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Dimethyl sulde (DMS) is an important climate-related trace gas due to its
critical role in cloud formation. So far, the DMS production in the Arctic
Ocean has been devalued due to high sea ice extent. However, interest-
ingly, we observed noticeably high DMS concentrations in the melt ponds
of the far northern Arctic Ocean. This result pioneers to reveal the possible
key role of melt ponds in the sulfur cycle over the Arctic Ocean. Further-
more, the DMS observations in Arctic Ocean sea ice melt ponds are
signicantly sparse due to the limited accessibility. Thus, this study
reports a unique Arctic Ocean observational data set as well as contrib-
uting to reveal climate change feedback in the Arctic Ocean.
Dimethyl sulfide (DMS) production in the northern Arctic Ocean has

been considered to be minimal because of high sea ice concentration

and extremely low productivity. However, we found DMS concen-

tration (1–33 nM) inmelt ponds on sea ice at a very high latitude (78�N)

in the central Arctic Ocean to be up to ten times that in the adjacent

open ocean (<3 nM). We divided melt ponds into three categories:

freshwater melt ponds, brackish melt ponds, and open saline melt

ponds. Melt ponds from each category had different formation

mechanisms and associated DMS contents. Closed brackish ponds

(salinity of >20) had particularly high DMS concentration. Water in

brackish pondswasmixedwith open oceanwater in the past via a hole

at the bottom of the floe that kept the pond open to the ocean;

therefore, unlike freshwater melt ponds, brackish ponds became sites

of DMS accumulation. Our results suggest that continuous increase in

melt pond coverage on Arctic sea ice could considerably impact future

Arctic climate as well as enhancing DMS concentration in the Arctic

atmosphere.
1. Introduction

Biological processes in the surface ocean result in the produc-
tion of dimethyl sulde (DMS), which is a volatile organic
compound predominantly originating in the ocean.1 Once it
reaches the atmosphere, DMS oxidizes to form sulfate (SO4

2�)
aerosols and is a precursor of cloud condensation nuclei.2,3 As
a result, the sea–air DMS ux indirectly affects the Earth's
radiation budget, and oceanic DMS production could have an
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important role in regulating climate.4 Even though the inu-
ence of DMS emissions on a global scale is still under debate,5

the role of DMS on a regional scale might be considerable,
especially in remote marine regions such as the Arctic and the
Antarctic.6–10 Especially, Southern Ocean polynyas have been
considered to be the largest natural source of DMS; through
negative feedback, their impact on global climate is
increasing.11–13 For example, Lana et al.14 reported that the DMS
uxes from the Southern Ocean (>40�S) were accounted to be
21–24% of entire DMS uxes from global oceans. Furthermore,
more recently, Webb et al.15 suggested that the DMS ux from
the entire Southern Ocean could be doubled from the recent
estimation of DMS ux from the Southern Ocean. However,
large uncertainty remains in Arctic Ocean DMS ux estimates
because of the scarcity of measurements and paucity of
research; as sea ice prevents DMS from outgassing, there was
little research interest in Arctic Ocean DMS when Arctic sea ice
concentration was high.

Recent satellite observations have revealed substantial
reductions in the areal extent of Arctic sea ice;16–19 large frac-
tions of the pack ice (e.g., approximately 50–60% and up to 90%
locally of rst-year ice) are also covered by melt ponds in the
central Arctic in summer (June to September).20,21 Melt ponds
are pools of melted snow and ice on the sea ice surface that
appear during the summer melt season, which begins between
May and June.22,23 As melting progresses, the ponds deepen and
Environ. Sci.: Processes Impacts
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much of the thin ice melts completely so that more of the dark
(blue) ocean surface is exposed.24,25 This pooling water alters the
light scattering properties of the ice and potentially lowers the
albedo in sea ice regions.26,27 Thus, general circulation models
suggest that variations in melt pond coverage potentially
amplify climate change.28,29

Despite the increasing areal extent of melt ponds on Arctic
sea ice, few measurements of DMS concentration in melt ponds
in the central Arctic Ocean have been made.6,30,31 While these
few studies have reported relatively low concentrations of DMS
(<1 to 3 nM), the hypothesis in the present study is that melt
ponds contribute considerably to sea–air DMS ux near the ice
edge, especially at high latitudes, and in accordance with the
formation and evolution processes of various types of melt
ponds. Using the recently improved technique of membrane
Fig. 1 The map (upper-) and aerial photo (lower-) showing the sampling
ice camp in the Arctic Ocean; the orange track represents the entire re
shown. Here, daily advanced microwave scanning radiometer 2 (AMSR2)s
the Institute of Environmental Physics, University of Bremen, https://seaic
aerial photograph of the ice floe sampled in the study; the black circles in
were sampled. In the bottom right panel, the red line indicates the trajecto
General Bathymetric Chart of the Oceans, GEBCO).

