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A B S T R A C T

In order to improve our ability to predict cloud properties, radiative balance and climate, it is crucial to un-
derstand the mechanisms that trigger the formation of new particles and their growth to activation sizes. Using
an array of real time aerosol measurements, we report a categorization of the aerosol population taken at Villum
Research Station, Station Nord (VRS) in North Greenland during a period of 88 days (February–May 2015). A
number of New Particle Formation (NPF) events were detected and are herein discussed. Air mass back tra-
jectories analysis plotted over snow-sea ice satellite maps allowed us to correlate early spring (April) NPF events
with air masses travelling mainly over snow on land and sea ice, whereas late spring (May) NPF events were
associated with air masses that have passed mainly over sea ice regions. Concomitant aerosol mass spectrometry
analysis suggests methanesulfonic acid (MSA) and molecular iodine (I2) may be involved in the NPF mechan-
isms. The source of MSA was attributed to open leads within the sea ice. By contrast, iodine was associated with
air masses over snow on land and over sea ice, suggesting both abiotic and biotic sources. Measurements of
nucleating particle composition as well as gas-phase species are needed to improve our understanding of the
links between emissions, aerosols, cloud and climate in the Arctic; therefore our ability to model such processes.

1. Introduction

In the Arctic, clouds are the dominant factor in the control of the
incoming and outgoing energy balance at the Earth's surface (Intrieri
et al., 2002). Aerosols act as cloud condensation nuclei (CCN), upon
which cloud droplets are formed (Ramanathan et al., 2001). It is long
established that aerosols and their cloud seeding role, the so-called
indirect aerosol effect, have a substantial impact on the Earth's albedo
and climate (Charlson et al., 1987). However, what regulates the
number of aerosol particles and their capability to act as CCN still is
poorly known and constitutes one of the largest sources of uncertainty
in climate understanding and modelling (Carslaw et al., 2013). In the
Arctic climate system the picture is even more complicated because
there are many dynamic inter-connections between processes occurring
on partly snow-covered land and in sea ice and the ocean. All of these
environmental components, and their changes over time (Serreze and

Stroeve, 2015) influence not only the surface albedo but also the
composition and radiative properties of the atmosphere.

New particle formation (NPF), if accompanied by stabilization and
growth, increases aerosol number concentrations in the atmosphere
(Kulmala et al., 2004; Spracklen et al., 2006), providing a pool of sec-
ondary aerosols with potential to increase CCN population. Background
particle concentrations in the summertime Arctic are typically very low
(∼100 cm−3). Cloud properties in this region are therefore highly
sensitive to the mechanisms by which new particles form and grow
(Merikanto et al., 2009). A better understanding of the physical and
chemical processes leading to a higher nucleation potential requires
detailed knowledge about aerosol precursor emissions from the dif-
ferent types of surfaces in the Arctic environment. In the Arctic lower
troposphere, nucleation and Aitken mode particles dominate the size
distribution during summer, in contrast to the accumulation mode-
dominated winter and spring (Ström et al., 2011; Heintzenberg and
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Leck, 2012; Tunved et al., 2013; Leaitch et al., 2013). At very high
latitudes in sea ice-covered regions or near the marginal ice zone, it has
also been suggested that small primary particles may arise from bubble
bursting (Leck and Bigg, 1999). Particle nucleation has been observed
in this region as well (Heintzenberg et al., 2015; Wiedensohler et al.,
1996). Recently, Dall’Osto et al. (2018) categorized the aerosol popu-
lation via cluster analysis of aerosol number size distributions taken at
Villum Research Station, Station Nord (VRS) in North Greenland during
a 7 year record (2010–2016). Most NPF events (annually 9% of the
time, up to 39% during summer months) were associated with air mass
back trajectories passing over open water and melting sea ice regions,
suggesting these regions as the main source. The origin of these ultra-
fine particles seems to be marine biological activities within the open
leads in the pack ice and/or along the melting marginal sea ice zone
(MIZ). The results from the period 2010–2016 at VRS are in line with
recent results from the period 2000–2010 at the Zeppelin Mountain
Station (Dall'Osto et al., 2017a). However, it is important to stress that
the NPF source regions and corresponding precursor components are
still a topic of intense research, and not only include emissions of
precursor gases associated with biological communities on or near sea
ice margins (Dall’Osto et al., 2017a; b; Levasseur, 2013), but also sea-
bird colonies (Croft et al., 2016; Weber et al., 1998) and intertidal zones
(O'Dowd et al., 2002; Allan et al., 2015; Sipilä et al., 2016). Overall,
there is an increasing number of studies reporting observations of sec-
ondary organic components of the Arctic aerosol (Leaitch et al., 2018)
from emissions of biogenic volatile organic compounds (BVOCs; e.g.,
isoprene and terpenes), including oxygenated VOCs (OVOCs; Mungall
et al., 2017) and trimethylamines (Köllner et al., 2017). Additionally, it
is important to stress that nucleation events in Greenland have been
also associated with air masses that travelled over snow regions, and
mechanisms based on gas precursors released from the snowpack were
suggested (Ziemba et al., 2010).

