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Environmental context. The ocean-produced dimethyl sulfide (DMS) molecule is thought to affect cloud
formation and the solar radiation budget at the Earth’s surface, hence playing an important role in regulating
climate. In this study, we calculated the DMS sea-to-air flux across the Southern Ocean, south-east Indian
Ocean and north-west Pacific Ocean, and analysed the influence of DMS fluxes on sulfate aerosols. These
results improved our understanding of the effects of DMS emissions on sulfate compounds in the atmosphere
over the global ocean.

Abstract. Oceanic dimethyl sulfide (DMS) is the most abundant biogenic sulfur compound emitted into the atmosphere
and could indirectly regulate the global climate by impacting end product sulfate aerosols. DMS emissions and their

influence on sulfate aerosols, i.e. methanesulfonic acid (MSA) and non-sea-salt sulfate (nss-SO4
2–), were investigated over

the Atlantic Ocean and Indian Ocean sectors of the Southern Ocean (SO), the south-east Indian Ocean, and the north-west
Pacific Ocean from February to April 2014 during the 30th Chinese National Antarctic Research Expedition. We found a

strong large-scale DMS source in the marginal sea ice zone from 34 8W to 14 8E of the SO (south of 60 8S), in which the
mean flux was 49.0� 65.6 mmol m�2 d�1 (0.6–308.3 mmol m�2 d�1, n¼ 424). We also found a second large-scale DMS
source in the South Subtropical Front (,40 8S, up to 50.8 mmol m�2 d�1). An inconsistency between concentrations of

atmospheric sulfate compounds and DMS emissions along the cruise track was observed. The horizontal advection of air
masses was likely the main reason for this discrepancy. Finally, the biological exposure calculation results also indicated
that it is very difficult to observe a straightforward relationship between oceanic biomass and atmospheric MSA.
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Introduction

Oceanic dimethyl sulfide (DMS) is an important climatically

active biogenic gas, which is hypothesised to affect cloud con-
densation nuclei (CCN) and cloud formation and, thus, regulate
Earth’s climate by altering the atmospheric radiation budget
(CLAW hypothesis, named after the first letters of authors’

names) (Charlson et al. 1987; Vogt and Liss 2009). However,
Quinn and Bates (2011) argued that oceanic biological DMS
probably does not control CCN in the remote marine boundary

layer, and that the major sources of CCN are likely sea salt
particles and organics. Nonetheless, it has been observed that the
oxides of DMS contribute to the sulfate aerosols in remote

marine areas. Also, biogenic sulfur aerosols have been found to
affect the microphysical and optical properties of clouds at mid

and high latitudes (Gabric et al. 2005; Vallina et al. 2006; Lana
et al. 2012). Additionally, DMS can be entrained in the strato-
sphere and contribute to sulfur loading in tropical regions
(Marandino et al. 2013).

Methanesulfonic acid (MSA) and non-sea-salt sulfate (nss-
SO4

2–) are the two main by-products of DMS oxidation in the
atmosphere (von Glasow and Crutzen 2004). MSA originates

only from the oxidation of DMS and can be used as an indicator
of marine biogenic sulfur production (Hezel et al. 2011).
Considerable efforts have focussed on identifying and
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quantifying the linkage between oceanic DMS emissions and

CCN concentrations or atmospheric sulfur compounds (Ayers
and Gras 1991; Ayers et al. 1991; Andreae and Crutzen 1997;
Berresheim et al. 1998; Legrand et al. 2001; Preunkert et al.

2007; Preunkert et al. 2008). Indeed, the release of DMS from
productive regions can strongly impact the atmospheric DMS
mixing ratios in nearby regions (Park et al. 2013, 2018) and
further impact sulfate aerosols (Park et al. 2017). However, the

direct influence of oceanic DMS on sulfate aerosols over remote
ocean areas is difficult to measure. Furthermore, atmospheric
DMS levels in the marine boundary layer are not always

consistent with seawater DMS values (Inomata et al. 2006;
Marandino et al. 2013). The factors that contribute to sulfur
loading in the marine boundary layer seem very complex, rather

than driven only by DMS emissions.
It is challenging to obtain a comprehensive understanding of

DMS emissions over the global ocean. In particular, the South-
ern Ocean (SO) has been estimated to contribute ,20% of

global annual DMS emissions (Lana et al. 2011); however, this
value was possibly underestimated owing to the lack of field
observation data (Levasseur 2011). The DMS emissions in the

