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Abstract. Vertical distributions of atmospheric dimethyl sul- seawater. During July 2014, FLEXPART (FLEXible PAR-
de (DMS(g)) were sampled aboard the research airdPaft  Ticle dispersion model) simulations locate the sampled air
lar 6 near Lancaster Sound, Nunavut, Canada, in July 2014nass over Baf n Bay and the Canadian Arctic Archipelago
and on pan-Arctic ights in April 2015 that started from 4 days back from the observations. During April 2015, the
Longyearbyen, Spitzbergen, and passed through Alert antbcations of the air masses 4 days back from sampling were
Eureka, Nunavut, and Inuvik, Northwest Territories. Larger varied: Baf n Bay/Canadian Archipelago, the Arctic Ocean,
mean DMS(g) mixing ratios were present during April 2015 Greenland and the Paci c Ocean. Our results highlight the
(campaign mean of 116 8 pptv) compared to July 2014 role of open water below the ight as the source of DMS(g)
(campaign mean of 20 6 pptv). During July 2014, the during July 2014 and the in uence of long-range transport
largest mixing ratios were found near the surface over thgLRT) of DMS(g) from further a eld in the Arctic above
ice edge and open water. DMS(g) mixing ratios decrease®500 m during April 2015.
with altitude up to about 3km. During April 2015, pro les
of DMS(g) were more uniform with height and some pro-
les showed an increase with altitude. DMS reached as high
as 100 pptv near 2500 m. 1 Introduction

Relative to the observation averages, GEOS-Chem (www.
geos-chem.org) chemical transport model simulations werd ne Arctic has experienced rapid climate change in recent
higher during July and lower during April. Based on the sim- decades (IPCC, 2013). Its high climate sensitivity distin-
ulations, more than 90% of the July DMS(g) below 2 km guishes the Arctic from the rest of the world. The Arc-
and more than 90 % of the April DMS(g) originated from tic Ocean moderates Arctic climate and has variable sur-
Arctic seawater (north of 6aN). During April, 60 % of the face temperature and salinity as ice cover melts and freezes

