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The remote central Arctic during summertime has a pristine atmosphere with very low aerosol particle

concentrations. As the region becomes increasingly ice-free during summer, enhanced ocean-

atmosphere fluxes of aerosol particles and precursor gases may therefore have impacts on the climate.

However, large knowledge gaps remain regarding the sources and physicochemical properties of

aerosols in this region. Here, we present insights into the molecular composition of semi-volatile aerosol

components collected in September 2018 during the MOCCHA (Microbiology-Ocean-Cloud-Coupling

in the High Arctic) campaign as part of the Arctic Ocean 2018 expedition with the Swedish Icebreaker

Oden. Analysis was performed offline in the laboratory using an iodide High Resolution Time-of-Flight

Chemical Ionization Mass Spectrometer with a Filter Inlet for Gases and AEROsols (FIGAERO-HRToF-

CIMS). Our analysis revealed significant signal from organic and sulfur-containing compounds, indicative

of marine aerosol sources, with a wide range of carbon numbers and O : C ratios. Several of the sulfur-

containing compounds are oxidation products of dimethyl sulfide (DMS), a gas released by

phytoplankton and ice algae. Comparison of the time series of particulate and gas-phase DMS oxidation

products did not reveal a significant correlation, indicative of the different lifetimes of precursor and

oxidation products in the different phases. This is the first time the FIGAERO-HRToF-CIMS was used to

investigate the composition of aerosols in the central Arctic. The detailed information on the molecular

composition of Arctic aerosols presented here can be used for the assessment of aerosol solubility and

volatility, which is relevant for understanding aerosol–cloud interactions.
Environmental signicance

The central Arctic during summertime has a very pristine atmosphere with very low aerosol particle concentrations. However, this is expected to change with
climate change, as the extent of sea ice decreases. The number, size and chemical composition of aerosol particles are of importance for cloud formation, and
hence for model projections of the Arctic climate. We have analysed the semi-volatile fraction of aerosol samples collected close to the North Pole in September
2018 at molecular level. This detailed information about aerosol properties is a crucial part for better understanding the Arctic aerosols and their inuence on
the climate in this vulnerable region.
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1 Introduction

The polar regions are undergoing rapid transformation due to
climate change. Global climate models1 predict that the Arctic
Ocean might be ice free in the summer by the end of the 21st

century as a result of anthropogenic greenhouse gas emissions.2

As the contact area between the ocean surface and atmosphere
expands due to the melting of sea ice, uxes of particles and
volatile compounds between the ocean and the atmosphere are
likely to undergo changes. Such uxes constitute an important
local source of aerosol particles and particle precursors to the
boundary layer (BL) in the central Arctic Ocean (roughly >80�N).
Aerosol particles inuence the climate, as they can scatter and
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http://crossmark.crossref.org/dialog/?doi=10.1039/d0ea00023j&domain=pdf&date_stamp=2021-05-20
http://orcid.org/0000-0002-0760-729X
http://orcid.org/0000-0003-0885-7650
http://orcid.org/0000-0001-7000-6879
http://orcid.org/0000-0003-4614-247X
http://orcid.org/0000-0002-1048-7962
http://orcid.org/0000-0003-0421-6629
http://orcid.org/0000-0003-0645-3265
http://orcid.org/0000-0002-6621-5261
http://orcid.org/0000-0002-5940-2114
http://orcid.org/0000-0001-9085-2319
http://orcid.org/0000-0002-3291-9295
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ea00023j
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA001004


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
be

zn
a 

20
21

. D
ow

nl
oa

de
d 

on
 3

0.
01

.2
02

6 
23

:5
6:

10
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
absorb radiation3–5 and interact with clouds.5,6 Aerosol-cloud
interactions play an important, yet poorly understood role in
the changing Arctic climate.7–10 Aerosols can, to a varying extent,
act as cloud condensation nuclei or ice nucleating particles
(CCN or INP). Their ability to do so depends on their size,
morphology and chemical composition,11 as well as ambient
supersaturation. Aerosol particles can either be directly emitted
to the atmosphere (called primary aerosols), or be formed or
processed in the atmosphere via trace gases (secondary aero-
sols). As such, an improved knowledge of the sources, detailed
chemical composition, and physicochemical properties of
aerosols and their precursors is an important step for a better
understanding of how the Arctic climate will respond to global
warming.12

Aerosol mass loadings in the Arctic show a strong seasonal
behaviour, with higher loadings in winter and early spring due
to a phenomenon called Arctic haze,13,14 where pollution from
Eurasia and North America is transported to the Arctic.15–17

During this time period, aerosol particles are mainly composed
of sulfate (SO4

2�) and organic matter (Org), but also black
carbon (BC), ammonium (NH4

+), nitrate (NO3
�), dust, and

heavy metals.18 During the summer months (May–September),
local sources become more important, as synoptic-scale trans-
port from the south is less frequent, and air masses arriving in
the Arctic have passed over open ocean in the North Atlantic
and Pacic Oceans. As a consequence, these air masses have
experienced more frequent precipitation, and therefore trans-
port less aerosol mass to the Arctic compared to wintertime.19–22

Our current understanding of aerosol sources and compo-
sition in the central Arctic is primarily the result of a series of
icebreaker expeditions during the last three decades that were
dedicated to atmospheric measurements. These took place in
the summers of 1991 (IAOE-91),23 1996 (AOE-96),24 2001 (AOE-
2001)25,26 and 2008 (ASCOS).27 Observations from these expedi-
tions have e.g. shown sea spray aerosol (SSA) to be an important
source for primary Arctic aerosol particles. SSA is a complex
mixture of sea salt and organic matter,28,29 and can also contain
a fraction of semi-volatile organic compounds (SVOCs).30 SSA
are produced by bubble bursting following wave breaking in the
ocean. These aerosols can be transported to the inner parts of
the Arctic,31 or be emitted locally in leads between ice oes.32

Water-insoluble organic components (marine polymer gels)
from the sea surface microlayer (SML) of open leads have
previously been observed in Arctic clouds.33,34 Aerosols
produced by bubble bursting at both the ocean surface and
from the surface of leads in the pack ice could therefore be
a contributor to the central Arctic CCN budget.

Secondary organic aerosols (SOA) formed from organic
volatile compounds have, through land-based studies in
Alaska35 and the Canadian archipelago36,37 and ship-based
measurements in the central Arctic Ocean,38 shown to also
make up a signicant fraction of the submicron aerosol mass in
the Arctic. These aerosols originate from both marine biogenic
sources and long-range transport from continental areas.
Among the trace gases important for SOA formation in the
marine boundary layer (MBL) is dimethyl sulde (DMS; C2H6S),
a gas which is produced by phytoplankton and, in the polar
162 | Environ. Sci.: Atmos., 2021, 1, 161–175
regions, by sea ice algae.39 DMS is oxidised in the atmosphere to
products (e.g. sulfuric acid, SA; H2SO4 and methanesulfonic
acid, MSA; CH3SO3H) with a low enough volatility and high
enough hygroscopicity to be able to participate in the genera-
tion of CCN.40,41 Recently, a new oxidation product of DMS,
hydroperoxymethyl thioformate (HPMTF; C2H4O3SO), was
discovered.42 However, to what extent this gaseous compound
can contribute to aerosol mass or growth has yet to be
determined.

