughs of BLH during 2009 to 2016 and the increase
afterwards (Figure 1b).
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The second mode (Mode 2) explained 5.3% of overall variance. Its variation in the
western Y'S and coastal ECS was opposite to the open ECS and NP (Figure 1a), which was likely
caused by the distinct Chl a phenology in different regions. Due to the strong stratification
limiting nutrient availability in the surface water and strong grazing pressure by
microzooplankton (Guo et al., 2014; Liu et al., 2019), the concentration of surface Chl a in open
ECS and NP reached the minimum in summer (Figure S5). But in coastal seas, the nutrient input
from rivers and upwelling in summer sustained the phytoplankton biomass at a high level (Liu et
al., 2019; Yamaguchi et al., 2013). Mode 2 dominated the seasonal variation of AEC in the
remote ocean, and the time series of corresponding principle component (PC2) exhibited the
minimum in summer (Figure 1b).

It should be noted that the highest Chl a along the coast especially in the outer Yangtze
River Estuary is not reproduced by the distribution of AEC or AEC” (Figures S4-S6). It reflects
the mismatch between local and air mass exposed Chl a concentrations. Accordingly, previous
studies have indicated that variations of aerosol components cannot be linked to local surface Chl
a synchronously and certain time lags exist for linking regional Chl a (Mansour et al., 2020a;
Mansour et al., 2020b; Rinaldi et al., 2013). The AEC index, with more concrete characterization
on the exposure of air mass to marine biogenic emission along air transport path, is likely to
better connect with marine biogenic aerosols at the receptor site. Near-surface wind speed and
sea surface temperature (SST), two factors affecting the sea-to-air fluxes of gases and sea spray
aerosols (de Leeuw et al., 2011; Liss and Merlivat, 1986), are not considered in our AEC
calculation. This may impact the abovementioned performance of AEC as an indicator for
marine biological source. However, the effect of wind speed may be averaged out as obtaining
the variation on a monthly resolution (Spracklen et al., 2008) and SST influence is much weaker
than wind speed (Land et al., 2014; Li et al., 2019).
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Figure 1. Spatiotemporal variation of air mass exposure to chlorophyll a (AEC) index and its
controlling factors. (a) The first two EOF modes of AEC anomalies during 2009 to 2020. (b)
Time series of principal components (PC) corresponding to the first teo EOF modes and monthly
averages of AEC” value, Chl a concentration, and boundary layer height (BLH) along
trajectories over the ocean (BLH_0O) during 2009 to 2020. Note that AEC, AEC" and BLH O
were all filtrated by the condition of RmeL > 0.9 (within marine boundary layer). The stars in
series of AEC", Chl a, and BLH_O correspond to the month in which the AEC PC1 reaches the
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highest each year. The red line and shaded region in top panel represent the linear regression and
corresponding 95% confidence interval for BLH_O at peak-AEC month between 2009 and 2016.

3.2 Simulation of Marine Biogenic MSA

Under the condition of RmsL > 0.9, a significant correlation was found between aerosol
MSA and the AEC index during the spring and summer but not in the autumn and winter over
the eastern China seas (Figure S8). Correspondingly, MSA was not correlated with non-sea-salt
SO04*" (nss-SO4>") and the ratio of MSA to nss-SO4>~ (MSA/nss-SO4*") was significantly lower
under high RL regime than with low RL during the spring and summer, while opposite
phenomena existed in the autumn and winter (Figures S8—S9). This suggested that the conclusion
drawn from the coastal island (MSA is dominantly from marine biogenic source in spring and
summer but largely contributed by terrestrial transport in autumn and winter, (Zhou et al., 2021)
might be applicable to the entire eastern China seas. Thus, the potential impacts of terrestrial
MSA needs to be screened out when doing the data match-up (Text S2). Extremely low fraction
of terrestrial air mass in summer (Figure 3a) and high biogenic emission in spring (Figure S4)
can explain the dominance of biogenic MSA in these two seasons.