Environ. Sci.: Processes Impacts
inlet mass spectrometry (MIMS),12,32 we measured DMS
concentration in ten melt ponds on one rst-year ice (FYI) oe
in the central Arctic in summer (August, 2016) (Fig. 1). Other
melt pond characteristics, including salinity, oxygen supersat-
uration anomaly (DO2/Ar), and dissolved oxygen (DO) and
chlorophyll a (Chl a) concentrations, were obtained. The data
were used to improve our understanding of the processes
leading to DMS production.

2. Materials and methods
2.1. Location of the sea ice oe

The initial location of the sea ice (FYI) oe was 78.01�N,
176.97�W (UTC 13 : 08, August 14th, 2016), and the nal loca-
tion was 77.97�N, 176.27�W (UTC 04 : 16, August 16th, 2016); the
region. In the top panel, the green star indicates the location of the sea
search cruise track; the sea ice concentration on August 13th, 2016 is
ea ice concentration data were applied in this study (downloaded from
e.uni-bremen.de/start/data-archive/). The bottom left panel shows an
dicate the locations and identification numbers of the melt ponds that
ry of the ice floe during the study period (bathymetry data are from the

This journal is © The Royal Society of Chemistry 2019
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distance covered by the oe during the study period was
approximately 16.8 km (Fig. 1).

2.2. Sampling method

Water samples for DMS measurements were collected from ten
melt ponds. Water was pumped from melt ponds at depths of
30–50 cm into glass bottles (�520 mL) using a hand or peri-
staltic pump (<500 mL min�1). Utmost care was taken to avoid
creating air bubbles in the samples. To prevent degassing, zero
headspace was le below the ground glass stoppers. Tempera-
ture and salinities were measured using an in situ portable
temperature and salinity sensor (YSI Professional Plus) imme-
diately aer sampling. The water samples were immediately
moved to the laboratory onboard the research vessel and kept in
a refrigerator (<4 �C) until analysis. All samples were analyzed
within an hour aer sampling to minimize degassing. All sites
were sampled in duplicate.

2.3. Analyses of dimethyl sulde, oxygen and argon gases

Analytical procedures followed those described in Kim et al.12

The concentrations of DMS and some major gases, such as
oxygen (O2) and argon (Ar), in the samples were measured using
a membrane inlet mass spectrometer (Hiden 301, UK), which
consists of a quadrupole mass spectrometer with a secondary
electron multiplier (SEM) as a detector. Diaphragm and turbo
pumps create vacuum conditions, and a circular poly-
dimethylsiloxane membrane (20 mm thick and 3 cm in diam-
eter) is enclosed in a cuvette (5 cm in diameter). The operating
pressure was <2 � 10�5 Torr. DMS (m/z ¼ 62), O2 and Ar were
measured using the SEM and a Faraday cup, respectively. The
multiplier acceleration voltage was 1500 V and the lament
current of the ion source was 500 mA.

To minimize sample alteration by ambient air, water was
pumped from the bottom of the sample bottles at a rate of 200
mL min�1 using a gear pump. The samples were passed
through a coiled heat exchanger (a stainless steel tube with
a length of 6 m and a diameter of 1/4 inch) immersed in a water
bath, and cooled to approximately 2 �C (close to the ambient
temperature of Arctic seawater) before being passed through the
membrane. The duration of the total circuit (approximately 45 s
for one sample cycle) was minimized to ensure that sample
temperature remained constant during all sample introduction
processes.

The entire tubing line was ushed for 2 min; the outlet
(plastic) tubing was then removed from the sink and reattached
to the sample bottle to allow sample water to recirculate. Each
sample was analyzed for at least 7 min (n ¼ 10 runs).
Measurement signals remained stable throughout the analysis
of each sample, indicating the absence of a substantial change
in sample properties during the entire procedure.

