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Abstract: We investigate the distribution of dimethyl sulfide (DMS) in the Southern Ocean’s (50° W
to 170° W) surface water, including the Antarctic Peninsula and the marginal sea ice zone (MIZ) in
the Ross and Amundsen Seas. This is the first high-frequency observation conducted in the austral
autumn (in April) in the Southern Ocean. The mean DMS concentration was 2.7 £ 2.5 nM (1 o) for
the entire study area. Noticeably enhanced DMS (5 to 28 nM) concentrations were observed in the
MIZ around the Ross and Amundsen Seas and the coastal regions in the Antarctic Peninsula; this
could be attributed to biological production of local ice algae, which appears to be supplied with
nutrients from glacial or sea ice melt water. These observed DMS inventories were significantly
higher (an order of magnitude) than current climatological DMS inventories. The local DMS sources
being transported outward from the polynyas, where strong bloom occurs during summer, could
result in larger discrepancies between observed DMS and climatological DMS in the MIZ area (in the
Amundsen Sea). Overall, this study is the first to highlight the significance of the underestimation
of current DMS fluxes in the austral autumn, which consequently results in significant errors in the
climate models.

Keywords: dimethyl sulfide; Southern Ocean; austral autumn; climate; high-frequency underway ob-
servation

1. Introduction

Dimethyl sulfide (DMS) is a volatile organic compound produced from the biological
activity of plankton in the ocean through the decomposition of algal metabolites, such
as dimethylsulfoniopropionate (DMSP). DMS in the atmosphere is photo-oxidized into
sulfate (SO427) aerosols, which play a crucial role in the condensation of nuclei for cloud
formation [1]. As a result, the amount of sea-to-air DMS emissions is closely related
to variation of the radiative budget [2], and thus directly affects the climate feedback
system. Although the overall role of DMS in the climate system is still under debate [3],
the influence of DMS could be significant at the regional scale in remote oceans, such as the
polar oceans [4,5].

Previous studies suggest that the Southern Ocean is the most important DMS source
region [6,7], together with the fact that Antarctic polynyas are some of the most productive
regions due to the high terrestrial (via melting glaciers or ice) nutrient supply in the austral
summer [8]. Antarctic polynyas could also be a key DMS source region due to the domi-
nance of Phaeocystis antarctica (P. antarctica) in Antarctic water phytoplankton assemblages,
which is considered to be a main producer of the DMSP as a DMS precursor [9-11]. Asa
result, approximately two-fold higher mean concentrations (up to 300 nM) and fluxes of
DMS have recently been reported from the surface waters of western Antarctica as com-
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pared to the open ocean [12,13]. More recently, substantially higher DMS concentrations
were also observed in Arctic melt ponds for the first time [14].

Despite the climatological importance of DMS emissions in the polar oceans, these pre-
vious studies were generally focused on the summer season, when the sea ice is completely
melted, and thus access to the study area is less challenging. However, to elucidate the
impacts of the current enhanced DMS emissions in the Southern Ocean on global cooling
and further negative impacts on the climate feedback loop in the near future [15,16], long-
term (seasonal or annual to decadal) high-resolution investigations of the DMS inventories
are necessary. Previous studies on DMS flux estimates from the Southern Ocean have con-
tained large data uncertainties due to the scarcity of measurement data for entire seasons,
aside from summer. Thus, the main objective of this study is to evaluate the significance
of the DMS inventories in the Southern Ocean in the austral autumn to autumn-winter
transition period for the first time (Figure 1). We conducted high-frequency (minimum
interval) underway observations of the DMS distribution in the western Antarctic surface
waters in April 2018 (the mid-austral autumn), using a recently improved membrane inlet
mass spectrometry (MIMS) technique [12,17].
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Figure 1. Map of the study area and DMS concentrations (circles) with sea ice concentration (SIC)
following the cruise track in the Pacific sector of the Southern Ocean (upper figure), with the map
expanded to the Antarctic Peninsula coastal region (lower figure). Triangles and inverted triangles
denote the previous DMS data reported by Berresheim [18] and Berresheim et al. [19], respectively.
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2. Methods
2.1. Study Area

Continuous underway DMS measurements were performed in the surface water of
the Southern Ocean (western Antarctic) during mid-autumn (late March to early May) in
2018 onboard the Korean icebreaker R/V Araon. The cruise track covered a range of 50° W
to 170° W (58° S to 68° S) in the Pacific sector of the Southern Ocean, including the marginal
(sea) ice zone (MIZ) of the Ross Sea (>140° W), the Amundsen Sea (140° W-90° W), the
Bellingshausen Sea (90° W-65° W; Figure 1), and the Antarctic Peninsula region, including
the Bransfield Strait (near 62° S 60° W; red dotted box in Figure 1).