DMS(g), between 500 and 3000 m originated from Arctic (Bourgain et al., 2013). This ocean is an important source
of atmospheric gases and particles (e.g. dimethyl sul de,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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as well as sea salt, organic and biogenic particles) (e.gtion by the addition pathway are dimethyl sulfoxide (DMSO)
Bates et al., 1987; Andreae, 1990; Yin et al., 1990; Leckand methanesulfonic acid (MSA). DMSO oxidises in cloud
and Bigg, 2005a, b; Barnes et al., 2006; Ayers and Caineydroplets to methanesulfonic acid, due to its high solubility,
2007; Sharma et al., 2012). Aerosols affect the climate byand MSA likely condenses onto pre-existing aerosols (von
scattering/re ecting sunlight (direct effects), changing the Glasow and Crutzen, 2004). On the other hand, DMS(g) ox-
number/size of cloud droplets and altering precipitation ef-idation by the abstraction pathway leads to the formation of
ciency (indirect effects) (Twomey, 1974; Albrecht, 1989). SO,. Some of S@removes from the atmosphere via dry and
Shupe et al. (2013) provided the evidence for the forma-wet deposition, and the remaining @ay form sulfuric
tion of clouds and transport of moisture and aerosol parti-acid (HbSOy) in the gas and aqueous phases (Pierce et al.,
cles, likely accompanied by warm air masses, from lower2013). Sulfuric acid formed in the gas phase is a key atmo-
latitudes into the central Arctic during summer. The study of spheric nucleation component which is able to form new par-
these particles has been of interest for numerous researchetisles that may grow to the size of CCN and affect climate
because of their importance in Arctic climate change. Naja (Kulmala et al., 2004).
et al. (2015) estimated that the net effect of aerosol is cooling Previous measurements of DMS(g) in the Arctic atmo-
the Arctic. However, there are many uncertainties related tesphere are limited to a few studies and eld campaigns at
the estimation of effects and sources of aerosol particles. Irifferent locations (e.g. Sharma et al., 1999; Rempillo et al.,
this study, we focus on one of those sources: DMS(g) (atmo2011; Mungall et al., 2016). The study of the vertical distri-
spheric dimethyl sul de). bution of DMS(g) in the Arctic atmosphere is also limited
Atmospheric oxidation of DMS(g) is the main source of to a few observations. Ferek et al. (1995) reported the rst
biogenic sulfate aerosols in the Arctic (Norman et al., 1999).measurements of DMS(g) vertical pro les over the Arctic
DMS(aq) (DMS in aqueous phase) is produced by the breakOcean near Barrow in early summer 1990 and spring 1992.
down of dimethylsulfonopropionate (DMSP) by oceanic They reported low DMS(g) mixing ratios (a few pptv) dur-
phytoplankton and bacteria DMSP lyases (Levasseur, 2013)ng spring and relatively high ones (a few tens pptv with
and transported to the atmosphere via turbulence, diffusiorsome peaks around 100 to 300 pptv) during summer. They
and advection (Lunden et al., 2010). Sulfur compounds fromconcluded that the Arctic Ocean is the potential source of
atmospheric DMS(g) oxidation are able to form new parti- DMS(g), and DMS(g) ocean—atmosphere exchange is more
cles and condense on pre-existing aerosols in the atmosphemmportant in early summer due to sea ice melt.
(Chang et al., 2011). If suf cient condensable vapours are Observations of the NASA DC-8 during ARCTAS (https:
available, the particles may grow large enough to act as cloud/www-air.larc.nasa.gov/cgibin/ArcView/arctas) showed low
condensation nuclei (CCN), and Charlson et al. (1987) hy-DMS mixing ratios in spring (below the detection limit to
pothesised that DMS could provide a negative feedback ta few pptv in the boundary layer and a maximum of 1 pptv
stabilise the global warming (CLAW hypothesis). Although in the free troposphere) (Simpson et al., 2010; Lathem et al.,
no evidence in support of the hypothesis has been foun®013).
(Quinn and Bates, 2011), DMS(g) emissions may play anim- Kupiszewski et al. (2013) measured atmospheric DMS(Qg)
portant role in the climate of remote areas with low aerosolon board a helicopter and observed large variability in
concentrations, such as in the Arctic (Carslaw et al., 2013DMS(g) mixing ratios over the central Arctic Ocean during
Leaitch et al., 2013; Levasseur, 2013; Croft et al., 2016a). summer. The median (mean) values were around 7 (34) pptv
Dimethyl sul de production and emission to the atmo- near the surface 200 m, 11 (22) pptv for altitudes between
sphere vary seasonally. Production and emission are partict200 and 1000 m, and 4 (5) pptv above 1000 m.
larly strong during the Arctic summertime due to high tem-  Lunden et al. (2010) presented model results for the ver-
perature, biological activity, and the amount of ice-free sur-tical distribution of DMS(g) in the Arctic (north of 7(N)
face area. Melting ice in the marginal ice zone, ice edge andluring summer. They reported a variable vertical pro le for
under-ice are favourable for the production of DMSP andDMS(g) concentrations above open water, with the highest
agueous DMS(aq) by oceanic phytoplankton (Leck and Perseoncentrations near the surface (around 115 and 365 pptv for
son, 1996; Matrai and Vernet, 1997; Levasseur, 2013). Afteithe median and 95th percentiles, respectively) and an expo-
summer, agueous phase DMS(aq) concentrations decrease hgntial decrease with height. In contrast, over the pack ice,
about 3 orders of magnitude between August and October ilDMS(g) concentrations were higher above the local bound-
the central Arctic Ocean (Leck and Persson, 1996). ary layer than at the surface. Also, Lunden et al. (2010)
Dimethyl sul de oxidation in the atmosphere occurs by showed that DMS(g) can be mixed downward by turbulence
the radical addition pathway (by hydroxyl radicals OH and into the local boundary layer to provide a DMS source over
halogen oxides) and by the H abstraction pathway (by the nithe pack ice. In addition, they compared modelling results
trate radical N@, OH and halogens) (Barnes et al., 2006; with measurements from the Arctic Ocean Expedition 2001
von Glasow and Crutzen, 2004). In general, the DMS(g)(AOE-2001; Leck et al., 2004; Tjernstrom et al., 2004) and
oxidation rate and pathway depends on the available oxiteported that DMS(g) was present above the local boundary
dants and temperature. The nal products of DMS(g) oxida- layer in both the model and observations.
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For our study, atmospheric DMS(g) samples were col-graph (GC) tted with a Sievers Model 355 sulfur chemilu-
lected onto Tenax tubes durifplar 6 aircraft ights in the minescence detector (SCD). Two DMS(g) certi ed standards
Arctic. We compared these DMS(g) measurements to GEOSfrom Praxair (1 and 50 ppmv) were used to calibrate the GC-
Chem (www.geos-chem.org) chemical transport model sim-SCD and to determine the accuracy of the measurements by
ulations and conducted sensitivity simulations to examinechecking the standards against each other (for example, 1 uL
the local vs. long-range transport (LRT) DMS(g) sourcesof 50 ppmv vs. 50 uL of 1 ppmv). Collection and analysis of
for both the spring and summer. In addition, FLEXPART samples were based on methods described by Sharma (1997),
(FLEXible PARTicle dispersion model) was applied in back Sharma et al. (1999) and Rempillo et al. (2011). Precision of
trajectory mode in order to investigate the DMS(g) sourceanalysis was 12 pptv and was determined based on the SD
regions based on potential emission sensitivity simulations( ) of triplicate measurements of DMS(g) standards. The de-
Field and sampling locations, as well as measurement antkction limit for this method is approximately 7 pptv.
modelling methods are described in Sect. 2. Section 3 in- Additional tests were performed to determine if there was
cludes DMS(g) measurement data. Section 4 presents discusigni cant loss of DMS(g) over time after collection. An ex-
sion of results, and comparison of measurement with modperiment was performed to determine how long Tenax is able
elling results (GEOS-Chem and FLEXPART) are in Sect. 5.to store DMS(g) with no signi cant loss of concentration.
The summary and conclusion of this study are reported inThis experiment was conducted in triplicate by the loading
Sect. 6. of 50 uL of 1 ppmv DMS(g) standard and by storing it in

afreezerat 25 C.Ingeneral, Tenax storage tests &5 C
showed that DMS losses were approximately 5 and 15 % af-