Traditionally, experiments conducted in the Arctic have mainly fo-
cused on the Arctic Haze phenomenon during late winter and spring
and on NPF events occurring mainly only during summer (Tunved
et al., 2013; Freud et al., 2017). Here, for the first time we focus our
attention on springtime NPF events in coastal North Greenland: we
identify these events by aerosol size distributions, characterize key
chemical components, and relate them to air mass trajectories over
categorized surfaces.

2. Experimental measurements

Aerosol measurements were undertaken at VRS, Greenland. Located
at 81° 36′ N, 16° 40’ W the station is situated in the most north-eastern
part of Greenland, on the coast of the Fram Strait. The sampling took
place about 2 km south-west of the main facilities of the Station Nord
military camp in two different sampling stations. Measurements were
shifted in summer 2015 from the original hut called “Flygers hut” to the
new air observatory, 300m west of “Flygers hut”. The sampling loca-
tions are upwind from the station the vast majority of the time (97.3%).
Detailed descriptions of the site and analysis of predominant wind di-
rections are available in Nguyen et al. (2016) and Nguyen et al. (2013).
VRS at Station Nord is a unique Arctic station located close to sea level
at the ice stream from the Arctic Ocean. VRS is furthermore always
located north of the polar Vortex representing the conditions of the high
Arctic throughout the whole year.

Detailed information about scanning mobility particle sizer (SMPS)
measurements can be found elsewhere (Nguyen et al., 2016). Mea-
surement of particle number size distributions at Station Nord was in-
itiated in July 2010 using a TROPOS-type Mobility Particle Size Spec-
trometer as described in Wiedensohler et al. (1996). Soot particle
aerosol mass spectrometer (Aerodyne, SP-AMS) was deployed for four
months over the period February–June 2015. The instrument is de-
scribed in details elsewhere. The SP2 provides rBC mass loadings,
particle number concentrations, and size distribution measurements,

though these measurements are constrained by single particle detection
limits of ∼0.7 fg/particle (Schwarz et al., 2010). The SP-AMS is de-
scribed in detail elsewhere (Onasch et al., 2012). In this study, high-
resolution (HR) mass concentrations of SO4

2−, NO3
−, NH4

+, organics,
Cl, rBC (reflactive black carbon), and signals for I2 and MSA are ob-
tained from the SP-AMS. The SP-AMS was operated in 2min laser off
and 2min laser on in V-mode and alternated between the mass spec-
trum mode and the particle time-of-flight (pToF) to obtain PM1 (par-
ticulate matter with diameter below 1 μm) concentration and particle
size distribution, respectively. The data was analyzed with the standard
AMS Igor Pro-based (version 6.35 Wavemetrics, Inc) software SQUIR-
REL (version 1.57G) and PIKA (version 1.16H). The analysis was
treated with general accepted principles described in DeCarlo et al.
(2006), Jimenez et al. (2003) and Onasch et al. (2012).

