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New particle formation is animportant source of Arctic atmospheric
particles and cloud condensation nuclei, yet their precursor sources and
molecular-level mechanisms remain poorly understood. Here we report
comprehensive ship-based observations from19 May to 26 June 2022 from
southeastern to western Greenland and into the Davis Strait’s marginalice
zoneto investigate sources and processes controlling atmospheric particles
and cloud condensation nuclei. Our observations provide field evidence of
frequent nucleation events driven by the multicomponent iodine oxoacid
and sulfuricacid mechanismrecently identified inlaboratory studies.
Newly formed particles grew rapidly beyond 20 nm on 8 out of 13 nucleation
days, mainly driven by oxygenated organic molecules from aldehyde and
monoterpene oxidation. We also report a previously unobserved class of
iodine-containing oxygenated organic molecules that contributed to particle
growth and enhanced cloud condensation nuclei formation. We show that
marginal seaice zone produces precursors that drive rapid new particle
formation and enhance cloud condensation nuclei concentrations by up

to 50-fold. Our findings demonstrate that Arctic iodine, sulfur and organic
precursors can enhance cloud condensation nuclei abundance through new
particle formation, highlighting a potential but unquantified pathway for
influencing cloud cover, radiative balance and the hydrological cycle.

Over the past 40 years, Arctic surface temperature hasrisenmore than
three times faster than the global average'*. Aerosol particles play an
importantbutuncertainroleinthis phenomenon: they bothreflect and
absorb solar radiation, and act as cloud condensation nuclei (CCN),
thereby affecting cloud radiative properties®™. New particle forma-
tion (NPF), involving nucleation of gases to form new particles and
their subsequent growth, is considered animportant source of Arctic
CCN in summer®’. However, climate models consistently struggle to

accurately reproduce observations of Arctic aerosols and CCN, largely
ascribed to a limited understanding of precursor sources and NPF
mechanisms>®?, limiting their ability to model clouds.

Although nucleation and growth of new particles have been
observed across the Arctic”'°™, it is a diverse region with a complex
biome consisting of various ecosystems that emit multiple gases, whose
photochemical reaction products participatein NPF.Recent Arctic stud-
ies showed that dominant nucleation mechanisms differ at different
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Fig. 1| Arctic NPF phenomenology. a, Map of the Arctic coloured by sea

ice concentration (June 2022). Blue line indicates the ship track during the
campaign. Pink triangles and green squares represent locations of NPF and burst
events, respectively. Dark-red triangle and square, and purple trace, represent
locations of previous studies™'*. b, Diel cycles of PNSD and ion concentrations
between 3 nmand 5 nm on all NPF event (8 days), burst event (5 days) and non-
event (8 days) days. D,, particle diameter. Days with extensive pollution from
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our ship (Supplementary Text 2) are excluded from the data analysis. The PNSD
is derived from the NAIS (3-25 nm), and two MPSSs (25-40 nm and 40-736 nm).
The 3-5 nmion number concentration is from the NAIS negative channel.

¢, Diel cycle of acid (H,SO,, HIO; and MSA) and OOM concentrations, measured
by nitrate-chemical ionization mass spectrometer (NO;” CIMS), alongside SR
(solar radiation) on NPF, burst and non-event event days.

locations and seasons™* (Supplementary Fig. 1a and Supplementary
Text 1.1). For example, sulfuric acid (H,SO,) and ammonia (NH,) have
beenreportedtobeimportantfor nucleation at Svalbard, while nuclea-
tioninthe high Arctichasbeenattributed primarily toiodicacid (HIO,)™.

As part of extensive work unveiling the mechanisms of nucleation
and growth in a variety of chemical systems, recent CERN Cosmics
Leaving OUtdoor Droplets (CLOUD) chamber measurements discov-
ered multicomponent nucleation (that is, involving more than two
components simultaneously, excluding H,0)" of iodine oxoacids
(HIO,=HIO;, and iodous acid, HIO,) and H,SO,. They can synergisti-
cally form new particles, even in the absence of alkaline gases”, with
HIO, enhancing H,SO,-NH; nucleation rates by factors of 10-10,000
(ref. 17). This challenges the prevailing view on the dominant role
of H,SO,-NH; or HIO; nucleation as independent pathways at high
latitudes®®>'* (Supplementary Fig. 1a and Supplementary Text 1.1).
However, this laboratory-derived mechanism remains unvalidated by
real-world observations, essential to confirm atmospheric relevance
and/or importance of the laboratory findings'®2°.

