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� A fully integrated, automated system for the continuous measurement of airborne DMS.
� The proposed system was proved to be stable for 3 full growth cycles of phytoplankton.
� The system enabled the measurements of short-term and long-term airborne DMS trends.
a r t i c l e i n f o

Article history:
Received 19 January 2016
Received in revised form
17 March 2016
Accepted 18 March 2016
Available online 22 March 2016

Keywords:
Dimethyl sulfide
Climate feedback
Atmospheric monitoring
Arctic Ocean
* Corresponding author.
E-mail address: ktl@postech.ac.kr (K. Lee).

1 These authors (Sehyun Jang and Ki-Tae Park) con

http://dx.doi.org/10.1016/j.atmosenv.2016.03.041
1352-2310/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

We describe here an analytical system capable of continuous measurement of atmospheric dime-
thylsulfide (DMS) at pptv levels. The system uses customized devices for detector calibration and for DMS
trapping and desorption that are controlled using a data acquisition system (based on Visual Basic 6.0/C
6.0) designed to maximize the efficiency of DMS analysis in a highly sensitive pulsed flame photometric
detector housed in a gas chromatograph. The fully integrated system, which can sample approximately
6 L of air during a 1-hr sampling, was used to measure the atmospheric DMS mixing ratio over the
Atlantic sector of the Arctic Ocean over 3 full annual growth cycles of phytoplankton in 2010, 2014, and
2015, with minimal routine maintenance and interruptions. During the field campaigns, the measured
atmospheric DMS mixing ratio varied over a considerable range, from <1.5 pptv to maximum levels of
298 pptv in 2010, 82 pptv in 2014, and 429 pptv in 2015. The operational period covering the 3 full
annual growth cycles of phytoplankton showed that the system is suitable for uninterrupted measure-
ment of atmospheric DMS mixing ratios in extreme environments. Moreover, the findings obtained using
the system showed it to be useful in identifying ocean DMS source regions and changes in source
strength.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Dimethyl sulfide (DMS) is a volatile byproduct of the enzymatic
breakdown of dimethyl sulfoniopropionate (DMSP), a compound
produced by phytoplankton. DMS is a major natural source of
tropospheric sulfur, which may have an impact on the radiative
balance of the atmosphere (Bates et al., 1987; Sim�o, 2001). The
potential role of marine DMS in regulating climate was highlighted
by Charlson et al. (1987). In the proposed mechanism, atmospheric
tributed equally.
DMS is rapidly oxidized by hydroxyl radicals and is then trans-
formed into sulfuric and methane sulfonic acids, both of which
contribute to the formation of cloud condensation nuclei (CCN)
(Shaw, 1983; Andreae and Crutzen, 1997). CCN may alter the radi-
ation budget of the atmosphere via albedo change (Andreae and
Rosenfeld, 2008), which could consequently influence the
amount of incoming solar radiation, and thereby affect the tem-
perature of the upper ocean. Change in the upper ocean tempera-
ture may change DMS production by shifting the major
phytoplankton species (Sim�o, 2001; Stefels et al., 2007). Change in
the production of DMS could lead to change in the production of
CCN (Andreae and Crutzen, 1997). As a result, the production of
DMS and regional/global climatemay be closely linked. This linkage
has yet to be experimentally demonstrated, but such a negative
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feedback mechanism may in part offset the global warming
resulting from anthropogenic CO2 (Charlson et al., 1987).

It is not possible to test whether the production of DMS is
positively linked to the production of CCN, because atmospheric
DMS measurements lack adequate spatial and temporal coverage.
This is largely because the measurement systems used to date have
not been sufficiently sensitive, complex, and durable to enable
consistent measurement of such short-lived DMS to be made over
long periods (seasons to years). Various methods have been used to
determine atmospheric DMS levels in field campaigns. Most pub-
lished methods involve the time-consuming process of trapping
atmospheric DMS either in a Pyrex glass tube filled with gold wire
or in a canister, and then measuring eluted DMS in a laboratory
(Leck and Persson, 1996; Persson and Leck, 1994; Preunkert et al.,
2007). In situ measurements have also been performed by
concentrating atmospheric DMS in a cryogenic trap fromwhich the
DMS was eluted and then analyzed (e.g., Bates et al., 1990; Cooper
and Saltzman, 1991; De Bruyn et al., 2002; Kim et al., 2000, 2004;
Swan et al., 2015).