Calibration of DMS was conducted using external standards.
Pure DMS solution (>99.0%, Sigma-Aldrich) was diluted to
accommodate for local DMS levels. In the standards, DMS
concentrations were between 1 and 100 nM. Filtered DMS-free
deep-sea water (sampled from depths of greater than 500 m)
and methanol (high pressure liquid chromatography grade)
This journal is © The Royal Society of Chemistry 2019
were used as media solution for the primary and working
stocks, respectively.33 Primary stocks were sealed by gas-tight
clamping with minimum headspace and kept in a refrigerator
(4 �C) until analysis. Working standard solutions were prepared
by diluting primary stocks in glass bottles (�520 mL) just prior
to measurements. The coefficients of determination (R2) of all
calibration curves were 0.91–1.00 (average ¼ 0.96, n ¼ 14).
Calibrations were conducted before and aer the analysis of
melt pond water samples. The precision of measurement of the
duplicates of the standard was 1.1–9.6% with an average of
�5.0%. Immediately aer DMS calibration, one-point calibra-
tion of O2/Ar ratios was conducted using deep-sea water
(sampled from depths of greater than 500 m). Equilibrated O2/
Ar standards were prepared by gently bubbling air into deep-sea
water for >3 h using a pocket size portable pump while keeping
the bottles of deep-sea water in a water bath at 2 �C.
2.4. Calculations of biological oxygen supersaturation, DO2/
Ar

Dissolved oxygen concentration is controlled by various phys-
ical processes (e.g., dissolution of air, injection of bubbles, and
changes in water temperature and air pressure), which limit its
accuracy as an indicator of O2 produced by biological processes.
Instead, O2 produced by biological processes can be quantied
by the O2/Ar ratio because Ar is biologically inert and its solu-
bility and diffusivity are similar to those of O2. Biological oxygen
supersaturation, DO2/Ar, is dened as follows:

DO2/Ar (%) ¼ {(O2/Ar)measured/(O2/Ar)saturated � 1} � 100 (1)

where (O2/Ar)measured and (O2/Ar)saturated are the ratios of O2/Ar
in sample and air-saturated water, respectively.
2.5. Other parameters

We determined the DO concentration by the amperometric
Winkler titration method.34 This method involves applying
a potential to electrodes placed in a solution and adding thio-
sulfate to react with iodine (I2) to form iodide (2I�). The gradual
decrease in I2 during the reaction results in a decrease in the
current measured at the electrodes. The endpoint is determined
as the point at which the current does not decrease further. The
water samples were taken in ared neck Pyrex bottles (�300mL)
following the guidelines of the World Ocean Circulation
Experiment Hydrographic Programme (WHP) Reference
Manual35 at 10 stations, and the ared necks of the sample
bottles remained topped with deionized water until analysis (<1
day) to prevent gas exchange with the ambient air. No bubble
formation or sample degradation was observed during storage.
Bottle samples were measured in duplicate at all 10 stations.
The median and mean values of the measurement errors, based
on the duplicate measurements, were 0.12% and 0.28%,
respectively.

The concentration of Chl a in melt pond water samples was
measured in the onboard laboratory. Water samples were
extracted in 90% acetone for 24 h; Chl a in the extracted
Environ. Sci.: Processes Impacts
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samples was measured using a uorometer (Trilogy, Turner
Designs, USA).36
Fig. 2 Plots of DMS concentration and salinity for different categories
of melt ponds. The error bar indicates the 1 standard deviation of each
data set. Data point representing open ocean water is indicated in
green and shows the mean DMS concentration of Arctic surface water
collected while the research vessel was underway.
3. Results

Water samples were collected from ten melt ponds (Fig. 1). The
concentrations of DMS, DO and Chl a, oxygen saturation
anomaly (DO2/Ar), and water temperature and salinity were
measured. Melt ponds ranged from 3 to 10 m in length and the
average depth is 0.2 m (with a maximum of 0.4 m), which is
representative of melt ponds in the sampling area (Fig. 1). Melt
ponds were covered with thin ice sheets of 1–2 cm thick at the
time of sampling. To collect the maximum number of samples
and to sample a wide range of salinities, we gently broke
through the surcial ice layer and collected samples from
a depth of approximately 0.1 to 0.2 m by pumping at a rate of
<500 mL min�1.

