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HIGHLIGHTS GRAPHICAL ABSTRACT

* Recent distributions of DMS were in-
vestigated throughout the Amundsen
Sea.

» DMS hotspots (>150 nM) in the polyn-
ya were observed during the austral
summer.

* Trends of DMS and AO,/Ar were indis-
tinct between the sea ice zone and po-

lynya.
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zones and near the Getz ice shelf, where both the first local ice melting and high plankton productivity were ob-
served. In other regions, high DMS concentration was generally accompanied by higher chlorophyll and AO,/Ar.
The large spatial variability of DMS and primary productivity in the surface water of the Amundsen Sea seems to
be attributed to melting conditions of sea ice, relative dominance of Phaeocystis Antarctica as a DMS producer, and
timing differences between bloom and subsequent DMS productions. The depth profiles of DMS and AO,/Ar were
consistent with the horizontal surface data, showing noticeable spatial variability. However, despite the large
spatial variability, in contrast to the previous results from 2009, DMS concentrations and AO,/Ar in the surface
water were indistinct between the two major domains: the sea ice zone and polynya region. The discrepancy
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may be associated with inter-annual variations of phytoplankton assemblages superimposed on differences in
sea-ice conditions, blooming period, and spatial coverage along the vast surface area of the Amundsen Sea.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dimethyl sulfide (DMS), a volatile trace gas, is mainly derived from
biological processes in the surface ocean, such as decomposition of the
algal metabolite dimethylsulfoniopropionate (DMSP) (Kettle et al.,
1999). The photo-oxidization of DMS in the atmosphere produces
Methanesulfonic acid (MSA) and sulfate (SO3 ) aerosols. These SO3 ~
aerosols enhance cloud formation and subsequently Earth's albedo via
the backscattering of solar radiation. As a result, the DMS flux at the
air-sea boundary directly affects the radiative budget (Charlson et al.,
1987); thus, the oceanic DMS cycle can be an important factor in con-
trolling Earth's climate feedback system.

Antarctic polynyas are one of the most productive regions with very
high nutrient concentrations as a result of significant terrestrial iron in-
puts from melting glacier/sea ice or continental shelf sediments, where-
as the Southern Ocean mostly suffers from iron limitation (Boyd, 2002).
For example, primary productivity in Antarctic polynyas can exceed
2gCm~2d~ !, approximately 40% of the total Southern Ocean C-fixa-
tion, even though these systems occupy only small coastal areas
(Arrigo et al.,, 1998; Arrigo and Van Dijken, 2003). In addition, Antarctic
polynyas can also be a key source region of trace gases, particularly
DMS. This can be attributed to an abundance of Phaeocystis antarctica
(P. antarctica) in Antarctic water phytoplankton assemblages, which
are known to be an important producer of the DMS precursor, DMSP
(Van Boekel and Stefels, 1993; DiTullio and Smith, 1995; DiTullio,
1996). More recently, high concentrations (up to 300 nM) and fluxes
of DMS have been documented in the Ross Sea and Amundsen Sea sur-
face that are approximately 2-fold higher in the open polynya waters
relative to the mean open ocean (Tortell et al.,, 2011,2012). Consequent-
ly, large DMS fluxes in the Southern Ocean can play a critical role in cli-
mate change. Indeed, several recent modeling studies have predicted
that changes in DMS in the Southern Ocean could lead to significant
global cooling and, thus, a negative climate feedback loop (Bopp et al.,
2004; Cameron-Smith et al., 2011).