The in-situ measurement systems include a component for DMS
trapping and elution and a gas chromatograph (GC) equipped with
a pulsed flame photometric detector (PFPD) enabling DMS quan-
tification. However, not all components were completely auto-
mated and integrated and, as a result, considerable manual input is
required to operate the systems over extended periods (months to
years). Moreover, to ensure measurement accuracy, some of the in
situ analytical systems require regular calibration of the GC-PFPD
against known moles of DMS released by a permeation tube con-
taining pure liquid DMS. However, the use of this type of DMS
standard over extended periods may result in significant uncer-
tainty in DMS measurements because the amount of DMS released
from the permeation tube may change over time (Kim et al., 2016).
Therefore, another DMS standard should be used in parallel to
evaluate the accuracy of the DMS permeation tube. This practice is
particularly useful for long-termmeasurement of atmospheric DMS
in remote locations.

A promising alternative analytical system is based on mass
spectrometry (e.g., chemical ionization mass spectrometer)
(Mungall et al., 2015). This newly introduced system is based on
straightforward measurement principles and can provide highly
time-resolved data. However, this system is expensive and its long-
term durability has yet to be tested in the field.

We described here the key components of a fully integrated,
automated analytical system for the continuous measurement of
atmospheric DMS mixing ratios over extended periods (>a year).
Measurements to assess its performance over 3 full growing sea-
sons of phytoplankton demonstrated the consistency of the
analytical system. Atmospheric DMS concentrations measured us-
ing the analysis system at the Zeppelin observatory (Svalbard,
Norway) are also presented to highlight the utility of the proposed
measurement protocol.

2. Materials and procedures

2.1. Components of the DMS analytical system

The analytical system for measuring atmospheric DMS mixing
ratio comprised: (i) a thermostat-controlled inlet for maintaining
the temperature of incoming ambient air approximately constant
(i.e. to prevent the sudden influx of cold sample); (ii) an integrated
unit for DMS trapping and desorption; (iii) a PFPD (Model 5830, OI
Analytical, USA) housed in a GC (Agilent 6890N, Agilent Technol-
ogies, USA); and (iv) a calibration unit for the detector (Fig. 1). To
detect low levels of atmospheric DMS (<1.5 pptv), a trap half-filled
with Tenax TA 60e80 mesh (120 mg; Chrompack Inc., USA) and a
graphitized carbon trap (U-T14H2S, MARKES International, UK)
were used for the 2010 and 2014e2015 field campaigns, respec-
tively. The DMS trapping efficiency of the Tenax TA trap has been
reported to be stable over a temperature range of �10 �C to 50 �C
(Zemmelink et al., 2002). A DB-1 GC column (30 m long, 0.32 mm
diameter, 5.0 mm pore size, J&W Scientific, USA) was used to
separate the DMS peak from other chemical signals.

The PFPDs have been shown to be far superior to the flame
photometric detectors (FPDs) in detection sensitivity (two orders of
magnitudemore sensitive) and consumes less H2 and air (a factor of
20 less) (Cheskis et al., 1993). Therefore, PFPDs are commonly used
for measuring reduced sulfur compounds, and have been shown to
perform reliably (Steudler and Kijowski, 1984). The response of
PFPDs is sensitive to the tuning conditions including the ratio of
gases (H2, air and He), the photomultiplier tube (PMT) voltage, and
other factors. In particular, the PMT voltage needs to be adjusted to
a specific level for optimal sensitivity for the target concentrations
of the sulfur compounds, and the voltage chosen influences the
linearity of the detection response (Kim, 2005). As a result, the
tuning conditions are important in achieving optimal detector
response for the target DMS concentrations. Detailed information
about the components of the analytical system and its operating
parameters are given in Table 1.