Considering the large spatial disparities in the variation and controls of AEC, and the
emission rate of DMS related to phytoplankton community, temperature, radiation, mixed layer
depth, etc. (Stefels et al., 2007; Vallina and Sim6, 2007) from the coastal seas to open ocean, the
research domain was divided into three regions by K-means clustering (Section 2.3.). The mean
AEC value decreased from Region 1 to Region 3 with its peak time advancing from May to
April (Figure S10). The seasonal variation of AEC in Region 1 was in accordance with marine
biogenic MSA (filtrated by RL < 0.1) over Huaniao Island, which was the highest in spring,
followed by summer and then autumn and winter (Zhou et al., 2021). The seasonal change of
AEC in Region 3 was consistent with the MSA observations over Okinawa Island and AEC PC2,
showing the highest in spring and lowest in summer (Kunwar and Kawamura, 2014; Zhu et al.,
2015). These results verified the feasibility of using AEC to infer the variation of marine
biogenic MSA.

After data match-up and binning, good correlations were found between marine biogenic
MSA and AEC for all three regions (Figure 2a). The linear fitting slope increased in the order of
Region 1 <Region 2 < Region 3, which was opposite to the order of mean AEC. These linear
regression functions could serve as a parameterization scheme for simulating the distribution of
marine biogenic MSA between 2009 to 2020 (Figure 2b). It was found that the highest oceanic
MSA concentrations appeared in April and May over Region 2, exceeding 0.1 pg m~ (Figure 2b-
¢). According to historical observations, mean MSA concentration in spring over Region 1 (~
0.050 ug m>) was lower than that over Region 2 (~ 0.065 pg m™), and this spatial characteristic
was reproduced by the simulation. In summer, the MSA concentrations over the YS and coastal
area (Region 1) were higher than other regions. However, in autumn and winter, the hot spot
relocated to Region 3 probably due to high formation efficiency of aerosol MSA. Overall, the
difference of marine biogenic MSA concentration among three regions was much lower than that
of AEC value.

Four cruises during 2006 to 2007 over the northern Y'S (adjacent to Region 1) measured
average MSA concentrations of 0.073, 0.039, 0.011, and 0.015 pg m™ in spring (April — May),
summer (July — August), autumn (October), and winter (January), respectively (Zhang and Yang,
2009; Zhang, 2009). The seasonal variation and concentration levels were similar to those of
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simulated MSA in Region 1, except for slightly higher concentration in winter than in autumn
likely associated with more terrestrial transport. MSA concentration over Jeju Island during 2001
to 2002 peaked in spring, with a seasonal mean of 0.066 pg m™> similar to our estimates for
Region 2 (0.074 ug m~) (Tyagi et al., 2017). The simulation of aerosol MSA over the eastern
China seas by atmospheric chemical transport model (CTM) is scarce. Li et al. (2020) explored
the atmospheric chemistry of oceanic DMS in this region via WRF-CMAQ model, but only the
distribution of gas-phase MSA was provided, showing the highest in summer. The model did not
incorporate aqueous-phase oxidation pathways, which could be the dominant mechanism of
MSA formation (Hoffmann et al., 2016). As a result, large uncertainties may exist in the CTM
simulating results. By contrast, our results inferred from the AEC index and constrained by
observations could well capture the spatiotemporal distribution pattern of marine biogenic MSA
in aerosols.
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Figure 2. Parameterized simulation of spatiotemporal distribution of marine biogenic MSA. (a)
Correlations between measured particulate MSA concentration and AEC index in each region.
One data point of Region 3 (the gray triangle) was excluded from the correlation analysis. The
shaded regions represent the 95% confidence interval of linear regression. (b) Monthly
climatology of simulated marine biogenic MSA. Dashed lines show the boundaries among three
regions. Red and yellow stars represent the location of Huaniao Island and Okinawa Island,
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respectively. (c) The average concentrations of simulated marine biogenic MSA for each region
in different months. The shaded band denotes the mean + SD for each region.

3.3 Significance of marine biogenic source relative to terrestrial transport

Eastern China seas is significantly influenced by terrestrial transport, which may greatly
weaken the relative importance of marine biogenic source to aerosols. The extent of terrestrial
influence exhibited a decreasing trend from offshore to the remote ocean (YS > ECS > NP) and a
significant seasonal variation (winter > spring and autumn > summer) (Figure 3a). The EOF
analysis of R anomalies showed that Mode 1 explained 90.7% of total variance and exhibited
identical signs over the entire studied region (Figure 3b), clearly showing the uniform control of
East Asian monsoon. The Ri values over the ECS and NP were mostly below 0.1 in summer (Jun
to August), suggesting extremely low terrestrial influence with prevailing southeast wind (Figure
1a). In this case, marine biogenic emission could be an important contributor to submicron
organic aerosols and greatly affect radiative forcing.