Amundsen Sea, west Antarctica, has been known as the most
rapidly melting part of the Antarctic ice sheet. This is ascribed to
the fact that warm circumpolar deep water (CDW) intrudes the
basal layer of the ice-sheet (Jenkins et al., 2010; Jacobs et al.,
2011). Thus, a substantial amount of glacial meltwater input in
the Amundsen Sea has been known to significantly influence
ocean circulation (Randall-Goodwin et al., 2015; Kim et al., 2016),
phytoplankton productivity, and biogeochemical cycles
(Alderkamp et al., 2012; Gerringa et al., 2012). Previously, Tortell
et al. (2012) presented the spatial distributions of DMS in the
Amundsen Sea surface in 2009, which accounted for about 1% of
the total DMS fluxes of the entire Southern Ocean. However, they
only covered the small proportions of the Getz ice shelf (GIS) (the
easternmost part of GIS), despite of the huge spatial scale of GIS.
For example, it has the third largest ice shelf area (34,018 km?)
and showing the 2nd largest ice mass loss on the entire Antarctic
ice sheet (Rignot et al., 2013). Furthermore, Amundsen Sea has
been known to show noticeable short-term (monthly- or season-
al-) temporal variations of hydrographic characteristics and bio-
geochemistry (Ducklow et al., 2015).

The main research goal of this work is to identify recent regional fea-
tures of DMS distributions throughout the water column of the Amund-
sen Sea Polynya region. We measured the horizontal patterns of DMS in
the Amundsen Sea surface of 100°W to 130°W, covering the Dotson ice
shelf (DIS), Getz ice shelf (GIS), and Pine Island ice shelf (PIIS) (Fig. 1).In
addition, to investigate the detailed characteristics of DMS distribution,

we also determined the vertical profiles of DMS in the upper water col-
umn of the Amundsen Sea.

2. Materials and method

2.1. Continuous dissolved gas measurements using the membrane inlet
mass spectrometer

The research cruise was conducted during the austral summer (Jan.
to Feb.) in 2016 onboard the Korean icebreaker R/V Araon. DMS concen-
trations of the Amundsen Sea were measured underway from Jan. 16 to
Feb. 11, 2016. The cruise track covered the continental shelf slope region
and Dotson trough (DT) crossing the Amundsen polynya. A significant
portion of our cruise was also allocated to near-ice shelf surveys
(<2 km from ice shelves) adjacent to the DIS, GIS and PIIS (Fig. 1). Sur-
face waters were collected underway from the ship's seawater supply at
a nominal depth of 7 m. Membrane inlet mass spectrometry (MIMS)
was adopted to measure DMS and O,/Ar ratios. The MIMS technique di-
rectly samples analyte gases from the aqueous phase gases in seawater
through a semi-permeable membrane. Because this method does not
require headspace equilibration, MIMS enables us to make a near-real
time, high frequency continuous observation (e.g., 1 cycle per 30-
40 s) of dissolved gases.

In general, the analytical procedures were followed the protocols as
described in Tortell (2005). Briefly, the surface water with flow
rate >300 mL s~ ! flowed into a sample reservoir (~2 L) and the bottom
water of the reservoir was pumped by a gear pump to minimize sample
alteration due to ambient air, with flow rate of 200 mL min~ . Before
passing the circular membrane inlet parts, samples were routed
through a coiled heat exchanger (a 6 m-length 1/4” stainless steel
tube) immersed in cooling water bath, of which temperatures (2-4 °C,
varied with respect to the sea surface temperature) were set slightly
higher than those of ambient surface waters (Fig. 2). We note that all
the sample introduction processes were conducted while maintaining
a constant sample temperature by minimizing total line length (~45 s
for one sample cycle).

The MIMS technique used in this study consists of a quadrupole
mass spectrometer with a secondary electron multiplier (SEM) (Hiden
301, UK), vacuumed with diaphragm and turbo pumps, and circular
polydimethylsiloxane membrane (with thickness of 20 pm and diame-
ter of 3 cm) enclosed in a cuvette (5 cm diameter). The mass spectrom-
eter has an electron impact ionization source. The membrane was
replaced once, two weeks after the first measurement. The operating
pressure was <2 x 10~ > Torr. DMS (m/z = 62) and other major gases
were measured by the SEM detector and Faraday cup, respectively.
The settings for the filament current of the ion source and multiplier ac-
celeration voltage were set to 500 pA and 1500 V, respectively.