2.2. Continuous Dissolved Gas Measurements Using the Membrane Inlet Mass Spectrometer

The analytical methods followed in this study followed the protocols described by
Kim et al. [12]. Surface water was collected from the ship’s seawater supply at a depth of
7 m. DMS and some major gases (such as O, and Ar) were measured in the same samples
using a membrane inlet mass spectrometer (MIMS) (Hiden 301, Warrington, UK) consisting
of a secondary electron multiplier (SEM) detector, diaphragm, and turbo pumps (vacuum
of ~2 x 107> Torr), a circular polydimethylsiloxane membrane (20 um thickness and 3 cm
diameter) enclosed in a cuvette (5 cm diameter), and an electron impact ionization source.
DMS (mass-to-charge ratio, m/z = 62) and other gases (such as O, and Ar) were measured
by the SEM detector and a Faraday cup, respectively, under 500 pA of ion source filament
current and 1500 V of SEM acceleration voltage.

Water was collected by a gear pump at a flow rate of 200 mL min~! from the bottom
of the glass sample bottles, preventing sample alteration by ambient air. Before the sample
introduction, the temperature of the water samples was adjusted to ~2 °C (similar to
ambient seawater) using a coiled heat exchanger (a 6 m 1/4" stainless steel tube) and a
cooling water bath. After flushing for 2 min, the outlet plastic tubing was moved to the
sample bottle from the sink to recirculate the water sample. All samples were analyzed for
approximately 7 min (n = 10 runs). There were no noticeable decreases in detection signals
in sample measurements, indicating no or insignificant alteration of sample properties
during recirculation (>45 s for one sample cycle).

2.3. Calibration

The standard solutions were dilutions of a pure DMS solution (>99.0%, Sigma-Aldrich,
St. Louis, MO, USA), and DMS was calibrated using external standards. The concentrations
of the standard solutions varied between 1 nM and 50 nM. Methanol (HPLC grade) and
filtered DMS-free deep water (>500 m depth) were used for media of the primary and
working standards, respectively [20]. The stock solutions were sealed gas-tight with
minimum headspace and stored in a refrigerator (4 °C) until analyses. Then, the primary
standards were diluted to ~520 mL in glass bottles as working stocks when the calibrations
were conducted. The correlation coefficients (R?) of all the calibration curves were larger than
0.90. All standards were measure twice, and the mean deviation of duplicates was <8%.

The O,/ Ar ratio was also calibrated using a deep (sea) water standard (one point
calibration) after every DMS calibration. The equilibrated O,/ Ar standard water samples
were prepared by gently bubbling fresh air into deep seawater, using a pump, for more than
3 h in a bath under constant temperature (real-time room temperature). The calibration
runs for DMS and O,/ Ar were conducted on a daily basis.

2.4. Calculation of Oxygen Supersaturation Anomaly (AO,/Ar)

In this study, the biological production is presented as a biological oxygen supersatura-
tion anomaly (AO,/ Ar) because dissolved oxygen (DO) could be influenced by not only the
biological production but also the various physical processes (e.g., air dissolution, bubble
injection, and variability of temperature and air pressure) [6,12]. Instead, the amount of
biologically derived O, can be quantified by the O,/ Ar ratio, based on the geochemical
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characteristics of Ar; Ar shows a similar solubility and diffusivity to O,, but is (biologically)
inert. The oxygen supersaturation anomaly is defined as follows:

AOz/AI‘ (%) = {(OZ/Ar)measured/(02/Ar)saturated - 1} x 100 (1)

where (O2/Ar)measured and (O2/ Ar)saturated are the ratios of O,/ Ar in the samples and
air-saturated water, respectively.