As for winter, the intensity of terrestrial transport presented a significant decadal decrease
(Figure 3c, P < 0.05) as the highest monthly mean and three-month (November, December, and
January next year) mean of RL during 2015 to 2020 dropped approximately 13.4% and 9.2%
compared to the period of 2009 to 2014, respectively. This decadal decrease was likely caused
by the weakening of East Asian winter monsoon after 1980s, influenced by large-scale climatic
factors such as warming of NP (Pei et al., 2018), loss of Arctic sea-ice in autumn and extensive
boreal snowfall in the earlier winter (Zou et al., 2017), variation of quasi-stationary planetary
wave activity (Kang et al., 2009), and significant winter warming in northern China (Xu et al.,
2006).

In the recent decade, China execute remarkable cut-down on air pollutant emissions. For
example, SO2 declined approximately 62% from 2010 to 2017 (Zheng et al., 2018) and thereby
its outflow flux to the eastern China seas probably decreased by a larger fraction by integrating
the change of RL. Meanwhile, ship emission also dropped sharply due to the improvement of fuel
oil quality with the establishment of Domestic Emission Control Areas and the implementation
of “IMO 2020 regulation” (Yu et al., 2021; Zou et al., 2020). By contrast, no obvious decrease
was found in the decadal changes of Chl a and AEC in the eastern China seas (Figure 1b),
suggesting the elevated importance of marine biogenic source to aerosol components in this
region (for example, sulfate and OC both related to MSA). For example, the MSA/nss-SO4*
during 2016-2018 was 1.4 times higher than that during 2013-2015 over Huaniao Island (Zhou
et al., 2021). Considering the concurrent decline of terrestrial MSA, the ratio of biogenic MSA to
nss-SO4>~ was likely to exhibited a higher increase degree. Previous studies reported that average
MSA/nss-SO4*" ratios over the eastern China seas were 0.00074 and 0.0038 in the winter of 2009
and summer of 2011, respectively (He et al., 2011; Zhang et al., 2014). Based on our cruise
observations, the ratios reached 0.0057 and 0.018 in the winter of 2019 and summer of 2018,
suggesting that fractional contribution of marine biogenic source to nss-SO4>~ may have
increased by over 5 times during this period.
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Figure 3. (a) Monthly climatology of RL distribution during 2009-2020. (b) The first EOF mode
of RL monthly anomalies and (c) the time series of corresponding principal component (RL PC1)
during 2009-2020. The red star and gray diamond represent the highest monthly mean and the
mean of November, December and January next year of RL PC1, respectively. The linear lines
and associated shaded bands show the linear regressions and their 95% confidence intervals.

4 Conclusions

Marine biogenic emissions from the eastern China seas may contribute significantly to
atmospheric aerosols in spring and summer, and its fractional contribution exhibits a possibly
decadal increase with the weakening of wintertime terrestrial transport and dramatic decrease of
anthropogenic emissions. The AEC index quantifies how air masses are exposed to marine
biogenic source during the transport. Using AEC as an indicator, this study investigates the 12-
year spatiotemporal variations of the influence extent of marine biogenic emissions on boundary
layer, which showed the highest in spring, and the lowest in winter for the YS and coastal ECS
and in summer for the remote ocean, respectively. The spatial and seasonal patterns were co-
controlled by surface phytoplankton biomass and BLH along the transport path, and the inter-
annual change was predominantly associated with BLH.

The seasonal variations of calculated AEC value are generally consistent with measured
MSA concentrations at the same region. By integrating aerosol MSA data observed on 14 cruises
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and 2 islands, an AEC-based parameterization scheme was constructed and applied to simulate
the spatiotemporal distribution of marine biogenic MSA. Although there are uncertainties in the
empirical simulation results, this observation-constrained approach provides a different
perspective for obtaining the distribution of biogenic sulfur in the atmosphere, particularly in the
context that chemical mechanisms in CTMs are still less comprehensive (Li et al., 2020; Veres et
al., 2020). Similar methods can also be applied to other marine biogenic components in the
aerosol (Sanchez et al., 2021), especially for those relatively stable during the transport. The
AEC calculation can also be improved by replacing Chl a concentration with other parameters
more closely related to the aerosol component (e.g. sea surface DMS for biogenic sulfur
aerosols) or adding other influencing factors like SST and radiation. Our study provides
enlightenment on linking aerosol components and properties to marine biological activities and
exploring the role of phytoplankton in potential ocean-aerosol-climate feedback with the
perturbation of anthropogenic forcing.
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We have conducted four seasonal cruise campaigns in the eastern China seas during (1) 27
March to 14 April 2017 (spring), (2) 27 June to 19 July 2018 (summer), (3) 28 December 2019
to 17 January 2020 (winter), and (4) 12 to 29 October 2020 (autumn). Two other cruises in
the eastern China seas to WNPO were conducted during (5) 17 March to 23 April 2014 and
(6) 30 March to 4 May 2015. The tracks of cruise 1-4 are shown in Figure S2, and the tracks of
cruise 5 and 6 can be found in Fu et al. (2018) and Yang et al. (2020) respectively. During the
cruises, TSP samples were collected on cellulous filters (Whatman Grade 41) by high-volume
samplers with a flow rate of 1.05 m* min™'. The duration of each sample was typically 12-24
hours, and the sampling was paused if there was a forward apparent wind or the ship was
stopped in order to avoid the exhaust contamination. In each campaign, 2-3 operational
blanks were set.