Using the BADC Trajectory Service (British Atmospheric Data
Centre Trajectory Service), 5 day back trajectories arriving at VRS
station were calculated arriving at 100m altitude (hourly resolution).
The length of the back-trajectory calculation is chosen as a balance
between the typical lifetime of the aerosols in the Arctic troposphere,
which is up to two weeks (shorter in summer and longer in winter/
spring) for the accumulation-mode particles, and the increasing un-
certainty in the calculation the further back in time it goes. Simple
calculations were also made for each of the 5-day back trajectories
using daily Arctic maps of gridded sea ice information. For each of the
positions alone each of the trajectories the sea ice information was
logged into a file from which the exposure to sea ice of all the air masses
arriving at SN could be calculated. The Polar Stereographic map of the
Northern Hemisphere classified each of 1024x1024 24 km grid cells as
land, sea, ice or snow ice, and from this, the percentage of time each
clustered back trajectory spent over each type could be calculated. The
snow and ice coverage values were produced by the NOAA/NESDIS
Interactive Multisensor Snow and Ice Mapping System (IMS) developed
under the direction of the Interactive Processing Branch (IPB) of the
Satellite Services Division (SSD). A similar calculation was repeated but
using daily maps of sea ice percentage concentration measured on a
12.5 km grid. These Arctic polar sterographic maps of 12.5 km resolu-
tion contained sea ice concentration, available since 1992. The per-
centages assigned from these maps to each trajectory step allow a
‘spectrum’ of sea ice concentration of 5% width from 0 to 100% to be
calculated for each of the trajectory clusters.

3. Results and discussion

3.1. NPF overview

K-means cluster analysis (Dall’Osto et al., 2018a; Lange et al., 2018)
of particle number size distributions using 33,678 hourly distributions
collected over 7 years (2010–2016, 55% data coverage during the
period, see Nguyen et al., 2016) was carried out. Briefly, the K-means
method aims to minimize the sum of squared distances between all
points and the cluster centre. In order to choose the optimum number of
clusters the Dunn-Index (DI) was used. The DI aims to identify dense
and well-separated clusters. DI is defined as the ratio between the
minimal intercluster distance to maximal intracluster distance. Conse-
quently, we wanted to find the clustering which maximizes this index.
The use of cluster analysis was justified in this work using a Cluster
Tendency test (Beddows et al., 2009; Dall’Osto et al., 2011). Based on
such cluster analysis, we identified eight categories of aerosol number
size distributions (Dall’Osto et al., 2018a), and subsequently overlapped
them with the time period where the SP-AMS was operating between
21st February 2015 and 23rd May 2015 (88 days in total). During this
winter-spring period, 69 days (79%) were classified as Arctic Haze,
carrying the highest total number concentration in the accumulation
mode (> 100 nm, Fig. 1), peaking at about 170 nm and unimodal in
appearance (Lange et al., 2018). Only 12 days (14%) were classified as
“pristine” Arctic conditions (Fig. 1), characterized by very low particle
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number concentrations N9–915nm (< 100 cm−3) and aerosol number
distributions across different sizes, with minor modes at 35 nm and
135 nm. The K-means clustering analysis detected only NPF events
occurring during few days, two in April (9th, 10th) and two in May
(12th, 13th), apportioning only about 5% of total sampling time. NPF
events were not detected in the months of February and March. How-
ever, by visual inspection of SMPS data, we were able to detect a
number of additional events not successfully classified by the clustering
method. The average daily size distributions of the NPF events are
shown in Fig. 1. One event (31 March 2015) was characterized by small
particles in very low particle number concentrations, whereas one event
was characterized by already grown particles (about 20–25 nm growing
over 30 h at about 0.75 nm h−1 till about 45 nm, discussed in next
sections). Overall, average particle number concentrations in the
smallest SMPS bins (N9–15nm) were about 60% lower than in similar
NPF events detected in summer and described elsewhere (Dall’Osto
et al., 2018a).

It is worth noting that some NPF events (especially the one detected
in early spring - March, April) did not grow to particles larger than
about 10–30 nm. A previous study made at Summit (Greenland, 3200m
above sea level) also reported four growth events with average aerosol
growth rate between 0.09 and 0.3 nm h−1 (Ziemba et al., 2010), pos-
sibly a result of the distance from sources of condensable vapour. It is
also worth to point out that ozone concentrations measured by Ziemba
et al. (2010) suggested that the detected particle growth events were
not due to direct transport from the upper atmosphere. The hourly
evolution of the events occurred mainly in the early morning and
evening. Almost 24h light conditions occur at the location (81ºN)
during at the season of the events (April–May), suggesting that in-
solation may not be a factor limiting NPF. The reasons for limited
growth (not beyond 20–40 nm) are not known at this stage. The con-
densation sink (CS, the rate at which vapours condense on the available
particle surface) is a very important factor influencing the nucleation
process. Homogeneous nucleation is unlikely to occur in environments
with a high condensation sink because under such circumstances,
condensable molecules and clusters are likely to attach to existing
surfaces rather than self-nucleate to form new particles (Dall'Osto et al.,
2018a). It is interesting to note that the April NPF events occur with
higher Condensation Sink (CS) relative to the May ones (1.3 10−3 s−1