2.5. Other Hydrographic Parameters

Data for sea ice concentrations (SIC) along the ship cruise track were obtained from
Advanced Microwave Scanning Radiometer 2 (AMSR?2) daily sea ice maps. The continuous
sea surface temperature (SST) and sea surface salinity (SSS) were measured using a ther-
mosalinograph (SBE-45, US) at a precision of 0.002 °C and 0.0003 mS/cm (conductivity).
Wind speeds were obtained from shipboard data observed at a 10 m height.

3. Results and Discussion
3.1. Distributions of DMS in the Study Region

The concentrations of DMS ranged from <0.5 to 28 nM, with an average of
2.7 £ 2.5 nM (n > 2680) for the entire study area (Figure 1). The higher DMS anomaly
values (i.e., more than twice the mean concentration) were regionally observed in the
MIZ of the Ross Sea, the Amundsen Sea, and coastal regions around the Antarctic Penin-
sula. The DMS hotspots where the highly elevated DMS concentrations (20-28 nM) were
found were concentrated in the Amundsen Sea region (95° W-90° W) (Figure 1). Re-
cently, it was documented that several DMS hotspots were observed during the austral
summer in the Amundsen Sea, resulting from the higher abundance of plankton biomass
polynya, in particular the dominance of P. Antarctica [12]. During this study, DMS con-
centrations in these hotspots were an order of magnitude higher than those in the open
ocean (e.g., 0.5-5 nM in the Atlantic and Pacific; data from the PMEL-NOAA data center,
https:/ /saga.pmel.noaa.gov/dms/).

In April, although sea ice advances quickly, some biological activity remains due
to the local bloom of ice algae (Figure S1) in the MIZs. However, DMS has rarely been
studied in this season. In the 1980s-1990s, some DMS data were reported in April near
the Amundsen Sea (0.76 4+ 0.28 nM, n = 81; data from the PMEL-NOAA data center,
https://saga.pmel.noaa.gov/dms/) and Bransfield Strait (1.9 £ 1.2 nM, n = 113) [19,20],
respectively from two campaigns (Figure 1). However, in these previous studies, no
elevated DMS concentrations (e.g., >5 nM) or DMS hotspots were observed. The regional
significant enhancement of DMS concentrations in this study could be attributed to (i)
high-resolution detection of DMS hotspots or (ii) up-to-date enhanced production with
increasing terrestrial nutrients via melting glaciers and ice in recent years [12,13].

3.2. Factors Controlling the Production of DMS in Austral Autumn

To identify the factors responsible for the increased production of DMS in autumn
in the Southern Ocean, the time series of hydrographic data (SST, SSS, SIC, and wind
speed) and AO,/Ar are shown together with DMS in Figure 2. Because net community
production is deduced when the biological oxygen (AO,/Ar) is multiplied by gas transfer
velocity, we used AO,/Ar as a representative parameter of biological production in the
surface layer. Although these variables might not be sufficient to fully understand the
complex DMS creation and removal processes, they are typical variables describing the
physical and biological environment of the polar ocean [12,17]. The DMS concentrations
were found to be higher mainly in areas with less SIC. However, overall, among those
variables, there was no strong correlation between each variable (Figure 2). However,
in early April, the SSS and SST were noticeably lower (but AO,/Ar was higher) in the
Amundsen Sea relative to those in the Bellingshausen Sea (Figure 2). Thus, the much
higher DMS inventory in the Ross and Amundsen Seas than in the Bellingshausen Sea
could be due to the significant portions of meltwater (with low temperature and salinity,
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highly fertilized) that were introduced offshore of the Amundsen Sea via outward currents
(major direction is towards the Ross Sea). In addition, the DMS increased (5-10 nM)
in the Bransfield strait region (Figure 1) around the Antarctic Peninsula. In this coastal
region, a higher AO,/ Ar associated with decreases in both SST and SSS was also observed
(around 26 April), which was similar to the pattern in the MIZ of the Amundsen Sea
(Figure 2). Overall, there was no strong correlation between DMS enrichment and any
specific variable. Therefore, the elevated DMS concentrations (>5 nM) in the offshore region
were speculated to be related to the enhancement of local biological production, fertilized
by outward transportation of ice melt water from polynyas in the austral summer. Here,
we also noted that the DMS distributions in mid-autumn were thought to be determined
by the combined processes of various biogeochemical factors, such as productivity, SIC,
hydrography, and phytoplankton assemblage [12].
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Figure 2. Time series of underway measurements of SST, SSS, sea ice concentration, O,/ Ar (%), wind
speed, and DMS. Note that the scale of the y-axis in DMS concentrations is 20, but in fact values
exceeding 20 nM were observed a total of four times (20.5, 23.6, 26.8, and 28.0 nM). For the Amundsen
Sea region, see Supplementary Materials. Line plots in the DMS indicate (24 h) the moving average
of DMS concentrations.
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3.3. Comparisons of DMS Observation Data in This Study to Climatological DMS

