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Arctic sea ice melt leads to 
atmospheric new particle formation
M. Dall´Osto   1,2,3,4, D. C. S. Beddows2, P. Tunved5, R. Krejci5, J. Ström5, H.-C. Hansson5, Y. J. 
Yoon6, Ki-Tae Park6, S. Becagli7, R. Udisti7, T. Onasch   4, C. D. O´Dowd   3, R. Simó   1 & Roy 
M. Harrison   2,8

Atmospheric new particle formation (NPF) and growth significantly influences climate by supplying 
new seeds for cloud condensation and brightness. Currently, there is a lack of understanding of 
whether and how marine biota emissions affect aerosol-cloud-climate interactions in the Arctic. Here, 
the aerosol population was categorised via cluster analysis of aerosol size distributions taken at Mt 
Zeppelin (Svalbard) during a 11 year record. The daily temporal occurrence of NPF events likely caused 
by nucleation in the polar marine boundary layer was quantified annually as 18%, with a peak of 51% 
during summer months. Air mass trajectory analysis and atmospheric nitrogen and sulphur tracers 
link these frequent nucleation events to biogenic precursors released by open water and melting sea 
ice regions. The occurrence of such events across a full decade was anti-correlated with sea ice extent. 
New particles originating from open water and open pack ice increased the cloud condensation nuclei 
concentration background by at least ca. 20%, supporting a marine biosphere-climate link through sea 
ice melt and low altitude clouds that may have contributed to accelerate Arctic warming. Our results 
prompt a better representation of biogenic aerosol sources in Arctic climate models.

The climate of the Arctic is changing faster than almost everywhere else on Earth, a phenomenon known as the 
Arctic amplification1. Current climate models show large differences in projected outcomes of present and future 
Arctic warming2, 3. Air quality regulations on emissions in the Northern Hemisphere, ocean and atmospheric 
circulation, and Arctic climate are inherently linked4–6. The Arctic has a pronounced aerosol annual cycle, with 
the haze period associated with high accumulation mode aerosol concentrations over the dark months7, 8. In the 
beginning of the summer daylight period, changes in the general circulation that limit continental and anthropo-
genic inputs, along with the increased presence of low-level clouds (and thus more effective wet removal of pol-
lutants) result in fast atmospheric clean-up of the haze9–11. Lower aerosol loadings and increased photochemistry 
lead to a peak in ultrafine aerosols (<100 nm) during the Arctic summer8. The Arctic environment undergoes 
various changes with the potential to affect local and regional aerosol properties. Wet removal by snow or rain 
is the main sink for accumulation-mode particles, whereas condensation, cloud processing, and transport may 
be the main sources of these particles12. Multifaceted - yet poorly understood - atmospheric processes by which 
aerosols contribute to the numbers of cloud droplet condensation nuclei strongly affect the radiative balance13.

The formation of new particles in the atmosphere occurs regionally, but makes an important contribution 
to the worldwide aerosol particle number concentrations14. Within the Arctic, such events are suggested to be 
formed via secondary aerosol formation and being of marine biological origin from the open waters between ice 
floes15–19. Other studies point to an alternative hypothesis involving fragmentation and/or dispersion of primary 
marine polymer gels also originated in water next to the ice17, 20, 21.
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Overall, our understanding of climate-relevant aerosol sources, formation processes and size distributions in 
the remote Arctic region remains incomplete, in part due to the scarcity of long term observations and appro-
priate methodologies for data interpretation22–25. Here we applied clustering analysis to a decade-long record of 
aerosol numbers and size distributions obtained at the Arctic monitoring site of Mount Zeppelin in Svalbard. The 
main objectives were (a) a categorization and quantification of the aerosol ultrafine population; (b) the associa-
tion of such aerosol categories with air mass back trajectories and geographical and environmental span; (c) the 
apportionment of natural and anthropogenic aerosol sources by correlation with chemical markers, and (d) the 
impact of the elucidated aerosol categories to the Cloud Condensation Nuclei (CCN) population, with particular 
emphasis at the new particle formation events.

Results
Categorising Arctic ultrafine aerosols and new particle formation events.  We executed K-means 
cluster analysis (see Methods) of particle number size distributions using 73,000 hourly distributions collected 
over 11 years (2000–2010, 84% data coverage8). Here, we refer to ultrafine as particles with diameters between 10 
and 100 nm. Data were clustered at daily averaged resolution; in total, we classified five categories (Supporting 
Information), three of which clearly described the ultrafine aerosol population (Fig. 1).

•	 “Nucleation” ultrafine. Occurring annually 18% of the time, Fig. 1a shows a daily aerosol evolution starting 
in the morning at smallest-detectable sizes (10 nm) and reaching 60–80 nm in the late afternoon. Its diurnal 
profile peaks at 14:00–15:00. It presents a peak in summer (July–August, 51%, Fig. 1f); overall 95% of these 
events were detected during daylights months. The name of this category - which will be used below - stands 
for continuous gas-to-particle growth occurring after the particle nucleation14 (Figure S2a).

•	 “Bursting” ultrafine. Less frequent (11%), it shows an aerosol mode in the smallest detectable sizes at 10 nm 
(Fig. 1b). Its daily trend shows a peak in the morning at 10:00–12:00, although on average other minor aero-
sol bursts can also be seen during evening and night time. The annual trend (Fig. 1f) shows an enhancement 
during the season transition periods in late spring (May) and early autumn (September); overall, 65% of these 

Figure 1.  (a–e) Daily aerosol size distributions cluster results (bottom), average Daily N10–500 particle number 
concentration (top) and average daily size distribution (on the right coloured panel); and (f) annual frequency 
distributions of the five aerosol categories. New particle formation events were also validated by N3–10nm 
concentrations (measured by tandem particle counters with lower detection limits of 3 and 10 nm, respectively; 
see methods) of 316 ± 110, 168 ± 58, 128 ± 44, 73 ± 25, 99 ± 36 cm−3 for clusters (a–e), respectively.
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events were detected in daylight months. The name of this category refers to an aerosol population that bursts 
and begins to exist or develop, but fails to grow to larger sizes like in the nucleation category (see Figure S2b).