2.2. Discrete sample measurements

The discrete vertical samples were collected in borosilicate glass bot-
tles with ground glass stoppers at 16 CTD stations. To minimize
degassing, the bottles were filled with seawater with no headspace
and kept in the refrigerator (4 °C) until analysis. All samples were mea-
sured within 1 h after sampling. Discrete samples were introduced to
the system by moving the inlet plastic tubing, which was used to intro-
duce the surface water, from the surface water reservoir to a sample
bottle. After flushing the plumbing for 2 min, the outlet plastic tubing
was moved to the sample bottle from the sink to recirculate sample wa-
ters. All the bottle samples were measured for at least 7 min (>10 runs).
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Fig. 1. Map showing cruise track of underway measurements of DMS, AO,/Ar, and fluorescence. Seawater samples for vertical profiles of DMS and O,/Ar were collected at 20 stations
(green filled circle). The station numbers of each CTD cast for bottle sampling are also denoted.

There was no noticeable decrease of measured signals during the recir-
culation, suggesting no significant change of the sample properties dur-
ing the measurements.

2.3. Calibration

DMS was calibrated using externally prepared standard solutions.
The standard solutions were diluted from pure DMS solution (>99.0%,
Sigma-Aldrich) to accommodate the local DMS concentrations. The con-
centration of standard solutions varied between 1 nM and 100 nM.
Methanol (HPLC grade) and filtered DMS-free deep waters (>500 m
depth) were used as media solutions for primary- and working-stan-
dards, respectively (Stefels, 2009). All the primary stock solutions
were sealed by gas-tight clamping with minimum headspace and stored
in the refrigerator (4 °C) until analyses were conducted. Then, the pri-
mary stocks were diluted to ~520 mL in a glass bottle as working stan-
dards right before each measurement. The correlation coefficients (R?)

of most external calibration curves were >0.92. These DMS calibrations
were conducted 1 to 2 times every 24 h.

The O,/Ar ratios were also calibrated using a deep seawater standard
right after each DMS calibration. The equilibrated O,/Ar standards (sin-
gle standard) were prepared by gently bubbling fresh air into deep sea-
water with an aquarium pump for >3 h. During the bubbling, the deep
water bottle was kept in the water bath at a constant temperature to-
gether with the coiled heat exchanger. A continuous measurement of
0O,/Ar during the bubbling suggests that O,/Ar reaches equilibrium
within 40 min.

24. Calculating biological oxygen supersaturation, AO,/Ar

Dissolved oxygen (DO) concentrations alone cannot represent the
biological production-derived O, accurately because DO can be affected
by various physical processes as well (e.g., dissolution of air, bubble in-
jection, and changes in water temperature and air pressure). Instead,

to sink (/bottles)

underway water
from surface

from sample bottle

Fig. 2. Schematic of our MIMS-underway measurement system.
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because biologically inert Ar has similar solubility and diffusivity to O,,
the amount of only biologically derived O, can be quantified by the
0,/Ar ratio (Craig and Hayward, 1987). Biological oxygen supersatura-
tion is defined as follows:

AOz/AI'(%) = {(OZ/Ar)measured/(OZ/Ar)saturated_l} x 100

)

where (02/Ar)measured aNd (O2/Ar )saturateq are the ratios of O,/Ar in the
sampled and air-saturated water, respectively.

2.5. Calculating sea-air flux of DMS
We used our surface concentration measurements and shipboard

wind-speed data at a height of 10 m to calculate the sea-air flux of
DMS. Because atmospheric concentrations are often assumed to be

157

negligible, we calculated the sea-air exchange of DMS as

Fpms = (1—A) x kpms x DMSsw (2)
where A is the fraction of sea surface covered by ice and DMSsyy is the
concentration of DMS in the surface ocean. kpys is the piston (gas trans-
fer) velocity calculated as a function of instantaneous wind speed and
the temperature dependent Schmidt number (Sc) (Wanninkhof,
1992) and normalized to the Sc for DMS according to Saltzman et al.
(1993). We used shipboard daily mean wind speeds.