Although there is a general acceptance of a clear link
between DMS oxidation and CCN formation over marine
regions (see Charlson et al.43 and e.g. reviews by Ayers and
Carney44 and Green and Hatton45), the theory has been
increasingly scrutinised and criticised for being too simplistic.
Given the variety of particle types and potential aerosol
precursor gases emitted in the MBL, DMS likely plays a more
limited role in CCN formation than previously thought.46,47

More recent studies have however provided new evidence for
the relationship between DMS and Arctic SOA formation,48–50

e.g. relatively high MSA-to-sulfate ratios during aerosol growth
and correlations between MSA and new particle formation
(NPF) events. Knowledge about other SOA precursor gases and
compounds has remained limited, since relevant measure-
ments in this region are very scarce.51 This is particularly true
for the central Arctic where access requires dedicated infra-
structure such as icebreakers. Most research in the Arctic has
therefore been conducted in the lower Arctic closer to the
continental areas. In the Beaufort Sea in the Canadian Arctic, Fu
et al.52 discovered that oxidation products of isoprene and a-
pinene, commonly found in terrestrial SOA, were the dominant
biogenic tracers of marine secondary aerosols. Other volatile
compounds detected in the lower Arctic that could potentially
contribute to SOA formation include formic acid and acetic
acid.53,54 However, to what extent these observations are appli-
cable to the central Arctic is uncertain due to the increasing
distance to land masses closer to the North Pole.

Detailed information on aerosol chemical composition can
be used to derive SOA origin, as well as climate–relevant
parameters such as hygroscopicity or volatility. In general, less
volatile compounds have a higher elemental oxygen–carbon
(O : C) ratio55,56 and exhibit more complex and larger molecular
structures.55 Further, a low O : C ratio of bulk organic aerosol
indicates a large fraction of aliphatic or lipid-like compounds
with low solubility and hygroscopicity, whereas a high ratio
corresponds to more oxidised and carbohydrate-like
compounds with higher solubility and hygroscopicity, e.g.
polysaccharides.29 Molecular-level composition data can thus
enable calculations of e.g. the hygroscopicity parameter k,57

which can provide a more accurate quantication of CCN
ability, or improve volatility basis sets (VBS)58,59 formulations,
which are used to predict partitioning of compounds between
the gas- and particle phase. Such numbers are largely not
available for the central Arctic Ocean.

In this study, we analysed the aerosol chemical composition
of 12 lter samples collected close to the North Pole between
11–19 September 2018 during the MOCCHA (Microbiology-
Ocean-Cloud-Coupling in the High Arctic) campaign on the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Swedish Icebreaker (I/B) Oden using a High Resolution Time-of-
Flight Chemical Ionization Mass Spectrometer with a Filter
Inlet for Gases and AEROsols (FIGAERO-HRToF-CIMS, Aero-
dyne Research Inc., USA60) and iodide (I�) as the reagent ion,
hereaer referred to as FIGAERO-CIMS. The samples were
collected when Oden was moored to an ice oe in the central
Arctic Ocean, as well as on its transit back to the marginal ice
zone (MIZ). The results provide insights into the molecular
composition of secondary aerosol components and the volatile
organic fraction of primary aerosols. To our knowledge, this is
the rst time this technique was used for aerosols from the
central Arctic.
2 Methods
2.1 The MOCCHA campaign

The MOCCHA campaign was part of the research expedition
Arctic Ocean 2018 with the Swedish Icebreaker (I/B) Oden in
August and September 2018. During a period of almost 5 weeks
(13 August–14 September 2018), between the central Arctic
summer and the autumn freeze-up, the icebreaker was moored
to an ice oe close to the North Pole (89�N) and dried with the
pack ice. During these weeks, measurements from the ship and
the ice oe were conducted. The general research question
MOCCHA aimed to answer was to what extent marine micro-
biology contributes to local aerosol emissions and cloud
formation.61

The cruise with I/B Oden started from Longyearbyen, Sval-
bard (78.2�N, 15.6�E) on 1 August 2018 and returned to the
Fig. 1 Route of I/B Oden during the Arctic Ocean 2018 expedition,
with the position during the filter sampling period highlighted in red.
Black numbers correspond to sample (filter) numbers, from the ice floe
close to the North Pole (F1–F7), during the transit southward through
the pack ice (F8–F11), to the marginal ice zone (F12–F13). Black short
lines indicate sampling start and end positions. Sea ice concentration
(SIC; Met Office Hadley Centre62) for September 2018 is shown as
percentage of covered area. Hatched areas around the land areas
represent missing SIC data.

© 2021 The Author(s). Published by the Royal Society of Chemistry
same location on 22 September 2018 as shown in Fig. 1. During
the ice camp, I/B Oden dried from 89.6�N, 40.6�E to 88.5�N,
36.7�E. During both the transit north- (August) and southward
(September), the ship was moored for sampling in the MIZ
during 24 h (referred to as MIZ stations). The aerosol samples
analysed for this study were collected in September during the
autumn freeze-up (red track in Fig. 1). Logistical issues pre-
vented samples from being collected during the entire expedi-
tion period. Details on lter sampling periods and
corresponding locations are presented in Table 1. All dates and
times are given in UTC.
2.2 Particle sampling and offline analysis

2.2.1 Filter sampling. During 11–19 September 2018, 13
ambient aerosol samples (referred to as F1–F13) were collected
during mooring to the ice oe (the ice dri), when the ship was
steaming southward (transit), and in the MIZ station with the
engines off (see Table 1). In addition, 2 eld blanks (B1–B2)
were taken during transit and in the MIZ. Aerosols were
sampled via deposition onto pre-baked (24 h at 200 �C) 24 mm
Zeuor®PTFE lters (Pall Corporation, USA) placed in a 25 mm
stainless steel lter holder (Sartorius Lab Instruments, no.
16251, Germany). Sample air was drawn at 90 litres per minute
(lpm) through a whole-air inlet (3 in. o.d., length 4 m) located at
25 m above sea level (4th deck of I/B Oden) to capture aerosols,
cloud and fog droplets. The lter holder was connected to the
main inlet line via a 60 cm long stainless steel tube (1/4 in. o.d.)
and two short pieces of conductive silicone tubing (3/8 and 1/4
in. o.d., total length 25 cm), the sample ow was 1.05 lpm (F1–
F3) and 3.18 lpm (F4–F13). Controlled heating (30–40 �C) of the
inlet prevented clogging of the inlet with ice. In addition, inlet
heating led to evaporation of cloud and fog droplets, so that all
aerosol particles, whether activated or not, were included in the
measurement. Total residence time in the inlet was <1.5 s. Inlet
particle number losses were calculated to be �1–8% for smaller
particles with diameters Dp ¼ 0.01–1 mm (�0.5–1% for the
accumulation mode, Dp ¼ 0.1–1 mm), and �1–75% for larger
particles with Dp ¼ 1–10 mm using the Particle Loss Calculator
described in Von der Weiden et al.63 with a particle density of
1.30 g cm�3 (see explanation on how this value was derived in
Section 2.3). We assume however that the majority of the
compounds measured by FIGAERO-CIMS are in the submicron
range. Filter collection times were in the range of 6.7–35.3 h
(Table 1), depending on atmospheric conditions such as
changes in air mass origin or particle number concentrations.
Field blanks were prepared in the exact same way as the samples
and placed in the sample holder with the pumps turned off to
not allow any ambient air to be drawn through the lter. The
blanks did not sit in the holder for a longer time, but were
simply loaded and unloaded as the majority of the contamina-
tion is assumed to come from handling of the lter and
equipment. Aer the deposition, the lters were wrapped in
aluminum (Al) foil and stored frozen until analysis.