Particlegrowthinthe Arctic has been attributed variously to H,SO,
and methanesulfonic acid (MSA) at Svalbard®, HIO, in central Arctic™*
and, hypothesized but not definitively confirmed, oxygenated organic
molecules (OOMs: organic molecules with more than four carbon and
more than three oxygen atoms) and marine-originated oxygenated
volatile organic compounds (OVOCs: volatile organic compounds
(VOCs) with one to three oxygen atoms)'"'>*"% (Supplementary Fig. 1b
and Supplementary Text 1.2). Existing studies suggest that NPF contrib-
utes to Arctic CCN™'"*** (Supplementary Text1.3), but none has followed
the same particle population from molecular clusters through growth
todirectly measured CCN. Such closureisincreasingly important given
the rapidly changing Arctic environment, including rising emissions
of iodine and dimethylsulfide (DMS)'**",

Here, using comprehensive measurements aboard the RRS Discov-
ery during the DY151 campaign (19 May to 26 June 2022), we provide
real-world evidence that Arctic nucleation is driven by synergistic
H,SO, and HIO, clustering. Furthermore, we show that subsequent
growth to CCN is dominated by condensation of OOMs, including a
previously unobserved class of iodine-containing OOMs. By directly
linking emissions from the marginalice zone to a substantial increase
in CCN, our findings provide a complete observational closure from
precursors to cloud- and climate-relevant particles.

Characteristics of nucleation events
Figure 1a shows sea ice concentrations across the Arctic during June
2022, overlaid with the cruise track; the expedition focused on the

understudied region around the Davis Strait’s melting sea ice zone
(Methods). Asuite of instruments measured particle number size dis-
tributions (PNSD), gas-phase NPF precursors, including H,SO,, MSA
and HIO,, VOCs and OOMs, as well as other gaseous pollutants and
aerosol composition (Fig. 1, Extended DataFig.1, Supplementary Fig.2
and Supplementary Methods 2-9). Background concentrations of NO,
(<50 pptv), SO, (median 23 pptv) and black carbon (BC) (1.9 ng m™)
were very low, indicating pristine marine conditions. Days with iden-
tifiable pollution from the ship were excluded from data analysis (Sup-
plementary Text 2 and Supplementary Fig. 2).

Based on the criteria detailed in Supplementary Methods 10,
nucleation events were observed on 13 days, accounting for 81% of all
days when peak hourly solar radiation exceeded 600 W m™= Among
the nucleation days, eight showed particle growth to sizes greater
than 20 nm (Extended Data Fig. 1), of which six days had measurable
growth rates (GR; Supplementary Methods 11). Nucleation days with
observable growth are referred to as ‘NPF events’, while those without
growth are termed ‘burst events’, characterized by aburst of sub-10-nm
particle number; days with no evidence of nucleation are defined as
‘non-event days’.

NPF and burst events, defined by 3-5 nm ion concentrations as
ametric for NPF event intensity”, occurred under elevated concen-
trations of OOMs, H,SO,, HIO; and MSA relative to non-event days
(Fig. 1b,c and Extended Data Fig. 2). Median condensable OOM con-
centrations were ~40% lower during burst than during NPF events.
Condensation sinks were lower on NPF and burst days (7 x 10™* s and
5x107*) versus non-event days (1 x107%s™; Extended Data Fig. 2 and
Supplementary Table 1).