2.6. Other hydrographic data

Measurements of sea surface chlorophyll a fluorescence (used as a
proxy for bulk phytoplankton biomass) was continuously recorded
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Fig. 3. Time series of SST (navy dots), SSS (purple dots), fluorescence (green dots), AO /Ar (%) (red dots), and DMS (blue dots) measured by and MIMS during the entire sampling period
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with sea-ice concentrations (%). Station numbers are denoted in the top row with the corresponding date.
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using the underway fluorometer (Turner 10-AU). Sea ice concentrations
along the ship track were obtained from AMSR2 daily sea ice maps
(Spreen et al., 2008).

3. Results

3.1. Spatial distributions of DMS and sea-to-air DMS flux in the Amundsen
Sea Polynya

Fig. 3 shows the time series of DMS concentrations accompanied by
the sea surface temperature (SST), sea surface salinity (SSS), fluores-
cence (chlorophyll a), biological oxygen saturation anomaly (AO,/Ar),
and sea ice concentrations. The concentrations of DMS varied greatly
from 3 to 400 nM (mean concentration: 37 4+ 76 nM) with a median
value of 20 nM. AO,/Ar and fluorescence ranged from —20-30% and
0-18 (arbitrary unit), respectively, with averages of 4.3 4+ 5.9% and
2.5 4+ 2.7 (£ 10). The highest values of mean DMS were observed on
Jan 27-28 in continental shelf regions near the westernmost part of
GIS (near station 40), but those of AO,/Ar and fluorescence were ob-
served on Jan 22-23 along the eastern transect of DT (stations 23 to
25). The DMS concentrations and AO,/Ar were lower in the PIIS region
than those in DIS and GIS regions.

Figs. 4-6 show the spatial distributions of DMS, chlorophyll a and
AO,/Ar, SST and SSS with sea ice concentrations along the cruise track
in the Amundsen Sea surface. As shown in Figs. 3 and 4, several DMS
hotspots (referred to as “HS”) were found where DMS concentrations
exceed 150 nM. The first DMS hotspot, site HS1, was observed on Jan
16 near the shelf break region in the polynya, while other biological pa-
rameters, such as chlorophyll and O, production, were not higher than
other periods or regions (Figs. 4 and 5).

The HS2 site was observed in the eastern transect of DT and DIS (sta-
tions 23 to 25 in Fig. 1). In this region, the highest biomass (fluorescence
from 10 to 20, arbitrary unit) (Figs. 3 and 5) was also observed with a
sudden increase of DMS (up to 150 nM) relative to the nearby DIS
region.

The HS3 site was observed at the eastern part of GIS (Jan 26 to 27,
Fig. 3) and the HS4 site was observed near the westernmost part of
GIS (around station 40 on Jan 27 to 28, Fig. 3), where the highest values
of mean DMS were up to 250 nM. On the way to the eastern part of

1200W

125°'W

Amundsen Sea or PIIS, we also observed noticeably high DMS concen-
trations in the central polynya region, HS5 (Fig. 4).

However, in other DT or polynya center regions (stations 8 to 16, on
Jan 18 to 25; Figs. 1 and 3), DMS concentrations were lower than aver-
age DMS concentrations, despite the fact that the cruise track was along
the sea ice-free polynya.

The mean DMS flux along our cruise track was 0.085 +
0.119 mmol m~2 d~!, with a median value of 0.025 mmol m~2 d ™.
Sea-air gas fluxes varied substantially because of underlying variability
in both wind speeds and gas concentrations in the ocean surface. Gener-
ally, variability in surface water DMS concentrations was known to be
the most important factor for DMS flux variability. However, in our
study region, the local wind speed could also be a significant source of

DMS flux variation, which had highly varied from 1 to 27 ms™ .

3.2. Vertical distributions of DMS in the Amundsen Sea Polynya

Figs. 6 and S1 show the vertical distributions of DMS and AO,/Ar in
the upper water column of the Amundsen Sea. Most DMS concentra-
tions were highest in the surface waters and decreased with depth.
The highest DMS concentrations were observed in the surface water
of station 4 (vicinity of HS1 site, shelf break region in DT) and stations
24 to 26 (vicinity of HS 4 site, eastern transect of along DT), which
was generally consistent with the surface underway results (Figs. 6
and S1).