•	 “Nascent” ultrafine. It occurs annually 12% of the time, with a broad Aitken mode centred at 55 nm without 
a clear diurnal pattern (Fig. 1c–f). The name of this category emerges from growing ultrafine aerosol result-
ing from the processing of local and regional marine aerosols, a phenomenon previously described to occur 
mainly in summer8, 26.

The two remaining clusters (“Accumulation I” and “Accumulation II”) were characterized by larger size 
modes that contributed little to the overall ultrafine aerosol population numbers (Fig. 1d,e). In summary, mainly 
“Bursting” and “Nucleation” aerosol categories contribute to NPF events.

Elucidating source regions.  A number of regions contribute aerosols to the Arctic boundary layer, depend-
ing on the measurement site25. The mountainous site Zeppelin8, 27 receives long-range transported pollution pre-
dominantly from Eurasia during winter and spring. In summer, Zeppelin is often located south of the Polar Front 
and thus receives mainly marine air masses from the Atlantic Ocean. Apportioning the origin and trajectory of 
the air masses is critical - therefore - to interpret locally monitored aerosol ultrafine events. In order to associate 
our aerosol categories to air masses and surface characteristics, a cluster analysis of air mass back trajectories 
arriving at Zeppelin every 6 hours during the 11 year record (see Supporting Information, Figure S3) was carried 
out; resulting in five main air-mass clusters (Table S1). The most frequent air mass (cluster 5, 27%) was stagnant 
air from the South, whose occurrence peaked in summer (38–45%). The second most frequent air mass (cluster 
4, 25%) came from the East, mainly during winter (33–36%). Minor clusters included South West and Greenland 
(cluster 3, 19%), North (cluster 2, 15%) and Northern long distance (cluster 1, 14%). We subsequently matched 
the air mass classification analysis with our aerosol k-means cluster analysis. Table S1 - obtained from merging 
analysis presented in Figs 1 and Fig. S3 - shows the emerging seasonal associations, with ultrafine aerosol catego-
ries mainly associated with air masses from the South/South East sector (63–65%).

In a further analysis, we calculated how far each air mass travelled over zones distinguished by their surface 
characteristics, namely land only, land covered by snow, sea ice and open water (Methods, Table S1). Ultrafine 
aerosols did not seem to be frequent when air masses travelled over land (3–7%), or land covered by snow (13–
17%). By contrast, the majority of the ultrafine aerosols were associated with air masses travelling over open water 
(43–51%) and sea ice (29–39%). Arctic sea ice is a spatially complex physical environment - a vast biome com-
posed 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. Changes in the amount of ocean surface covered 
by ice play an important role in the global climate system28, 29. Forthcoming definition of sea ice regions28, we clas-
sified “consolidated pack ice” as regions with pack ice concentration higher than 80%, “open pack ice” as regions 
with sea ice concentration higher than 15% and lower than 80% within the consolidated ice region, and “open 
water” as regions with sea ice concentrations lower than 15%. For each day of each aerosol category, we calculated 
the amount of time spent by the associated air mass trajectory over the sea ice regions. Results are summarised 
in Fig. 2. Nascent ultrafine is dominated by air masses travelling over open water (52%), whereas accumulation I 
and II over consolidate packed sea ice (31–45%). Bursting ultrafine seems to have intermediate undefined con-
ditions. Figure 2 shows that the nucleation category is associated with air masses travelling over open pack ice. 
Even though both categories nucleation and nascent peak in summer (Fig. 1f), the former is the only one mostly 
associated with open pack ice relative to consolidated pack ice. Thus, areas with melt ponds, open leads amidst 
the pack ice, and variable ice floe percentages across the open pack ice, all seem to be strong sources of precursor 
gas phase species responsible for aerosol new particle formation and growth in the summer Arctic. Our 11 year 
record supports previous short studies conducted during icebreaker expeditions at high Arctic locations17.

The ultrafine aerosol categories detected in this study were recorded in the planetary boundary layer. The ver-
tical distribution of airborne particles over the summer Arctic is governed by the complicated interplay between 
local sources, air mass origin and long-distance transport, mixing events and cloud processing. Previous observa-
tions showed new particle formation events taking place at high altitudes including the free troposphere30 as well 
as in the boundary layer near the surface31. Recent vertical profiles have revealed the latter as a more plausible and 
common source32, 33. The absence of deep convection limits the entrainment of free tropospheric aerosols into the 

Figure 2.  Percentages of total time (hours) of air mass back trajectories travelling over different sea ice areas for 
each of the 5 aerosol categories.
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inversion layer. Therefore, local natural sources, in combination with boundary layer transport of precursor gases 
from the open pack sea ice region, are thought to be significant contributors to the detected aerosol population. 
Further information on chemical and physical aerosol properties are presented in the next section.

Anthropogenic and biogenic chemical markers.  It is still debated as to how different natural and 
anthropogenic sources contribute to the Arctic aerosols8, 34. The Arctic is subject to a strong anthropogenic influ-
ence during winter. Indeed, the highest daily concentrations of anthropogenic equivalent black carbon (EBC) 
were detected during days classified into the two accumulation categories (43 ng m−3 and 16 ng m−3, respectively), 
which are more frequent in winter (Fig. 1f and 3). By contrast, the remaining three aerosol categories describing 
the ultrafine population were recorded during periods with the lowest black carbon concentrations (7–9 ng m−3, 
Fig. 3). SO2 in the Arctic has both anthropogenic and natural sources9, but in our study it paralleled the EBC pat-
tern (r = 0.98, N = 2850 days, Fig. 3). Sulphate, conversely, showed a lower correlation to EBC (r = 0.71, N = 140) 
and no clear association with any of the aerosol clusters. Non sea salt Sulphate in the Arctic atmosphere originates 
from anthropogenic and biogenic sources, including dimethylsulphide (DMS) and methane sulfonate (MSA)35, 36.  
Notably, we found the highest daily concentration of MSA associated with nucleation event days over summer 
(Fig. 3). A correlation between summertime particle number concentrations and MSA concentrations was pre-
viously found15, 16, 18. However, associations between DMS flux, changes in sea ice extent and phytoplankton 
productivity are not fully understood. Sea ice is an organic sulphur-rich environment because ice algae generally 
contain high intracellular levels of DMSP for osmoregulation and cryoprotection22. Even though surface-ocean 
DMS and chlorophyll a concentrations are typically not correlated over large spatial and temporal scales, recent 
studies suggest that the variability in the DMS mixing ratios in Svalbard air may be explained by the variability in 
the chlorophyll a concentration in the vicinity of the islands35, 37, 38.