The chemical properties of the samples are presented in
Table 1. The concentrations of DMS ranged from below the
detection limit to 33.1 � 1.8 nM with an average value of 10.2 �
9.7 nM (n ¼ 10); DO concentrations ranged from 266.1 � 1.1 to
486.7 � 7.1 mM with an average value of 378.2 � 59.3 nM (n ¼
10); DO2/Ar ratios ranged from 1.3% � 2.1% to 6.6% � 2.3%
with an average value of 3.6% � 1.8%; water temperature
ranged from �1.2 to 0.5 �C; salinity ranged from 0.5 to 27.2
(Table 1 and Fig. 2); Chl a concentrations ranged from 0.03 to
0.06 mg L�1 with an average value of 0.05� 0.01 mg L�1, which is
almost below the detection limit (Table 1 and ESI Fig. 1†).

Mean DMS concentration in melt pond water (10.2� 9.7 nM)
was about ve times that in the ambient Arctic sea water near
the ice oe (avg. 2 nM with a maximum of 3.2 nM in the adja-
cent Arctic surface water collected immediately aer the ice
camp was set up near the ice oe on the same day) (Fig. 2).
Dimethyl sulde concentrations in our samples were consid-
erably higher than those reported in the 1990s (�2.2 nM).30

Interestingly, samples with the highest DMS concentration (22–
33 nM) were taken from brackish melt ponds containing
seawater (pond no. 5 and 9 with a salinity of 20–25) (Table 1 and
ESI Fig. 1†). Of the sampled ponds, the highest DMS concen-
trations coincided with some of the highest DO2/Ar ratios,
Table 1 The measured DMS concentration and other physical/chemica
types of melt ponds, fresh-, brackish-, and open saline melt ponds (F-, B

Melt
pond category

Melt
pond no.

DMS
(nmol L�1)

Temperature
(oC)

Salinity
(PSU)

FMP 1 9.32 � 1.22 0.5 1.6
FMP 2 9.21 � 1.40 0.1 3.3
FMP 3 11.5 � 1.34 0 3
FMP 4 7.74 � 1.32 �0.1 4.4
BMP 5 33.1 � 1.79 — 25.1
FMP 6 5.46 � 1.48 0.1 4
FMP 7 0 � 1.83 0.5 0.5
OSMP 8 3.50 � 1.84 �1.2 27.2

BMP 9 21.5 � 1.96 �1.0 19.6
FMP 10 0.28 � 1.73 �0.1 0.9

Environ. Sci.: Processes Impacts
implying that enhanced biological production of sea ice algae or
some nano-sized plankton and subsequent DMS production
occurred during ambient seawater intrusion. We will discuss
more details in the following discussion section. Water in
freshwater ponds has had longer exposure to sunlight and was
therefore considerably warmer than that in high-salinity pond
water (mixed with colder seawater). Water from pond no. 8 had
the highest salinity (�27). Its salinity (�27), DO (395 nM) and
DMS concentrations (3.5 nM) were similar to those of adjacent
Arctic water (salinity of 29, DO of 370 nM, and DMS of 2–3.2 nM)
(Fig. 2 and ESI Fig. 1†). A hole at the bottom of the ice oe may
have kept the pond open to the ocean, allowing pond water to be
sufficiently mixed with open ocean water. Water from pond no.
8 (salinity of �27) was slightly less saline than adjacent Arctic
water (salinity of �29), possibly indicating the presence of
l characteristics (average values with 1 standard deviation) of different
-, and OSMP) in this study

Dissolved O2

(mmol L�1) DO2/Ar (%)
Chl-a
(mg L�1) Note

372.2 � 3.7 2.42 � 0.56 0.06 Highest temperature
266.1 � 1.1 1.91 � 0.94 0.06 —
316.1 � 6.2 1.25 � 0.68 0.05 Lowest DO and DO2/Ar
345.2 � 0.2 3.16 � 1.12 0.05 —
447.6 � 0.3 6.64 � 0.74 0.05 Highest DMS & DO2/Ar
404.0 � 0.8 5.23 � 0.85 0.03 —
366.3 � 8.6 5.93 � 1.88 0.06 Lowest DMS
394.5 � 12.7 2.37 � 0.81 0.04 Highest salinity &

lowest temp.
486.7 � 7.1 4.66 � 0.74 0.04 Highest DO & low temp.
383.7 � 1.0 2.60 � 0.96 0.04 —