In the DT region (stations 4, 8, 11, 16, and 20), the DMS concentra-
tion was highest at station 4, the sea ice-polynya transition zone near
HS1 site, whereas the DMS was closed to 0 nM at station 8 albeit the
proximity between station 4 and station 8 (Fig. 6). The sea-ice concen-
trations (SIC) were ~0% at station 4 but ~50% at station 8 (Fig. 3).

On the eastern side of DT (stations 23 to 26), near HS2 site, the chlo-
rophyll concentrations were highest (Fig. S2). The DMS and AO,/Ar
ratio at the surface ranged from 150 to 200 nM and 10-20%, respective-
ly, and decreased with depth (Figs. 6 and S1).

At station 40, the shelf regions of western GIS in the vicinity of HS4
site, DMS concentrations exceed ~100 nM (0-50 m depths) even
though fluorescence was comparable to average values. However,
when closing to the ice shelf regions, the westernmost part of GIS (sta-
tions 42 to 44), the DMS concentrations at the surface were lower than

T15W 110y
105°W

Fig. 4. Spatial distributions of DMS concentrations (contour map) throughout the Amundsen Sea surface waters from Jan 14 to Feb 10. The five hotspot (HS) sites are presented, where the

mean DMS concentrations are >150 nM.
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Fig. 5. Spatial distributions of AO,/Ar (%) (upper figure) and fluorescence (below figure) (contours) values throughout the Amundsen Sea surface waters from Jan 14 to Feb 10.

in other ice shelf regions because of low productivity (almost ~0% of
AO,/Ar at surface in these regions) (Figs. 6 and S1).

During the revisit sampling period, Feb. 5th to 8th (stations 29, 27,
12, and 8, are denoted as stations 29re, 27re, 12re, and 8re, respective-
ly), DMS concentrations in the surface water of the DT region were al-
most 50 nM, lower than the average DMS concentrations during first
sampling in January (110 nM in the stations 8-26). DMS levels eventu-
ally reached below the limit of detection (~1 nM) at station 8 (Fig. S1).
However, the AO,/Ar and chlorophyll concentrations were lowest dur-
ing this period, indicating the final stage of summer bloom. This indi-
cates that the biological productivity and associated DMS productions
show short-term scale (1 to 2 weeks) variability during late summer.
Similarly, DMS concentrations in PIIS (stations 63 and 64 on Feb 3rd)
were 30-50 nM (Fig. S1), which were similar to the average level
throughout the Amundsen Sea, even though the productivity was also
lowest in this region, almost ~0% of AO,/Ar. These results indicate that
there are time lags between the Phaeocystis bloom and related DMS
production.

4. Discussion
4.1. Factors leading to DMS hotspots in the Amundsen Sea surface

In HS1 site, considering that the other parts of the central polynya re-
gion were still ice covered (>60% ice content) and not completely open
during this period (Fig. 3), the sudden and first local ice melting in this
region could provoke concentrated production of plankton albeit the
low mean chlorophyll of the ambient region.

In HS2 site, the dominance of P. antarctica (>90% of abundance)
seems to result in high DMS (up to 150 nM) with highest biomass rela-
tive to the nearby DIS region (Figs. 3 and 5). Here, we note that our phy-
toplankton composition data are unpublished yet. However, these
trends in phytoplankton assemblage with significant spatial variability
in our study region has been consistently observed in recent years,
2012-2014 (Lee et al,, 2016a,b).

