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Abstract: Methanesulphonic acid (MSA, mainly derived from marine biogenic emissions)
has been frequently used to estimate the marine biogenic contribution. However, there are
few reports on MSA over the Arctic Ocean, especially the central Arctic Ocean. Here, we
analyzed MSA in aerosol samples collected over the ocean and seas during the Chinese
Arctic Research Expedition (CHINARE 2012) using ion chromatography. The aerosol
MSA concentrations over the Arctic Ocean varied considerably and ranged from
non-detectable (ND) to 229 ng/m’, with an average of 27 + 54 ng/m® (median: 10 ng/m?).
We found the distribution of aerosol MSA exhibited an obvious regional variation, which
was affected by biotic and abiotic factors. High values were generally observed in the
Norwegian Sea; this phenomenon was attributed to high rates of phytoplankton primary
productivity and dimethylsulfide (DMS) fluxes in this region. Concentrations over the pack
ice region in the central Arctic Ocean were generally lower than over the open waters at
the ice edge in the Chukchi Sea. This difference was the mainly caused by sea ice. In
addition, we found that higher MSA concentrations were associated with warmer sea
surface temperature (SST).
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1. Introduction

Atmospheric sulfur of marine origin is considered to be an important biogenic species in the marine
atmosphere. In the Arctic region, it has been estimated that 42% of the total sulfur emissions are
biogenic [1]. DMS produced by marine phytoplankton comprise over 90% of the marine sulfur flux
and over 50% of the global biogenic flux of sulfur to the troposphere [2]. However, once DMS is released
into the air, it is then oxidized by the OH radical, leading to the formation of methanesulphonic acid (MSA)
and non-seasalt sulfate (nss-SO4>7) [3], both of which can form aerosols [3]. These sulfur-containing
aerosols could influence the earth’s radiation balance by directly scattering solar radiation and acting
as cloud condensation nuclei (CCN) to influence cloud coverage and albedo, resulting in a negative
feedback to climatic perturbations [4]. In the marine atmosphere, the main source of MSA is the
oxidation of DMS. Thus, MSA serves as a tracer to separate sulfate of marine biogenic origin from
other sources [5,6], and has been frequently used to estimate the marine biogenic production [7,8].

Many previous works have been focused on the spatial characteristics of MSA in various oceanic
regions (Table 1) and explored the factors influencing MSA. For example, changes in MSA concentration
records in an ice core were related to temperature and sea ice [9], and these records can act as an
indicator of marine primary production to investigate climate history [10]. Warm sea surface temperature
(SST) and diminishing sea ice coverage could increase the DMS flux and MSA concentrations [11,12].
The pattern of variability for aerosol MSA in the Arctic area exhibited a summer maximum and winter
minimum [13]. In addition, the highest values were found along the ice edge zone in August, and lowest
values were recorded over the pack ice in September [13]. Furthermore, sea-ice conditions, wind speed,
ocean currents, and solar radiation influence MSA concentrations [14,15]. Based on previous studies,
although MSA concentrations can be affected by multiple processes, these can be mainly summarized into
two categories, i.e., biotic factors such as primary productivity and phytoplankton species, and abiotic
factors that include air and sea temperatures, sea-ice, wind and sea-air exchange.

The Arctic plays an important role in the global climate system. With global warming, the Arctic
warming rate is almost twice the average rate of the world [16]. Meanwhile, the Arctic sea ice area has
decreased by a rate of 2.7% per decade [17]. These factors will influence the primary production and
sea-air exchange of biogenic compounds in the Arctic Ocean [11]. Although there are many reports on
MSA in the Arctic region, most of these studies have focused on land-based observations around the
Arctic Ocean. Thus, additional studies on MSA over the Arctic Ocean, especially the central Arctic
Ocean, are needed for a better understanding of biogenic sulfur emissions in this region. Here, we
report and discuss the results of aerosol MSA in summertime collected during the Chinese National
Arctic Research cruise (CHINARE 2012). Our goal is to investigate the spatial distributions of MSA
and to explore the mechanisms and influencing factors of MSA over the Arctic Ocean. Results from
this work will also provide new data concerning MSA for model constraints.