This journal is © The Royal Society of Chemistry 2019
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meltwater from surrounding sea ice in pond no. 8 (Fig. 2). From
our results, we divided melt ponds into three categories: open
saline melt ponds (OSMPs), freshwater melt ponds (FMPs), and
brackish melt ponds (BMPs) (Table 1 and Fig. 3).
4. Discussion

We observed a robust correlation between DMS concentrations
and salinity in the melt ponds sampled (R2 ¼ 0.89) (Fig. 2). A
recent study of Gourdal et al.31 also observed the strong rela-
tionship between DMS and salinity in melt ponds (rs ¼ 0.84 and
n ¼ 9). They suggested that seawater intrusion through highly
porous, low-freeboard sea ice seems to be the major mechanism
bringing salts, microorganisms, and DMS into melt ponds.31

Although we could not nd any direct evidence yet in this study,
an earlier study on DMS in the sea ice zone enabled us to
speculate the important role of seawater intrusion in increasing
DMS concentration and salinity in a brackish melt pond.31 That
is, in high-salinity and high-DMS ponds, seawater intrusion is
a source of saline water and elevated DMS from beneath the sea
ice where DMS-producingmicrobial assemblages are located. In
addition to this, the ice lids that covered melt ponds could
suppress the gas efflux to the atmosphere while DMS accumu-
lation from the sea ice bottom takes place in the melt ponds,
and thus ultimately prevent the emission of DMS and signi-
cantly enrich melt pond DMS during the freeze-up season, from
the end of summer. A few earlier studies have measured DMS
concentrations in melt ponds, and concentrations of 0.1–
2.2 nM (ref. 6) and 2.6–6.1 nM (ref. 31) in the Arctic and as high
as 250 nM in the Antarctic have been reported.37 Bacterial
dimethyl sulfoxide reduction was suggested to be the main
source of elevated DMS concentration in Antarctic melt ponds.37

However, only a few key mechanisms of elevated DMS, such as
seawater intrusion, in Arctic melt ponds have been suggested.

In this study, chlorophyll concentration was found to be low
in all melt ponds indicating a scarcity of phytoplankton in melt
Fig. 3 Schematic picture showing the three categories of melt ponds
on Arctic Ocean sea ice and comparisons of their DMS concentrations
(bar lengths are linearly proportional to the corresponding concen-
trations). The numbers in the parentheses indicate the salinity ranges
of each melt pond.

This journal is © The Royal Society of Chemistry 2019
ponds or photoacclimation to high irradiance; this phenom-
enon was independent of salinity levels (Table 1). However, DO
concentration was substantially higher in saline ponds (Table 1
and ESI Fig. 1†), despite the low Chlorophyll a concentrations.
Generally, some nanoplankton can also produce organic (e.g.,
sulfur) compounds, such as DMS.38,39 Following Gourdal et al.,31

if Arctic melt ponds are colonized by micro-, nano- and pico-
sized algae and bacteria, algal and bacterial dimethylsulfonio-
propionate metabolismmay result in elevated DMS levels. Apart
from ecological factors, physiological conditions, such as high
irradiance conditions (and related stress), could be another
factor that determines DMS production by algae. For example,
some studies suggested that high levels of sunlight, particularly
ultraviolet, could stimulate DMS production even under
nutrient-limited conditions. However, we also noted that this
stimulation may be compensated for by higher photolysis rates
in some instances.40–42 More studies are still required to explain
the high variability of DMS in melt ponds.

Since all the melt ponds were covered with an ice layer, we
speculate that the thin layer of ice top (ice lid) prevented gas
exchange between the air and pond water, thus allowing pond
water to maintain high DMS concentration. Moreover, low chlo-
rophyll and high DMS concentrations in pond water may be
a phenomenon similar to the so-called DMS summer
paradox,43–45 which is explained in part by light-induced exuda-
tion by phytoplankton in strongly stratied water columns.