Multicomponent nucleation

Clusters containing H,SO,, HIO; and HIO, were detected during nuclea-
tion events (Fig. 2a,b and Supplementary Table 2), including dimers
HIO;-HSO, and HIO,-HIO;-NO;", as well as the occasional detection of
trimers HI0,-H,S0,-HSO,” and C,H,N-HIO,-10," (Fig. 2, Extended Data
Figs. 3 and 4 and Supplementary Methods 3). As NO,™ in HIO,-HIO;-
NO,"is a charger ion introduced by the mass spectrometer”, this ion
represents acluster of HIO,. These clusters are similar to those identi-
fiedin previous Arctic studies of mixtures of H,SO, and HIO, (refs.13,14).
Three of these clusters were detectable during burst events with signals
lower thanthose on NPF days, while none of these clusters was detected
before NPF began (Fig. 2c). A day-by-day analysis (Extended Data Figs.3
and 4) shows at least one cluster containing both HIO, and H,SO, on
nearly every NPF day, confirming consistent co-involvement of both
precursor systems despite variable detectability of individual species.
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Fig. 2| Molecular composition of detected clusters during nucleation and
background periods. a-c, Mass defect plots showing neutral molecules and
clusters detected by NO;™ CIMS, averaged across NPF events (a), burst events
(b) and pre-NPF background periods (c; typically from 2:00 to 4:00, when
photochemistry is minimal). Each circle represents a detected species; its
position on they axis reflects the difference between its exact and nominal

mass, a fingerprint that helps identify molecular composition, and its size is
proportional to signal intensity (cps, counts per second). Key species containing
H,SO,, HIO;and HIO, are labelled. H,SO,, MSA, HIO; and HIO, are reported as

the sum of their deprotonated and clustered forms; individual ions are listed in
Supplementary Table 2.
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Fig. 3| Multicomponent nucleation involving HIO,. a, Scatter plot of HIO,
versus HIO; from our measurements compared with data from the CLOUD
chamber, Mace Head and Ny-Alesund”. The dashed red line represents
atotal least-squares regression fit for our data, yielding an equation of
log,,(HIO,) = 0.6 x log,,(HIO;) + 1.05, consistent with the CLOUD fitting line
(blueline). Pink and green filled circles represent the mean values during the
nucleation period for NPF and burst events, respectively. Two hollow pink
circlesindicate two events, 23 and 24 May, where HIO, concentrations were
estimated by the aforementioned fitting equation. The average temperature
throughout the entire campaign was 1.2 °C. b, J, ; versus (HIO; + H,SO,) x HIO,
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for all measured nucleation events, together with CLOUD data. The dashed line
inbis parallel to and has the same distance to the regression lines of the J, ;and
(HI0; + H,SO,) x HIO, at temperatures of 10 °C and -10 °C. Assuming a linear
relationship, this line represents the expected value at O °C. Pink and green data
pointsinbrepresent average values during each nucleation event. Error bars
represent one standard deviation of the mean value. The hollow circle in the
figure represents the HIO, values estimated based on the fitting equation shown
above. See Supplementary Methods 3 and Supplementary Text 3 for estimates
of uncertainties in concentration measurements and nucleation rate, as well as
limits of detection.

HIO; and HIO, concentrations were well correlated, with median
concentration 2 x 10° cm™ for HIO; and 1.6 x 10* cm™ for HIO,. The
power-law relationship between them (Fig. 3a) agrees with He et al.”,
indicating that the HIO,:HIO; ratio varies with concentration, here
at concentrations over an order of magnitude lower. Using this rela-
tionship, we applied the more readily observed HIO; to estimate
HIO, concentrations when they were not detectable on 23-24 May
(Extended DataFig.1).

The peak hourly formationrate at 1.7 nm (/, ;) for each day varied
from 0.04 to 1.4 cms7, in line with values at Svalbard of 0.33 (/)"
and 0.04 (/;)*°. Our observed formation rate at 10 nm (J,,) is within
the observed range in Arctic', although the median is relatively high
(Supplementary Fig. 3). The measured H,SO, concentration is too
low to explain/,; when compared with CLOUD experiments involving
H,S0,-NH;-H,0 or H,SO,~-DMA-H,0 (<5 pptv DMA, 1-2 pptv NH,)*.
Our data similarly do not match experiments with 4 pptv DMA and
10 pptv NH, (Extended Data Fig. 5a)*>. NH, was below the detection

limit (65 pptv) throughout the campaign, lower than that measured
in Baffin Bay and East Canadian Archipelago® but consistent with
model predictions of low concentrations in the region (<100 pptv)*
(Supplementary Text 4). Furthermore, NO;” CIMS can measure amines
at concentrations as low as a few parts per trillion by volume®**, but
none was detected here, indicating that the amine concentration is
very low. Croft et al.* reported that amine concentrations near Alert
were below detection limits (~0.5 pptv). Neither H,SO,-DMA-H,0 nor
H,SO,-NH,;-H,0O aloneis sufficient to explainthe observed/, ,. Similarly,
atour observed concentrations of HIO;, nucleation cannot be explained
when considering HIO; alone*® (Extended Data Fig. 5b).