The proposed DMS system was remotely controlled throughout
the study period. All required maintenances including the
replacement of gases (H2, air and He) and an oxidant and moisture
scrubber were performed by local engineers at the Zeppelin
observatory.

2.2. Sequence of DMS analysis

Analysis of atmospheric DMS mixing ratios using the analysis
system described above was executed in a sequence involving pre-
purging of the DMS trap, DMS trapping and subsequent elution, and
DMS analysis. More detailed information on each measurement
event (valve control, trap temperature, and the duration of each
event) is given in Table S1. Prior to introducing the ambient air to
the trap, the trap was flushed for 5 min using ultra-pure He gas
(99.99%) to remove any DMS residue from the previous air sample
analyzed. To achieve this, valve 2 (V2 in Fig. 1; Valco Instrument Co.
Inc., USA) was set to the “on” position.

In operation, the stream of air flows through a thermostat-
controlled inlet and a scrubber packed with KI and K2CO3 to
ensure that oxidants and moisture are removed before the air
sample reaches the DMS trap. The air sample was then drawn
through a PTFE line at a rate of 100mLmin�1 for 10e90min using a
diaphragm vacuum pump (PM24463-86, KNF Neuberger, Ger-
many). The duration of this process was determined by the atmo-
spheric DMSmixing ratio and a mass flow controller (MODEL 3660,
KOFLOC, Japan) that controlled the flow ratewhen V2was set to the
“off” position. The optimal volumes of air needed for an effective
detection are shown in Table S2. When a sufficient amount of DMS
for analysis has been trapped, the trap is heated to ~220 �C using a
custom-made thermoelectric unit (Park and Lee, 2008), and the
DMS is eluted from the trap. The thermoelectric unit increases the
trap temperature from 20 �C to 220 �Cwithin 1.5min. In parallel, V2
is set to the “on” position, and He gas carries the eluted DMS into
the GC column. The procedure for DMS elution and subsequent
injection into the GC column takes ~1.5 min. For separation of the
DMS, the gases in the trap are transferred to the capillary column in
the GC oven at a constant temperature of ~50 �C, over a period of
3 min. The GC oven temperature is increased to ~240 �C to elute the
DMS from the column, and ultra-pure He gas passes through the
column carries the eluted DMS to the PFPD. A pressure controller
built in the GC regulates the flow rate of the He stream containing



Fig. 1. Schematic representation of the atmospheric DMS measurement system. The system consists of a component for detector calibration, a device for trapping and elution of
DMS, and a GC-PFPD for DMS analysis. The red and blue solid lines depict the passages of the air sample and eluted DMS, respectively.

Table 1
Description of analytical system and operating parameters.

Trap Trap materiala:
(i) Tenax TA 60e80 mesh
(ii) Pre-packed column with adsorbent material based on graphitized carbon
Trapping temperature: 20 �C
Eluting temperature: 220 �C

Column DB-1, 30 m � 0.32 mm, 5.0 mm, J&W Scientific
Temperature: 50 �Ce120 �C at 10 �C min�1, 120 �Ce240 �C at 50 �C min�1

Inlet pressure: 10 psi
Carrier gas: He

Detector Pulsed flame photometric detector (PFPD)
Temperature: 250 �C, constant
H2: 9.5 psi, Air: 10.5 psi, He: 10 psi