2.2.2 FIGAERO-CIMS analysis. The lter samples were
analysed with a FIGAERO-CIMS in the laboratory at Stockholm
University, Sweden. Using the FIGAERO-CIMS with lters
Environ. Sci.: Atmos., 2021, 1, 161–175 | 163
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Table 1 Summary of sampling times, with start and end time given as month and day (e.g. 09–11) in year 2018, and time of day in UTC (e.g.
14:00), locations and sampling conditions of the aerosol filter samples. F1–F13 are ambient samples, B1 and B2 are field/handling blanks. All
coordinates are given as degrees North, degrees East (�N, �E). The ship contamination column gives an estimation of the probability that the
sample was contaminated by ship emissions, where 0 – very low risk (no contaminated air entered the inlet), 1 – low risk (contamination was
effectively removed by the pollution control system), 2 –moderate risk (not all contamination was removed by the pollution control system), 3 –
high risk (contaminated sample). The procedure for determining the risk of contamination is described in Section 2.5

Sample Start time End time Start coord. End coord.
Sample duration
(h) Sampling conditions

Ship
contamination

F1 09–11 14:00 09–11 23:24 88.6, 45.0 88.6, 44.1 9.4 Ice oe 0
F2 09–11 23:26 09–12 07:49 88.6, 44.1 88.5, 43.2 8.4 Ice oe 0
F3 09–12 07:51 09–12 14:34 88.5, 43.2 88.5, 42.3 6.7 Ice oe 0
F4 09–12 14:44 09–12 22:22 88.5, 42.3 88.5, 41.0 7.6 Ice oe 0
F5 09–12 22:26 09–13 07:50 88.5, 41.0 88.5, 39.6 9.4 Ice oe 0
F6 09–13 07:57 09–13 14:09 88.5, 39.6 88.5, 38.8 6.2 Ice oe 0
F7 09–13 14:12 09–14 13:34 88.5, 38.8 88.5, 38.1 23.4 Ice oe 1
B1 09–14 13:44 09–14 13:44 88.5, 38.8 88.5, 38.1 N/A Ice oe N/A
F8 09–14 13:44 09–15 15:34 88.5, 38.1 87.6, 18.6 25.8 Transit 3
F9 09–15 15:39 09–16 11:53 87.6, 18.5 86.4, 13.7 20.2 Transit 2
F10 09–16 11:48 09–17 23:06 86.4, 13.7 84.6, 21.4 35.3 Transit 2
F11 09–17 23:09 09–18 23:58 84.6, 21.4 82.4, 21.1 24.8 Transit 3
F12 09–19 00:10 09–19 14:27 82.4, 21.1 82.3, 20.4 14.3 MIZ 0
F13 09–19 14:33 09–19 23:35 82.3, 20.4 82.3, 20.1 9.0 MIZ 0
B2 09–19 23:44 09–19 23:44 82.3, 20.1 82.3, 20.1 N/A MIZ N/A
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collected outside of the instrument (“offline mode”) corre-
sponds to only using the particle-phase (p) analysis function of
the FIGAERO, as described by Huang et al.64 Sample F6 was
omitted to allow for later analysis by other analytical methods
(not part of this study). Sample F6 was chosen since it was
collected under similar conditions (in terms of the ice dri and
sampling duration) to samples F1–F5. The samples collected
during the transit (F8–F11) had elevated risk of contamination
from ship emissions (Table 1), which were identied based on
particle number concentration/distribution and BC measure-
ments (see description in Section 2.5).

Particle analysis in the FIGAERO-CIMS proceeds as follows:
particles collected on the lter are evaporated by a ow of
nitrogen (N2) that is gradually heated from room temperature to
200 �C during 20 min and then kept at 200 �C for another
20 min to allow the sample to fully evaporate off the lter.
Therefore, compounds that do not evaporate at 200 �C (e.g. sea
salt, volume fraction remaining of sea salt heated to 200 �C >
0.9 65) or decompose at <200 �C cannot be directly detected by
this method. Inside the ion–molecule reaction region (IMR), the
volatilised compounds are ionised by iodide ions (I�) via adduct
formation.66–68 The negatively charged ions are then separated
according to their time of ight (ToF) in the mass spectrometer,
from which their mass-to-charge (m/z) ratio can be inferred
using known ions as calibrants. This procedure allows for the
characterisation of evaporated particulate compounds at
molecular level (accuracy #4 ppm).

In total, we were able to identify 1586 ions, whereof 519 were
clustered with I�. For the analysis in this study, only
compounds clustered with I� were used, as the ionisation
mechanism of ions not clustered with I� is less clear. Ion
signals were normalised to the reagent ion signal (I�, m/z
126.905). The normalised time series of an individual ion was
then integrated over the heating time, and the integrated signal
164 | Environ. Sci.: Atmos., 2021, 1, 161–175
(number of ions) was converted to moles, normalised to the
sampling volume and weighted by the compound's molar mass
(M, g mol�1). As such, the unit of the data presented here is M-
weighted signal per sampled volume in g m�3, not atmospheric
concentration.