We analyzed three recent climatological DMS inventories to evaluate the DMS discrep-
ancies between current estimates and our direct measurements. Inventories originated from
previous works by Lana et al. [21] (hereafter referred to as L11), Gali et al. [22] (hereafter
referred to as G18), and Wang et al. [23] (hereafter referred to as W20). All these inventories
were re-gridded into the 1° x 1° spatial resolution for comparison (Figure 3). L11 has been
frequently used in climate model simulations [24,25], and the DMS concentrations are de-
duced by the observed DMS concentration data sets applying objective analysis approach,
which fills the spatial and temporal measurement gaps using multiple interpolation and
extrapolation techniques. The calculated DMS concentrations using G18 from the algo-
rithms were developed by using satellite datasets and rigorous consideration of non-linear
relationships between DMS and plankton light exposure. Recently, DMS concentrations
for W20 were estimated from artificial neural network analysis, giving the most extensive
observational dataset (82,996 measurements) (Figure 3). Note that the comparison between
the direct onboard measurement and the time-averaged climatological inventories bears
uncertainties from the spatial and temporal scale mismatch. Also, in coastal regions, G18
and W20 do not have sufficient satellite inputs including sea ice concentration. However,
because this the is first observation in the autumn in the West Antarctic region, the compar-
ison clearly provides a basis for updating the current understanding on the DMS emissions
in the polar region.

The estimated DMS from all three approaches tended to estimate DMS concentrations
constrained within 0.5 and 1.5 for almost all the Southern Ocean (Figure 3). The exception
was the L11 estimates for Western Antarctica and the Antarctic Peninsula (Figure 3c), where
our study area was located. When the measured DMS concentrations (for 6-h average) were
compared to the estimated climatological DMS inventories, almost half of the observed
DMS inventories agreed well with climatological DMS inventories. However, the other
half were 2 to 30 times higher than estimated values, in particular in the western Antarctic
seas (Ross and Amundsen Seas until 10 April) and some coastal regions around Bransfield
Strait (end of April) (Figure 4). The discrepancies (in the range of 1 to 17 nM) between
observed and climatological estimates were mainly attributed to the mismatch of spatial
(in situ observation point and 1° x 1° gridded mean) and temporal (6-h mean and monthly
mean) resolution. The much larger discrepancy in the Amundsen Sea (early April) relative
to the Antarctic Peninsula (end of April) could be associated with the local DMS sources
transported outward from the polynyas (Figure 4), where the high production occurred
during the austral summer [6,12,13]. Therefore, the MIZ (early April) of the Amundsen
Sea appears to show a particularly large error between observed and climatological data
(Figure 4). Overall, we found significant underestimation of current DMS inventories in
comparison with direct observations. The results suggest that high-resolution observations
are essential in order to correct the regional climatological datasets, and also imply that
the updated inventories will play an important role in improving the accuracy of future
climate predictions.
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Figure 3. Maps of DMS levels estimated from three different inventories: (a—c) map of the entire
Southern Ocean; (d—f) map of the Antarctic Peninsula coastal region. L11, G18, and W20 represent
the data from Lana et al. [21], Gali et al. [22], and Wang et al. [23], respectively.
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Figure 4. (Left pane) Comparisons of observed DMS concentrations (for 12 h average from this study, red triangles) with

corresponding climatological seawater DMS concentrations estimated from three different emission inventories. Blue,

green, and yellow dots denote the DMS inventories from Lana et al. [21], Gali et al. [22], and Wang et al. [23], respectively.