SO have been suggested to be very important to global climate
because a CLAW-type feedback could help mitigate climate
warming (Cameron-Smith et al. 2011; Levasseur 2011). Lana

et al. (2011) reported that global DMS emissions were ,28.1
(17.6–34.4) Tg S based on a 3-fold increase in the amount of data
(from 15 000 to 47 000 records in the NOAA–Pacific Marine

Environmental Laboratory (PMEL) DMS database, http://saga.
pmel.noaa.gov.dms), and the result was nearly 17% higher than
the estimation 10 years before (Kettle and Andreae 2000).

Strong seasonal variability of atmospheric sulfur compounds

has been found at many research stations, such as the Cape Grim
Baseline Air Pollution Station (40 840.90S, 144 841.30E)
(Andreae et al. 1999), Amsterdam Island (37 8500S, 77 8300E)
(Sciare et al. 2000), the Halley Station (75 8350S, 26 8190W)
(Read et al. 2008), the Dumont d’Urville Station (66 8400S,
140 8010E) (Preunkert et al. 2007) and the Zhongshan Station

(69 8220S, 76 8220W) (Zhang et al. 2015). In contrast, sulfate
aerosol investigations in the marine boundary layer on board
ships in the southern hemisphere oceans are insufficient and

generally performed in the austral spring and summer seasons

(Bates et al. 1992; Davison et al. 1996; Chen et al. 2012; Xu et al.
2013). Although high levels of sulfate aerosols have been
observed during these cruises, identifying the origin of the

atmospheric sulfur compounds is still ambiguous. This is diffi-
cult because of the lack of simultaneous high-resolution seawa-
ter and air DMS data, as well as that of the oxidation products,
during the period under way. Studies comparingDMSemissions

and sulfate aerosols along a cruise track are rare. Therefore, to
improve on our previous studies (Chen et al. 2012; Xu et al.
2013) and further understand how DMS emissions influence

sulfate aerosols in the southern hemisphere marine boundary
layer, we performed continuous underway surface DMS mea-
surements and bulk volume aerosol sampling, simultaneously,

during the 30thChineseNational Antarctic Research Expedition
(CHINARE – Ant) from February to April 2014.

Methods

Ship measurements

Our measurements were performed onboard the R/V Xue Long

during the 30th CHINARE – Ant. The cruise track (Fig. 1) was
described in detail in Zhang et al. (2017), and the study areas
comprised two parts: Leg 1, named the west–east transect, from

the Drake Passage to Prydz Bay, 7–24 February 2014; Leg 2,
named the south–north transect, from Prydz Bay to Fremantle,
Australia, 26 February–16 March 2014 and from Fremantle,

Australia, to the East China Sea, 22 March–11 April 2014.
According to the studies by Bates and Quinn (1997) and Curran
and Jones (2000) and the observed surface water temperature
and salinity, the transects were divided into five regions: (1)

south of 58 8S, located in the seasonal ice zone (SIZ); (2) the
region between 58 8S and 42 8S, located in the Subantarctic Zone
and Antarctic Zone (SAAZ); (3) the region between 42 8S and

15 8S, located in the South Subtropical Zone (SSTZ); (4) the
region between 15 8S and 15 8N, located in the equator region
(EZ); (5) region to the north of 15 8N, located in the north

Subtropical Zone (NSTZ).
The methodology for underway surface DMSmeasurements

was described in detail in Zhang and Chen (2015) and Zhang
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Fig. 1. Transect of the 30th CHINARE – Ant (purple, west–east transect; red, south–north transect). The black lines are the 5-day

air mass back-trajectories every hour along the cruise track. The areas between the stars are the locations of bulk aerosol samples.

The background is the monthly averaged Chl-a concentration (colour scale), and the white represent areas where Chl-a is

undetectable.
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et al. (2017). A DMS sample was collected every 10 min with a

detection limit of 0.05 nM. The measurements of other para-
meters, such as sea surface temperature (SST), sea surface
salinity (SSS), wind speed, air pressure, sea ice concentration

and remote-sensing chlorophyll a (Chl-a) data, were also
described in Zhang et al. (2017). A total of 20 bulk aerosol
samples were collected with a sampling interval of 2 or 3 days
(Fig. 1; the detailed information of the aerosol sample locations

is shown in Table S1, Supplementary material). The details of
the sampling and analysis methods of aerosols were the same as
those in Chen et al. (2012) and Zhang et al. (2015). The

concentrations of nss-SO4
2– were calculated with the equation:

[nss-SO4
2–] ¼ [SO4

2–]total – 0.252[Na
þ], where 0.252 is the mass

ratio of SO4
2–/Naþ in bulk seawater (Millero and Sohn 1992).