The highest DMS concentrations were found in pond no. 5
and 9, which were closed brackish melt ponds (BMPs) (Fig. 2).
This result suggests that water in brackish ponds was mixed
with open ocean water in the past via a hole at the bottom of the
oe that kept the pond open to the ocean. As a result, unlike
freshwater ponds, brackish ponds became sites of DMS accu-
mulation (Fig. 3).

Gourdal et al.31 reported high DMS concentration (3–6 nM) in
(two) brackish melt ponds, which increased linearly with
salinity (4.1–8.5), and DMS concentration below the detection
limit (<0.01 nM) in (two) freshwater melt ponds. These ndings
agree with the results of the present study; we also found that
DMS concentrations were lower in freshwater melt ponds (pond
no. 7 and 10 with zero salinity) than in pond no. 1–4, 6, and 8,
which had salinity levels of 0.5–4.4 and DMS concentrations of
3.5–11.5 nM. For the rst time, we report unexpectedly high
DMS concentration (22–33 nM) in two melt ponds (BMPs) in the
Arctic, with high levels of salinity (20–25) (Fig. 2). Dimethyl
sulde concentrations (>20 nM) in these highly saline ponds are
much higher than those found in the major ocean basins
(which have DMS concentrations of a few nM14) and comparable
to the mean climatology in polynya regions in the Southern
Ocean (which have extremely high productivity).11–13 Thus, our
measurements are the rst direct and clear evidence that
supports the hypothesis of Gourdal et al.31 that seawater intru-
sion is a key mechanism in maintaining substantially higher
DMS concentration in melt ponds.

Recently, primary production in the Arctic has been contin-
uously increasing by approximately 30% annually,46 and rela-
tively high DMS production in the southernmost part of the
Chukchi Sea is also observed (ESI Fig. 2†). Even though the melt
Environ. Sci.: Processes Impacts
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pond coverage is restricted in time/space and the thickness of
the melt pond (that is exchanging with the atmosphere) is
smaller than the oceanic mixing layer, if the productivity is
increasing in the Arctic in the near future, greater DMS
production could be expected in the future.

A recent study on the composition of Arctic summer sea ice
in 2011 reported that FYI made up more than half of the
summer ice cover, whereas ice that was over 4 years old repre-
sented only less than 10% of the summer ice cover; the domi-
nance of younger seasonal ice suggests that the sea ice cover is
becoming thinner and is covered with less snow; subsequently,
it is becoming more saline, less deformed and more fragile.47

That is, ice-bottom algae can ourish more and concentrate
more DMS in the shallower melt ponds and moreover the melt
pond forming period (so-called DMS emission period) could
also be getting prolonged. Furthermore, Mungal et al.48 recently
showed that the non-marine source of DMS such as melt ponds
could make episodic contributions to atmospheric DMS in the
Arctic, by more than an order of magnitude, based on source
sensitivity simulations. This result indicates the further need
for more DMS data sets with greater spatial and temporal
resolution, especially for the investigation of non-marine DMS
sources for the Arctic. Thus, our ndings have implications to
provide a new data set of DMS for the future evaluation of the
sulfur cycle in the summer Arctic associated with the modern
increase of the Arctic melt pond.

5. Conclusions

There has been little research interest in DMS production in the
Arctic Ocean because of low DMS concentration at the sea-ice
surface. While DMS production plays a key role in the regional
climate processes in the Southern Ocean, its role in Arctic
regional climate processes has been considered to be minimal.
However, in this study, we found elevated concentrations of DMS
in melt ponds on a sea-ice oe in the northern Arctic Ocean at
77.97�N despite the low Chl a concentration. We divided the melt
ponds into three categories: freshwater melt ponds, brackish
melt ponds, and open saline melt ponds. Melt ponds from each
category had different apparent dynamics inuencing their DMS
content, potentially leading to unexpectedly high DMS concen-
tration in brackish melt ponds. This result suggests that an
increase in melt pond coverage and lifetime might inuence the
sulfur cycle in the Arctic Ocean. However, limited accessibility
has led to a paucity of studies on DMS variation in polar oceans;
therefore more extensive studies are necessary to quantify the
DMS sources and resultant uxes from Arctic melt ponds and the
associated sulfur cycle in the future.
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