Another ion commonly found in Arctic aerosol is ammonium. Average daily concentrations for the five 
aerosol categories show that this compound paralleled sulphate (r = 0.85, N = 140) but not gaseous ammonia 
(r = −0.66, N = 135) across the aerosol clusters (Fig. 3). Interestingly, ammonia gas concentration was the highest 
(0.33 μg N m−3) during nucleation event days relative to all other days (0.18 ± 0.11 μg N m−3; Fig. 3). In remote 
marine environments, the ocean is thought to be the dominant source of NH3 by zooplankton excretion and bac-
terial remineralization of phytoplankton-derived organic matter39. New comparisons of model and field data lead 
to a lower estimate of the global marine emission than previously suggested40, although there remains considera-
ble uncertainty41. In the Arctic, it has been suggested that that ice melting is a significant source of ammonium42. 
Protein-like compounds accumulate at the sea-ice interface when the sea ice melts43, and protein-like organ-
ics of marine origin are a substantial component of High Arctic Aerosols44. The most labile of the ice-released 
protein-like material will be quickly degraded into volatile methylamines by marine bacteria39, thus favouring 
gaseous emission fluxes from ice-pack openings and the ice edge. This is likely similar to what occurs with sul-
phur23. Ammonia has also been found enriched in Antarctic ice relative to surface seawaters, suggesting that ice 
melt is a significant source, likely as a consequence of biological activity within the ice45. There is strong evidence 
that coastal seabird colonies are sources of NH3 in the summertime Arctic46, although there is still significant 
uncertainty47. Recently, ammonia from seabirds was found to be a key factor contributing to bursts of newly 
formed coastal particles at Alert, Canada48. A pan-Arctic aerosol number size distribution study revealed that 
there is no single site that can be considered as fully representative for the entire Arctic region with respect to aer-
osol number concentrations and distributions49. Our air mass analysis excluded local influence of coastal sources 
on detected NPF events over 11 years. Further studies are needed to elucidate and quantify different particle 
sources including natural seabird colonies and open pack sea ice emission.

The chemical composition of the categorized Arctic ultrafine aerosol is not known at this stage. Recent work 
in the study region50 reported iodine oxoacids and iodine oxide vapours driving the formation and initial aerosols 
growth process. Involvement of ammonia and amines in particle nucleation at mid-latitudes has become well 
established19, and recent measurements suggest that local ammonia sources in the summer Arctic are sufficient 
to promote particle formation46–48. Whilst we cannot directly link any compound to observed newly formed 

Figure 3.  Average daily concentrations of selected chemical tracers for each aerosol category.
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particles, our aerosol chemistry correlation data suggest a crucial role of biogenic precursors originating over 
sea-ice regions in the Arctic in ultrafine aerosol formation.

Primary emissions of biological particles (microgels) from the ocean20–22 may explain part of the aerosol con-
centrations of the category bursting. However, part of the diurnal profile may also be explained by secondary new 
particle formation bursts. The absence of particle growth for this category may depend upon a delicate balance 
between a high vapour formation rate and a low condensation sink14. Therefore, calculation of the Condensation 
Sink (CS, see methods) for the five different aerosol categories may help our interpretation. Indeed, the average 
CS for the different categories (Figure S4) shows that bursting have among the highest CS values, suggesting such 
a competing process is probably limiting aerosol growth. Conversely, the diurnal profile of the summer-dominant 
nucleation category strongly indicates that these aerosols resulted from new particle formation (NPF) events 
through photochemical reactions of gaseous precursors of biogenic origin. Thus, secondary aerosols seem to 
be the prevailing - but not sole22, 26 - mechanism in governing ultrafine aerosol numbers in the Arctic. Nascent 
ultrafine likely result from a combination of marine processes26. Figure S4 brings additional support to our find-
ing, stressing the importance of biogenic precursors released by open water and melting sea ice (Fig. 2). Category 
nascent possesses the lowest CS values and - regardless of occurring mainly during summer time (Fig. 1f) - the 
absence of gas precursors is likely the reason for the absence of small ultrafine aerosol in this category.

Nucleation events, sea ice and implications for climate.  Despite the presence of the ice cover and 
extreme light and temperature conditions, the Arctic shelf seas rank amongst the most biologically productive in 
the world. As the region warms1, decreasing sea ice alters marine ecosystems by, e.g., increasing the rates of phyto-
plankton net primary production by 20–30%51. Therefore, the enhanced source strengths of primary organic bio-
logical particles and the aerosol precursors DMS and nitrogen volatiles are likely to increase the oceanic influence 
on atmospheric composition21, 52. Some studies have suggested an increase in biological activity with increased tem-
perature and decreased sea-ice cover during summer, leading to elevated DMS production and emission15, 18, 27, 38.  
However, modelling results25 suggest that increased summertime DMS emissions will not cause a strong climate 
feedback due to the efficient removal processes for aerosols. Such results are highly dependent on aerosol arising 
from the microbial cycling of sulphur, which still is largely unresolved23.

We wanted to test whether nucleation events observed throughout the 11-year period presented any trend 
with the recorded sea ice extent. Figure 4a shows a striking correlation of r = −0.75 between monthly sea ice 
extent and nucleation events. The correlation is found robust also at annual resolution (r = −0.75, Fig. 4b). Sea ice 
is the central component and most sensitive indicator of the Arctic climate system and, according to all available 
climate projections it will continue to decrease. This study suggests that as sea ice pack extent retreats, either every 
summer or in the longer term with global warming, biogenic productivity flourishing in the open-ocean and 
marginal sea ice zones is responsible for increased new particle production.