In HS3 site, the complete sea ice-free condition (0% sea-ice concen-
tration) of HS3 region seems to be attributable to the significant
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Fig. 6. Vertical profiles of DMS (blue dots and lines) and AO,/Ar (%) (pink dots and dotted lines) for the some selected CTD cast stations. The uncertainty of each dataset is expressed by the
1-sigma (10) error bar. Vertical profiles of DMS (and AO,/Ar (%)) and hydrography for all stations were in Figs. S1 and S2, respectively.

production of DMS (Figs. 3 and 4). However, chlorophyll and O, produc-
tions are not higher than other GIS regions (and also P. antarctica is not
the dominant species at HS3). This result probably result from the ex-
haustion of nutrient directly after the peak blooming period, although
the main factors elevating higher DMS in this region is not clear, yet.
On the contrary, the HS4 site seems to be coincidence with the peak
bloom period based upon an optimum sea ice condition as spring bloom
because both the chlorophyll and AO,/Ar were clearly higher than other
GIS region. Overall, our underway track seems to coincide with the peak
bloom period near the GIS polynya region (especially, HS3 and HS4
sites), resulting in the highest AO,/Ar ratio (>20%) (Figs. 3-5).
Previous work suggests that the higher SST may affect the substan-
tial DMS production (positive correlation between DMS and SST; Lana
et al,, 2011). Thus, the relatively higher SST (0.5-0.7 °C) in HS5 site
was likely to be responsible for the higher productivity (Fig. S3).
However, the significantly lower DMS concentrations in other DT re-
gion and polynya center seemed to be associated with the phytoplank-
ton assemblage. For example, P. antarctica is not the predominant
species (Lee et al., 2016a,b) in most of the DT, DIS, and polynya center
region (stations 8 to 22 on Jan 17 to 23, Fig. 3).
The DMS flux in this study was 2-3 times higher than those in pre-
vious studies in the Ross Sea in 2006 (0.040 -+ 0.020 mmol m~2d™ 1)
and the Amundsen Sea in 2009 (0.023 + 0.038 mmol m~2 d~ 1)

(Tortell et al., 2011, 2012) and also compiled mean Southern Ocean
data (Jarnikova and Tortell, 2016). Because of the different observation
locations, direct comparisons among these previous results are not easy.
Although the domains of previous estimates reported by Tortell et al.
(2012) were limited to the Amundsen Sea Polynya region (0.058 +
0.130 mmol m~2d~ 1), our DMS flux (0.085 + 0.119 mmol m—2d~1)
is comparable within an order of magnitude.

Overall, the time series of underway observations (Fig. 3) showed
that some biological factors (e.g., AO,/Ar and fluorescence) are qualita-
tively having a close relationship with DMS. However, none of the envi-
ronmental variables could clearly explain the DMS variation from
correlation analyses (Fig. S4). There were weak or no correlations. Per-
haps the time lag between the change of DMS and other environmental
variables may explain the poor correlations; previous research reported
that typical time lag between peak DMS and peak phytoplankton bio-
mass are generally several days (Gabric et al., 1993). In addition, the
DMS, AO,/Ar ratio, and fluorescence showed opposite trends with sea
ice content. This result is attributed to the fact that a sea ice melting
can result in the production of substantial amounts of DMS, accompa-
nied by O, and other trace gases from biological processes. The ubiqui-
tous distributions of DMS hotspots (Figs. 3-5) are likely to be directly
and mostly related to the spatial variability or physiological characteris-
tics of phytoplankton assemblages in the study region.
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4.2, Factors controlling vertical DMS distributions in the Amundsen Sea wa-
ter column

In the DT region, there is significant discrepancy of DMS levels be-
tween station 4 (highest DMS near HS1) and station 8 (closed to
0 nM) despite of the local proximity between station 4 and station 8
(Fig. 6). The SIC were ~0% at station 4 but ~50% at station 8 (Fig. 3).
Thus, this result implies that the beginning of ice melting (Section 3.1)
in the shelf break region (near station 4) causes an abrupt bloom of
Phaeocystis that has been delayed during the sea-ice forming winter
season. In other DT region, DMS concentrations were consistently dis-
tributed with ~50 nM at the surface.