Calibration (i) Standard gas: 0.6 to 6.2 ppbvb, 860, 2850 ppbv
(ii) Permeation tube: KIN-TEK, Standard Rate Disposable Permeation Tubes (SRT type), DMS Emission Rate 43 ng min�1 at 30 �C

a Trap used Tenax TA was custom-made and pre-packed column was a commercial product (U-T14H2S, MARKES International, UK).
b DMS working standards were prepared using the dilution method (mixing primary standard of 860 ppbv with ultra-pure N2).
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the eluted DMS.
The DMS peak typically appears between 6.0 and 6.3 min

following injection of the eluted DMS into the column. A complete
analytical cycle for each air sample usually takes <2 h. Following
completion of each analytical cycle, the column in the GC is
switched to the flush mode (V2 is set to “off”). The detection limit
for the systemwas found to be 0.02 ng of S, which corresponds to a
DMS mixing ratio of approximately 1.5 pptv (when sampled air
volume is ~6 L).
2.3. Calculation of atmospheric DMS mixing ratios

Atmospheric DMS mixing ratio (pptv, parts per trillion by vol-
ume) is determined using the following equation,

DMS pptvð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Peak area
p

� b
a

� R$T
MDMS

� 1
Vsample

� 1000

where Peak area is the area under the signal of the PFPD response to
sulfur. a and b are the slope and intercept of the calibration curve,
respectively; R is the ideal gas constant; T is the sample air tem-
perature; MDMS is the molar mass of DMS; and Vsample is the volume
of air sampled (1e9 L). Note that
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Peak area
p

measured by PFPDs is
linearly related to sulfur mass analyzed (Cheskis et al., 1993).

2.4. Data acquisition system

All analytical processes, including valve control and the ther-
moelectric module controlling the DMS trap temperature, are
controlled using custom-built software based on Visual Basic 6.0/C
6.0. This software provides a virtual interface, and comprises
electronic buttons, switches, and a data display for operating the
instrumentation that drives the automated DMS analysis system
(Fig. S1). During the field campaigns, the system was connected to
the Internet, which enabled the analytical sequences to be remotely
controlled.

3. Assessments and discussion

3.1. Preparation of DMS working standards and their accuracy

During the field campaigns, the DMS working standards were
prepared by mixing exact amounts of N2 and a primary standard
having a certified value of 552 or 860 ppbv (2.6% uncertainty). In
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this gas mixing process, two gases (N2 and a primary standard)
were concurrently introduced at rates of 200e1000 mL min�1 and
1e2 mL min�1, respectively, into a 500 mL-PTFE bottle in which a
magnetic stirrer continuously mixed the incoming gases. This
mixing method ensured the production of homogeneous working
standards in terms of the DMS mixing ratios. Our test experiments
showed that the DMS mixing ratios in the gas mixture in the PTFE
bottle reached a constant value within 60 min following the
introduction of the gases in the bottle (Fig. S2). This mixing (or
dilution) method accurately produced a set of DMS working stan-
dards having a concentration range of 0.6e6.2 ppbv. This range is
adequate for measuring the atmospheric DMS mixing ratios that
occur over the Arctic Ocean during the phytoplankton bloom
period.

The accuracy of the prepared working standards was checked
against the certified value of the primary standard (860 ppbv DMS).
We found good agreement between the primary and working
standards within a mixing ratio range of 0.5e7.0 pmol of DMS
(Fig. 2a).
Fig. 2. (a) Relationship of the working standard (STD) measurements (DMS ¼ 3.6 and
5.0 ppbv) to the primary standard (DMS ¼ 860 ppbv). The inset shows the relative
standard deviation (the standard deviation divided by the mean) for all standard
measurements. The shaded area indicates one standard deviation (1s ¼ ±4.3) from the
best fit. (b) The GC-PFPD calibration results for three types of DMS standard over 3
years during the field campaigns. The calibrations based on working standards, pri-
mary standards, and the permeation tube are shown as black circles, blue squares, and
red triangles, respectively. The shaded area indicates 1s (±22.1) from the best fit. In (a)
and (b) the black solid lines indicate the best linear fits for all data. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
3.2. Calibration of the GC-PFPD as a DMS detector

During the field campaigns, the response of the GC-PFPD de-
tector was calibrated against at least one of three types of DMS
standards: (1) a set of working standards; (2) two primary stan-
dards having certified mole factions of 860 and 2850 ppbv; and (3)
known moles of DMS released by a permeation tube filled with
>99.9% liquid DMS (Sigma-Aldrich, USA).