Total subtracted backgrounds consisted of instrument
background and eld blank. Instrument backgrounds were
determined by repeating the heating cycle of each lter (i.e. each
lter was heated twice), and the signal of the second heating
(instrument background) was subtracted from the signal of the
rst heating. The same approach was used for the two eld
blanks B1 and B2. As eld blank for the entire study, the mean
of the difference in signal between the rst and the second
heating of the two eld blanks was used (a comparison of these
is shown in Fig. S1†). For B1, F8 and F12, the time series of the
second heating had a higher baseline compared to the rst
heating, which led to negative values when subtracting the
second heating. For B1, this was corrected for by aligning the
baselines of the two heatings (Fig. S2†). For F8 and F12, the
instrument backgrounds were approximated by the average
background signal (second heating) of B1 and B2 (Fig S3†). For
these two lter samples, the instrument background therefore
represents a lower limit. Limit of detection (LOD) for the
background-subtracted signals was determined as 1 standard
deviation (1s ¼ 7.060 � 10�19 g m�3) of the eld blanks average
signal of all ions,69 with outliers removed. The outliers are
shown in Table S1† and the percentage of signal remaining aer
exclusion of compounds <LOD in Table S2.†
2.3 Online particle measurements

Measurements of non-refractory submicron organic (Org) and
sulfate (SO4

2�) particulate matter were performed using a High
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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AMS, Aerodyne Research Inc., USA70,71) connected to either the
whole-air or an interstitial inlet with a particle cutoff size of
1 mm in aerodynamic diameter (PM1) through the use of
a switching mechanism. More details about the instrument can
be found in Canagaratna et al.71 and Schmale et al.72

Particle volume in the size range 10–921 nm was determined
from aerosol number size distributions measured by a differ-
ential mobility particle sizer (DMPS), consisting of a custom
built medium Vienna type differential mobility analyser (DMA;
effective length 0.28 m, inner radius 0.025 m, outer radius
0.0335 m) together with a mixing condensation particle counter
(MCPC; Brechtel Manufacturing Inc., Model 1720, USA), and
a WELAS®2300HP white-light aerosol spectrometer with
a Promo®2000H system (Palas GmbH, Germany). WELAS data
were used for particles with a diameter >300 nm. Above this
diameter, the DMPS signal is inuenced by multiply charged
particles, which can signicantly contribute to the total particle
volume. For both instruments, the data were corrected for
diffusion, impaction and sedimentation losses using the
Particle Loss Calculator as described by Von der Weiden et al.63

assuming a common particle density (r) of 1.30 g cm�3 for
submicron particles. This value represents the mean submicron
particle density based on the relative contributions to AMSmass
from Org (r z 1.22 g cm�3 based on the density of b-car-
yophyllene SOA as representative of more complex/primary
SOA73), and non-sea-salt sulfate (nss-SO4

2�; r z 1.788 g cm�3,
which is the density of H2SO4$H2O).74 Sea salt was not included
in the density estimation based on ndings by Chang et al.38

showing that submicron sea salt concentrations were negligible
in the central Arctic Ocean. The measured concentrations of
ammonium (NH4

+), nitrate (NO3
�) and chloride (Cl�) were

extremely low compared to Org and SO4
2�, and were hence not

included in the particle density calculation. The estimated
particle density was further used for converting the integrated
submicron particle volume measured by the DMPS and WELAS
to mass concentrations.

Another MCPC 1720 was used to measure total particle
number concentrations. Concentrations of black carbon (BC)
were derived from a multi-angle absorption photometer (MAAP,
Thermo Scientic Inc., Model 5012, Germany75). The MAAP
measures light absorption at l ¼ 637 nm, which is the wave-
length at which BC is the primary absorber.76 DMPS, WELAS
and MAAP were all connected to the whole-air inlet on the 4th

deck of the Oden.
2.4 Gas-phase measurements

DMS in ambient air was measured using an instrument devel-
oped at the Department of Meteorology, Stockholm University.
Leck et al.24 determined the overall accuracy to �12% and
provided a detailed description of the setup. The instrument
was installed in a container on the ship's 4th deck, at 25 m above
sea level. Sample air was pumped into the lab inside the
container and to the instrument via the PM1 inlet. The ow
through the white, low-transparent PTFE tubing (1/8 in. o.d.,
length �4 m from inlet to instrument) was 1.1 lpm. Inside the
instrument, ozone (O3) was removed from the sample air using
© 2021 The Author(s). Published by the Royal Society of Chemistry
a cotton scrubber, as described by Persson and Leck.77 The
cotton was replaced every 6 h to ensure efficient removal of O3.
Subsequently, the sample ow was passed through a tube
containing gold (Au) wool onto which gas-phase (g) DMS was
adsorbed for time periods of 15, 30 or 60 min depending on
ambient concentrations. Two Au wool tubes were used and the
sample ow was switched between them. The sampling time
was adjusted to optimise for a large enough signal for integra-
tion and a high time resolution. Once adsorbed, accumulated
DMS (g) was heated off of the Au wool and analysed by a gas
chromatograph with a ame photometric detector (Hewlett-
Packard, 19256A FPD, USA). Measurements were made contin-
uously, with one break on 14 September (00:25–10:55) for cali-
bration of the system. Another calibration was made aer the
sampling period on 20 September. For the samples, the cali-
bration run that was closest in time was used. Calibration was
made for nanograms of sulfur (DMS-S) through analysis of dry
synthetic air with DMS released at a constant rate (47 ng
DMS min�1 at 30 �C) from a permeation device (Kin-Tek
Analytical, Inc., USA). Since the calibration data of one of the
Au tubes showed a very large spread, measurements made with
it were excluded from the data set. Given this, the time series
has a lower time resolution than if both gold tubes had been
included. Data points at the beginning of each run and around
the time for cotton exchange were removed as the system
requires time to stabilise.

Ambient SA and MSA (g) were measured using a nitrate HR-
ToF-CIMS (Aerodyne Research Inc., USA78,79) through an inlet on
the 4th deck of I/B Oden. This inlet was designed to sample
compounds relevant for NPF, i.e. with a short residence time to
minimise diffusional losses during sampling. Due to its loca-
tion closer to the ship deck and therefore increased potential for
contamination from the ship's exhaust, more data points had to
be removed compared to the other online instruments (for more
information, see Baccarini et al.80,81).
2.5 Pollution control

All inlets used during the expedition were pointed towards the
bow of I/B Oden, which was turned upwind to minimise the risk
of sampling pollution from the ship. The setup was similar as
during the earlier cruises with I/B Oden (see Leck et al.23 for
details). All measurements except for the ambient DMS and the
online aerosol instrumentation were further monitored by
a pollution-detection system, which automatically switched off
the pumps when the total particle count exceeded 3000 cm�3.
The pumps were automatically restarted once the particle count
was below the threshold value for at least 60 s. Additional
checks for periods of contamination impacting the data were
made aer the campaign through manual comparison of
particle number and BC concentrations (Fig. S4†) with the
protocol for when the pumps had been turned on and off either
manually or automatically by the pollution-detection system.
The risk of contamination was also assumed to be higher when
the ship was moving with its engines running (see “Transit” in
Table 1). The lter samples are labeled with 0–3, where 0 – very
low risk (no contaminated air entered the inlet), 1 – low risk
Environ. Sci.: Atmos., 2021, 1, 161–175 | 165

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ea00023j


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
be

zn
a 

20
21

. D
ow

nl
oa

de
d 

on
 3

0.
01

.2
02

6 
23

:5
6:

10
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(contamination was effectively removed by the pollution control
system), 2 – moderate risk (not all contamination was removed
by the pollution control system), 3 – high risk (contaminated
sample). The labels are shown in Table 1.
2.6 Back trajectory analysis and meteorology

Five-day backward trajectories arriving at I/B Oden were calcu-
lated using the Lagrangian analysis tool LAGRANTO82 using
wind elds from 3-hourly operational ECMWF (European
Centre for Medium-Range Weather Forecasts) analyses, inter-
polated to a regular grid with 0.5� horizontal resolution and 137
vertical model levels. Trajectories initialised (t ¼ 0) within the
BL (where the number of levels ranged between 5 and 15 for
individual trajectories) were averaged to a single trajectory. The
mean height at the lowest level (1) was 8.3 m and maximum
height (level 15, one trajectory) was 730 m. The mean height
difference was 7.6 m between the lowest 5 levels, 39.0 m
between each of levels 5–8 and 80.1 m between each of levels 8–
15. An example showing the difference between the levels and
the averaged trajectory can be found in Fig. S5.†

Information about meteorological conditions at the
sampling position was obtained from the xed instrumentation
on-board the ship. Shortwave radiation data was gathered by the
weather station installed on the 7th deck of I/B Oden by the
Department of Meteorology, Stockholm University.83,84 Meteo-
rological parameters along the trajectory were also provided by
LAGRANTO.82 Monthly ice concentration data were obtained
from the Met Office Hadley Centre.62 In this study we present
some common parameters including air temperature and
relative humidity, fog and cloud occurrence (Fig. S6†) and wind
speed (Section 3.2). The air temperature was below 0 �C
throughout the aerosol sampling period and the relative
humidity (RH) was in general high (81.3–100%). Fog and cloud
events occurred frequently, as is common in the Arctic at this
time of the year.85,86 Detailed descriptions of the meteorological
conditions during the expedition are provided in Vüllers et al.87

and Prytherch and Yelland.88
Fig. 2 (a) FIGAERO-CIMS high resolution mass spectrum of the
sample median signal separated by compound category, showing
where in the spectrum molecules of the different categories were
found, (b) pie charts of the relative contribution to the total signal
intensity (sampled mass per sampled volume) of the compound
categories in each individual filter (the category Other not included).
Percentages of the pie charts are listed in Table S3.†
3 Results and discussion
3.1 Particulate compounds measured by FIGAERO-CIMS

Our analysis revealed signicant signal from organic
compounds and contributions from sulfur-containing
compounds in all lter samples from ice oe to transit and
MIZ, in line with previous results showing organic
compounds to make up a large fraction of submicron aerosol
particles in the central Arctic Ocean during fall when local
marine emissions prevail.38 We grouped the 519 molecules
clustered with I�, for which we determined their molecular
composition, into different categories: the CHO group con-
taining compounds with carbon, hydrogen, and oxygen
atoms only; the CHON group with compounds also contain-
ing nitrogen; the CHOS group with compounds also con-
taining sulfur; the CHONS group with compounds with both
nitrogen and sulfur; halogen-containing compounds
(Halogen); and inorganic sulfur-containing compounds
166 | Environ. Sci.: Atmos., 2021, 1, 161–175
(Inorg. S). Fig. 2a displays the background-subtracted
median mass spectrum of all lter samples, where each
stick represents the median signal of an individual ion
(clustered with I�) above LOD. The different panels in Fig. 2a
show the corresponding category a certain ion in the mass
spectrum belongs to. Organic compounds (mainly CHO and
CHON) were found over the entire spectrum, thus exhibit
a large range of molecular sizes. CHOS compounds in
general are molecules with a relatively short carbon back-
bone (number of carbons <9), but the addition of sulfur can
© 2021 The Author(s). Published by the Royal Society of Chemistry
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still shi their m/z to the higher range of the spectrum. A
detailed discussion on the molecular composition of indi-
vidual compounds of the different categories follows in
Section 3.2. The compounds in category Other were found
mainly atm/z <127, showing that they were to large extent not
clustered with I� and consisted of smaller fragmentation
products.

The relative contribution to total mass (excluding Other) of
each compound group for each individual lter is shown in
the pie charts in Fig. 2b. The percentages of the pie charts can
be found in Table S3.† CHO was commonly the dominating
category, followed by CHON, CHOS, Inorg. S and CHONS. The
main contributing compounds to the CHOS category were
C2H4O4S (m/z 250.888) and CH3SO3H (MSA; m/z 222.893).
From Fig. 2a, they also stand out as two of the largest peaks of
all compound categories, which is the reason why CHOS
sometimes make up a relatively large fraction of the total mass
Fig. 3 Time series of (a) the summed aerosol sample signal separated
concentrations of organic (Org) and sulfate (SO4

2�) aerosols (analysed
submicron aerosols per filter sampling periods, and (c) wind speed and
percentiles. Sample names (F1–F13) are shown above the bars and their
shaded areas in the top panel show the sampling conditions (see also T

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2b). C2H4O4S is not, in contrast to MSA, known as
a common DMS oxidation product. It could however be
possible that it is a reaction product between a DMS oxidation
product and another atmospheric compound.

The Inorg. S category covers sulfuric compounds that are
inorganic, largely consisting of H2SO4 (sulfuric acid; SA),
H2O(SO3)2 (disulfuric acid) and SO3 (sulfur trioxide). These
compounds can originate from DMS oxidation, long-range
transport of sulfur compounds emitted by non-marine
sources or ship exhaust. The latter source may have
contributed when the ship was steaming southward on 14–19
September (F8–F11, Table 1). We will further discuss this in
Section 3.3. The Halogen category includes compounds that
contain halogen atoms, where only C2FH3O was above LOD.
The Other category contained e.g. nitric acid (HNO3, m/z
189.900, 78.9% of the sampled mass), followed by other
by compound categories (analysed by FIGAERO-CIMS), median mass
by AMS) per filter sampling periods, (b) integrated particle mass of

direction (30 min average). The error bars represent the 25th and 75th

start and end times are represented by the dashed vertical lines. The
able 1).
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inorganic compounds made up of oxygen, hydrogen and/or
nitrogen.
3.2 Temporal evolution of particle measurements

As the iodide FIGAERO-CIMS measures a subset of atmospheric
organic components and is more sensitive to e.g. oxygenated
molecules, it is useful to compare the signal from the FIGAERO-
CIMS to concurrent measurements of particle chemical
composition. Fig. 3a and b show the time series of the total
signal intensity for each FIGAERO-CIMS category in each
sample across the entire sampling period along with the mass
concentrations of sulfate (SO4

2�) and organics (Org) measured
by the AMS, as well as submicron particle mass concentrations
derived from DMPS and WELAS size distributions (aggregated
to the lter sampling periods). Scatterplots of Org and particle
mass concentrations with total signal measured by FIGAERO-
CIMS are shown in Fig. 4. Inorganic ammonium, nitrate and
chloride from AMS were not included in the analysis as their
concentrations were extremely low compared to Org and SO4