2. Experimental Methods
2.1. The Cruise Route

The data over the Arctic Ocean were collected on the Chinese Research Vessel Xuelong during
CHINARE 2012. The cruise (67°N—-87°N, 167°W-90°E—-14°W) started on 18 July in the Chukchi Sea,



Atmosphere 20185, 6 701

visited Ice Island, and then returned to the Chukchi Sea on 8 September by passing through the central
Arctic Ocean. The navigation in the ice region of the Arctic was up to 5370 nautical miles, and reached
a northernmost point of 87°N (Figure 1). In addition, we were also provided with the MSA data from
CHINARE 2010 (Table A1), and these results were compared with the results from CHINARE 2012.
The CHINARE 2010 route differed from that of CHINARE 2012; the cruise started on 20 July in the
Chukchi Sea, reached the central Arctic Ocean and then returned to the Chukchi Sea on 31 August.

Figure 1. The Arctic Ocean route of the fifth Chinese Arctic Research Expedition
(CHINARE 2012). The red and blue lines represent the departing and return trips,
respectively.

2.2. Sampling and Experimental Methods

Twenty-three total suspended particles (TSP) samples and three field blanks were collected in the
Arctic Ocean during the CHINARE 2012 from July to September. A high volume air sampler
(Tianhong Instruments, Wuhan, China) was placed on the upper-most deck of the icebreaker Xuelong.
All samples were collected at a flow rate of 1.05 m*/min by Whatman 41 filters for 24 h or 48 h. To
avoid possible contamination from the ship’s own stack emissions, the wind direction and speed
controller was used during the sampling periods. All filter samples were retrieved from the sampler,
placed and sealed in clean plastic bags, and kept at 4 °C until laboratory analysis. All sample handling
was performed according to stringent contamination control protocols [18,19]. In addition, ancillary
data including color dissolved organic matter (CDOM), sea surface temperature (SST) and wind speed
were obtained from the ship’s monitoring system during CHINARE 2012 (Table Al). These data
could help to investigate the influence the spatial distribution of MSA over the Arctic Ocean. Detailed
information for each sample is listed in Table Al.
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A punch (2 cm x 2 cm) of each filter was taken and analyzed. Briefly, each sample was extracted by
sonication with 20 mL ultra-pure (=18 MQ) in an ice water bath for 80 min. All the extracts were
filtered through pre-washed 0.45 um filters. Then, MSA was analyzed by a Dionex DX-2100 ion
chromatograph (IC) system with an AG11-HC guard column and an AS11-HC analytical column.
Three filter blanks were taken and analyzed, MSA concentrations were observed under the detection
limits in filter blanks.

3. Results and Discussion
3.1. General Observations

The aerosol MSA concentrations collected along the cruise path during CHINARE 2012 are shown
in Figure 2. The MSA concentrations varied considerably from non-detectable to 229 ng/m?, with an
average of 27 + 54 ng/m’® (median: 10 ng/m?). This average is similar to the data over the Antarctic
Ocean (26 ng/m?) [20] and the value reported by Ny-Alesund (mean: 26 + 24 ng/m®) [12]. However,
our results were somewhat higher than the average measured over Alert (6—18 ng/m?) in July-August
from 1980 to 1991 [21]. In addition, Xie et al., (2005) reported the average MSA concentration
(71 £ 60 ng/m®) over the Arctic Ocean during the First Chinese Arctic Research Expedition
(69°N~75°N,133°W~165°W) [22], which is much higher than that measured during CHINARE 2012;
this difference may be mainly caused by different observation routes.
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Figure 2. Spatial distribution of aerosol methanesulphonic acid (MSA) over the Arctic
Ocean (ng/m’) along the cruise path during CHINARE 2012 from July to September,
generated by Ocean Data View 4.0.