On the eastern side of DT (stations 23 to 26), near HS2 site, even
though there were no distinct oxygen anomalies below a depth of
50 m, some elevated DMS concentrations were detected at a depth of
100 m (Figs. 6 and S1). These substantial enhancements of DMS concen-
trations might be associated with influences of physical water mixing at
this depth, such as return flow of bottom water from ice shelves
(Jenkins et al., 2010; Jacobs et al., 2011).

Interestingly, DMS values abruptly elevated at a depth of 50 m in the
westernmost part of GIS (stations 42 to 44) (Figs. 6 and S1). Considering
that all these stations showed similar vertical distributions (DMS anom-
aly at 50 m depth), the elevated DMS at mid depths might be related to a
laterally transported DMS by water mixing. This trend in lateral trans-
port of DMS in deep water was also observed in Ross Sea (Rellinger et
al.,, 2009), even though there is no clear hydrographic evidence in this
study, yet.

4.3. Comparisons of DMS distributions with previous study

Across our sampling region, we observed a noticeable variability of
DMS and the AO,/Ar ratio in surface waters and water columns of the
Amundsen Sea. Especially, for the full data set, the DMS varied largely
over more than two orders of magnitude, (>3-400 nM). The mean
and median concentrations of DMS were 37 4+ 76 nM and 20 nM, re-
spectively. DMS levels in this work are similar to previous results by
Tortell et al. (2012) (<1 nM to ~350 nM with mean and median values
of 36 + 54 nM and 16 nM, respectively). On the other hand, the AO,/Ar
in the Amundsen Sea surface waters ranged from — 20-30% with mean
and median values of 4.3 4+ 5.9% and 2.5%, respectively (Figs. 3-5).
These values were about two times lower than the previous results by
Tortell et al. (2012) (8.6 & 16.6%) in the Amundsen Sea. Comparatively,
nearly two-fold lower AO,/Ar in this work seems to be due to some fac-
tors. For instance, i) during the cruise, the sea-ice zone was relatively
larger than the mean of past years. ii) The inter-annual variability of
wind strength is also a likely factor influencing this discrepancy of
AO,/Ar ratio (i.e., higher wind speed causes a lower AO,/Ar due to
rapid gas exchange under same biological conditions). Also, iii) this
study additionally covers the western part of GIS compared to the pre-
vious work of Tortell et al. (2012) in which the productivity and related
chlorophyll concentrations were lowest in the entire Amundsen Sea
water columns.

Tortell et al. (2012) also presented the spatial distributions of DMS in
the Amundsen Sea surface waters in 2009 for the first time. During that
period, across the open polynya waters and sea ice zone (SIZ), AO,/Ar
ranged — 40 to 40% (mean 8.6%) and DMS concentrations varied from
<1 to <350 nM. We note that our overall DMS data were distinctly
higher than those of Tortell et al. (2012) (maximum ~150 nM) from
the 2009 Amundsen cruise, although there was a difference between
each cruise track. The higher DMS in this work might be due to interan-
nual variations of hydrographic differences affected by El Nifio Southern
Oscillation, Southern Annular Mode, sea-ice conditions, and so on. For
example, the significantly higher average SST during our cruise than
that in 2009 (Fig. S5, ERA-interim re-analysis from Jan 15 to Feb 15,
http://www.ecmwf.int/en/research/climate-reanalysis/era-interim)
may result in substantially elevated DMS than 2009 based on the fact

that SST is highly correlated with surface DMS concentration (Toole
and Siegel, 2004). In addition, especially in the polynya center along
the DT (Jan 17-20), DMS concentrations were significantly lower than
those of Tortell et al. (2012) in same area. This lower DMS period in
the DT region coincided with the sea-ice melting stage. However, the
DMS concentrations in this region increased during Feb 5-8 at the revis-
it stations (stations 12 and 8, Feb 7-8), though there were significant
sea-ice formations (20-60% of SIC). This result suggests that there
may be some time lags (several days) between initial blooms of P. ant-
arctica at the first polynya formation and resultant productions of
DMS (Gabric et al., 1993).