As a primary method for calibration in 2010, DMS working
standards were regularly used to check the stability of the response
of the GC-PFPD, so as to minimize the consumption of DMS primary
standards. For calibration, working standards were prepared
immediately prior to each individual calibration, and various
accurately measured volumes of the working standards (3e52 mL)
were injected into the detector using a mass flow controller (F-
201C-FAC-11-V, Bronkhorst, UK). The amount of DMS in the
working standards used for detector calibration ranged from 0.6 to
8.8 pmol.

In 2014, we used two high-pressure DMS standards, which were
prepared by Yara Praxair (Norway) in 20-L aluminum cylinders
using He as the balance gas. Three volume-calibrated loops (10 mL,
25 mL, 100 mL; Valco instrument Co. Inc., USA) were used to intro-
duce precise amounts of the primary standards to the DMS trap.
This method was used to generate DMS standard ranging from 2.3
to 14.1 pmol of DMS for the calibration.

When the two primary standards ran out in 2015, as an alter-
native we used a DMS permeation tube, through which DMS is
released at a constant rate (43 ng min�1). KIN-TEK laboratories
(USA) certified the rate of release of DMS from the permeation tube.
Varying amounts of He gas flowing into the permeation tube
changed the DMS mixing ratio released from the tube. In our
analytical setting, the permeation tube was positioned inside a PFA
tube, through which the He flowed at a rate of 69 mL min�1; the
resulting DMS mixing ratio was 225 ppbv. The DMS released from
the permeation tube filled a 100-mL sample loop installed in the six-
port valve (V1), and was then injected into the detector for cali-
bration (Fig. 1). The calibration results based on use of the perme-
ation tube were consistent with those based on use of the primary
and working gas standards (Fig. 2b). Such good consistent cali-
bration results indicate that small temperature fluctuation (±1.3 �C)
in the PFA during the field operation did not seriously bias our
results (<6.3%). This method covered the DMS standard ranging
from 0.9 to 9.2 pmol of DMS.

The detector response needs to be calibrated in a DMS con-
centration range that is comparable to that in air samples being
analyzed. In our detector calibration measurements within the
range of DMSpmol ¼ 0.6e11.7, the detector response (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Peak area
p

)
increased linearly with increasing amounts of DMS injected. The
DMS mixing ratios in air samples that fell out of this calibration
range were calculated by extrapolation from the calibration curves.
In particular, when the calibration curves were extrapolated to the
peak area for zero, when no DMS was added, the error in calcula-
tion of the DMS mixing ratio for samples having small peak areas
(<5000) was <0.9 pptv (Table S3).

For all the calibration curves obtained over 3 full annual growth
cycles of phytoplankton, the detector response showed good line-
arity (Fig. 2b). All daily calibration curves were internally consistent
within a 6-month period, except for May 2014, during which a
change in the detector response was discernable, and probably
resulted from changes in the lower PMT voltage in the detector and
changes in the ratio of combustion gases (H2, air and He). The
calibration curve in May 2014 still showed good linearity
(R2 ¼ 0.99), and was suitable for calculation of atmospheric DMS
mixing ratios (Fig. S3).



Table 2
Estimations of relative standard uncertainty (referred to as “uncertainty” herein-
after) for 3 types of standard (STD) and atmospheric DMS measurements.