Clouds, and related climate feedbacks, are major sources of uncertainty in climate model projections, and the 
Arctic is not an exception. Even small changes in cloud cover and albedo may have a strong impact on the energy 
balance at the surface and hence on the summer ice-melt53. The radiative properties of summertime liquid clouds 
are very sensitive to the number of cloud condensation nuclei (CCN), which in turn is very sensitive to the local 

Figure 4.  Relationship of sea ice extent (calculated over nearby regions of Greenland Sea and Barent Sea) with 
the nucleation aerosol category. Year 2002 and 2005 are not considered given low DMPS data capture8.
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formation of new particles when aerosol long-range transport is limited23, 54. NPF strongly controls the number of 
particles ≤ 200 nm in all seasons, and particularly in summer12. NPF involves the construction of molecular clus-
ters and the subsequent growth of these clusters to larger sizes. In order to see if the recorded nucleation events 
had an effect on the overall aerosol numbers and CCN concentrations, we hourly-resolved total particle number 
counts (N) and CCN data collected over the period 2007–2010 (1,219 days). Figure 5 shows that daily NPF events 
are responsible for the highest ultrafine particle numbers, overall contributing 37% of the detectable particles, 
up to 75% in the summer months. To affect cloud radiative properties, these small particles had to grow to CCN 
sizes. Indeed, the CCN baseline number increases by 21% (from 70 ± 5 cm−3 to 86 ± 5 cm−3) during NPF events 
(Fig. 5). It is not known at this stage if the high levels of particle number concentrations detected in Nucleation 
days (highest background N at about 500 cm−3 at about 09am) will grow to CCN sizes.

Discussion
The Arctic is a complex environment where, as opposed to large parts of the world, cloud properties together 
with bright ice and snow-covered surfaces cause clouds to actually warm the surface by more efficiently trapping 
a portion of the outgoing long-wave radiation. Various studies indicate that Arctic cloud cover has increased 
during recent decades55. Greater cloudiness in this region could lead to warming and accelerated sea-ice melt. 
Subsequent changes in the moisture source likely result in changes in precipitation that further complicate the 
energy balance, creating notable uncertainties for climate predictions56. New sources of particles and CCN are 
expected from increased anthropogenic activities in the ice-freer Arctic in coming years55. In order to evaluate 
their potential impact on Arctic climate, it is necessary to better understand and quantify the natural phenomena 
behind ocean-ice-aerosol-cloud interactions, upon which anthropogenic aerosols exert radiative forcing24.

We conclude with a schematic illustration of the seasonal sea-ice and aerosol cycle (Fig. 6). Our observations 
indicate that marine biogenic emissions are responsible for about 20% increase in particles that will nucleate 
droplets at supersaturations of 0.4% or lower over the Arctic. As sea ice retreats and thins, it opens the ocean to 
increased solar radiation and wind exposure. Increased primary production is enhanced through sea ice melt 
ponds and ultimately though the water column upon sea ice breakup. During summer, favourable conditions (e.g. 
sources of biogenic gaseous precursors, photochemical activity and low condensation sink) create new particles 
that reach CCN sizes via secondary gas to particle nucleation and growth mechanisms. In spring and autumn, 
conversely, ultrafine particle bursts are hardly accompanied by further growth, probably because of a lack of 
gas phase precursors. Despite this general scheme of temporal evolution, the Arctic ocean-sea ice-atmosphere 
coupled system remains largely unexplored but reveals highly nonlinear and spatially heterogeneous processes. 
Further integrated studies with joint multi-component observations are warranted.

Methods
Location.  The aerosol number size distribution observations that are presented in this study were collected at 
the Zeppelin observatory located on the top of Mt. Zeppelin, Svalbard (78 56 N, 11 30 E, 474 m above sea level), 
just outside the small community of Ny-Alesund. The station represents remote Arctic conditions.

Aerosol size distribution cluster.  Detailed information on closed-loop Differential Mobility Particle Sizer 
(DMPS) measurements can be found elsewhere8. In order to group together the number size distributions (NSDs) 
into common sets which were dependent mainly on the shape of the distribution and not the magnitude, the 
NSDs were normalised to the vector sum and cluster analysed using k-means clustering57. K-means clustering 
aims to partition the observations into k clusters in which each observation belongs to the cluster with the nearest 
mean. The analysis works given a predefined number of clusters k and an optimum needs to be decided upon. 
The optimum cluster number was derived using the Dunn Index and Sihouette Width (silwidth) Figure S1. The 

Figure 5.  Diurnal profiles of N and CCN categorised according to aerosol size resolved particle number 
distribution clustering. In brackets, average particle number and CCN concentrations for each aerosol cluster.

http://S1
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Dunn index (DI) is a function of the ratio of the minimum cluster separation to the maximum cluster, implying 
that the larger the Dunn index the more compact and well separated. High values of DI identify sets of clusters 
that are compact, with a small variance between members of the cluster, and well separated, where the means of 
different clusters are sufficiently far apart, when compared to the within-cluster variance58, 59. However, as the 
number of clusters increases there is a tendency of DI to decrease. A second useful measurement is the Silhouette 
width60, which is a measure of the similarity of the DMPS spectra within a cluster (cohesion) compared to other 
clusters (separation)61. The range of the silwidth is from 1 to −1, where 1 indicates that the elements within the 
cluster are have a high similarity with each other but a low similarity with the elements with the other clusters. 
For the DMPS data there is a tendency for the silwidth to be high for smaller cluster numbers which decreases as 
the cluster number is increased as the separation of clusters decreases. There will be a cluster number at which 
the natural clusters start to divide. This is point is judged as the cluster number where a common abrupt change 
in the DI and silwidth takes place, i.e. 9 to 10 clusters for the clustered daily DMPS spectra. Likewise, a similar 
approach was applied to cluster the hourly NSD data to determine the optimum number of clusters. However 
only the silwidth was used since the DI could not be calculated for the increased dataset size. Hence the largest 
number of clusters (13) was chosen with a value of the silwidth = 0.3 which showed the most abrupt decrease for 
an increase in cluster number. Both approaches ‘over-clustered’ the hourly and daily NSDs into 13 and 9 groups 
respectively when comparing time series of clusters. Clusters with similar time series and average NSD were thus 
merged yielding 6 hourly and 5 daily clusters.