The calculation of sea-to-air DMS fluxes

Ocean–atmosphere DMS fluxes are computed using the fol-
lowing gas exchange model:

F ¼ kT Cw � Cg=H
� � ð1Þ

where kT is the transfer velocity; Cw and Cg are the DMS
concentrations in seawater and the atmosphere, respectively;

H is the solubility of gas in seawater. There is evidence to
suggest that the DMS flux calculation result could be signifi-
cantly influenced by atmospheric DMS, which could add up to

17% uncertainty (Lennartz et al. 2015). However, in order to
compare with the calculation results of Lana et al. (2011), and
because atmospheric DMS concentrations are generally far less

than the concentration in seawater, we neglected the atmo-
spheric DMS contribution in the DMS sea-to-air calculation as
in Eqn 1. The kT is parameterised with the wind speed and the

most widely used equations are from Liss and Merlivat (1986)
(hereafter LM86), Wanninkhof (1992) (hereafter W92) and
Nightingale et al. (2000) (hereafter N00). However, the results
of the flux calculations would differ when using different

equations (Table 1). To compare our calculation results with
those in Lana et al. (2011), we decided to use the equationN00 as
follows for the discussion:

N00 : kT ¼ 0:222U10
2 þ 0:333U10

� �
ScDMS=600ð Þ�1=2 ð2Þ

where ScDMS (Schmidt number of DMS) is a function of SST

according to Saltzman et al. (1993); 600 is the Schmidt number
of CO2 in fresh water at 25 8C and 35 psu; U10 is the 10-m wind
speed. As the height of the wind speedmeasurements on the ship

is,27 m, we calibrated the wind speed to that at 10 m as in Hsu
et al. (1994) as follows:

Ux=U10 ¼ Zx=Z10ð Þp ð3Þ

where U10 is the wind speed at a height of 10 m, Ux is the
observed wind speed at 27 m, Zx and Z10 are 27 and 10 m,

respectively, and the p value is 0.11, as referred to in Hsu et al.
(1994).

The calculation of biological exposure to oceanic
chlorophyll along the trajectories

We performed a 5-day air mass back-trajectory along the cruise
track every hour using the hybrid single-particle Lagrangian
integrated 97 trajectories (HYSPLIT) model (Fig. 1). Similarly

to the method reported by Arnold et al. (2010), back-trajectory
position and satellite Chl-a data are combined to yield time-
series parameters along the cruise ship track based on the sea

surface Chl-a ‘fetch’ of arriving air masses. The first parameter,
the average (Avg) chlorophyll exposure, which is the mean of
the marine Chl-a concentrations taken from Sea-WiFS data at

the 6-hourly positions along the length of the back-trajectory,
was calculated. The second parameter, the integrated (Int)
chlorophyll exposure or age-weighted chlorophyll exposure
(Ea), was also calculated by applying an e-folding lifetime of

5 days to each Chl-a value included in the average with
time backward along each back-trajectory, as described in
Arnold et al. (2010):

Ea ¼
P

i Chl-a½ �i exp ti=5ð Þ
n

ð4Þ

where [Chl-a]i and ti are the ocean Chl-a concentrations and the

time in days before arrival at the ship position at each point along
the back-trajectory, respectively, and n is the total number of
time points with valid Chl-a values included in the calculation.