Types of
STD

Certified
values

Volume injected STD
injectedf

Air
DMSg

Loopd MFCe

Primary 2.6%a 0.5% e 2.6% 5.0%
Working 2.6%b e 0.3% 2.6% 5.1%
Permeation 2.9%c 0.5% e 3.0% 5.3%

a Calculated by dividing the accuracy of 5% (with a 95% confidence level; the
accuracy and its confidence level were provided by the manufacturer) by 1.96
(Ellison and Williams, 2012).

b Calculated using the square root of the sum of the squares of the uncertainties in
the certified value of the primary STD and the amounts of the primary STD and N2

gas used for the preparation of the working STD using a mass flow controller (MFC;
F-201C-FAC-11-V, Bronkhorst, UK).

c Calculated using the square root of the sum of the squares of the uncertainty in
the accuracy of the rate of DMS released from a permeation using a MFC (MODEL
3660, KOFLOC, Japan).

d Uncertainty in the volume of STD injected into the detector via a standard loop
was directly measured using the water-based gravimetric method (i.e., measure the
mass difference between a loop filled with water and the loop when empty, and
then divide the mass difference obtained by the water density at the time of mea-
surement) (Wilke et al., 1993).

e Uncertainty in the volume of STD injected into the detector using a MFC was
calculated by dividing the accuracy of 0.5% (provided by the manufacturer without
the confidence level information) by

ffiffiffi

3
p

, given that measurements of sample vol-
umes using a MFC are rectangularly distributed.

f Calculated using the square root of the sum of the squares of the uncertainties in
the preparation of the STD (2nd column) and the volume of STD injected (either 3rd
or 4th columns).

g Calculated using the square root of the sum of the squares of the uncertainties in
the amount of DMS STD injected into the detector, the volume of air sample injected
using a MFC (MODEL 3660, KOFLOC, Japan), and the PFPD response (4.3%, the
repeatability of the detector response; see results in Fig. 3a).
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3.3. DMS trapping efficiency

The trapping efficiency for DMS was measured by comparing
the response of the detector to identical amounts of the standard
gas injected (i) directly into the GC-PFPD, or (ii) added to the DMS
trap, eluted, and then injected from the trap into the detector. In our
test comparison we used a 100 mL volume of the 860 ppbv DMS
standard. The value for direct injection did not differ statistically
from the value obtained using the DMS trap. The results indicated
that the trapping efficiency was 98.1% (Table S4).

3.4. Long-term consistency of the DMS analytical system

The overall performance of the key components of the analytical
system was evaluated using two independent methods. In 2010
(between March and December) we occasionally checked the per-
formance of the system by measuring DMS of a working standard
having a mixing ratio of 4.1 ppbv. The results did not change sys-
tematically over time and were consistent within 4.3% (Fig. 3a),
indicating that the detector did not drift during the entire period of
operation. This single-point checking of stability was not under-
taken during the 2014 and 2015 field campaigns, when instead we
occasionally performed multi-point calibrations. The calibration
curves resulting from analysis of multiple standards did not show
any systematic trends over time; the slope of the calibration curves
(a good indicator of detector sensitivity) changed from 63.6 to 75.7
(1s ¼ ±3.5). This also indicated that the performance of the
analytical system remained consistent during this 2-year period
(Fig. 3b).

The uncertainty in atmospheric DMS measurements performed
using the proposed analytical system was approximately 5%
Fig. 3. (a) Detector response for all measurements of a single DMS working standard
(4.1 ppbv, 24 mL) (mean response ¼ 333), made in 2010. The shaded area indicates one
standard deviation from the mean (1s ¼ ±14.3), and the analytical repeatability of
these measurements was 4.3%. (b) Slopes for all calibration curves obtained over 3 full
annual growth cycles of phytoplankton (the mean slope ¼ 69.3). Different colored
symbols indicate different calibration methods indicated in the caption to Fig. 2. The
shaded area in (b) indicates one standard deviation (±3.5) from the mean. The error
bars indicate the standard errors of each slope. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
(Table 2); this value was obtained using the uncertainties associ-
ated with all of the individual procedures involved in atmospheric
DMS measurement, according to the guide of Ellison and Williams
(2012).
3.5. Atmospheric DMS mixing ratios over the Arctic Ocean

The system for atmospheric DMS analysis was installed at the
Zeppelin observatory in March 2010, and thereafter was used for
measurement of atmospheric DMS mixing ratios in the Atlantic
sector of the Arctic Ocean over 3 full annual growth cycles of
phytoplankton.