and 9.5 10−4 s−1, respectively; CS calculation formula is reported in
Dall'Osto et al., 2013), as reflected in the co-existing large aerosol ac-
cumulation mode shown in Fig. 1 for the April NPF events. Summer CS
for NPF events at VRS station are in the order of 8.9 10−4 s−1 (Dall’Osto
et al., 2018b), and of about 4 10−4 s−1 for station Zeppelin (ZEP,
Dall'Osto et al., 2017a). Previous studies argued that the CS may not be
a factor that directly limits the NPF in this region (Collins et al., 2017).
Another possibility for limited growth is the lack of chemical substances

involved in the growth (∼>10 nm) of newly nucleated particles to
tens of nanometres in diameter. Although in a more terrestrially-in-
fluenced environment (Tiksi, Russian Arctic), particle formation rates
were the highest in spring, while the particle growth rates peaked in
summer (Asmi et al., 2016). It is also important to remember that NPF
generally occurs through the rapid photochemical production of low
vapour pressure secondary material such that stable molecular clusters
are able to grow to viable sizes (nm) (Kulmala et al., 2004; Allan et al.,
2015). As they grow, the freshly nucleated particles act as sinks for the
secondary condensable material, potentially shutting off any further
nucleation. Information on the nature of condensable vapours and the
evidence of their sources in the Arctic environment is currently lacking
(Burkart et al., 2017a; b; Willis et al., 2017).

3.2. Air mass back trajectory analysis

Motivated by identifying possible sources of the NPF events de-
tected in April and May, we computed the corresponding air mass back
trajectories. Hourly air masses travelling 96 h before arriving at Station
North were plotted for each daily average SMPS size distributions
shown in Fig. 1 (total 24 air mass back trajectories per day). Two dif-
ferent analyses for each day of the NPF events are presented. First, we
calculated how long each air mass travelled over zones categorized by
their surface characteristics, namely land only, land covered by snow,
sea ice and open water. Second, we calculated the amount of time spent
by the associated air mass trajectory over the sea ice regions (see ex-
perimental method, section 2).

Results are shown in Fig. 2 for three selected events detected on 31
March (a, b), 9–10 April 2015 (c, d) and 22–23 May 2015 (e, f). The
first NPF event is characterized by air masses travelling mainly over sea
ice (95% of the time) located in the North West side of the VRS station.
By contrast, Fig. 3c–d shows that the NPF event detected in April are
associated with air masses travelling almost exclusively over snow on
Greenland land (86% of the time). The rest is associated to sea ice, and
none to land without snow (0%) neither open ocean (0%). Finally, the
NPF event detected in May had the majority of air masses travelling
over sea ice regions (79%) with only a left minority over snow on land
(21%), none over land or open ocean (0%). Arctic sea ice is a spatially
complex physical environment - a vast biome composed of multiple
habitats such as the upper and lower ice surfaces, snow cover, brine
channels, melt ponds, ice openings and ice floes of all sizes, and the
surrounding sea water. Sea ice satellite maps were investigated (Fig. 2
b, d, f) and it was found that for the air masses associated with May NPF
events, they were travelling 65% of the time over consolidated full pack
ice (100% cover) whereas they spent only 35% of the time over pack ice
at 75–95% area cover.

Fig. 1. Daily average size distributions (9–915 nm) obtained at Station Nord with an SMPS for days of new particle formation events, and average size distributions
for the aerosol categories “Arctic Accumulation Haze” and “Arctic pristine” conditions described in Dall'Osto et al. (2018b) and Lange et al. (2018).
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3.3. Arctic NPF mechanisms

The current understanding of NPF mechanisms in the marine
boundary layer over the Arctic Ocean is challenging due to the typically
low concentration of nucleating agents. There is limited, but none-
theless useful information upon the chemistry of ultrafine particles
during the growth phase of the frequently observed nucleation events
through direct atmospheric ambient measurements. Recently developed
research instruments have helped immensely in understanding the
processes occurring in the 1–5 nm size range (Junninen et al., 2010;
Sipilä et al., 2016). In this study, we only use the results obtained from
the SP-AMS to report that accumulation mode chemical species de-
tected in increased concentrations during the growth were also likely to
be involved in the growth process of the nucleation mode.