Following He et al.”, we plottedJ, ; versus (HIO; + H,SO,) x HIO,,
representing the formationrate of H,SO,-HIO, and HIO,-HIO, (Fig. 3b).
Among all systems that have been studied at the CLOUD chamber,
the HIO,~H,SO, system most consistently reproduces our /, ; values,
indicating thekey role of both HIO,and H,SO, in our observed nuclea-
tion events. Considering the average ambient temperature of 1.4 °C
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during the nucleation periods, the central value of /, ; on some days
sits slightly above our interpolated fitting line based on the tempera-
ture dependence measured in CLOUDY (Fig. 3b). This enhancement
is probably driven by two factors: reduced cluster scavenging due
to a lower condensation sink than in the CLOUD chamber (9 x10™*
versus2 x 107 s™)* and the potential participation of other stabilizing
species. One plausible stabilizing species is DMA, as indicated by the
occasional detection of DMA clustered with HIO, (Supplementary Fig. 4
and Extended Data Figs. 3 and 4). The DMA-HIO,-HIO; cluster signal
correlates with HIO; concentrations and is highest when HIO; is at its
maximum (Supplementary Figs. 4 and 5). Quantum chemical model-
ling studies showed that DMA can accept aprotonfromHIO,;as abase,
formingastable cluster (DMA-HIO,-HI0,)*. OOMs may also enhance
nucleation rates®; however, we see no positive relationship between
OOM concentrations (of any volatility class or source) and nucleation
rates relative to He et al.” (Supplementary Fig. 6). This indicates that
the OOMs are unlikely to have a substantial effect on nucleation.

Our results demonstrate that H,SO,, HIO; and HIO, are the core
components of asynergistic nucleation mechanismin our study area,
which appears tobe enhanced by bases suchas DMA. This provides real
atmospheric validation of the multicomponent nucleation mechanism
by He et al.” at lower, tropospheric vapour concentrations.

Particle growth

We identified 591 gas-phase OOMs. In addition, 91iodine-containing
OOMs were detected, which we term as I-OOMs (see example peak fits
in Extended DataFig. 6; Supplementary Methods 3). These I-OOMs cor-
relate well with HIO, (Extended Data Fig. 7). Positive matrix factorisation
(PMF) analysis of NO,;” CIMS dataidentified three distinct natural factors:
aldehyde-rich, monoterpene-richand I-OOMs-rich (Extended DataFig. 8,
Supplementary Figs. 7 and 8 and Supplementary Text 5). All three factors
peakintheafternoon, although at different hours. The concentration of
thel-OOM-richfactor represents, on average, ~-10% of total OOMs, and
weidentified aniodine-organic aerosol (I0A) factor in the aerosol mass
spectrometer (AMS) that increases in concentration as particles grow
(Supplementary Methods 12 and Supplementary Fig. 9).

We observed six events with measurable particle GR. Particles
formed during these NPF events consistently grew to 20 nmwithin afew
hours. GRs for particles of diameters 3-15 nmvaried between1.5nm h™*
and 3.6 nm h™ (Supplementary Table1), which are relatively highamong
those observedinlong-termdatainthe Arctic (Supplementary Fig.3),
but akin to measurements made in the Canadian Arctic*’. A dynamic
aerosol growth model incorporating concentrations of gas-phase
acids (H,SO,, MSA and HIO;) and OOMs" (Supplementary Methods 11)
shows that typically half or more of the observed GR were accounted for
(Extended DataFig.9). The underpredictionis probably due to the low
sensitivity of NO,- CIMS in detecting semi-VOCs (SVOCs), multiphase
reactions, coagulationgrowth and potential change in meteorological
conditions (Supplementary Text 6).