2�

and close to the detection limit.
All techniques qualitatively observe the same pattern: rela-

tively higher concentrations on the ice oe and in the end of the
sampling period close to the MIZ, as well as another peak mid-
period during transit, and lower concentrations in between.
Particle mass concentrations were in general smaller as the air
mass became more marine in nature during the second half of
the measurement period. This was especially clear for F12–F13,
collected in the MIZ and with the air mass coming from over the
Barents Sea, and hence being highly marine in nature (Fig. 5).
As there were no apparent differences in precipitation,
temperature and relative humidity along the trajectories (data
not shown), the contrast in sampled mass was probably a result
of different particle sources. The higher values (mainly F3, F4,
F8 and F11) are relatively well aligned with the peaks in wind
speed (Fig. 3c). This could mean that higher wind speeds
increase local emissions of large primary aerosols by sea spray
in the pack ice leads, although this needs further investigation
and a larger data set to state for sure. However, there was a shi
in particle size distribution and contribution of larger particles
during the F3 and F4 periods (Fig. S7†), which led to an increase
Fig. 4 Relationship between (a) total signal from organic compounds
aggregated to the filter sampling periods, (b) total signal of each FIGAERO
aerosol aggregated to the filter sampling periods. F1–F13 are the sample

168 | Environ. Sci.: Atmos., 2021, 1, 161–175
in total particle mass not observed by AMS and FIGAERO-CIMS.
This could be an additional indication of increased local sea
spray particle emissions, as the AMS and CIMS are less sensitive
to primary SSA particles. There was also a distinct drop in
FIGAERO-CIMS signal as the wind direction changed from
mainly northerly (0�) during 11 and 12 September to mainly
easterly (90�) from 13 to 19 September. This coincided with
a change in air mass origin (Fig. 5). On a local level (immedi-
ately at the sampling site), no clear correlation to other mete-
orological parameters could be identied (see Fig. S6†).

The air sampled in F1–F3 originated mainly from the pack
ice region toward the Beaufort Sea. Out of the lter samples
from the ice dri, F1–F3 had higher signals compared to F4–F7,
with air masses coming from the pack ice/open waters toward
the Siberian coast. The relative contribution of CHO and CHON
was also more similar in F1–F3 compared to F4–F7 (see Table
S3†), although this is most likely affected by the reduced
number of compounds above LOD at lower overall signal
intensity. Similar composition between samples could indicate
similar source proles and/or that they are part of the same air
mass(es) subject to the same meteorological conditions.

The highest relative and absolute signal from Inorg. S by the
FIGAERO-CIMS was found in F11, which was inuenced by ship
contamination (Table 1). In the AMS, however, the SO4

2� frac-
tion was lower compared to the periods of other lters. A reason
for this could be that not all Inorg. S compounds were detected
as SO4

2� by the AMS, although 92.1% of the Inorg. S signal was
made up by SA. Overall, the FIGAERO-CIMS and AMS signals
were on similar relative levels in samples with a higher
FIGAERO-CIMS signal, e.g. F1–F3 and F12. At lower CIMS
signals, the AMS signal was several orders of magnitudes
higher. The explanation is probably a higher sensitivity of the
AMS compared to the CIMS at such low particle concentrations
and sensitivity to a broader range of compounds in the AMS. A
direct comparison between FIGAERO-CIMS and AMS is pre-
sented in Fig. 4a. In Fig. S8† we also show a direct comparison
of MSA, SA and sulfate measurements of FIGAERO-CIMS,
a Particle-into-Liquid Sampler coupled to an Ion Chromatog-
raphy Electrospray Ionization Tandem Mass Spectrometer
(PILS-IC-ESI-MS/MS) and a Thermal Desorption Chemical
of each FIGAERO-CIMS sample and organic mass sampled by AMS
-CIMS aerosol sample and the integrated particle mass of submicron
numbers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 5-day backward trajectories arriving at I/B Oden during 11
September 00:00 UTC-20 September 00:00 UTC (one trajectory
starting every 3 hours). The map shows the position of I/BOden (black
line) and the trajectories are coloured by sample number. Sea ice
concentration (SIC) for September 2018 is shown in blue scale.

Fig. 6 Aggregated CHO, CHON, CHONS and CHOS median signal of
all samples (F1–F13) by carbon number (C1–C20) and coloured by
oxygen number (O1–O10). The figure shows the distribution of carbon
and oxygen atoms in the detected compounds.
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Ionization Mass Spectrometer (TDCIMS). Qualitatively, the
three techniques agree well especially during the ice dri when
sampling conditions were more controlled and there was less
impact from ship stack contamination as compared to the
periods of transit.
3.3 Molecular composition of organic compounds

Fig. 6 gives an overview of the distribution of carbon (C) and
oxygen (O) numbers of the organic compounds measured by
FIGAERO-CIMS (median across all lter samples). Parameters
like carbon and oxygen numbers can be helpful to distinguish
compound classes such as fatty acids, to identify potential
precursors,89 or to estimate the volatility or solubility of
a compound.55,56,59 Table S4† provides the number of
compounds in the different categories.

Fig. 6 shows that the largest signal contribution was from C5-
10 compounds, where O3–4 compounds and to some extent O5–
6 compounds were generally dominating. C1–4 compounds
contained mainly 3–4 oxygen atoms, whereas the relative
contribution of O1–2 increased at higher carbon numbers (C11–
18). The compounds with a high carbon and low oxygen number
all belonged to the CHO and CHON categories, and their
molecular formulas indicate different fatty acids, implying
a primary SSA origin. Fatty acids in the range C8–24 have
previously been found in SML samples from the central Arctic
Ocean through analysis with ultrahigh-performance liquid
© 2021 The Author(s). Published by the Royal Society of Chemistry
chromatography/travelling-wave ion mobility/time-of-ight
mass spectrometry (UHPLC/TWIMS/TOFMS) by Mashayekhy
Rad et al.90 Whereas they found the largest contribution to be
from hexadecanoic (C16H32O2) and octadecanoic acids
(C18H36O2), our results show that the highest signal came from
C15H28O2 and C11H22O2 and that hexadecanoic and octadeca-
noic acids were not above LOD. As the analytical techniques are
different, they are probably sensitive to different compounds.
This implies that the FIGAERO-CIMS can complement other
analytical techniques to provide extended knowledge about the
Arctic environment. However, it could also be an indication of
that the fatty acids dominating the SML are not being emitted to
the atmosphere to the same extent as other fatty acids.

The largest number and highest combined signal intensity
(66%) was from CHO compounds, which also had the highest
average carbon number (8.96), followed by CHON (30.0% and
8.58). Only 4 and 15 compounds remained in the CHONS and
CHOS categories, respectively. Such small numbers do not allow
for statistical analyses, however, the CHOS category did not have
any contribution of compounds >C8 and 66.1% was made up by
C1–2 compounds. The small carbon number together with the
highest O : C ratio (1.34) indicates a large contribution of DMS
oxidation products to this category.91 The high O : C ratio also
implies a secondary origin and a higher degree of aging
(oxidation) of the aerosols in this category.