3.2. Regional Characteristics

The MSA concentrations displayed different characteristics at different locations along the cruise
(Figure 2). To better interpret the data, we divided the Arctic Ocean into three parts: the Chukchi Sea
(67°N-71°N, 167°W—-176°W), Norwegian Sea (69°N-75°N, 2°E-34°E), and the central Arctic Ocean
(80°N—-87°N, 170°W-138°E). The sea ice, biological source contributions and ocean basin caused
significant differences in biological and physical processes in these three regions, and hence will result
in different distribution of MSA. Here, we defined the central Arctic Ocean as the areca that was
covered with sea ice during our sampling episodes and which lies at a latitude higher than 80°N.
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As shown in Table 1, the Norwegian Sea had the highest MSA concentrations (60 = 80 ng/m?),
followed by the Chukchi Sea (12 = 16 ng/m*). Compared with previous results obtained near the
Norwegian Sea, high MSA levels (approximately 120 ng/m®) were also observed along the
Tromso-Svalbard in the fall of 2007 and 2008 [23]. In addition, Figure 2 shows the MSA concentrations
increased sharply around 70°N~73°N, 2°E~7°E. Significantly, colored dissolved organic matter
(CDOM) concentrations also increased sharply, which coincided with the increased MSA in this region.
Furthermore, CDOM concentrations in the Norwegian Sea were higher than in the other regions along
the cruise (Table Al). These concentrations corresponded to relatively high MSA concentrations over the
Norwegian Sea; there may be a potential relationship between these variables and this will be discussed
later. The spatial distributions of the MSA concentrations over the central Arctic Ocean were notably
different from those over the Norwegian and Chukchi Seas. The MSA over the central Arctic Ocean
ranged from non-detectable to 5 ng/m?, with an average of 1.2 + 2 ng/m?, which is significantly lower
than in the other regions. In addition, the MSA levels over the Chukchi Sea and the central Arctic Ocean
during CHINARE 2010 and CHINARE 2012 are similar (Table 1 [7,12,15,23-27]). The levels of aerosol
MSA at different locations are listed in Table 1.

Table 1. Comparison of MSA concentrations at different locations.

Location Sampling Time Average Range (ng/m®)  Reference
(ng/m>)
Chukchi Sea July, September 2012 12 ND-42 This study
Norwegian Sea August 2012 60 10-229 This study
Central Arctic August 2012 1.2 ND-5 This study
Chukchi Sea July, August 2010 8 ND-43 This study
Central Arctic August 2010 3 ND-12 This study
Alert July—August 1980-1991 - 6-18 [24]
Alert July—August 1998-2009 10 3-17 [12]
Barrow July—August 1998-2009 12 ND-40 [12]
Ny-Alesund July—August 19982004 42 ND-86 [25]
Island June—August 2011, 2012 - 1-10 [26]
Norwegian coast Fall 2007, 2008 - 120 (maximum) [23]
Shemya (52°N, 174°E) May—September 1981 17 - [27]
Shemya (52°N, 174°E) October 1981-March 1982 14 - [27]
Bermuda (32.27°N, 64.87°W) July 1988, 1990 43 - [7]
MaceHead, Ireland
August 1989-August 1990 69 - [7]
(53.32°N, 9.85°W)
Equator Summer * 11 [15]
63°S, 23°W Summer * 260 (maximum) [15]
Note: “ND” indicates that the MSA concentrations were below the detection limit. “-” indicates no

information was available. “*” indicates only one sample.
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3.3. The Role of Biotic Factors
3.3.1. Phytoplankton

As shown in Figure 2 and Table 1, the aerosol MSA exhibited obvious regional variations along the
cruise. High MSA concentrations were found over the Norwegian Sea and low MSA levels were
observed over the central Arctic Ocean. Due to MSA being mainly derived from marine biogenic
emissions, we should first discuss the role of primary productivity on the distribution of MSA. As is
well known, Chlorophyll-a is frequently used as a proxy for phytoplankton primary productivity.
Based on Figure 3, we estimated that the primary productivity in August 2012 in the Norwegian Sea
(69°N—75°N, 2°E-34°E) was more abundant than that in the central Arctic Ocean (80°N-87°N,
170°W-138°E), which is consistent with a previous study that showed that the Norwegian Sea had
very high rates of phytoplankton primary productivity [28].
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Figure 3. Map of oceanic Chlorophyll-a concentrations in the Northern Hemisphere. Chl-a
concentrations for August 2012. The map was acquired from the NASA Ocean color
website (http://oceancolor.gsfc.nasa.gov). Note: Sample sites with longitudes west and east are