Aerosol particle number concentrations.  Two different Condensation Particle Counter (CPC) were 
deployed to measure simultaneously particles at 3 nm and 10 nm (TSI CPC Model 3010 and TSI CPC Model 
3025, respectively).

Air mass back-trajectory cluster.  Two step process of ‘over-clustering’, followed by ‘merging’, was carried 
out when applying k-Means to the back trajectory calculation. Using the BADC Trajectory Service, 5 day back 
trajectories arriving at Zepellin over the 10 year span at 00:00, 06:00, 12:00 and 18:00 were calculated arriving at 
100 m altitude. 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 particles58, and the increasing uncertainty in the calculation the further back 
in time it goes. Because newly formed particles are likely to grow into cloud condensation nuclei in a day or two, 
we believe 5 days back-trajectories are more robust and more indicated for the present study. By making rows of 
240 latitudes followed by 240 longitude values - sequenced by the half hour step calculated back from their arrival 
location - a 480 × 14,600 trajectory matrix was made for cluster analysis. By over clustering the trajectories into 
10 groups, it was clear when plotting on a map that 5 groups could be used to describe the data.

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 position 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 Zeppelin over the 10 year study period 
could be calculated.

Figure 6.  Schematic illustrations of the seasonal cycle of sea-ice, microbiota, sea-to-air emissions and ultrafine 
aerosols in the Arctic. Aerosol size ranges for the aerosol categories are 10 ± 2 nm, 32 ± 12 nm and 50 ± 11 nm 
for Nucleation, Bursting and Nascent ultrafine, respectively. Both Bursting and Nucleation aerosol categories 
contribute to new particle formation events.
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The Polar Stereographic map of the Northern Hemisphere classified each of 1024 × 1024 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)62. A similar calculation was repeated but using daily maps 
of sea ice percentage concentration measured on a 12.5 km grid. These Artic polar sterographic maps of 12.5 km 
resolution contained sea ice concentration from the 85 GHz channel of SSM/I on DMSP, available since 1992. The 
percentages 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.

Aerosol and gas chemical tracers.  PM10 Sampling and Analysis PM10 aerosol sampling was performed 
at Gruvebadet station located about 50 m a.s.l. and 1 km far from the scientific village of Ny Ålesund (Svalbard 
Island −78.9°N, 11.9°E). The aerosol sampling performed by a TECORA Skypost sequential sampler equipped 
with a PM10 sampling head operating following the EN 12341 European rules. Aerosol samples were collected 
daily on Teflon (PALL Gelman) filters from March to September 2010, in total 151 samples were analysed38. 
MSA was determined by ion chromatography on the aqueous extract obtained from one half of each filter38. The 
Particle Soot Absorption Photometer (PSAP) is used to measure in near real time the optical extinction coeffi-
cient for absorption which can in also be used to estimate concentrations of black carbon. The resulting concen-
trations are reported as equivalent black carbon (EBC). EBC at daily resolution available at the NILU website data 
at daily resolution for the period 2001–2010. Gaseous NH3 and SO2 data were obtained at daily resolution at the 
NILU website data for the period 2001–2010.

Cloud Condensation Nuclei data.  Concentrations of Cloud Condensation Nuclei (CCN) have been meas-
ured continuously using a commercial available Droplet Measurement Technology (DMT) CCN counter. The 
CCN counter measures the number of particles large enough to act as CCN by feeding the ambient air though 
the chamber in which supersaturation is achieved. The CCN can scan particle number distribution as a function 
of supersaturation. We set the CCNC to measure concentration of CCN for 0.2, 0.4, 0.6, 0.8, 1.0 Super Saturation 
(SS). During the study, flow and zero-counting were checked frequently, calibrations were carried out over the 
years, the instrument was found stable and overall resulting data satisfactory. In this study we have select CCN 
values when SS is 0.4%. In total, 1120 days of sampling were obtained at hourly resolution between 01-04-2007 
and 31-12-2010.

Calculation of the Condensation Sink.  The condensation sink (CS) describes how rapidly condensable 
vapour molecules will condense on the existing aerosol. Specifically this quantity describes the loss rate of mol-
ecules with diameter dp, diffusion coefficient D, and mean free path λv onto a distribution n(dp) (or Ni in the 
discrete case) of existing particles and as such, can be obtained from integrating over the particle size spectrum63. 
Calculation are described elsewhere64.

Data availability.  The data that support the findings of this study are available from the corresponding 
author on request.

References
	 1.	 Jeffries, M. O. & Richter-Menge, J. State of the climate in 2011: The Arctic. Bull. Am. Meteorol. Soc. 93, S127–S148 (2012).
	 2.	 Shindell, D. T. et al. A multi-model assessment of pollution transport to the Arctic. Atmos. Chem. Phys. 8, 5353–5372, doi:10.5194/

acp-8- 5353-2008 (2008).
	 3.	 Birch, C. E. et al. Modelling atmospheric structure, cloud and their response to CCN in the central Arctic: ASCOS case studies. 