In Fig. 7, we have taken the compound groups from Fig. 6
and aggregated them further to compound groups with 1–2, 3–
4, 5–6, and >6 oxygen atoms. In Fig. 7 we show the relative
contributions of the summed signal of all compounds in these
respective groups per lter sample. Overall, for all lter
samples, compounds with 3–4 oxygen atoms dominated the
signal (51–85%), followed by compounds with 5–6 oxygen atoms
(9–38%), and compounds with 1–2 oxygen atoms (6–26%).
Compounds with >6 oxygen atoms made up 0–10% of the total
signal. As the samples were collected in different environments
Environ. Sci.: Atmos., 2021, 1, 161–175 | 169
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Fig. 7 Percentage of the sample signal from organic compounds
including 1–2 oxygen atoms (O1–2), 3–4 (O3–4), 5–6 (O5–6) and
more than 6 oxygen atoms (>O6).
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(pack ice, transit and MIZ), and Fig. 5 indicates more time spent
over the ocean compared to the pack ice for the samples
collected later during the measurement period (F8–F13), one
would expect the degree of oxygenation (as a measure of aerosol
aging processes) to vary between the different samples. Clear
differences between samples from ice oe, transit, or MIZ are
however not distinguishable, indicating that the time resolu-
tion of data presented here is not necessarily sufficient to clearly
separate temporally varying inuence of different regional
aerosol sources purely based on molecular composition.
3.4 DMS oxidation products

Among the compounds clearly identied in the samples analysed
by FIGAERO-CIMS are the inorganic molecules sulfuric acid (SA;
H2SO4), sulfur trioxide (SO3; probably a fragmentation product of
SA), and the organic methanesulfonic acid (MSA, CH3SO3H) and
Table 2 Oxidation products of DMS identified in the aerosol samples by

Compound name Mol

Disulfuric acid H2O

Sulfuric acid (SA) H2S

Monomethyl sulfate/hydroxymethanesulfonic acid CH3

Methanesulfonic acid (MSA) CH3

Sulfur trioxide SO3

170 | Environ. Sci.: Atmos., 2021, 1, 161–175
monomethyl sulfate and/or hydroxymethanesulfonic acid
(CH3SO4H), as the FIGAERO-CIMS cannot distinguish compounds
with different molecular structures but with the same molecular
formula (Table 2). These compounds are known as atmospheric
oxidation products of DMS.92,93 H2O(SO3)2, a dimer of SA, was also
detected in some of the samples. As this was the rst time the
FIGAERO-CIMS was used for high Arctic aerosol samples,
a comparison of measured SA and MSA to concurrent techniques
onboard Oden is presented in Fig. S8.† Detection of meth-
anesulnic acid (MSIA; CH3SO2H) and sulfur dioxide (SO2) would
also be indicative of DMS oxidation, but these compounds were not
identied in the samples since their signal could not be separated
from that of SO3 and the isotope of nitric acid (HNO3), respectively,
in the raw data. No traces of HPMTF, which has previously been
reported in air samples over productive marine areas by Veres
et al.,42 were found in the aerosol samples. As shown in their study,
measured HPMTF gas-phase concentrations were relatively low in
the polar regions within the MBL, and it is not clear if this
compound eventually partitions into the particle phase or not.
3.5 DMS oxidation products in gas- and particle-phase

Previous studies94 have shown that approximately 10% of the
DMS emitted into the Arctic boundary layer originates from the
central Arctic Ocean (<2% from the pack ice area, i.e. open
leads, cracks and melt ponds) and 90% from the surrounding
seas (the Greenland, Barents and Kara Seas). The DMS oxida-
tion products we measured in the aerosol samples in the pack
ice were therefore likely produced to a large extent during
advection over the ice from the surrounding seas. By comparing
the concentrations of DMS and its oxidation products in the
gas- and particle phase at various distances from the source
region, conclusions can be drawn both on source regions as well
FIGAERO-CIMS

ecular formula Molecular structure

(SO3)2

O4

SO4H

SO3H
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Fig. 8 DMS and its oxidation products (a) sulfuric acid (SA) and
methanesulfonic acid (MSA) in the gas phase (g) (median value of the
same sampling periods as the aerosol samples F1–F13) and (b)
particle-phase (p) SA, MSA, sulfur trioxide (SO3) and monomethyl
sulfate/hydroxymethane sulfonic acid (CH3SO4H) (see Table 2). The
error bars in (a) represent the 95th and 5th percentiles.
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as the inuence of atmospheric transport on the particle
chemical composition.

Fig. 8a shows a time series of DMS, SA and MSA in the gas
phase, and Fig. 8b the time series of particulate SA, SO3, MSA
and CH3SO4H. Overall it can be seen that the gas-phase
compounds exhibit elevated concentrations towards the end
of the measurement period when the ship approached the MIZ,
whereas the compounds in the particle phase follow the general
pattern of particle mass concentrations as shown in Fig. 3.

Measured DMS (g) concentrations during the measurement
period ranged between 0.055 and 2.0 nmol m�3, with a median
of 0.68 nmol m�3. The highest concentration (2.0 nmol m�3)
was measured on 17 September at 04:22 and the lowest
concentration (0.055 nmol m�3) on 14 September at 15:55. A
comparison to measured atmospheric DMS concentrations
during previous expeditions with I/BOden can be found in Table
S5.† Ambient SA (g) ranged between 5.87 � 10�6 (11 September
15:20–16:30) and 1.48 � 10�3 nmol m�3 (17 September 12:20)
with a median of 6.62 � 10�5 nmol m�3, and MSA (g) between
4.33 � 10�5 (17 September 00:00) and 0.801 nmol m�3 (17
September 12:20) with a median of 1.81 � 10�4 nmol m�3. MSA
(g) should in theory not be inuenced by pollution, since its
only source is DMS, which is emitted from the ocean. However,
it follows the same pattern as SA (g), which is assumed to have
been inuenced by ship contamination when the icebreaker
was in transit (F8–F11, Table 1). It is possible that gaseous and
particulate pollutants in the ship exhaust impact MSA produc-
tion and partitioning. Therefore, measured MSA (p) and SA (p)
may also co-vary in the contaminated samples.

The highest signal of DMS oxidation products (p) was found
on 18 September (F11), followed by 12 September (F2), 15
September (F8) and 19 September (F13). However, since SA and
SO3 can be produced by not only marine sources but also e.g.
ship exhaust, the high levels of these compounds in F11 are
probably biased by contamination from the ship (see Table 1).
F1–F5 were pristine samples without inuence of contamina-
tion, and these inorganic signals are therefore assumed to
originate from natural sources. The highest signal of organic
DMS oxidation products (p) was found on 15 September (F8)
and 19 September (F13), with elevated signals also found
around 12 (F3) and 17 September (F10). SA (p) dominated in all
aerosol samples, while the median concentration of SA (g) was
slightly lower than MSA (g). These observational results could
add to previousmodel ndings, where SA was found to partition
to a higher degree into the particle phase compared to MSA.95

However, a larger data set would be needed to be able to state
this for sure.