2 Field description and methods ter 10 and 20 days, respectively (Fig. 3). The DMS(g) mixing
ratios summarised in Table 1 are adjusted according to the re-

2.1 Measurements sult of this test.

2.1.1 DMS 2.1.2 Meteorological measurements

DMS(g) was collected aboard the research airdrafar 6 Meteorological measurements were performed by an
in the Arctic during July 2014 and April 2015, as part of AIMMS-20 (Aircraft Integrated Meteorological Measure-
the NETCARE (Network on Climate and Aerosols: Address- ment System) instrument, manufactured by Aventech Re-
ing Key Uncertainties in Remote Canadian Environments)search Inc., Barrie, Ontario, Canada. This instrument was
project. ThePolar 6 aircraft routes and sampling locations used to measure the three-dimensional, aircraft-relative ow
from 12 to 21 July 2014 and from 5 to 20 April 2015 are vector (true air speed, angle of attack, and sideslip), temper-
shown in Figs. 1 and 2, respectively. TRelar 6 campaign  ature, relative humidity, turbulence and horizontal/vertical
was based in Resolute Bay, Nunavut, and covered the Larnwind speeds. Accuracy and resolution were 0.30 and @01
caster Sound area in July 2014. In April 2015, the ights respectively, for temperature and 2.0 and 0.1 %, respectively,
started from Longyearbyen, Spitzbergen, and passed througfor relative humidity. More details of the instrument and cor-
Alert and Eureka, Nunavut, and Inuvik, Northwest Territo- responding aircraft measurements were recently published in
ries. DMS sampling locations, altitude, latitude and longi- other studies from the same campaign (e.g. Leaitch et al.,
tude are reported in Table 1. 2016; Aliabadi et al., 2016b; Willis et al., 2016).

Atmospheric DMS(g) was collected on cartridges packed
with Tenax TA®. Mass ow was controlled at approximately 2.2 Model description
200 20mLmin !, and a Kl-treated 47 mm quartz What-
man Iter was tted at the intake of the cartridge to remove 2.2.1 GEOS-Chem chemical transport model
all oxidants. Two Te on valves were placed before and af-
ter the Tenax tube to control the sampling period, and Te onThe GEOS-Chem chemical transport model was used to in-
tubing was used to transfer the sample from outside the airterpret the vertical pro le of DMS(g). We used GEOS-Chem
craft to the sampler. The samples were stored in an insulatedersion 9-02 at 2 2:5 resolution with 47 vertical layers
container with a freezer pack after collection and in a freezetbetween the surface and 0.01 hPa. The assimilated meteo-
after the ight. Sampling collection time was 3005 s (for rology is taken from the National Aeronautics and Space
few samples the sampling time was shorter or longer tharAdministration (NASA) Global Modeling and Assimilation
300s, leading to different volume of samples). Of ce (GMAO) Goddard Earth Observing System version

A glass gas chromatograph (GC) inlet liner was used t05.7.2 (GEOS-FP) assimilated meteorology product, which
pack 170 2mg of Tenax. The Tenax packed in glass tubesincludes both hourly surface elds and 3-hourly 3-D elds.
was cleaned by heating to 200 in an oven with a constant Our simulations used 2014 and 2015 meteorology following
He ow of around 15 mLmin ! for 5h. The DMS samples a 1-month spin-up prior to the simulation of July 2014 and
were analysed using a Hewlett Packard 5890 gas chromatdApril 2015.

www.atmos-chem-phys.net/17/8757/2017/ Atmos. Chem. Phys., 17, 8757-8770, 2017
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Figure 1. Polar 6 aircraft routes from 12 to 21 July 2014. Colour bars indicate altitudes, and sampling locations are shown with black dots.