The modelled particle GRs consistently show that OOMs, par-
ticularly low volatility (LVOC) and extremely low volatility (ELVOC)
fractions, drive particle growth, withI-OOMs estimated to contribute
7-23%tomodelled GRs (Extended Data Fig. 9). The fact thatinorganic
acids such as H,SO, and HIO, contribute little to particle growth and
that this lower-limit OOM concentration can explainsuch alarge frac-
tion of the observed growth provides strong evidence that OOMs are
indeed the dominant drivers of particle growth. On one occasion (30
May), there was an overprediction of growth, probably due to mete-
orological factors not being captured by the model.

Our findings provide conclusive evidence linking OOMs, including
those containingiodine, to the growth of new particles in the Arctic.

Growthto CCN
Throughout our campaign, we regularly observed CCN concentrations
exceeding 500 cm™ at 0.5% supersaturations (Extended Data Fig. 1).

Theseelevated concentrations, coinciding witheither NPF or theappear-
ance of amode of particles around 50 nm in size, were distinguish-
able from anthropogenic tracers (such as BC or NO,) or sea salt
(Supplementary Figs. 2 and 9) and thus probably of secondary origin.
New particle growth to CCN was directly observed during two events
(23-24 May and 7-8 June).

The event on 7-8 June occurred as the air masses flowed over the
marginalice zone (the region with seaice concentration between 10%
and 80%), allowing us to examine NPF precursors and particle growth
inanenvironmentinfluenced by sea-ice-edge processes (Fig.4a,cand
Extended Data Fig. 10). More than 90% of these trajectories have a
height <200 m. Over the 2 days, concentrations of VOCs increased to
the highest levels observed during the campaign (Extended DataFig. 1d
and Supplementary Text 7). This is particularly prominent for alde-
hydes, as measured by proton transfer reaction mass spectrometry
(PTR-MS; Fig. 4e). Aldehydes are common products of seawater 0zo-
nolysis** and undergo fragmentation in the PTR-MS, producing ions
such as C;HgH' (Supplementary Text 7)*>*; therefore, we report the
summed concentration of aldehyde-related signals.

The total concentration of C,_;, aldehydes and their fragments
reached a peak of 420 pptv during this NPF event, although these
fragments may have non-aldehyde sources, and this is therefore
an upper-limit estimate of the total concentration. Off-line analy-
sis using two-dimensional gas chromatography mass spectrometry
(Supplementary Fig. 8) confirmed the presence of aldehydes, which
are dominated by C,, C;, and C;. While the aldehyde-to-monoterpene
ratios are high (up to 140 v/v; Fig. 4e), PMF analysis of the CIMS data
(Extended Data Fig. 8 and Supplementary Fig. 7) indicates that both
aldehyde- and monoterpene-derived OOMs were highly abundant
during this period.

On7]June, OOMsdrove growth of new particles to~-30 nm, followed
by further growth to ~100 nm on 8 June (Fig. 4c), when the air mass
flowed along theice edge for up to 24 h, sampling high VOC emissions.
Asthe new particles grew, condensation of more volatile OOMs became
increasingly important, enhancing GRs to -5 nm h™. Once the particles
surpassed 50 nm, they became measurable by the AMS, which showed
that organic matter dominated the particle mass, with a concurrent
but smallerincrease in sulfate mass. This faster growth at larger sizes
is consistent with the phenomenon observed by Burkart et al.”? in the
Canadian Arctic Archipelago, which they hypothesized was driven
by SVOCs. Our chemical observations confirm that, as particles get
larger, LVOCs contribute more to growth than ELVOCs (Fig. 4d). The
I0Afactorinthe AMS dataincreased as particles grew larger (Fig. 4fand
SupplementaryFig.9), further confirming the contribution of -OOMs
to particle growth. Concurrently with the increase in organic and sul-
fate mass, CCN counts increase from approximately 50 to 1,500 cm™
(0.2% supersatuation, SS) or100 t0 2,500 cm™(0.5% SS), correspond-
ing with an increasing number concentration of >50-nm particles
(Fig.4g). These CCN counts are higher than those reported in previous
Arctic campaigns, such as NETCARE"***, Note that, even whenno CCN
enhancementwas directly observed following nucleation events, newly
formed particles may still contribute to the CCN budget downwind as
they grow larger®. Similarly, some of our observed background CCN
concentrations may themselves come from NPF processes™*’.