The Chl-a data are the 8-day mean Chl-a concentrations from

Table 1. Mean DMS concentrations, sea-to-air DMS fluxes (from various parameterisations) and wind speeds in distinct ocean regions

Note that the ranges are given under the mean values. n.d. means the values were under the detection limit

Regions Month DMS (nM) Wind speed (m s�1) DMS flux (mmolm�2 d�1)

LM86 W92 N00

South of 58 8S SIZ Feb Mean 4.1� 8.3 8.8� 4.1 9.7� 24.5 10.1� 26.8 13.9� 36.2

Range 0.1–73.2 0.2–23.1 n.d.–205.3 n.d.–228.8 n.d.–308.3

Number 2155 1951 1941 1941 1941

58 8S to ,42 8S SAAZ Mar Mean 2.4� 1.5 10.9� 3.9 7.9� 6.4 10.9� 9.7 11.1� 9.1

Range 0.5–9.6 2.0–18.7 n.d.–37.0 0.1–53.8 0.2–50.8

Number 724 722 720 720 720

42 8S to ,15 8S SSTZ Mar Mean 3.1� 1.8 6.6� 3.0 4.8� 4.5 7.7� 6.6 6.9� 5.9

Range 0.5–9.9 0.8–19.00 0.1–26.6 0.1–43.0 0.2–38.8

Number 1879 1795 1792 1792 1792

15 8S to ,15 8N EQ Apr Mean 2.4� 0.9 4.7� 2.2 2.5� 2.5 5.6� 4.5 4.1� 3.1

Range 0.9–6.9 0.5–9.8 n.d.–17.5 n.d.–34.8 0.1–23.6

Number 762 721 721 721 721

North of 15 8N NSTZ Apr Mean 2.2� 1.8 4.2� 1.8 1.7� 2.0 3.5� 3.2 2.9� 2.7

Range 0.9–16.9 0.5–8.8 n.d.–12.8 n.d.–19.8 n.d.–19.7

Number 395 395 395 395 395
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the level 3 product of Sea-WiFS data at 4-km resolution.

Missing data in the 8-day average satellite fields are replaced
by values from available monthly mean satellite data. If the
pressure of the air mass is lower than 850 hPa at the evaluated

time points, a zero Chl-a value is included in the average (and
integration). Time periods for which Chl-a data are missing for
more than 50% of the back-trajectory time points over the 5
days before ship arrival are excluded from the analysis. A zero

Chl-a value was assigned to the time points for which the air
mass passed over the land and sea ice region. The trajectory time
points where there are missing satellite data over the ocean are

excluded from the calculation.

Results and discussion

Computed DMS sea-to-air fluxes along the transects

In the west–east transect, the computed DMS sea-to-air fluxes,
which had a mean value of 18.1 � 42.0 mmol m�2 d�1 (d, day;

ranging from 0.1 to 308.3 mmol m�2 d�1, n ¼ 1387), coincided
with the variation in surface seawater DMS concentrations
(ranging from 0.1 to 73.2 nM (mean value was 5.0 � 9.7 nM);

Fig. 2)). Obviously,we found significant sources of oceanicDMS
along the marginal sea ice zone located from 34 8W to 14 8E
(Zhang et al. 2017; see the data between the yellow lines in
Fig. 2), and the mean DMS flux was 49.0 � 65.6 mmol m�2 d�1

(ranging from 0.6 to 308.3 mmol m�2 d�1, n ¼ 424). The DMS
source location was slightly east of that in Lana et al. (2011). The
mean DMS flux value was much higher than that in previous

studies over the polynyas in spring (20 � 20 mmol m�2 d�1, 11
November–4 December 2006, Ross Sea; Tortell et al. 2011) and
summer (23.1 mmol m�2 d�1, 11 January 2006–16 February

2009, Amundsen Sea; Tortell et al. 2012; 40� 30 mmolm�2 d�1,

26 December 2005–24 January 2006, Ross Sea; Tortell et al.

2011), but lower than those measured in the study by Kim et al.
(2017) (85� 119 mmol m�2 d�1, 16 January–11 February 2016,
Amundsen Sea).

In the south–north transect, as seen in Fig. 3, the mean DMS
value was 6.3 � 6.3 mmol m�2 d�1 (ranging from not detected
(n.d.) to 50.8 mmol m�2 d�1, n ¼ 4182). Notably, a large-scale
DMS source with a mean flux of 11.6 � 8.4 mmol m�2 d�1

(ranging from 0.3 to 50.8 mmol m�2 d�1, n ¼ 1164) was
demonstrated around the region (44 8S–34 8S, 81 8E–104 8E)
located in the South Subtropical Front (,40 8S). High DMS

concentrations at,40 8Swere also found byChuck et al. (2005),
and our calculatedDMS sea-to-air mean flux over this rangewas
in agreement with the results in Lana et al. (2011).