The GEOS-Chem model includes a detailed oxidant-modynamic model (Fountoukis et al., 2007), which parti-
aerosol tropospheric chemistry mechanism as originally detions ammonia and nitric acid between the gas and aerosol
scribed by Bey et al. (2001). DMS(g) emissions are basecphases. Climatological biomass burning emissions are from
on the Liss and Merlivat (1986) sea—air ux formulation the Global Fire Emissions Dataset (GFED3).
and oceanic DMS(g) concentrations from Lana et al. (2011). The GEOS-Chem model has been extensively applied to
In our simulations, DMS(g) emissions occurred only in the study the Arctic atmosphere, with regard to aerosol acid-
fraction of the grid box that is covered by seawater andity (Wentworth et al., 2016; Fisher et al., 2011), carbona-
also free of sea ice. Simulated DMS(g) oxidation occurs byceous aerosol (Wang et al., 2011), aerosol number (Leaitch
reaction with OH and N@ The model also includes nat- et al., 2013; Croft et al., 2016a, b), aerosol absorption (Brei-
ural and anthropogenic sources of S@nd NH; (Fisher  der et al., 2014), mercury (Fisher et al., 2012) and recently
et al.,, 2011). Oxidation of Sfoccurs in clouds by re- surface-layer DMS(g) (Mungall et al., 2016).
action with B0, and @ and in the gas phase with OH
(Alexander et al., 2009). Reaction rates and the yields of SO2.2.2 FLEXPART-ECMWF
and MSA from DMS(g) oxidation are determined by De- ] ) ) o
More et al. (1997) and Chat eld and Crutzen (1990), respec_For this study, the Lagrangian particle d_|str|but|on model,
tively. The simulated aerosol species include sulfate—nitrate T LEXPART (Stohl et al., 2005; website: https://www.
ammonium (Park et al., 2004, 2006), carbonaceous aerosol§*Part-eu)), is driven by global meteorological analysis data
(Park et al., 2003; Liao et al., 2007), dust (Fairlie et al., 2007,Tom the European Centre for Medium-Range Weather Fore-
2010) and sea salt (Alexander et al., 2005). The sulfate-caSts (ECMWF) for July 2014 and April 2015. For the

nitrate—ammonium chemistry uses the ISORROPIA || ther-ECMWF data a horizontal grid spacing of 0.2fs used
along with 137 hybrid sigma-pressure levels in the vertical

Atmos. Chem. Phys., 17, 8757-8770, 2017 www.atmos-chem-phys.net/17/8757/2017/
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Figure 2. Polar 6 aircraft routes from 5 to 20 April 2015. Colour bars indicate altitudes, and sampling locations are shown with black dots.

g 1.2 minute. These plumes were traced back for several days to
g study the potential origin of the air masses sampled during
g 1 s .., } s the ights with thePolar 6.
2 LI I
:é 0.8
2 y6 - : : : ‘ 3 DMS measurement and discussion
° o0 5 10 15 20
Day DMS(g) concentrations as a function of altitude are shown

in Fig. 4 for the July 2014 and April 2015 ights. The

Figure 3. DMS mixing ratios vs. Tenax storage days. Error bars campaign-mean DMS(g) mixing ratios were 206 pptv

indicate the SD for each test. (maximum of 114 pptv) for July 2014 and 116 pptv (max-
imum of 157 pptv) for April 2015.

The 2014 sampling locations focused on the Lancaster
from the surface up to 0.01 hPa. FLEXPART was operated inSound, Nunavut region, in July 2014, whereas sampling
backward mode to estimate potential emission sources anoh April 2015 occurred over a broad region of the Arc-
transport pathways in uencingfolar 6 DMS(g) measure- tic: Longyearbyen, Spitzbergen; Alert and Eureka, Nunavut;
ments in summer 2014 and spring 2015. For this, plumes ofind Inuvik, Northwest Territories. Observations on individ-
a passive tracer with properties of air (i.e. molar mass of dryual ights in July 2014 indicate either decreasing DMS(Q)
air, no removal) were released along the ight paths everymixing ratios with increasing altitude or relatively uni-
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Table 1.DMS mixing ratio values, sampling/analysis dates and sampling locations for July 2014 and April 2015.

Sampleno. DMS (pptv) Sampling day Analysis day Latitude ( Longitude () Altitude (m)
1 17 12 Jul 2014 25 Jul 2014 74.45 79.87 872 (24(5)
2 39 12 Jul 2014 25 Jul 2014 74.45 81.85 78
3 26 12 Jul 2014 25 Jul 2014 74.44 83.47 275
4 14 12 Jul 2014 25 Jul 2014 74.41 85.11 69
5 24 12 Jul 2014 25 Jul 2014 74.4 86.85 280
6 9 12 Jul 2014 25 Jul 2014 74.41 88.63 880
7 11 12 Jul 2014 25 Jul 2014 74.55 92.28 303
8 below detection 12 Jul 2014 25 Jul 2014 74.36 93.97 57
9 below detection 17 Jul 2014 27 Jul 2014 74.47 94.88 63
10 8 17 Jul 2014 27 Jul 2014 74.45 88.64 159
11 8 17 Jul 2014 27 Jul 2014 74.42 87.44 149
12 below detection 17 Jul 2014 27 Jul 2014 74.42 95.01 58
13 below detection 17 Jul 2014 27 Jul 2014 74.54 93.71 884
14 below detection 17 Jul 2014 27 Jul 2014 74.56 91.66 2862
15 below detection 19 Jul 2014 27 Jul 2014 74.51 92.20 2862
16 below detection 19 Jul 2014 27 Jul 2014 74.10 86.53 165
17 9 19 Jul 2014 27 Jul 2014 73.86 87.75 46
18 44 20 Jul 2014 25 Jul 2014 74.95 93.09 67 (3843
19 below detection 20 Jul 2014 25 Jul 2014 74.92 92.72 97
20 below detection 20 Jul 2014 25 Jul 2014 74.93 93.18 143
21 22 21 Jul 2014 25 Jul 2014 74.39 92.70 79 (21$
22 below detection 21 Jul 2014 25 Jul 2014 74.29 93.62 51
23 below detection 21 Jul 2014 25 Jul 2014 74.28 95.15 61
24 13 21 Jul 2014 25 Jul 2014 74.43 96.91 61
25 114 21 Jul 2014 25 Jul 2014 74.45 95.98 61
26 9 21 Jul 2014 25 Jul 2014 74.54 94.35 65
27 127 5 Apr 2015 7 May 2015 78.91 10.31 2390
28 147 5 Apr 2015 7 May 2015 78.94 10.82 515
29 66 8 Apr 2015 7 May 2015 83.07 71.99 1986
30 72 8 Apr 2015 7 May 2015 83.24 78.59 76
31 124 9 Apr 2015 7 May 2015 81.43 63.39 78
32 134 11 Apr 2015 8 May 2015 80.77 87.85 2733
33 112 11 Apr2015 8 May 2015 81.50 99.72 68
34 125 11 Apr 2015 8 May 2015 81.57 100.72 1244
35 75 13 Apr 2015 8 May 2015 80.06 104.08 5015
36 123 13 Apr 2015 8 May 2015 80.09 104.05 2651
37 13% 13 Apr 2015 8 May 2015 80.13 103.95 79
38 157 20 Apr 2015 8 May 2015 70.00 133.16 59