denoted as “-” and “+”, respectively.
3.3.2. Phytoplankton Composition

The use of only Chlorophyll-a is not sufficient to properly estimate the phytoplankton contribution
to the oceanic DMS emissions because different phytoplankton species produce different organic
substances [29]. For example, the prymnesiophyte Phaeocystis pouchetii is the important producer of
DMS, the precursor of MSA [30]. Although diatoms can also produce DMS, they produce less DMS
compared with the prymnesiophyte Phaeocystis pouchetii [30,31]. Significantly, the prymnesiophyte
Phaeocystis pouchetii was quantitatively the most important species in the Norwegian Sea [32]. A high
wind speed was recorded over the Norwegian Sea (Table Al). A high wind speed would accelerate the
sea-air exchange of DMS [33]. Thus, high concentrations of MSA over the Norwegian Sea may be
ascribed to the existence of relatively high Phaeocystis concentrations and high DMS fluxes. The
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central Arctic Ocean, however, was notably different from the Norwegian Sea because in the central
Arctic Ocean, the ice-cover consists of multiyear ice, and diatom Nitzschia frigida, which is a
dominant species [34], only produces limited DMS [31].

3.3.3. CDOM

The MSA concentrations over the Norwegian Sea increased sharply around 70°N—73°N, 2°E-7°E
(Figure 2). The resolution of Figure 3 was not sufficiently high that the Chlorophyll-a aspects could be
determined from such a small spatial scale to explain the MSA concentrations. Significantly, a sharp
increase in the CDOM concentrations coincided with increased MSA concentrations in this region
(Figure 4). Furthermore, CDOM concentrations in the Norwegian Sea were higher than the other
regions along the cruise, corresponding with relatively high MSA concentrations over the Norwegian
Sea (Table A1).
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Figure 4. Colored dissolved organic matter (CDOM) (dotted line) and MSA (continuous
line) over the Norwegian Sea during CHINARE 2012.

Normally, CDOM is produced by phytoplankton and microbial humification [35,36]. The
degradation of CDOM by sunlight causes CDOM to release nitrogen-rich compounds that are the
necessary nutrients for phytoplankton growth [37]. Previous studies showed that Chlorophyll-a is a
significant indicator of the intensity of CDOM absorption during summer [38,39], suggesting that the
concentration of CDOM can reflect the primary productivity to a certain degree. In addition, MSA is
frequently used to estimate the marine biogenic production [7,8]. Thus, the increased MSA
concentrations around 70°N—73°N, 2°E-7°E were probably related to the high CDOM concentrations

in this area.
3.4. The Role of Abiotic Factors
3.4.1. Sea Ice

A notable characteristic of the central Arctic Ocean is that it is covered with multiyear ice. Ice cover
strongly affects marine biota, air-sea exchanges and thus climate [40]. As shown in Table 1 and
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Figure 5a (http://nsidc.org/data/seaice index/archives.html), relatively low MSA concentrations were
observed when the ship passed through the ice-covered region in the central Arctic Ocean during our
sampling episodes, implying that sea ice may have played an important role in the spatial distribution
of MSA. The sea ice contains ice algae [41], which might emit large amount of DMS; however,
diatoms comprise an important part of the ice algal community [41] and these produce few DMS
compared with the prymnesiophyte Phaeocystis pouchetii [31]. In addition, DMS is located mainly at
the bottom of the sea ice [42], and sea ice is a physical barrier that limits DMS air-sea exchange [13,43].
Previous reports also found DMS and MSA concentrations are significantly negatively correlated with
the sea ice extent [11,12].