We compared the DMS sea-to-air flux values in distinct
regions (Table 1). Significant DMS sources were found in the
southern hemisphere.The highestmeanDMSemissionwas found
in the SIZ, 13.9� 36.2 mmolm�2 d�1 (n.d.–308.3 mmolm�2 d�1,

n¼ 1941). This result could be attributed to the high DMS levels
(4.1 � 8.3 nM) and relatively high wind speeds (mean value
8.8 � 4.1 m s�1) in this area. Owing to the strong spatial and

temporal variability of surface seawaterDMSover the SO (Tortell
and Long 2009), the accuracy of the DMS emission evaluations
depends on the understanding of the DMS distribution climatol-

ogy. In the case of the SAAZ, the average flux values ranged from
7.9 to11.1mmolm�2 d�1 (Table 1, using theLM86,W92andN00
parameterisations). The results were all much higher than those

estimated by Curran and Jones (2000) in springtime at SAZ
(3.8 mmol m�2 d�1), AZ (1.7 mmol m�2 d�1) and in summer at
SAZ (6.7 mmol m�2 d�1), respectively (by LM86). Moreover,
there was no significant deviation in the DMS mean flux values

between the SIZ and SAAZ (,3 mmol m�2 d�1), which was
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Fig. 2. DMS concentrations and sea-to-air flux along thewest-east transect: (a) SST (black), SSS (red),

and sea ice concentrations (grey); (b) DMS concentrations (black) and monthly average Chl-a (red);

(c) DMS sea-to-air flux (black) and wind speed (blue).
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different from the results of Curran and Jones (2000) (greater than
29mmolm�2 d�1 in the summer). Our investigation indicated that

theDMS emissions in the SAAZwere significant and comparable
with those in the SIZ in March (sampling time). Thus, attention
should be paid to the SAAZ when evaluating the global DMS

emissions estimated by Lana et al. (2011). We also found
relatively high DMS emissions in the SSTZ, which can be
attributed to the significant DMS levels in the Subtropical Front.
In contrast, the mean DMS fluxes were lowest in the EZ,

4.1 � 3.1 mmol m�2 d�1 (0.1–23.6 mmol m�2 d�1), and NSTZ,
2.9 � 2.7 mmol m�2 d�1 (n.d.–19.7 mmol m�2 d�1) during the
observations. However, as seen in Fig. 3, the calculated DMS

fluxes from low-latitude regionsweremuch lower than the reports
from the similar areas of the Chinese marginal sea, such as in the
East China Sea (18.64� 14.92 mmol m�2 d�1) (Zhai et al. 2019)

and northern South China Sea (15.6� 11.6 mmol m�2 d�1) (Zhai
et al. 2020).

Influence of DMS emission on sulfur aerosols

The atmospheric sulfur compounds MSA and nss-SO4
2– were

detected during the CHINARE expedition. The mean values of

MSA and nss-SO4
2– were 64.03 � 40.41 ng m�3 (11.08–

162.19 ng m�3) and 983.60 � 1974.42 ng m�3 (n.d.–
8695.94 ng m�3), respectively. Similarly to our previous studies

(Chen et al. 2012; Xu et al. 2013), high MSA levels were gen-
erally found in the SO (Fig. 4),whichwas consistentwith the high
DMS emissions in the SO. Additionally, the high MSA con-

centrations are also related to the low air temperature in the SO, as
low temperatures are beneficial for the production of MSA from
DMS oxidation (Bates et al. 1992). Extremely high nss-SO4

2–

concentrations were observed in the northern hemisphere, espe-
cially for the observations in the East China Sea (.2000 ngm�3),

due to the input of massive amounts of anthropogenic SO2 (Yang
et al. 2009).

However, the MSA distribution pattern was not coincident

with the DMS changes and strengthened emissions (Fig. 4). For
example, the lowest MSA value (16.16 ng m�3) in the west–east
transect from 35 8 to 5 8W corresponded to the relatively high
average DMS values and fluxes of 9.7 � 6.1 nM and

16.1 � 12.2 mmol m�2 d�1, respectively. Conversely, the high-
est MSA concentration (162.19 ng m�3) was associated with a
relatively low DMS average value of 1.3� 1.3 nM and a flux of