2 Examples of DMS samples concurrent with ozone depletion eventppbv) during ApriI.b Numbers in parentheses show the boundary layer
heights in Resolute Bay from Aliabadi et al. (2016b).

form DMS(g) mixing ratios (independent of altitude below sistent with the ndings of Mungall et al. (2016) from the
3km). During spring of the following year (April 2015), icebreaker CCG&mundsenMungall et al. (2016) also sug-
DMS(g) mixing ratios on individual ights were more uni- gested LRT of DMS from marine regions outside Baf n Bay
form with altitude below 4 km and in some cases increasedand the Lancaster Sound area and observed that an episode
with altitude. of elevated DMS(g) mixing ratios with values of 400 pptv or
Figure S1 in the Supplement shows the ice fraction forabove occurred on 18-20 July. The airborne measurement,
July 2014 ights. During July 2014, the highest DMS(g) showed a decline in DMS(g) mixing ratios with height dur-
mixing ratios were measured near ice edges and above openg 17 July and relatively low DMS mixing ratios during 19
waters (e.g. samples 40 pptv; 12, 20 and 21 July). That and 20 July (see Table 1). The decline in DMS(g) mixing ra-
and the decrease in atmospheric DMS(g) with altitude sug+ios with height may be due to a combination of weak vertical
gest that the atmospheric DMS(g) was locally sourced (Lan-mixing and photochemical reactions.
caster Sound and Baf n Bay) during the month of July, con-
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Figure 4. Sampling altitudes (m) vs. DMS mixing ratios (pptv) for July 2qafand April 2015(b).

Previous observations of seasonal variations in DMS(aqg)vhere lower DMS(g) mixing ratios (a few pptv) were found
in the Arctic Ocean found that the maximum DMS(aq) oc- over the Arctic Ocean near Barrow during spring 1992. An-
curred in July and August (e.g. Bates et al., 1987; Leckdrea et al. (1988) presented vertical pro les of DMS(g) mix-
and Persson, 1996; Levasseur, 2013). After the August peakng ratios measured over the northeast Paci ¢ Ocean during
DMS(aq) declined due to lower biological activity (Leck and May 1985 (with a maximum 30 pptv in the mixed layer
Persson, 1996). From DMS concentrations in both the surand also 3600 m). They found that DMS(g) mixing ratios de-
face ocean and in the atmosphere just above the ocean sysend on the stability of the atmosphere and air mass sources
face (median DMS(g) of 186 pptv), Mungall et al. (2016) and that long-range transport at mid-tropospheric levels was
estimated the air—sea DMS(g) ux as ranging from 0.02—important in remote areas of the Northern Hemisphere.

12 umolm 2d 1 in July 2014 in the same location as the  The relatively larger observed DMS(g) away from open-
present measurements (Lancaster Sound). For the same camater sources in springtime relative to summer suggests
paign, Ghahremaninezhad et al. (2016) showed that the domenger DMS(qg) lifetimes in April than July, possibly due
inant source for ne aerosol and S@easured onboard the to lower OH mixing ratios enabling more long-range trans-
Amundsen at the same location and about 30 m above thport of DMS(g) (Li et al., 1993). Lower water vapour and
ocean's surface was biogenic sulfur, arising from DMS(g) higher DMS mixing ratios during the spring compared with
oxidation. Atmospheric oxidation of DMS(g) is expected to the summer (Fig. S2) suggests that more of the April DMS(g)
proceed more readily in the summertime Arctic atmosphereoriginated from open-water sources further away from the
than in spring, due to higher temperatures and more sunlightobservations point than in summertime. The greater ice cover
However, relatively high DMS mixing ratios>( 15 pptv) and increased presence of DMS(g) at higher altitudes dur-
were observed for 12 July at high altitudes 800 m), and  ing April suggest an origin from further south than in sum-
FLEXPART results show in uence from a local source, Lan- mertime. More water vapour will initially accompany that
caster Sound, for that day (mentioned in Sect. 4.2). On thiDMS(g), but the Arctic is cold in April, especially aloft,
day, NETCARE results do not follow the usual DMS verti- and the low water vapour indicates signi cant loss via cloud
cal pattern of high DMS at the surface declining with alti- processes during transport. Some of the water vapour loss
tude to near zero above the marine boundary layer (MBL).will occur via the ice phase, and DMS oxidation in the
Instead, high concentrations aloft on 12 July imply convec-aqueous phase was likely relatively insigni cant during this
tive transport into the free troposphere and potentially an extime (Henry's Law constant for DMS s relatively small:
tended photochemical lifetime due to reduced water vapouf.14 molL 1atm 1) or the DMS(g) values at their origin