(Right pane) Frequency distribution of DMS concentrations for the corresponding datasets in the left pane.

3.4. Significance of DMS Flux in the Southern Ocean in Autumn

In this study, we estimated the sea-to-air DMS fluxes from measurements. The DMS
fluxes (Fpms) via sea-air exchange (assuming that atmospheric concentrations of DMS are
negligible in austral autumn) in our study area were calculated as follows:

FDMS = (1 — l) X k x DMSSW (2)

where i is the fraction of ice-covered surface area (represented by SIC), DMSgyy is the DMS
concentration (mol m~2) in the surface water, and k is the gas transfer (piston) velocity of
DMS (cm h™1), based on (i) an instantaneous observed wind speed (m s71), (ii) the coeffi-
cient relationship documented by Nightingale et al. [26] (hereafter referred to as N00) and
Wanninkhof et al. [27] (hereafter referred to as W14), and (iii) normalized to Schmidt num-
ber (Sc) for DMS according to Saltzman et al. [28]. The average DMS fluxes from the entire
study area in this observation were calculated to be 0.013 4 0.020 mmol m~2 d~! and 0.014 +
0.023 mmol m~2 d~, based on N0O and W14, respectively. These average DMS fluxes in
April were comparable within an order of magnitude to previously reported DMS fluxes in
Amundsen Sea polynya in the summer season (0.053-0.085 mmol m2d1)[6,12]. In addition,
the DMS fluxes in this study were an order of magnitude higher than the climatological es-
timation of the annual DMS flux for the entire Southern Ocean (0.0067 mmol m~2 d 1) [21]
and global oceans (0.0022-0.0038 mmol m—2 d’l) [22,23]; both of these results were also
quantified using N0O and converted into daily units for convenience of comparison.

Most areas of the Southern Ocean (south of 40° S) are far away from human-inhabited
continents. Accordingly, the surface of the ocean at this latitude has been regarded as a
potentially important major source of atmospheric biogenic sulfur (compounds) because
of the high productivity rates and the intensive winds with the absence of major interfer-
ence from continental air masses [19]. In this study, the strong winds (with an average
wind speed of 10 to 30 m s~?!) also lasted nearly half the observation period (especially
20-30 m s~ ! in the Bransfield Strait), even though there were no extremely high DMS
hotspots (such as >100 nM, often observed in summer) in April. More recently, Zhang
et al. [7] documented that sometimes DMS fluxes in summer could be lower than those in
other seasons, since the DMS concentration in the atmosphere is already high in summer.
Thus, our results suggest that the DMS fluxes during the autumn were evidently underesti-
mated compared to the previous estimates. Further studies are also necessary to clarify the



Atmosphere 2021, 12, 122 90of 10

atmospheric processes of the sulfur cycle, as well as to acquire more realistic climate model
simulation results.

4. Conclusions

We investigated the surface dimethyl sulfide (DMS) distribution in the Southern Ocean
in April, a period when the DMS distributions are rarely studied. Substantially higher
DMS (5 to 30 nM) concentrations were observed in the marginal ice zone (MIZ) in the
western Antarctic and coastal waters around the Antarctic Peninsula, using a high fre-
quency observation. The relatively higher DMS concentrations were attributed to biological
production of local ice algae, which appears to be supplied with nutrients from glacial and
ice melt water. We also found significant underestimation of the current climatological
DMS inventories in comparison with the direct observations in this study, especially on
the surface of the ocean around the MIZ. These results suggest that climatology-based
DMS fluxes in the austral autumn, which are currently used in climate models, could be
largely underestimated based on both the (i) strong wind and (ii) lower atmospheric DMS
inventory in this season. Our results imply that high-resolution observations of DMS fluxes
in seasons other than summer are imperative in order to calibrate the current climatological
DMS inventories, which are significantly underestimated. Furthermore, more extensive
studies on the sources of atmospheric sulfur compounds are necessary in order to improve
the accuracy of future climate forecasts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-443
3/12/1/122/s1, Figure S1: Massive sea ice algae colonies encountered in the Antarctic Peninsula sea
ice zone and the raw data file.
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