Atmos. Chem. Phys. 12, 3419–3435 (2012).
	 4.	 Shindell, D. & Faluvegi, G. Climate response to regional radiative forcing during the twentieth century. Nat. Geosci. 2, 294–300, 

doi:10.1038/NGEO473 (2009).
	 5.	 Najafi, M. R., Zwiers, F. W. & Gillett, N. P. Attribution of Arctic temperature change to greenhouse-gas and aerosol influences. Nature 

Climate Change 5, 246–249 (2015).
	 6.	 Acosta Navarro, J. C. et al. Amplification of Arctic warming by past air pollution reductions in Europe. Nat. Geosci. 9, 277–281, 

doi:10.1038/ngeo2673 (2016).
	 7.	 Mitchell, M. Visual range in the polar regions with particular reference to the Alaskan Arctic. J. Atmos. Terr. Phys., Special 

Supplement 195, 195–211 (2008).
	 8.	 Tunved, P., Ström, J. & Krejci, R. Arctic aerosol life cycle: linking aerosol size distributions observed between 2000 and 2010 with air 

mass transport and precipitation at Zeppelin station, Ny-Ålesund, Svalbard. Atmos. Chem. Phys. 13, 3643–3660 (2013).
	 9.	 Barriel, A. Arctic air pollution: An overview of current knowledge. Atmos. Environ. 20, 643–663 (1986).
	10.	 Stohl, A. Characteristics of atmospheric transport into the Arctic troposphere. J. Geophys. Res. 111, D11306 (2006).
	11.	 Engvall, A.-C. et al. Changes in aerosol properties during spring-summer period in the Arctic troposphere. Atmos. Chem. Phys. 8, 

445–462 (2008).
	12.	 Croft, B. et al. Processes controlling the annual cycle of Arctic aerosol number and size distributions. Atmos. Chem. Phys. 16, 

3665–3682, doi:10.5194/acp-16-3665-2016 (2016).
	13.	 Merikanto, J., Spracklen, D. V., Mann, G. W., Pickering, S. J. & Carslaw, K. S. Impact of nucleation on global CCN. Atmos. Chem. 

Phys. 9, 8601–8616 (2009).
	14.	 Kulmala, M. et al. Chemistry of atmospheric nucleation: on the recent advances on precursor characterization and atmospheric 

cluster composition in connection with atmospheric new particle formation. Annu. Rev. Phys. Chem. 65, 21–37 (2014).
	15.	 Quinn, P. K. et al. A 3-year record of simultaneously measured aerosol chemical and optical properties at Barrow, Alaska. J Geophys 

Res-Atmos 107, doi:10.1029/2001jd001248 (2002).
	16.	 Chang, R. Y.-W. et al. Relating atmospheric and oceanic DMS levels to particle nucleation events in the Canadian Arctic. J. Geophys. 

Res. 116, D00S03, doi:10.1029/2011JD015926 (2011).
	17.	 Heintzenberg, J., Leck, C. & Tunved, P. Potential source regions and processes of aerosol in the summer Arctic. Atmos. Chem. Phys. 

15, 6487–6502, doi:10.5194/acp-15-6487-2015 (2015).
	18.	 Leaitch, W. R. et al. Dimethyl sulfide control of the clean summertime Arctic aerosol and cloud. Elem. Sci. Anth. 1, 000017 (2013).

http://dx.doi.org/10.5194/acp-8-
http://dx.doi.org/10.5194/acp-8-
http://dx.doi.org/10.1038/NGEO473
http://dx.doi.org/10.1038/ngeo2673
http://dx.doi.org/10.5194/acp-16-3665-2016
http://dx.doi.org/10.1029/2001jd001248
http://dx.doi.org/10.1029/2011JD015926
http://dx.doi.org/10.5194/acp-15-6487-2015


www.nature.com/scientificreports/

9Scientific Reports | 7: 3318  | DOI:10.1038/s41598-017-03328-1

	19.	 Willis, M. D. et al. Growth of nucleation mode particles in the summertime Arctic: a case study. Atmos. Chem. Phys. 16, 7663–7679, 
doi:10.5194/acp-16-7663-2016 (2016).

	20.	 Leck, C. & Bigg, E. K. Evolution of the marine aerosol – a new perspective. Geophys. Res. Lett. 32, L19803, doi:10.1029/2005GL023651 
(2005).

	21.	 Orellana, M. V. et al. Marine microgels as a source of cloud condensation nuclei in the high Arctic. Proc Natl Acad Sci 108(33), 
13612–13617 (2011).

	22.	 Karl, M., Leck, C., Coz, E. & Heintzenberg, J. Marine nanogels as a source of atmospheric nanoparticles in the high Arctic. Geophys. 
Res. Lett. 40, 3738–3743, doi:10.1002/grl.50661 (2013).

	23.	 Levasseur, M. Impact of Arctic meltdown on the microbial cycling of sulphur. Nature Geosciences 6, 691–700 (2013).
	24.	 Carslaw, K. S. et al. Large contribution of natural aerosols to uncertainty in indirect forcing. Nature 503, 67–71, doi:10.1038/

nature12674 (2013).
	25.	 Browse, J. et al. The complex response of Arctic aerosol to sea-ice retreat. Atmos. Chem. Phys. 14, 7543–7557, doi:10.5194/acp-14-

7543-2014 (2014).
	26.	 Quinn, P. K. & Bates, T. S. The case against climate regulation via oceanic phytoplankton sulphur emissions. Nature 480, 51–56, 

doi:10.1038/nature10580 (2011).
	27.	 Sharma, S. et al. Influence of transport and ocean ice extent on biogenic aerosol sulfur in the Arctic atmosphere. J. Geophys. Res. 117, 

D12209 (2012).
	28.	 Strong, C. & Rigor, I. G. Arctic marginal ice zone trending wider in summer and narrower in winter. Geophys. Res. Lett. 40, 

4864–4868 (2013).
	29.	 Stroeve, J. C., Jenouvrier, S., Campbell, G. G., Barbraud, C. & Delord, K. Mapping and assessing variability in the Antarctic marginal 

ice zone, pack ice and coastal polynyas in two sea ice algorithms with implications on breeding success of snow petrels. The 
Cryosphere 10, 1823–1843, doi:10.5194/tc-10-1823-2016 (2016).

	30.	 Wiedensohler, A., Covert, D. A., Swietlicky, E. S., Aalto, P. & Heintzenberg, J. Occurrence of an ultrafine particle mode less than 20 
nm in diameter in the marine boundary layer during the Arctic summer. Tellus B 48, 213–222 (1996).

	31.	 Strom, J., Engvall, A. C., Delbart, F., Krejci, R. & Treffeisen, R. On small particles in the Arctic summer boundary layer: observations 
at two different heights near Ny-Alesund, Svalbard. Tellus B 61, 473–482, doi:10.1111/j.1600-0889.2008.00412.x (2009).