The MSA concentrations over the central Arctic Ocean with pack ice were lower than over the open
waters at the ice edge in the Chukchi Sea. The sampling sites in the Chukchi Sea shown in Figure 5b
were at the ice edge, which would be influenced by the ice-melting water during this period. DMS at
the bottom of the ice sheet were always at a maximum relative to the other parts of the ice sheet [42].
When the sea ice decays, DMS at the bottom of the ice sheet could act as a DMS hot spot, resulting in
the transfer of high concentrations of DMS to the surrounding water, and thus DMS in the open water
near the ice edge could increase [42,44]. In addition, ice algae can provide a starter community for
phytoplankton growth in the water column [45]. Furthermore, melting sea ice may serve as a source of
organic matter and micronutrients [46]. With global warming, the Arctic sea ice area has decreased at a
rate of 2.7% per decade [17], which will influence the primary production and sea-air exchange of
biogenic compounds in the Arctic Ocean [11].

Figure 5. Maps of sea ice distribution during our sampling episodes, and the sampling sites
are displayed in each map. (a) Samples B19-B25 were collected over the central Arctic
Ocean. The ship entered the central Arctic Ocean on August 24 and left this area on
4 September 2012; (b) Samples B1-B5 collected over the Chukchi Sea started from 18 July
2012, and samples B7-B18 collected over the Norwegian Sea ended on 24 August 2012 (Sea
ice images were downloaded from the NASA Ocean by Ross Swick, National Snow and
Ice Data Center (NSIDC) in Boulder, Colorado. http://neo.sci.gsfc.nasa.gov).
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3.4.2. Sea Surface Temperature

Previous studies have shown that lower temperature may lead to a higher yield of MSA [47].
However, this theory of the MSA production mechanism at low temperature has been questioned [48,49].
It has been reported that high MSA concentrations tend to be associated with warmer SSTs because
warmer and more open waters will stimulate primary productivity, increasing DMS concentrations and
DMS fluxes, and leading to increased MSA concentrations in the air [50]. These results match those
presented by Gabric et al., (2005) who simulated DMS production in response to global warming in
the Arctic Ocean and found that increased SST and diminishing sea ice coverage could increase the
DMS flux [11]. Laing et al., (2013) studied long-term MSA trends and found a positive relationship
with SST in Arctic Finland (7 = 0.200, p < 0.001) [50]. Here, we have presented the MSA and SST
data from the duration of the cruise. Within such a relatively short time scale, we also found higher MSA
concentrations were associated with warmer SST, and a positive correlation between MSA and SST was
observed (r = 0.520, p < 0.05). If the two abnormally high samples (B13 and B14) are removed, the
correlation becomes more significant (» = 0.642, p = 0.001, n = 21, Figure 6).

12 4

10 -

SST (C)

(r=0.624, P<<0.01, N=21)

10 20 30 40 50
MSA (ng/m?)

Figure 6. The relationship between MSA and sea surface temperature (SST) during
CHINARE 2012 along the cruise path in the Arctic Ocean.

4. Summary

During the fifth CHINARE in July to September 2012, the aerosol MSA concentrations over the
Arctic Ocean varied considerably and ranged from non-detectable to 229 ng/m?, with an average of
27 £ 54 ng/m’ (median: 10 ng/m’). We found the distribution of aerosol MSA over the Arctic Ocean
exhibited an obvious regional variation. Combined with previous reports that mention the factors that
influence the MSA distribution, we found aerosol MSA over the Arctic Ocean was mainly affected by
biotic and abiotic factors. High values (60 + 80 ng/m?) were generally observed over the Norwegian
Sea; this phenomenon was attributed to high rates of phytoplankton primary productivity and DMS
fluxes in this region, which is consistent with the results of a previous study [28]. Sea ice may also
have a significant impact on MSA distributions, and the MSA concentrations over the pack ice region
in the central Arctic Ocean were generally lower than over the open waters at the ice edge in the
Chukchi Sea. In addition, we found that higher MSA concentrations were associated with warmer sea
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surface temperature (SST), and a positive correlation between MSA and SST was observed, similar to
the results reported by Laing et al. (2013) [50].
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Appendix

Table Al. Sampling information and concentrations of MSA, CDOM, SST, and Wind
speed in the Arctic Ocean during the CHINARE 2012 and CHINARE 2010.