Our findings provide direct observational evidence that organic
compounds, including previously unrecognized classes such as OOMs
derived from aldehydes and iodine-containing OOMs, contribute to
NPFinthe Arctic and drive the growth of the resulting particles to CCN
(see also Supplementary Text1).

Sources, processes and atmospheric implications

Our observations demonstrate that HIO, and H,SO, synergistically
drive nucleation. Subsequent particle growth to CCN is propelled by
arange of OOMs, including I-OOMs. We observed nucleation on over
80% of days when peak solar radiation exceeded 600 W m2, suggesting
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low-volatility organic compounds (SVOC, LVOC and ELVOC). Acids include HIO,,
H,SO, and MSA. The simulation ended when the particle diameter mode did not
change or became smaller. e, Mixing ratios of VOCs and OVOCs measured viaan
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by the AMS. The 10A factor, identified by the AMS PMF analysis, is multiplied

by 10,000, due to low signals of iodine containing fragments (Supplementary
Methods 12).g, CCN concentration at selected supersaturation (SS) levels,
alongside the counts of particles under and over 50 nmin diameter.

that this process is widespread across the region, which could have
been missed without sub-5-nm particle observations. The precursor
vapours emerge from diverse natural sources (Fig. 5), including open
ocean, ice, marginal ice zone and coast.

H,SO, and HIO, primarily originate from the oxidation of DMS
andiodine-containing species (for example, I,, C,H,l,and HOI), respec-
tively. Elevated concentrations of both species were observed near
the marginal ice zone, particularly when air masses were exposed
to the ice edge for extended periods, identifying this region as a key
hotspot. This enhancement is probably driven by combined emis-
sions from open leads, intensified biological activity and active
photochemistry*®*. Consistent with this, thriving under-ice algae and
elevated oceanic chlorophyll a were observed (Extended Data Fig. 1g
and Supplementary Fig. 10), which are indicators of sources of DMS,
and therefore H,SO, and MSA™***° (Supplementary Fig. 11).

The highest HIO, concentrations occurred in coastal Greenland,
includingfjords, indicating strong local iodine sources. In addition to
the marginalice zone, the open ocean represents a broader source of
both DMS and iodine-containing species®?¢, although emission fluxes
inthis study region remain unconstrained. lodine emissions may also
arise fromice and snow surfaces through photochemical recycling of
deposited iodine*s*.

Previous Arctic studies have identified H,SO,-NH,; and HIO,
nucleation as key processes”'*. HIO,, H,SO, and sometimes mixed
iodine-sulfur clusters were also detected™". This suggests that the
HIO,~-H,SO, nucleation process may have been presentin their obser-
vations, although they lacked the opportunity to identify its potential
importance. The relative importance of different nucleation mecha-
nisms in the wider Arctic probably depends on season and location™
(Supplementary Fig. 1), which control emission and oxidation pro-
cesses, and thus the concentration of precursor gases® (such as DMS
and I,; Fig. 5). To better quantify nucleation mechanisms across the
Arctic, comprehensive observations at multiple platforms and loca-
tions are needed.

The OOMs and I-OOMs that drive growth of new particles are
formed from oxidation of VOCs and OVOCs that were observed at
highest concentrations when air masses flowed over the ice edge.
Aldehyde-OOMs originate from aldehydes, which are formed by oxida-
tion of fatty acids in the sea-surface microlayer*>*>. Monoterpenes are
emitted from the ocean through diffusion, although at lower rates than
from most land regions****. Both aldehydes and monoterpenes read-
ily undergo autoxidation®* to form the OOMs required for particle
growth. We propose that I-OOMs form through regular autoxidation,
withiodine-containing radicals serving as autooxidation terminators