1/32 of each sampling filter was cut and extracted ultrasonically by 20 mL of ultrapure water
(> 18.25 MQ cm™). The extracting solution was filtered by a polytetrafluoroethylene (PTFE)
syringe filter (pore size = 0.45 um). Then, the concentrations of Na*, MSA, and SO.* were
determined by ion chromatography (Thermo, DIONEX ICS-3000). Blank corrections were
conducted for all chemical measurements. The ambient mass concentration of nss-50,%" was
calculated by subtracting sea-salt SO,* based on the typical Na*-to-SO,* ratio in seawater:
nss-SO4> = S04 - 0.251 x Na* (Pilson, 2012).

1/16 of each sampling filter was cut was digested with 8 mL of ultrapure HNO; and 0.6 mL
of ultrapure HF in a microwave digestion system (MARS XPress, CEM). The digested solution
was heated and evaporated to about 0.5 mL and then diluted to 15 mL with 2% HNOs. Then
the concentrations of Al and Cd were determined by an inductively coupled plasma mass
spectrometry (ICP-MS, NexION 300X, PerkinElmer).

Text S2. Match-up between AEC and marine biogenic MSA

We integrated previously reported MSA measurements and our observations over the
eastern China seas (Table S1) and obtained the relationships between MSA concentration
and the AEC for each region. As for the 6 cruises we performed (four cruises in the YS and
ECS and two cruises in ECS and NWPO), the R;, AEC, and Ry, for a specific TSP sample were
obtained by averaging their values calculated from all trajectories of the sample (trajectory
numbers = sampling hours). For autumn and winter cruises, only samples with R, < 0.1 were
retained in order to eliminate the impact of terrestrial MSA. For spring and summer cruises,
no R filtration was applied. Then, the samples with mean Rug. > 0.9 were retained and those
located in the same region during each cruise were binned. As for other cruise observations
collected from previous studies, they were all performed in spring and summer. Because no
detailed information about the cruise track history and sampling periods is available, for
each cruise, we applied the average AEC value (under the condition of Ry > 0.9) for all 1° x
1° grid cells that ship navigated in a certain region to match the average MSA concentration
of all samples. For island-based observations, the AEC (under the condition of Rug > 0.9) in
each spring and summer campaign over Huaniao Island and in each month during March to
October over Okinawa Island (Zhu et al., 2015) were matched to corresponding average MSA



concentrations. The selection of these campaigns also aims to avoid the significant
interference of terrestrial transport.
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Figure S1. Relationships between (a) Cd and (b) Al concentrations and R; in four cruises over
the eastern China seas during 2017 to 2020. The gray dots represent initial data pairs and
the box-whisker plots represent the binned results with R, boundaries of 0.05, 0.1, 0.3, 0.5,
and 0.75, and are drawn for 10-, 25-, 50-, 75-, and 90-percentiles. The red rectangles represent
the mean values of each bin.
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Figure S2. The location of the research region. The red star represents the center of each
grid.
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Figure S3. The tracks of cruise 1-4 in the eastern China seas. The cruise segments with
different colors correspond to different samples, and the sample IDs are listed as legends.
The red star represents the home port of research vessels.
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2020.
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condition of Ry, > 0.9 during 2009 to 2020.
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Table S1. The information about historical MSA observations used in this study.



Table S1. The information about historical MSA observations used in this study.