The chemical composition of the nucleation stages herein detected
is not known because the SP-AMS was not able to resolve masses in such
small nanoparticle numbers. However, indirect evidence could be ob-
tained from species detected in the concurrent larger submicron parti-
cles (Dall’Osto et al., 2012). Fig. 3 shows the temporal trends of SMPS
and SP-AMS for three NPF events: (a) 31 March 2015, (b) 9–10 April
2015 and (c) 22–23 May 2015. For the considered periods, SP-AMS
detected black carbon below detection limit, demonstrating clean
Arctic conditions without any detectable anthropogenic influence. Ad-
ditional information can be obtained by comparing average aerosol
chemical measurements obtained by SP-AMS: nitrate, sulphate, or-
ganics and ammonium. The very low nitrate concentrations for early
spring and late spring were below the limit of quantification. Sulphate
was found to be the chemical species with highest aerosol loadings

Fig. 2. Air mass back trajectories analysis for three selected events: (a, b) event of the 31 March 2015, (c, d) event of the 9–10 April 2015, and (e, f) event of the
22–23 May 2015). Maps show air mass travelling over two different satellite maps: (left maps) snow on land, land only, open ocean and sea ice and (right maps) sea
ice regions (0–100% sea ice concentration). Average maps for the month of April–May 2015 are taken from the NOAA/NESDIS Interactive Multisensor Snow and Ice
Mapping System (IMS).
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(1.1 ± 0.44 μgm−3), followed by organics (0.46 ± 0.21 μgm−3) and
ammonium (0.01 ± 0.03 μgm−3). There was no statistical difference
between the concentrations detected over the early spring events re-
lative to the late spring ones.

In temperate marine and coastal environments, biogenic iodine,
mostly in inorganic form, emitted from marine algae may control the

formation of marine aerosols and cloud condensation nuclei (O'Dowd
et al., 2002). Other marine biogenic components that have been shown
to participate in aerosol nucleation are methyl-amines and methane-
sulfonic acid (MSA) (Dawson et al., 2012; Dall’Osto et al., 2012; Willis
et al., 2016). We monitored MSA with the SP-AMS by quantifying the
ion CH3SO2

+ (m/z 78.98) (Zorn et al., 2008; Ovadnevaite et al., 2014).

Fig. 3. Number-size distributions (bottom) and SP-AMS (top) temporal trends (local time) for three new particle formation events detected on (a) 31 March 2015 (as
previously reported by Sippila et al., 2016 with API-TOF measurements), (b) 9–10 April 2015 and (c) 22–23 May 2015. Please note that the aerodynamic lens of the
SP-AMS are capable of focussing. particles with 100% efficiency over a given range of aerodynamic diameters, in this case 30–700 nm, but smaller particles are not
focussed correctly, hence the instrument is unable to directly measure these particles.
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For iodine, the ion I+ (m/z 126.90) has previously been reported as the
largest peak in SP-AMS mass spectra of photochemically produced io-
dine oxide in the laboratory (Jimenez et al., 2003), and in ambient
particles (Allan et al., 2015). Very good correlation (r= 0.92) between
I+ and IO+ (m/z 143) in our study supports the validity of our iodine
marker. Amines and organic nitrogen species (Dall’Osto et al., 2012;
Willis et al., 2016) were found too close to detection limit and are not
considered in this analysis. Iodine and MSA were found in very low
concentrations during days characterized by Haze accumulation aerosol
modes (Lange et al., 2018).