3.3 � 4.2 mmol m�2 d�1. Even in the high-DMS source waters,
for example from 5 8W to 26 8E, the average DMS value was
14.2 � 18.9 nM, and the flux was 59.5 � 58.4 mmol m�2 d�1;

only moderate MSA and nss-SO4
2– concentrations of 77.80 and

95.24 ng m�3, respectively, were observed. Additionally, in the
Subtropical Front region (,40 8S), relatively high DMS emis-
sions (18.2 � 9.2 mmol m�2 d�1) with high wind speeds

(10.9 � 2.7 m s�1) were found, corresponding to relatively
low MSA and nss-SO4

2– concentrations of 23.85 and
138.62 ng m�3, respectively. It is well known that the DMS

conversion to aerosol precursors is not instantaneous (DMS
lifetime is ,1 day; Kloster et al. 2006). The time lag and air
mass transportation are possible significant factors in the incon-

sistency between DMS fluxes and sulfate aerosol concentra-
tions. On the other hand, our recent study indicated that gaseous
MSA contributed almost 31% of the total MSA (Yan et al.

2019), while our results were only able to show particle MSA.
This may also be a factor in the discrepancy between DMS flux
and sulfate aerosol.
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We noticed the horizontal mixing of air masses to be one of
the critical factors based on the results of the 5-day air mass
back-trajectories along the cruise track (Fig. 1). As the lifetime

of sulfate aerosols is longer than 3 days (Kloster et al. 2006),
under high wind speeds, especially in the SO (Fig. 4c, d), the air
masses from other regions can impact the air masses of the

sampling area and cause discrepancies between the oceanic
DMS sources and atmospheric sulfur compounds. On the other
hand, a previous study by Marandino et al. (2013) reported that
the atmospheric DMS concentration is likely influenced by

horizontal air mass advection rather than by in situ fluxes. In
addition, the lifetime of DMS in the atmosphere is generally 1
day (Read et al. 2008) and can possibly be as long as 2–7 days

under low air temperature conditions (Berresheim 1987). There-
fore, the DMS released from remote regions can be quickly
transported to other areas under high wind speeds (.10 m s�1),

which could also be one of the reasons for the observed
discrepancy. Compared with research at a fixed sampling site,
such as the Zhongshan Station (Zhang et al. 2015), in which the

variations in sulfur aerosols were easily linked to local phyto-
plankton activity, a study along a moving cruise track should
consider the rapid transport of air masses to better understand
how remote oceanic DMS impacts sulfur compounds. Addition-

ally, we noticed that the large difference in air temperature
between the distinct regions could possibly influence the DMS
lifetime (Atkinson et al. 2004). The DMS lifetime in low-

latitude regions could have been shorter than that in the high-
latitude regions because of the higher tropical temperatures.

This would result in greater transport potential at high latitudes
than in the more temperate regions.

Biological exposure calculation and its influence on sulfate
aerosols

Wealso performed the calculation described inMethods, and the
calculation results were compared with the measured MSA
concentrations (Table 2). Similar to the study by Park et al.
(2018), the calculated average or integrated chlorophyll expo-

sure is assumed to be a good proxy for biomass andDMS sources
(see empirical equation in Simo andDachs 2002)). Additionally,
we assumed that oceanic DMS could be directly emitted into the

air and converted into sulfur compounds along the trajectories.
However, we found that there was no significant relationship
between the calculated Chl-a (Avg) and Chl-a (Int) values and

MSA. This result could be explained by the production of MSA
from DMS oxidation, which is related to temperature (Lin et al.
2012) and other parameters, such as light intensity (radical

activity) and condensation sink (vonGlasow and Crutzen 2004).
Therefore, it might be difficult to find a straightforward rela-
tionship between oceanic biomass (biological exposure) and
MSA in the atmosphere with a limited amount of data (only 20

records in the present study), even when potential large-scale
influence is taken into consideration.

On the other hand, as DMS oxidation is the only source of

MSA, it is possible that the MSA to Chl-a exposure ratio could
be used to further investigate the oceanic DMS production
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capacity (Table 2). The calculated Chl-a (Avg), Chl-a (Int) and

MSA toChl-a exposure ratio varied greatly. In general, theMSA
to Chl-a exposure ratios of the aerosol samples collected in the
regions of the Antarctic Ocean (both SIZ and SAAZ) were

greater than the values collected in the mid-latitude and sub-
tropical regions. The highest MSA to Chl-a exposure ratio was
observed for the aerosol sample taken at site NJ-30-30, which is
where the research vessel passed over the SAAZ region.