	32.	 Kupiszewski, P. et al. Vertical profiling of aerosol particles and trace gases over the central Arctic Ocean during summer. Atmos. 
Chem. Phys. 13, 12405–12431, doi:10.5194/acp-13-12405-2013 (2013).

	33.	 Burkart, J. et al. Summertime observations of ultrafine particles and cloud condensation nuclei from the boundary layer to the free 
troposphere in the Arctic. Atmos. Chem. Phys. Discuss, doi:10.5194/acp-2016-701, in review (2016).

	34.	 Hirdman, D. et al. Source identification of short-lived air pollutants in the Arctic using statistical analysis of measurement data and 
particle dispersion model output. Atmos Chem Phys 10, 669–693 (2010).

	35.	 Ghahremaninezhad, R. et al. Biogenic, anthropogenic and sea salt sulfate size- segregated aerosols in the Arctic summer. Atmos. 
Chem. Phys. 16, 5191–5202, doi:10.5194/acp-16-5191-2016 (2016).

	36.	 Simó, R. Production of atmospheric sulfur by oceanic plankton: Biogeochemical, ecological and evolutionary links. Trends Ecol. 
Evol. 16(6), 287–294, doi:10.1016/S0169-5347(01)02152-8 (2001).

	37.	 Park, K.-T. et al. Linking atmospheric dimethyl sulfide and the Arctic Ocean spring bloom. Geophys. Res. Lett. 40, 155–160 (2013).
	38.	 Becagli, S. et al. Relationships linking primary production, sea ice melting, and biogenic aerosol in the Arctic. Atm. Env. 136, July 

2016, Pages 1–15 (2016).
	39.	 Carpenter, L. J., Archer, S. D. & Beale, R. Ocean-atmosphere trace gas exchange. Chem. Soc. Rev. 41, 6473–6506, doi:10.1039/

c2cs35121h (2012).
	40.	 Paulot, F. et al. Global oceanic emission of ammonia: constraints from seawater and atmospheric observations. Glob. Biogeochem. 

Cycles 29, 1165e1178 (2015).
	41.	 Lin, C. T. et al. Aerosol isotopic ammonium signatures over the remote Atlantic Ocean. Atmos. Environ. 133, 165–169 (2016).
	42.	 Tovar-Sanchez, A. et al. Impacts of metals and nutrients released from melting multiyear Arctic sea ice. J. Geophys. Res. 115, C07003, 

doi:10.1029/2009JC005685 (2010).
	43.	 Galgani, L., Piontek, J. & Engel, A. Biopolymers form a gelatinous microlayer at the air-sea interface when Arctic sea ice melts. Sci 

Rep 6, 29465 (2016).
	44.	 Fu, P. Q., Kawamura, K. & Chen, J. et al. Fluorescent water-soluble organic aerosols in the High Arctic atmosphere. Sci Rep 5, 9845, 

doi:10.1038/srep09845 (2015).
	45.	 Thomas, D. N. & Dieckmann, G. S. Antarctic sea ice—A habitat for extremophiles. Science 295, 641–644, doi:10.1126/

science.1063391 (2002).
	46.	 Wentworth, G. R. et al. Ammonia in the summertime Arctic marine boundary layer: sources, sinks, and implications. Atmos. Chem. 

Phys. 16, 1937–1953, doi:10.5194/acp-16-1937-2016 (2016).
	47.	 Riddick, S. N. et al. The global distribution of ammonia emissions from seabird colonies. Atmos. Environ. 55, 319–327 (2012).
	48.	 Croft, B. et al. Contribution of Arctic seabird-colony ammonia to atmospheric particles and cloud-albedo radiative effect. Nature 

Communications 7, Article number 13444 (2016).
	49.	 Freud, E. et al. Pan-Arctic Aerosol Number Size Distributions: Seasonality and Transport Patterns. Atmos. Chem. Phys. Discuss, 

doi:10.5194/acp-2017-62 in review (2017).
	50.	 Sipilä, M et al. Molecular-scale evidence of aerosolparticle formation via sequential addition of HIO3. Nature 1–3, 10.1038/

nature19314 (2016).
	51.	 Arrigo, K. R. & G. L. van Dijken Continued increases in Arctic Ocean primary production. Prog. Oceanogr. 136, 60–70, 

doi:10.1016/j.pocean.2015. 05.002 (2015).
	52.	 Almeida, J. et al. Molecular understanding of sulphuric acid-amine particle nucleation in the atmosphere. Nature 502, 359–363, 

doi:10.1038/nature12663 (2013).
	53.	 Mauritsen, T. et al. An Arctic CCN-limited cloud-aerosol regime. Atmos. Chem. Phys. 11, 165–173, doi:10.5194/acp-11-165-2011 

(2011).
	54.	 Leaitch, W. R. et al. Effects of 20–100 nm particles on liquid clouds in the clean summertime Arctic. Atmos. Chem. Phys. 16, 

11107–11124, doi:10.5194/acp-16-11107-2016 (2016).
	55.	 Döscher, R., Vihma, T. & Maksimovich, E. Recent advances in understanding the Arctic climate system state and change from a sea 

ice perspective: a review. Atmos. Chem. Phys. 14, 13571–13600, doi:10.5194/acp-14-13571-2014 (2014).
	56.	 Kopec, B. G., Feng, X., Michel, F. A. & Posmentier, E. S. Influence of sea ice on Arctic precipitation. Proceedings of the National 

Academy of Sciences 113, 46–51, doi:10.1073/pnas.1504633113, http://www. 765 pnas.org/content/113/1/46.abstract (2016).
	57.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

URL https://www.R-project.org/. (2015).
	58.	 Dunn, J. C. “A Fuzzy Relative of the ISODATA Process and Its Use in Detecting Compact Well-Separated Clusters”. Journal of 

Cybernetics 3(3), 32–57 (1973).
	59.	 Halkidi, M., Batistakis, Y. & Vazirgiannis, M. On Clustering Validation Techniques. Journal of Intelligent Information Systems 17, 