The measured mixing ratios differed strikingly among seasons
and years (Fig. 4a). The measured mixing ratios increased by
100e450 pptv in May and June each of the three years, and showed
considerable short-term (<a few days) and long-term (one week to
one year) variability; however, the mixing ratios declined rapidly
by an order of magnitude thereafter, and remained at that level
until the end of the growing season (the end of July). Throughout
winter (September to April), which was characterized by an
analytical detection limit of 1.5 pptv DMS, almost no atmospheric
DMS mixing ratio was detectable (not shown in Fig. 4a). In the
dataset for each of the 3 years the atmospheric DMS mixing ratios
varied on a timescales of < oneweek, which is best explained by the
changes in the meteorological parameters (air mass trajectory,
altitude and speed) (Park et al., 2013).

To assess whether there was a direct relationship between the
air mass trajectory and short-term (<a few days) variability in the
DMS mixing ratios, we examined the selected 2-day air mass back-
trajectories prior to them reaching the Zeppelin observatory.

The mean chl-a concentration in May 2015 and the 2-day back-
trajectories are shown in Fig. 4b and c. The black line in Fig. 4b



Fig. 4. (a) Mixing ratios of atmospheric DMS at Zeppelin observatory from March to July in 2010, 2014, and 2015. (b, c) Monthly mean chl-a concentration during the month of May
in 2015 (at a 4 km resolution, obtained from the Moderate-Resolution Imaging Spectroradiometer (MODIS) on the satellite Aqua), overlaid with the 2-day air mass back-trajectories
corresponding to the two green stars shown in (a). The rectangular panels below the chl-a maps show the evolution of air mass altitudes and the marine boundary layers (MBL)
during the 2-day air mass back-trajectories. The black circles in (b), (c), and the panels correspond to positions and altitudes of air masses at 10, 20, 30, 40, and 48 h prior to arrival of
the air masses at the Zeppelin observatory and the black stars in (b), (c), and the panels indicate the Zeppelin site (78.5�N, 11.8�E, 474 m above sea level). Note that the Hybrid Single-
Particle Lagrangian Integrated Trajectory model was used to calculate air mass back-trajectories and marine boundary layers (Draxler and Hess, 1998).
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corresponded to the air mass back-trajectory estimated for 20 May
2015, which had a high DMS mixing ratio (102.7 pptv; Fig. 4a); this
air mass passed over a region having high chl-a and DMS concen-
trations. In contrast, the black line in Fig. 4c corresponded to the
back-trajectory estimated for 18 May 2015, which had a DMS
mixing ratio below the detection limit (<1.5 pptv; Fig. 4a); this air
mass passed over a region having low chl-a and DMS concentra-
tions. These contrasting back-trajectory examples showed that the
air masses reflected the source strength of that ocean surface
(below the marine boundary layer) of the region over which they
passed (Fig. 4b and c). The results support the hypothesis that the
chl-a concentration, species composition, and other properties vary
among ocean domains, and that this contributes to variations in
atmospheric DMS.

4. Conclusion

The atmospheric DMS measurement system described here
proved to be robust, efficient, and enabled continuous near real-
time quantification of DMS mixing ratios in the remote atmo-
sphere. The advantages of the system include the ability to accu-
rately analyze multiple samples (1e2 h per sample) without
interruption, its low detection limit (1.5 pptv DMS in 6 L of sample
air), automated data collection, and remote control of the system.
The system can be used to measure both short-term and long-term
trends in atmospheric DMS. It requires minimal weekly mainte-
nance, and can provide continuous reliable atmospheric DMS
mixing ratio data. Data on atmospheric DMS mixing ratios in
combination with other datasets (e.g. satellite chl-a, aerosols, and
meteorological data) will provide critical insights into the major
drivers of emission of DMS into the atmosphere. In particular, the
system will be useful for detecting changes in DMS production
associated with Arctic Ocean acidification and sea ice melting.
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