Tortell et al. (2012) reported that there was a clear distinction of
DMS, AO,/Ar, and pCO, values between open polynya waters, pack
ice, and the pelagic zone in the Southern Ocean. According to that result,
the higher DMS and AO,/Ar were usually distributed in the polynya
zone, whereas the significantly higher pCO, were usually shown in
the pack ice zone. For example, the mode (highest frequency) of DMS
and AO,/Ar were shown at 10-30 nM and 10-30%, respectively, in the
polynya region and at 3-5 nM and — 10-0% in the pack ice region. On
the other hand, in this study, both the polynya (<15% of SIC) and SIZ
(215% of SIC) showed multi-modal distributions of DMS, within the
range of 5-50 nM (Fig. 7). The mode of AO,/Ar was 0-2% in both the po-
lynya and SIZ. That is, in contrast to the results of Tortell et al. (2012),
both DMS and AO,/Ar have no clear distinction between regions, and
the most common values of both polynya and sea-ice zone were
shown to have similar ranges (Fig. 7).

In contrast to the results of Tortell et al. (2012), in this study the in-
distinct trends of DMS and AO,/Ar frequencies from each domain seem
to be related to temporal (inter-annual) variations of phytoplankton as-
semblages, referred to here as a relative less biomass P. antarctica. Con-
sidering that phytoplankton assemblages were dominated by the
colonial haptophyte P. antarctica (with lesser biomass of diatoms
found throughout the polynya and SIZ) at most sampling stations in
2009, the biomass of diatoms are comparable to P. antarctica in most
of Amundsen Sea Polynya regions during this cruise, 2016 (unpublished
data). This suggests, in comparison with the previous study, the produc-
tion of DMSP subsequent to the growth of P. antarctica was not as rapid
and explosive as before, because of intense competition with diatoms.
Moreover, there could be some other factors causing the annual differ-
ence of DMS in each domain. For example, i) the totally sea-ice free re-
gions were smaller than average years, instead, SIZ with 15-75% SIC
continued during the whole cruise, Jan. to Feb. (Fig. 3) or ii) our sam-
pling period could have been after the peak bloom season (can be in
early Jan.); as such, differences in AO,/Ar would have been invisible
during the whole sampling period.

5. Concluding remarks

The horizontal (underway) and vertical (discrete bottle samples)
distributions of DMS in the upper water column of the entire Amundsen
Sea were investigated during the austral summer (Jan.-Feb.) of 2016
using MIMS on the Korean icebreaker R/V Araon. The concentrations
of DMS in Amundsen surface water varied from 2 to 300 nM. Overall,
the horizontal and vertical trends of DMS are well consistent with
those of chlorophyll and AO,/Ar. Interestingly, DMS in surface water
near DIS and GIS regions was higher than that in the polynya center
along DT, which is in agreement with Tortell et al. (2012). In this
study, we covered wider DMS survey regions in the Amundsen Sea
than those of previous studies. As a result, the highest concentrations
of DMS (up to 300 nM) were observed in the polynya mouth and near
the GIS surface. Consequently, we discovered that there are still signifi-
cant amount of DMS being produced in the Amundsen Sea, regardless of
its distinct spatiotemporal variability. Nevertheless, observations of
DMS are evidently lacking because of the limited accessibility of the
polar ocean, and thus, significance of DMS flux in Southern Ocean is
still largely underestimated. More extensive studies are necessary to
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Fig. 7. Frequency distributions of AO,/Ar (%) and DMS across our entire survey region (panels A and C, respectively) and for individual sampling domains (panels B and D, respectively).
The domains, polynya and sea ice zone (SIZ), were distinguished by sea ice concentrations (SIC) of 15%. All frequencies are normalized to a maximum value of 1 to facilitate comparisons

between the subplots. Note the logarithmic x scaling on panels (C) and (D).

quantify the regional scales of DMS fluxes, to identify the variability of
DMS biogeochemistry, and to evaluate their biogeochemical and clima-
tological consequences under the continuous changing conditions in
the polar oceans in the future.
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