Sample MSA CDOM SST Wind speed
Latitude * Longitude * Sampling Date

Number (ng/m?) (FL.U) (°C) (m/s)
BO1 68.63 —168.85 18-19 July 2012 42 0.899 6.74 5.6
B02 70.16 —167.67 19-20 July 2012 6 0.572 6.38 10.55
B04 69.66 —170.62 21-22 July 2012 14 0.381 4.325 13.5
BOS 69.52 —176.00 23-24 July 2012 10 0.626 0.855 12.7
B06 75.77 34.31 1-2 August 2012 15 0.890 4.68 16.4
B07 74.11 9.76 2-3 August 2012 16 3.082 6.655 9.9
BO08 72.40 5.95 3—4 August 2012 26 2.700 8.24 9.4
B09 72.50 7.38 4-5 August 2012 26 3.664 8.96 59
Bl11 73.60 5.39 6-7 August 2012 18 9.386 7.515 2.95
B12 73.46 7.82 7-8 August 2012 11 15.108 7.92 14.58
B13 72.15 6.54 8-9 August 2012 162 37.667 9.00 25.35
B14 69.63 291 9—10 August 2012 229 59.226 10.17 13.35
B16 68.70 —13.93 21-22 August 2012 46 1.141 - 14.53
B17 71.61 -1.38 22-23 August 2012 6 2.545 8.765 13.8
BI18 75.61 7.50 23-24 August 2012 10 2.773 7.99 13.9
B19 79.96 21.42 24-25 August 2012 ND 1.627 5.15 10.05
B20 81.85 56.78 25-26 August 2012 ND 0.644 4255 13.65
B21 82.97 100.80 26-28 August 2012 ND 0.662 0.58 7.4
B22 85.81 121.64 28-30 August 2012 5 0.286 - 49

B23 85.85 138.34 30 August—1 September 2012 ND 0.000 - 6.1




Atmosphere 20185, 6 709

Table Al. Cont.

Sample MSA CDOM SST Wind speed
Latitude * Longitude * Sampling Date

Number (ng/m?) (FL.U) °cO) (m/s)
B24 82.82 —175.50 2 September—4 2012 4 0.417 0.505 21.45
B25 80.06 —168.85 4-5 September 2012 ND 0.226 —-0.555 20.8
B26 76.96 —170.47 5-6 September 2012 ND 0.217 0.115 16.5
B27 70.58 —168.91 7-8 September 2012 ND 0.963 2.325 5.7
B28 69.31 —164.28 20-22 July 2010 5 - -
B29 72.37 —156.58 25-27 July 2010 4 - -
B30 75.15 —156.83 28-30 July 2010 7 - -
B31 78.59 —158.91 30 July—Aug.1 2010 ND - -
B32 80.69 —162.07 1-2 August 2010 12 - -
B33 86.82 —179.24 7-8 August 2010 ND - -
B34 88.16 —178.38 19-20 August 2010 ND - -
B35 81.15 —169.11 23-24 August 2010 ND - -
B36 78.76 —170.53 21-22 August 2010 ND - -
B37 76.26 —171.90 27-28 August 2010 43 - -
B38 72.49 —169.03 29-30 August 2010 ND - -

Note: * The latitude and longitude represent the mean location of the start and end of each sampling episode. Sample sites in latitude south and north are denoted

”

with “—” and “+”, respectively. Sample sites in longitude west and east are denoted with “— and “+”, respectively. “ND” means MSA concentrations under the

[T

detection limit. “-” means have no information about it. SamplesB1-B5 collected over Chukchi Sea, samples B7-B19 collected over Norwegian Sea, Samples B19—

B25 were collected over the central Arctic Ocean, and sample B3, sample B10, sample B15 are field blank samples during the CHINARE 2012.
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