or limited sunlight. were much higher than the present observations.

During April, DMS(g) samples were collected above ice  Ozone depletion during spring was observed within the
and snow surfaces, and heat uxes were negligible. Figure Sdoundary layer (Fig. S2) and is well documented in the lit-
shows the ice fraction during the April 2015 campaign. The erature (e.g. Barrie et al., 1988). Ozone depletion may fur-
higher DMS(g) mixing ratios in April, in the free troposphere ther decrease OH near the surface and enhance DMS(g)
over ice-covered regions (Fig. 4b), stability of the Arctic at- lifetimes in the boundary layer due to reduced oxidation
mosphere, and limited vertical mixing, suggest that DMS(g)rates, contributing to the relatively larger springtime DMS(g)
can be transported to the sampling locations from other rein our measurements. However, if DMS is present in the
gions within the Arctic and/or from lower latitudes (except ozone-depleted boundary layer, halogen oxides, such as BrO
for 4 April when DMS(g) sampling was above open water). radical, can be more important during winter and spring
These results contrast with results from Ferek et al. (1995)
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Figure 5. The campaign-mean vertical pro le of DMS from the GEOS-Chem simulation (red line) and measurements (black line) for
July 2014 and April 2015. Simulations for zero ocean DMS at latitudes south dfl §8imZeroBelow66) are shown as cyan dashed line.
The 20th and 80th percentiles are shown by horizontal bars

than summer and could oxidise DMS(g) (von Glasow and Aerosol number concentrations and size distributions dur-

Crutzen, 2004; Chen et al., 2016). ing the July 2014 study are discussed by Willis et al. (2016)
DMS(g) vertical proles are sensitive to the bound- and Burkart et al. (2017), who show that increases in the

ary layer height. For the July 2014 campaign, Aliabadi number concentrations of smaller particles (5-20nm), be-

et al. (2016b) reported an average boundary layer heighlieved to re ect new particle formation (NPF), occurred prin-

of 275 164 m. They showed that the pro les of the po- cipally near the surface during 12 July 2014. The highest lev-

tential temperature exhibited a positive vertical gradientels of DMS(g) during the July study also occurred near the

throughout the aircraft campaign (their Fig. 4). In addition, surface (Fig. 4a), and both Willis et al. (2016) and Burkart

using vertical pro les of wind speed, they derived a positive et al. (2017) noted increased MSA near the surface associ-

gradient Richardson numbeRi) with a median of 2.5 (their  ated with two case studies of NPF. In the clean conditions of

Fig. 7) throughout the aircraft campaign. The magnitude ofthe Arctic summer (e.g. CO in Fig. S2), the low-level DMS

the positive gradient Richardson number is an indicator ofmay contribute to NPF. The springtime Arctic differs in that

the strength of thermal stability in the atmospheric boundarythe aerosol mass near the surface is much higher, resulting in

layer. Due to the strong thermally stable conditions duringa higher condensation sink that, in addition to other poten-

the eld campaign, mixing was weaker compared to well- tial factors, inhibits NPF. During the springtime ights, there

mixed boundary layers at midlatitudes. As a result, the sumwas no evidence for NPF near the surface and only a few in-

mertime measurements show a strong decrease in DMS(gtances aloft. Unfortunately, no sampling for DMS coincided

above the boundary layer. Although there is no reference fowith those few events, and we cannot say if they were con-

the April 2015 campaign boundary layer, we expect simi- nected with the DMS(Q) aloft.

lar boundary layer characteristics in the stable Arctic bound-

ary layer at high latitudes due to the even more reduced ther-

mal forcing with large sun angles in th_e m_onth of Aprilcom- 4 chemical transport model simulations and

pared to the month of July. The springtime measurements  jiscussion

show a more uniform vertical pro le suggesting transport in

the free troposphere from open-water sources thatwere arely 1 GEOS-Chem

atively farther distance from the observation point in spring-

time than in summer. We simulated the vertical pro le of DMS(g) mixing ratios
with the GEOS-Chem chemical transport model, and the
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Figure 6. FLEXPART-ECMWF potential emissions sensitivity simulation plots for 4-day back trajectories for column from 0 to 2000 m on
(a) 12 July (20:40:00 UTC) an¢b) 19 July (17:00:00 UTC) 2014. The colour bars indicate air mass residence time (s) before arriving at the
aircraft location. The blue lines shd®olar 6 aircraft routes.