However, it was not easy to simply compare the relative strength
of the DMS sources between the SIZ and SAAZ because only
two aerosol samples were collected in the SAAZ. Therefore, we

conclude that the DMS production capacity of the Antarctic
Ocean was greater than that of the mid-latitude and subtropical
water, as indicated by the MSA to Chl-a exposure ratio. The

calculation results were consistent with our measurements of
surface water DMS levels along the transects, in which high
levels of DMS generally occurred in high-latitude regions.

Conclusion

During the 30th CHINARE – Ant from February to April 2014,
high-resolution shipboardmeasurements of surfacewater DMS

were collected. We found two significant DMS sources:
one was located in the marginal sea ice zone of the SO from
34 8W to 14 8E, where the mean DMS flux was

49.0� 65.6 mmol m�2 d�1 (0.6–308.3 mmolm�2 d�1, n¼ 424);
the other was located in the South Subtropical Front (,40 8S),
where the mean DMS flux was 11.6 � 8.4 mmol m�2 d�1

(ranging from 0.3 to 50.8 mmol m�2 d�1, n ¼ 1164). The high-
resolution measurements of surface DMS greatly improved the
estimation of DMS emissions, especially in the SO, where
strong spatial and temporal variability of the seawater DMS

levels on a small scale (,1 km) was found (Tortell and Long
2009). We also found inconsistencies between atmospheric
sulfate compounds and DMS emissions along the transects.

This result could be attributed to the horizontal advection of air

masses, which would possibly impact atmospheric sulfate
compounds, including MSA, nss-SO4

2– and DMS, over the
sampling sites. The biological exposure calculation results also

indicated that it might be difficult to find a straightforward
relationship between oceanic biomass and MSA over the
maritime environment. Additionally, the MSA to Chl-a expo-
sure ratio results demonstrated that the DMS production

capacity of the Antarctic Ocean was greater than that of the
mid-latitude and subtropical water.

Supplementary material

The locations of aerosol samples (Table S1) are available on the

Journal’s website.
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Table 2. Comparison of biological exposure with MSA levels

Regions Sample no. Chl-a (Avg) Chl-a (Ea) DMS (Avg) MSA MSA/Chl-a MSA/Chl-a

(mgm�3) (mgm�3) (nmol L�1) (ngm�3) (Avg) (Int)

SIZ NJ30-31 0.27 31.08 6.62 16.16 58.96 0.52

NJ30-32 0.28 32.64 17.30 77.80 281.30 2.38

NJ30-33 0.26 30.90 1.54 64.31 247.80 2.08

NJ30-34 0.14 15.02 2.32 88.48 636.62 5.89

NJ30-35 0.11 13.17 1.18 75.37 690.15 5.72

NJ30-36 0.12 14.28 1.87 67.03 550.17 4.70

NJ30-37 0.10 12.50 1.62 25.12 260.77 2.01

NJ30-38 0.10 14.02 2.11 52.78 525.91 3.76

NJ30-39 0.16 18.95 1.34 120.64 764.48 6.37

Total (Avg) 0.17 20.28 3.99 65.30 446.24 3.72

SAAZ NJ30-30 0.11 12.66 1.27 162.19 1501.14 12.81

NJ30-40 0.22 26.06 3.66 56.42 259.97 2.17

Total (Avg) 0.16 19.36 2.47 109.31 880.56 7.49

SSTZ NJ30-41 0.19 23.11 4.68 86.33 448.22 3.74

NJ30-42 0.18 21.09 2.13 120.58 688.40 5.72

NJ30-43 0.20 24.13 3.18 46.11 229.56 1.91

NJ30-44 0.20 23.81 3.63 23.85 120.29 1.00

NJ30-45 0.14 17.05 3.36 56.64 398.74 3.32

NJ30-46 0.14 17.12 1.71 11.08 77.85 0.65

Total (Avg) 0.18 21.05 3.11 57.43 327.18 2.72

EZ NJ30-47 0.18 21.52 2.09 16.42 91.25 0.76

NJ30-48 0.11 12.59 2.81 21.94 208.56 1.74

Total (Avg) 0.14 17.06 2.45 19.18 149.91 1.25

NSTZ NJ30-49 0.50 59.33 2.55 91.23 183.02 1.54
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