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-026-02062-6

CCN

A
%

Aitken mode particles

k=
3 1
o
&
New particles
; I
S
< Clusters
=3
=4
c / \
S
ki H,SO, HIO, I-OOMs  OOMs
2 N
: | oo N/,
£ DMS I, C,H, I, HOI voce
o
o

10lg),
Y

>

Fig. 5| Schematic representation of natural nucleation and growth of new
particles to CCNin the Arctic marine boundary layer. Volatile gases are emitted
fromdiverse sourcesincluding seaice, open ocean, coastal systems and bird
colonies viaboth biotic and abiotic processes. They then undergo oxidation to
produce NPF precursors such as HIO, (ref. 63), HIO, (ref. 17) and H,SO,, driving
particle formation, and OOMs®' and I-OOMs, which are the primary drivers of
particle growth.

(Supplementary Text 5). The strong correlations between HIO; and
I-OOMs (Supplementary Fig. 5) indicate that they share similar sources.

Like nucleation precursors, the growth of new particlesis depend-
ent on season and location, which dictate the availability of VOCs
and OVOCs and, thus, OOMs. The high Arctic, including the central
pack-iceregion, has high abundance of HIO, (ref. 14). Conversely, VOC
and, thus, OOM concentrations appear to be low (Supplementary Text
1), leading to limited new particle growth and CCN formation”"*,
Meanwhile, OOMs seem to be more abundant over the Arctic and
sub-Arctic seas and marginal ice zone, resulting in faster growth of
new particles (Fig. 4 and Extended Data Fig.9), and contribute to CCN
formation (Fig. 5).

In the Arctic atmosphere west of Greenland, synergistic inter-
action between sulfur, iodine and organic compounds drives
efficient particle and CCN formation (Fig. 5), demonstrating that
ocean emissions of volatile gases can promote CCN formation in
a pristine marine environment. The fundamental process under-
pinning this link is consistent with a key segment of the CLAW
hypothesis*®, although the link we found here is more complex given
theinvolvement of not just oceanic sulfur species but also iodine and
organic compounds.

CCN formation from these natural precursors has the potential
toinfluence Arctic cloud droplet number and reflectivity, particularly
important in the pristine Arctic atmosphere, where clouds are often
sensitive to CCN perturbations****. While conditions considered to
be strongly CCN-limited (for example, CCN <10 cm™) occur periodi-
cally across the wider Arctic in May to June (Supplementary Fig. 12),
background concentrations in our study region remained above
this threshold (Extended Data Fig. 1). The order-of-magnitude CCN
increases we observed during NPF represent a substantial perturbation
totheregional aerosol population with acomplex net radiative effect,
potentially leading to surface warming over high-albedo snow and sea
ice or a cooling effect over the open ocean®*”,

Accelerating Arcticwarming increases seaice and glacier melting,
leading to more frequent under-ice phytoplankton blooms®, enhanced
river runoff”” and enhanced ocean productivity”, potentially increas-
ing emissions of iodine, sulfur and VOCs, and therefore NPF event
frequency™. Warming will also drive marginal ice zones northwards
and widen them; while their total area has remained stable® °°, models
project they will dominate the summer Arctic in future®®*, extend-
ing marginal ice zone-related NPF to higher latitudes with potential
impacts onice melting and thereby regional and global climate.

Considering that sulfur, organic and iodine sources are wide-
spread globally, the mechanisms we showed here are probably rel-
evant beyond the Arctic (Supplementary Fig. 13). A key obstacle is
representing this chemical complexity in global models: incorporating
synergistic H,SO,-HIO, and key stabilizing organic and inorganic spe-
cies, supported by laboratory kinetic studies, would better represent
observed NPF. This moves beyond treating these as separate pathways
and reflects the synergistic mechanism now observed inboth the labo-
ratory and the field. Such updates must be underpinned by improved
emission inventories, especially in the rapidly transforming Arctic,
where marine iodine and DMS emissions are increasing®® alongside
anthropogenic perturbations such as SO,. Furthermore, progress will
require coordinated efforts combining intensive and long-term field
measurements at key locations—capturing the full NPF sequence from
precursor emissions through nucleation, growth and CCN formation—
with laboratory studies designed to reproduce real-world chemical
complexity, including those investigating aldehyde-derived OOM and
iodine-organic chemistry. Suchintegrated approaches are essential for
understanding the temporal and spatial variability of these processes
and quantifying their implications for clouds and climate.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541561-026-02062-6.
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Methods