DMS has a turnover time over the pack ice of s z 3 days, i.e.
aer 3 days over the pack ice 5–10% of the amount remains.31,96

This means that the air masses that had spent the last 5 days
over the pack ice (11 September–approximately 14 September)
should contain less DMS compared to the second part of the
measurement period (15–19 September). This is conrmed by
the back trajectory analysis in Fig. 5, although current oxidant
levels and meteorological conditions along the trajectory will
also play a role. However, this interpretation is complicated by
the fact that (a) the ship was simultaneously progressing
© 2021 The Author(s). Published by the Royal Society of Chemistry
southward through the pack ice or was situated in the MIZ and
(b) the change of ship position coincided with the inux of air
masses with higher DMS levels. Sample F12 and F13 were in the
MIZ, where the surrounding ocean was a local DMS source and
DMS did not need to be transported to be measured. Similar
results of elevated DMS levels while approaching the ice edge
were obtained during the ASCOS 2008 38 and AOE-96 32)
expeditions.

A correlation of DMS (g) with SA (g, p) and MSA (g, p) is not
evident from Fig. 8. DMS is produced far from the inner pack ice
area, and as it is advected over the ice it undergoes oxidation.
The oxidation products can however be oxidised further (age),
which decreases the degree of linearity between DMS and its
oxidation products with time. These results are in line with
earlier studies in the central Arctic Ocean38 and Antarctica,97,98

which have also not been able to nd a clear correlation
between DMS and its oxidation products in aerosols over the
ice.

4 Conclusions

We measured the molecular composition of semi-volatile
aerosol components using FIGAERO-CIMS (Filter Inlet for
Gases and AEROsols coupled to a Chemical Ionization Mass
Spectrometer) analysis of lter samples collected on 11–19
September 2018 during the MOCCHA campaign (Microbiology-
Ocean-Cloud-Coupling in the High Arctic) in the pack ice close
to the North Pole (88.6�N, 45.0�E to 82.3�N, 20.1�E).
Environ. Sci.: Atmos., 2021, 1, 161–175 | 171
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Our analysis shows that oxygenated organic and sulfur-
containing compounds were abundant in the aerosol samples,
including oxidation products of dimethyl sulde (DMS) such as
sulfuric acid (H2SO4), methanesulfonic acid (MSA; CH3SO3H)
and monomethyl sulfate/hydroxymethane sulfonic acid
(CH3SO4H). Organic compounds consisting of carbon (C),
hydrogen (H) and oxygen (O) atoms (CHO) were most abundant
(had the highest combined signal) and exhibited a wide range of
molecular composition (1–18 carbon atoms with varying
numbers of oxygen atoms (1–10) and elemental O : C ratios). We
also identied organic compounds containing nitrogen (N)
(CHON) and/or sulfur (S) (CHOS, CHONS) as well as halogens.
Compared to CHO and CHON compounds, the molecules in the
CHOS category in general exhibited fewer carbon atoms and
relatively high O : C ratios. As molecules with 1 and 2 carbon
atoms dominated this category, it can be assumed that a large
fraction of the CHOS compounds were derived from DMS
oxidation. More complex compounds with a larger number of
carbons and a low O : C ratio (1–2 oxygen atoms), the molecular
composition of which indicates fatty acids and other lipids,
were also detected, revealing potential inuence from primary
organic sea spray aerosols. As fatty acids are known to be
surface active depending on their alkyl chain length and
polarity, our information about their molecular composition
can help estimate their effects on e.g. cloud formation and
cloud droplet stability.

The time evolution of the integrated lter signals from
FIGAERO-CIMS showed qualitatively good agreement with total
organic (Org) and sulfate (SO4

2�) particulate concentrations
measured by an AMS and total submicron (Dp <1 mm) mass
concentrations derived from particle size distribution
measurements. For periods when total submicron particle mass
was clearly higher than AMS Org and SO4

2�, a clear shi in
particle size distributions to larger particles could be observed.
These periods further appeared to coincide with higher wind
speeds, suggesting that these samples had a more pronounced
inuence of larger and locally produced primary SSA particles.

The comparison of the time series of DMS oxidation prod-
ucts in the gas- and particle phase reveals an interesting
pattern: for the period in the beginning of the measurements,
when the ship was moored to an ice oe and air masses had
spent time over the pack ice before arriving at the ship, the
elevated particle concentrations were not reected in the gas-
phase concentrations. For the period in the end of the lter
sampling period, when the ship was closer to the MIZ, not only
elevated particle-, but also higher gas-phase concentrations
were observed. However, the average molecular composition of
particles measured by FIGAERO-CIMS did not show signicant
differences between the two locations, indicating that higher
gaseous concentrations measured close to the MIZ are not
immediately inuencing particle composition.

Our study shows that, (1) the submicron aerosols within the
central Arctic boundary layer during late summer have a large
contribution from organic and sulfur-containing molecules
with a wide range of carbon and oxygen numbers, and (2) that
gas- and particle-phase chemical composition of organic sulfur
compounds in the central Arctic did not co-vary in time. Future
172 | Environ. Sci.: Atmos., 2021, 1, 161–175
studies might detect a more direct relationship as a result of
increased particle uxes and less pack ice, as the sea ice retreat
continues northward and the Arctic Ocean is transformed from
a polar to a more marine area in the coming decades.

This is the rst time that the chemical composition of
aerosols in the central Arctic was measured using FIGAERO-
CIMS. Similar research has previously been conducted in the
Arctic with results comparable to ours using other techniques.
However, most of these measurements were conducted in the
lower Arctic and on land.35–37 These studies, along with that
presented by Chang et al.38 from the central Arctic Ocean, have
provided information on functional groups present while our
study also provides information on the molecular composition
of the aerosol. As such, this study suggests that the FIGAERO-
CIMS can provide new insights into the aerosol chemical
composition in the Arctic as well as other pristine
environments.

Future work with FIGAERO-CIMS in the central Arctic Ocean
should include gas-phase measurements with the FIGAERO for
direct comparison between gas- and particle-phase chemical
composition. For particle-phase measurements, larger sample
loads should be aimed for either by increasing the sampling
time or sampling ow, since aerosol concentrations in the
Arctic are much lower than in other regions where FIGAERO-
CIMS has been more commonly used (e.g. urban areas). The
sampling time/ow and sample load should also be optimised
to not lose time resolution. Another advantage would be to
simultaneously use several CIMS setups with different reagent
ions (e.g. iodide, nitrate and ammonium), to gain a more
complete picture of the semi-volatile compounds present in
Arctic aerosol.
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