) Latitude  Longitude ) . Number of Average AEC  Average [MSA]
Region Time period Reference
) ) samples (mg m) (ng m3)
1 26 -35 121-124 31 Aug.- 19 Sep. 2014 14 0.97 0.021 (Jietal, 2016)
1 33-37 120-124 21 Apr.-30Apr.2010 7 0.72 0.056 (Xue, 2012)
1 34 -36 120-124 9 Spt. - 14 Sep. 2010 5 0.71 0.030 (Xue, 2012)
1 33-36 123 -125 17 Mar. - 20 Mar. 2011 2 1.60 0.056 (Xue, 2012)
1 33-37 120-124 27 Apr. - 3 May 2009 5 1.56 0.078 (He, 2011)
1 31-36 120-122 2 Jul.-19Jul. 2018 4 0.93 0.060 This study
1 31-36 120-133 17 Mar. - 20 Mar. 2014 3 2.1 0.078 This study
1 31 123 22 Mar.- 19 Apr. 2013 10 1.10 0.042 (Zhou et al., 2021)
1 31 123 18 Jul. - 10 Aug. 2013 20 1.56 0.038 (Zhou et al., 2021)
1 31 123 7 Apr. -2 May 2015 6 1.14 0.057 (Zhou et al., 2021)
1 31 123 4 Aug. - 23 Aug. 2015 12 1.47 0.052 (Zhou et al., 2021)
1 31 123 22 Jul. - 17 Aug. 2016 24 1.39 0.040 (Zhou et al., 2021)
1 31 123 14 Mar. - 17 Mar. 2017 2 0.56 0.016 (Zhou et al., 2021)
1Jul. =9 Jul, 28 Aug. -
1 31 123 18 1.09 0.031 (Zhou et al., 2021)
12 Sep. 2017
1 31 123 3 Apr.-30Apr.2018 9 1.02 0.037 (Zhou et al., 2021)
2 28 - 37 122 -127 5Jul. - 26 Jul. 2011 9 0.39 0.049 (Zhang et al., 2014)
2 27 -32 122 -127 20 Mar. - 30 Mar. 2011 4 0.96 0.083 (Xue, 2012)
2 26 -32 122 -125 10 Jun.-19Jun. 2010 8 0.29 0.044 (Xue, 2012)
2 25-33 121-128 4 May - 14 May 2009 8 0.79 0.060 (He, 2011)
2 26 -30 121-125 28 May - 10 Jun. 2014 13 0.40 0.033 (Zhou et al., 2018)
2 27 - 31 123 -127 2 Apr.—-9 Apr. 2017 5 0.61 0.041 This study
2 24 - 31 120-124 6 Jul.— 16 Jul. 2018 6 0.35 0.020 This study



28 Dec. 2019 -7 Jan.

2 26 -32 122 -128 7 0.36 0.028 This study
2020

2 26 - 31 121-123 25 Oct. - 27 Oct. 2020 3 0.44 0.020 This study

2 28-30  124-125 1 Apr.—2 Apr. 2015 1 1.16 0.076 This study

3 27 128 Mar. 2010 4 0.12 0.040 (Zhu et al., 2015)
3 27 128 Apr. 2010 4 0.20 0.045 (Zhu et al., 2015)
3 27 128 May 2010 5 0.19 0.045 (Zhu et al., 2015)
3 27 128 Jun. 2010 4 0.041 0.028 (Zhu et al., 2015)
3 27 128 Jul. 2010 4 0.034 0.015 (Zhu et al., 2015)
3 27 128 Aug. 2010 4 0.052 0.014 (Zhu et al., 2015)
3 27 128 Sep. 2010 4 0.056 0.016 (Zhu et al., 2015)
3 27 128 Mar. 2011 3 0.40 0.044 (Zhu et al., 2015)
3 27 128 Apr. 2011 4 0.40 0.075 (Zhu et al., 2015)
3 27 128 May 2011 2 0.19 0.019 (Zhu et al., 2015)
3 27 128 Jun. 2011 2 0.039 0.012 (Zhu et al., 2015)
3 27 128 Jul. 2011 4 0.056 0.025 (Zhu et al., 2015)
3 27 128 Aug. 2011 4 0.064 0.071 (Zhu et al., 2015)
3 27 128 Sep. 2011 4 0.17 0.043 (Zhu et al., 2015)
3 28 - 37 135-150 22 Mar.- 19 Apr. 2014 13 0.17 0.019 This study

3 25-38 124-152 4 Apr.—29 Apr. 2015 16 0.19 0.035 This study