Figure 7. FLEXPART-ECMWF potential emissions sensitivity simulation plots for 4-day back trajectories for column from 0 to 2000 m on
(a) 9 April (14:45:00UTC),(b) 11 April (18:55:00 UTC)c) 13 April (18:27:00 UTC) andd) 20 April (22:26:00 UTC) 2015. The colour
bars indicate air mass residence time (seconds) before arriving at the aircraft location. The blue lifeslah6waircraft routes.

model was co-sampled along th®lar 6 aircraft tracks.  should be used in interpreting the model-measurement com-
Recently, GEOS-Chem was used to interpret DMS(g) meajparisons since these comparisons are conducted over a very
surements in the Arctic surface-layer atmosphere (Mungallimited number of measurement periods and the spatial and
et al., 2016). However, despite the signi cant in uence of temporal resolution of these measurements is a challenge for
DMS(g) on the Arctic climate relative to lower latitudes and a global model to simulate. In July 2014, both the measure-
the importance of where DMS(g) oxidation occurs vertically ments and simulation show a strong decrease in DMS(g)
(Woodhouse et al., 2013), measurements of DMS(g) verticamixing ratios with altitude in the lowest 300 m. Aliabadi
pro les are rare in the Arctic atmosphere. et al. (2016a, b) estimated the boundary layer height as
Figure 5 shows the campaign-mean vertical prole of 275 164 m, using data from radiosondes launched at Reso-
DMS(g) for the co-sampled GEOS-Chem simulation and ourlute Bay and the Amundsen icebreaker, during the 2014 cam-
measurements for both July 2014 and April 2015. Cautionpaign. Aliabadi et al. (2016b) indicated that the magnitude of

www.atmos-chem-phys.net/17/8757/2017/ Atmos. Chem. Phys., 17, 8757-8770, 2017
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Table 2. Simulated campaign-mean percent contribution of DMS majority of the campaign-mean DMS(g) for both April and
from oceans north of 66N to the GEOS-Chem-simulated DMS  July arises from the oceans north of &&

at the sampling locations for the July 2014 and April 2015 ight  As given in Table 2, SimZeroBelow66 simulates 97 % or
tracks. more of the DMS(g) below 500 m during July coming from
waters north of 66N. The fractional contribution from north

Altitude July 2014 April 2015 of 66 is about 90% for April and at the same altitudes
0-100m 98 88 although different regions were sampled at that time. The
100-500m 97 90 simulations attribute about 60 and 90 % of the DMS(g) at
500-3000m a1 61 altitudes of 500 to 3000 m to seawater north of Blin

April and July, respectively. This 30 % difference indicates
a greater contribution from long-range transport from lower
latitudes in the springtime.

turbulent uxes of momentum, heat and the associated diffu-4.2 FLEXPART
sion coef cients are signi cantly reduced above the bound- ) ,
ary layer height during the 2014 campaign. Thus, we nd FLEXPART-ECMWF modelling was used to explore the ori-

the strongest vertical gradient between the boundary layefin Of air samples measured along falar 6 ight tracks.

and above. In the boundary layer, the GEOS-Chem simulaFigures 6 and 7 show the potential source regions of these air

tion over-predicts the measurements but is within a factorSamPples 4 days before the releases along the ight path. More
of 2 to 3. Hoffmann et al. (2016) showed that DMS chem- SPECI cally, the response function is shown to all releases of
istry should be considered in the aqueous phase as well & Passive tracer, which in this case has properties of dry air.

the gas phase to improve modelling predictions. This chem/f this response function were folded with an emission ux
istry is not included in our model but could contribute to of the tracer, the concentration of this tracer at the release lo-

the model's over-prediction of the measurements at thes&ation along the ight paths could be calculated. We chose to
lower altitudes. Above 1500 m, the simulation under-predictsSNoW the potential emission sensitivity after 4 days. Sharma

the measurements. Overall, the simulations and observatiorfe &l- (1999) showed that atmospheric DMS(g) lifetime was
agree within their respective variabilities. 2.5 to 8 days in the high Arctic. More details about FLEX-

The April 2015 campaign mean shows a more gradual dePART _and the potential emissions sensitivity (P_ES) can be
crease with altitude (Fig. 5b). Mixing ratios are also greateriound in Stohl et al. (2005) and references therein.
than during the July campaign. Both the simulated and the Figure 6 shows two examples of FLEXPART-ECMWF
measured DMS(g) pro les during spring (30 to> 50 pptv) PES for 4-day back trajectprles in July 2014: an in uence
show more variability at all altitudes below 4 km than in sum- ffom @ broad area, especially Lancaster Sound (local re-
mer (20 to 40 pptv at low altitudes and 10 pptv at higher gion), and northwards on 12 July (Fig. _Ga), and Hudson Bay,
altitudes). Ozone depletion not represented by the simulatio®"d Bafn Bay (south) on 19 July (Fig. 6b). A more de-
is one potential explanation for the underestimated DMS(g)ta'le‘j analysis of PES reveals that the measured air mass de-
in the simulations since the oxidation rates may be too highScended from 1500 m on 19 July, which may explain the