Campaign description and physical aerosol measurements
Measurements were conducted aboard the RRS Discovery during the
DY151cruise. The datapresented here focus onthe pristine Arctic marine
boundary layer and marginal sea ice zone between 23 May and 16 June
2022 (Supplementary Methods1). Continuous PNSDs from3to 736 nm
were measured by combining data from a Neutral cluster and Air lon
Spectrometer (NAIS, Airel Ltd) and two mobility particle size spectrom-
eters (nano-MPSS and long-MPSS, TSI; Supplementary Methods 2).

Precursor gas and cluster characterization
Neutral OOMs, acids (H,SO,, MSA, HIO, and HIO,) and their molecular
clusters were quantified at high temporal resolution using NO;” CIMS
(Aerodyne; Supplementary Methods 3). Peak fitting allowed the iden-
tification of multicomponent clusters and a newly detected class of
I-OOMs. VOCs, including OVOCs such as aldehydes, were monitored
using a PTR-MS (lonicon), complemented by 24-h integrated spe-
ciation viatwo-dimensional gas chromatography mass spectrometry
(Supplementary Methods 4).

Environmental parameters, trace gases and aerosol composition
Toidentify and exclude periods contaminated by ship stack emissions
or anthropogenic transport, we continuously monitored background
tracegases (05, NO,, CO, SO, and NH;; Supplementary Methods 5) and
BC using a single-particle soot photometer (SP2-XR, DMT; Supple-
mentary Methods 6). Bulk aerosol chemical composition including
organics, sulfate, nitrate, ammonium and chloride was determined
using a high-resolution time-of-flight AMS (Aerodyne; Supplementary
Methods 7). CCN number concentrations were measured usinga CCN-
100 Counter (DMT) at supersaturations ranging from 0.1% to 0.7% (Sup-
plementary Methods 8). Furthermore, surface seawater chlorophyll-a
concentrations were continuously monitored using underway absorp-
tion spectrophotometry (Supplementary Methods 9).

Data analysis and modelling

Observation days were classified into three categories: NPF events
(formation of 3-5-nm particles with continuous growth beyond 20 nm);
burst events (transient increases in sub-10-nm particles without sus-
tained growth); and non-events (Supplementary Methods 10)./and
GR were derived from the harmonized PNSD data. Because sub-2-nm
distributions were not directly measured, J,, was extrapolated from
the 4-nm formation rate using a survival probability framework. See
Supplementary Methods 11 for the full derivations, coagulation sink
calculations and associated error propagations.

To quantify the drivers of particle growth, we employed a dynamic
aerosol growth model. OOMs identified by the NO,” CIMS were catego-
rized by volatility (SVOC, LVOC and ELVOC) based on their elemental
composition (carbon, oxygen, nitrogen and iodine content). The model
simulated particle GR via the condensation of these OOMs alongside
inorganicacids (H,SO,, MSA and HIO,), accounting for mass-dependent
transmission efficiencies and transition-regime diffusion kinetics
(detailed in Supplementary Methods 11).

PMF was utilized to deconvolve sources of both gas-phase NPF
precursors and aerosol particles (Supplementary Methods 12). PMF
was applied to the NO;~ CIMS gas-phase time series to separate dis-
tinct OOM sources (for example, aldehyde-rich, monoterpene-rich
andI-OOM factors). Similarly, PMF was applied to the high-resolution
time-of-flight AMS in two separate PMF models: one to deconvolve
the organic mass spectra, and one incorporating specific sea salt and
iodine fragmentions toisolate the IOA factor from primary seasalt.

Data availability

Data for Figs. 1-5, Extended Data Figs. 1-10 and Supplementary
Figs. 1-14 are available via Zenodo at https://doi.org/10.5281/
zenodo.13253811 (ref. 64). Source data are provided with this paper.
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horizontally by the number of iodine molecules. Further methodological details
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