107–145 (2001).
	60.	 Rousseeuw, P. J. Silhouettes: A graphical aid to the interpretation and validation of cluster analysis. J. Comput. Appl. Math. 20, 53–65 

(1987).

http://dx.doi.org/10.5194/acp-16-7663-2016
http://dx.doi.org/10.1029/2005GL023651
http://dx.doi.org/10.1002/grl.50661
http://dx.doi.org/10.1038/nature12674
http://dx.doi.org/10.1038/nature12674
http://dx.doi.org/10.5194/acp-14-7543-2014
http://dx.doi.org/10.5194/acp-14-7543-2014
http://dx.doi.org/10.1038/nature10580
http://dx.doi.org/10.5194/tc-10-1823-2016
http://dx.doi.org/10.1111/j.1600-0889.2008.00412.x
http://dx.doi.org/10.5194/acp-13-12405-2013
http://dx.doi.org/10.5194/acp-2016-701
http://dx.doi.org/10.5194/acp-16-5191-2016
http://dx.doi.org/10.1016/S0169-5347(01)02152-8
http://dx.doi.org/10.1039/c2cs35121h
http://dx.doi.org/10.1039/c2cs35121h
http://dx.doi.org/10.1029/2009JC005685
http://dx.doi.org/10.1038/srep09845
http://dx.doi.org/10.1126/science.1063391
http://dx.doi.org/10.1126/science.1063391
http://dx.doi.org/10.5194/acp-16-1937-2016
http://dx.doi.org/10.5194/acp-2017-62
http://dx.doi.org/10.1038/nature19314
http://dx.doi.org/10.1038/nature19314
http://dx.doi.org/10.1016/j.pocean.2015.
http://dx.doi.org/10.1038/nature12663
http://dx.doi.org/10.5194/acp-11-165-2011
http://dx.doi.org/10.5194/acp-16-11107-2016
http://dx.doi.org/10.5194/acp-14-13571-2014
http://dx.doi.org/10.1073/pnas.1504633113


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 3318  | DOI:10.1038/s41598-017-03328-1

	61.	 Beddows, D. C. S., Dall’Osto, M. & Harrison, R. M. Cluster Analysis of Rural, Urban, and Curbside Atmospheric Particle Size Data. 
Environ. Sci. Technol. 43, 4694–4700, doi:10.1021/es803121t. (2009).

	62.	 National Ice Center., updated daily. IMS daily Northern Hemisphere snow and ice analysis at 1 km, 4 km, and 24 km resolutions. 
Boulder, CO: national Snow and Ice Data Center. Digital media, 2008. http://nsidc.org/data/docs/noaa/g02156_ims_snow_ice_
analysis/ [last accessed 21 April 2017].

	63.	 Dal Maso, M. & Kulmala, M. et al. Condensation and coagulation sinks and formation of nucleation mode particles in coastal and 
boreal forest boundary layers. J. Geophys. Res. 107(D19), 8097 (2002).

	64.	 Dall’Osto, M. et al. On the spatial distribution and evolution of ultrafine particles in Barcelona. Atmos Chem Phys 13, 741–59 (2013).

Acknowledgements
The study was funded by the Spanish Ministry of Economy through projects BIO-NUC (CGL2013-49020-R), and 
by the EU though the FP7-PEOPLE-2013-IOF programme (Project number 624680, MANU – Marine Aerosol 
NUcleations) and the Ramon y Cajal fellowship (RYC-2012-11922). CCNC measurement was supported by 
KOPRI project PN16081.The National Centre for Atmospheric Science NCAS Birmingham group is funded by 
the UK Natural Environment Research Council. Thanks to the British Atmospheric Data Centre, which is part 
of the NERC National Centre for Atmospheric Science (NCAS), for the calculation of trajectories and access to 
ECMWF data. Ammonia and black carbon data were provided by the EBAS database, largely funded by the UN-
ECE CLRTAP (EMEP), AMAP and through NILU internal resources.

Author Contributions
M.D. had the original idea; D.B. and M.D. made the data analysis under the supervision of R.H.; P.T., R.K. and 
J.S. collected and provided Differential Mobility Particle Sizer (DMPS) data; Y.Y. and K.P. collected and provided 
CCN data; S.B. and R.U. collected and provided aerosol chemical data; M.D. wrote the paper with discussion with 
R.S., C.O.D., R.H. and J.S., and contributions from all authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03328-1
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1021/es803121t.
http://dx.doi.org/10.1038/s41598-017-03328-1
http://creativecommons.org/licenses/by/4.0/

	Arctic sea ice melt leads to atmospheric new particle formation

	Results

	Categorising Arctic ultrafine aerosols and new particle formation events. 
	Elucidating source regions. 
	Anthropogenic and biogenic chemical markers. 
	Nucleation events, sea ice and implications for climate. 

	Discussion

	Methods

	Location. 
	Aerosol size distribution cluster. 
	Aerosol particle number concentrations. 
	Air mass back-trajectory cluster. 
	Aerosol and gas chemical tracers. 
	Cloud Condensation Nuclei data. 
	Calculation of the Condensation Sink. 
	Data availability. 

	Acknowledgements

	Figure 1 (a–e) Daily aerosol size distributions cluster results (bottom), average Daily N10–500 particle number concentration (top) and average daily size distribution (on the right coloured panel) and (f) annual frequency distributions of the five aeroso
	Figure 2 Percentages of total time (hours) of air mass back trajectories travelling over different sea ice areas for each of the 5 aerosol categories.
	Figure 3 Average daily concentrations of selected chemical tracers for each aerosol category.
	Figure 4 Relationship of sea ice extent (calculated over nearby regions of Greenland Sea and Barent Sea) with the nucleation aerosol category.
	Figure 5 Diurnal profiles of N and CCN categorised according to aerosol size resolved particle number distribution clustering.
	Figure 6 Schematic illustrations of the seasonal cycle of sea-ice, microbiota, sea-to-air emissions and ultrafine aerosols in the Arctic.