We assume the chemical composition changes observed in the
growing accumulation mode particles results from condensation since
all modes are growing simultaneously, and further, the condensing
species is likely to be the same across all modes (Dall’Osto et al., 2012).
However, different growth rates in different size particles have recently
been reported in Arctic marine air (Burkart et al., 2017b). Looking at
the constant background accumulation modes occurring during the
three NPF events presented in Fig. 3a–c, it is reasonable to assume that
some of the additional mass detected by the SP-AMS may be due to the
aerosol mass of the NPF events. Fig. 3 shows increased signals of Iodine
concomitant with NPF events detected on 31 March 2015 (Fig. 3a, same
event reported in Sipilä et al., 2016 with a nitrate ion-based chemical
ionization atmospheric pressure interface time-of flight - CI-APi-TOF -
mass spectrometer measurements), and on 9–10 April (Fig. 3b),
whereas an increase of MSA can be seen with grown particles detected
on 22–23 May 2015 (Fig. 3c). Further information on possible NPF
mechanisms and MSA-I sources can be found in the next two subsec-
tions.

3.3.1. Arctic iodine driven biotic and abiotic NPF
The association of iodine with Arctic NPF events is not new. Sipilä

et al., 2016 reported direct molecular-level observations of nucleation
in atmospheric field conditions monitored at our sampling location.
Elevated concentrations of HIO3 were observed after sunrise in late
February, often associated with new particle formation events. During
such events, the HIO3 concentrations tended to be much higher than
that of sulphuric acid, and it seems that the cluster formation could be
explained almost entirely by the HIO3 clustering mechanism. It is worth
to remember also that Allan et al. (2015) pioneered an analysis of ship
board NPF events observed in the Greenland Sea during the summer-
time. Using an Aerosol Mass Spectrometer (AMS), iodine was detected
in the growing particles in one of the seven NPF events captured over
coastal sea-ice. The NPF observations were putatively related to a po-
tentially significant source of particles during periods of ice loss. It was
stressed that if this phenomenon is limited to coastal areas, it would not
explain NPF events above 80° N such as those reported by Karl et al.
(2012).

Macroalgae have been identified as a source of molecular iodine in
midlatitude coastal studies (Saiz-Lopez and Plane, 2004; Küpper et al.,
2008), including in the northeast coast of Greenland (Borum et al.,
2002). However, Northeast Greenland kelp beds are limited, especially
in our winter-spring sampling period. Inorganic iodine from the mar-
ginal sea-ice zone has been previously reported (Atkinson et al., 2012),
in particular ice diatoms have previously been shown to be a potential
direct source of HOI and I2 to the Arctic atmosphere (Hill and Manley,
2009). Microalgal aggregates released from melting sea-ice have also
been proposed as an iodide source (Asmi et al., 2016; Boetius et al.,
2013). Additional I2 and HOI sources may also come by the abiotic
oxidation of iodide, either by gaseous ozone on the sea surface
(Carpenter et al., 2013; MacDonald et al., 2014), or within sea-ice brine
channels followed by emissions from the quasi-liquid layer on the
surface of the sea-ice (Saiz-Lopez and von Glasow, 2012). New ice
formation leads to enrichment of halogens at the sea ice surface that
readily can be oxidized to the highly volatile halogens (Cl2, Br2 and I2 or
a combination of them e.g. BrCl) (Saiz-Lopez et al., 2015; Simpson
et al., 2015).

Despite these potential marine sources, the April NPF events were
mainly associated with air masses travelling inland over snow. Very
recently, Raso et al. (2017) reported the first measurements of mole-
cular iodine (I2) in the Arctic atmosphere and iodide (I−) in the Arctic
snowpack, and suggested that the coastal Arctic snowpack is capable of
photochemical production and release of I2 to the boundary layer. This
was supported by enrichment of the snowpack in I− compared to that
expected from sea spray influence alone. Laboratory studies have pre-
viously shown that two mechanisms can produce and release inorganic
iodine from snowpack to the atmosphere: i) production of I2 and
triiodide (I3−) through the photooxidation of iodide in ice (Kim et al.,
2016), and ii) the heterogenous photoreduction of iodate in ice which
leads to atmospheric emission of an iodine-containing photofragment
(Gálvez et al., 2016). Combined, these experimental and field studies,
along with the air mass origin, suggest that abiotic iodine production in
snow/ice and subsequent release to the atmosphere is possibly related
to the observed NPF events in April. It is also important to stress that
previous particle growth observed in Greenland could not be explained
by H2SO4 condensation, and were likely due to condensation of organic
material. The source of condensing organic compounds was suggested
to be snowpack emission following long-range transport and surface
deposition (Ziemba et al., 2010). Significant concentrations of organic
compounds have been measured in the snowpack in Greenland. For
example, Anderson et al. (2008) reported gas-phase water soluble or-
ganic carbon (WSOC) concentrations in the firn that were more than a
factor of ten larger than concentrations above the snowpack, suggesting
that the snow surface was a source of gas-phase WSOC to the atmo-
sphere. Further studies are needed in order to apportion the role or
iodine and organic compounds.