Surface layers depleted of ozone were observed on severff"? DMS(g) mixing ratios.

occasions during April 2015: three of ve samples collected _ Figuré 7 shows some examples of FLEXPART-ECMWF
at 60m above ice surfaces were concurrent with measurefES ~ Simulations for 4-day back trajectories during
ozone depletion events (1 ppbv) during the April campaign  APril 2015. For the ights near Alert and Eureka on
(shown in Table 1). If the DMS(g) oxidation potential is re- 9 and 11 April, some DMS may have orlglnat_ed from
duced by ozone depletion, the lifetime of DMS(g) in the re- ice-free areas of the Nares Strallt gnd Baf n Bay (Fllg. 7aand
gion of ozone depletion may increase. Another reason folf: "eSpectively). For the 13 April ight, the Norwegian Sea,
underestimation by the model may be errors in the simulatedV©rth Atlantic Ocean and Hudson Bay are additional poten-
source strength. The monthly mean seawater DMS eld used'@! source regions (Fig. 7c). The highest DMS, measured
in our simulations is based on very limited observations from©n 20 April near Inuvik is associated with the north Paci ¢
this region (Lana et al., 2011). Datasets of seawater DMs2c€an (Fig. 7d).

with higher spatial and temporal resolution are needed but ASSUming a DMS atmospheric lifetime of 1 to 4 days,
are still under development. these results suggest that the DMS(g) measured during

We conducted a sensitivity simulation to identify the JUly 2014 originated primarily from the local region over
latitude-dependent contribution of the oceans to the simuBaf n Bay and the Canadian Arctic Archipelago. For spring
lated DMS(g) at the sampling points along the ight tracks. 2015, the DMS(g) sampled was from a range of sources, in-
In Fig. 5, the “SimZeroBelow66” simulation has no ocean ¢luding Baf n Bay, possibly the Norwegian Sea, the North
DMS(g) for all latitudes south of 66N. This simulation ~Atlantic Ocean and the north Paci ¢ Ocean.
compared with the standard simulation suggests that a large
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5 Conclusions In short, this study suggests a dominant role of the Arctic
Ocean for DMS(g) in the Arctic during summer and a signif-

Atmospheric samples for DMS(g) measurements were colicant contribution from LRT to DMS(qg) in spring.
lected at different altitudes aboard tRelar 6 aircraft ex-

peditions during July 2014 and April 2015, as part of the

NETCARE project. In this study, we present vertical pro le Data availability. Data are available by email request (alnorman@
measurements of DMS(g), together with model simulationsucalgary.ca). The GEOS-Chem model is freely available for down-
to interpret these pro les. This study includes a very lim- load from www.geos-chem.org (Breider et al., 2017).

ited spatial and temporal extent, and further vertical pro le

measurements of Arctic DMS(g) are recommended. Verti-

cal variations in DMS(g) mixing ratios are important since Cqmpeting interestsThe authors declare that they have no con ict

DMS(g) can in uence aerosol concentrations via new parti- Of interest.

cle formation and growth. In addition, further DMS vertical

measurements could be useful to have a robust comparison _ o o

with global models such as GEOS-Chem. Special issue statementhis article is part of the special issue

. . “NETCARE (Network on Aerosols and Climate: Addressing Key
enf:)eu; rg:tz\i/\?géﬁdtxgrtrls:ilnprsoollfrie(:); gwjﬁgéﬁ:qgegiftgmgré)unce_rtainties in”Re_mote Canaqian Enyironments) (ACP/AMT/BG
during the Arctic summer and spring. For the Summertimelnter-JournaI Sl)”. Itis not associated with a conference.

ights near Lancaster Sound, Nunavut, Canada, DMS(g)

mixing ratios were higher near the surface (maximem

110 pptv) and lower at higher altitudes up to 3km. The high-The Supplement related to this article is available online

est mixing ratios were found above ice edges and open waterdt https://doi.org/10.5194/acp-17-8757-2017-supplement.

suggesting that the Arctic Ocean in the vicinity of the aircraft

was the main source of DMS(g). Oxidation and/or limited

vertical mixing could contribute to the decline in DMS(g)

mixing ratios with altitude. During the springtime pan-Arctic AcknowledgementsThis study was part of the NETCARE (Net-

ights from Svalbard to the Canadian Arctic Archipelago work on Climate and Aerosols: Addressing Key Uncertainties in

ending near Inuvik, Northwest Territories, the measuredRemote Canadian Environments, http://www.netcare-project.ca/)

DMS(g) mixing ratios were unusually high> (100 pptv), and was supported by funding from NSERC. Thg athors would

and more uniform with altitude than during summer. DMS(g) also like to thank the crew of theolar 6 and fellow scientists.

mixing ratios in samples collected in the free troposphere

(> 2000 m) during April ranged from 60 to 134 pptv. Trans-

port of DMS(g) to the high Arctic from other regions of the

Arctic and/or lower latitudes along with a reduced oxidising

potential in springtime relative to summer may explain these
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