3.3.2. Arctic MSA driven biotic and abiotic NPF
The NPF events detected in May, which were associated with air

masses travelling over sea ice regions, concurred with higher con-
centrations of MSA. This compound arises from the atmospheric oxi-
dation of the biogenic volatile DMS (Cox, 1997). DMS produced by
marine phytoplankton is the most abundant form of sulphur released
from the ocean (Simo, 2001). Associations between DMS flux, changes
in sea ice extent and phytoplankton productivity are not fully under-
stood. Sea ice is an organic sulphur-rich environment because ice algae
generally contain high intracellular levels of dimethylsulfoniopropio-
nate (DMSP) for osmoregulation and cryoprotection, and so do ice
edge-associated phytoplankton (Levasseur, 2013). Therefore, the ice
edge, particularly in the melting season (Leck and Persson, 1996) and
open leads within the pack ice (Levasseur, 2013) can be strong sources
of DMS. Previous studies (e.g., Becagli et al., 2016) have showed an
increase in aerosol MSA in Arctic spring and summer, which results
from the DMS source (Lana et al., 2011) as well as its photochemical
oxidation and gas to particle conversion during transport.

Diagnostic and prognostic models fed with observations have esti-
mated that DMS oxidation products (sulphate and MSA) make up
roughly 10% of the accumulation mode aerosols (those in the size range
and abundance with the highest potential to contribute to CCN num-
bers) annually in the Arctic (Vallina et al., 2007), a proportion that
increases to one third in summer (Leaitch et al., 2013). Our results
suggest that MSA may be involved either in the nucleation process it-
self, which is feasible if combined with alkaline biogenic compounds
(Dawson et al., 2012), or in the first growth stages of the tiny newly
born particles (Heintzenberg and Leck, 1994). In either case MSA may
have a key role in regulating CCN numbers (Leaitch et al., 2013).

4. Conclusions

Fig. 4 summarise the NPF events selected, with air mass back tra-
jectories analysis reported in Fig. 2 (Fig. 4a) and absolute SP-AMS
signal for MSA and I2 (Fig. 4b). Both species were found at higher
concentrations (two fold) relative to Arctic “pristine” average
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concentrations (black dots, Fig. 4), suggesting involvement in the NPF
events detected. It is evident that whilst the April events presented
higher signal for iodine than the May events, the latter presented higher
signal for MSA. In summary, using an array of real time measurements
taken at Station Nord over 88 days in 2015, we have demonstrated the
occurrence of a number of NPF events occurring during spring for 7% of
the time. The NPF events were associated with distinct air masses and
surface characteristics: April events occurred in air masses that had
travelled mostly over snow-covered land and sea ice regions, while May
events were related mainly to sea ice regions. Measurements of aerosol
chemical composition identified iodine and MSA as abundant species
during NPF events, suggesting their role in either nucleation or early
growth. While MSA has a well known biological origin in the ocean and
sea ice (Lana et al., 2011; Levasseur, 2013; Becagli et al., 2016), iodine
may originate in photochemical inorganic reactions in the snowpack,
even on land (Raso et al., 2017). In a nutshell, our study supports the
long described role of biogenic sulphur emissions on NPF as well as the
recent findings pointing to abiotic release of iodine from snow. Addi-
tional sources from snow may come from snowpack emissions following
long-range transport and surface deposition (Ziemba et al., 2010).

Given the dramatic impact of NPF events on the total particle
number concentration in the Arctic environment, future work should
aim to evaluate more carefully the molecular-level composition of
candidate chemical compounds involved in aerosol nucleation and
growth. It is very likely that a complex cocktail of chemical vapours
originating from both biotic and abiotic processes is responsible for NPF
events, depending on seasons and regions. These results once again call
for a better representation of the exchanges between sea ice/ocean/
snowpack and the atmosphere in Earth system models.
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