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Aerosol particles in the atmosphere profoundly influence public health
and climate. Ultrafine particles enter the body through the lungs and can
translocate to essentially all organs, and they represent a major yet poorly
understood health risk. Human activities have considerably increased
aerosols and cloudiness since preindustrial times, but they remain
persistently uncertain and underrepresented in global climate models.
Here we present a synthesis of the current understanding of atmospheric
new particle formation derived from laboratory measurements at the CERN
CLOUD chamber. Whereas the importance of sulfuric acid haslong been
recognized, condensable vapours such as highly oxygenated organics
andiodine oxoacids also play key roles, together with stabilizers such as
ammonia, amines and ions from galactic cosmic rays. We discuss how
insights from CLOUD experiments are helping to interpret new particle
formation in different atmospheric environments, and to providea
mechanistic foundation for air quality and climate models.

Particle nucleation gives rise to around half of global cloud condensa-  energy reaches amaximum. As nucleation must overcome this energy
tion nuclei (CCN), and the majority of those in the upper troposphere'.  barrier, the rate at which stable particles appear is generally much
Nucleation refers to a phase transformation from a vapour to acriti- ~ slower than the kinetic collision rate. New particle formation (NPF)
cal molecular cluster (nucleus of ~1 nm size) where the Gibbs free  ratesarereportedinthe Cosmics Leaving Outdoor Droplets (CLOUD)
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experiment’ at CERN, the European Council for Nuclear Research, as
the measured flux of particles passing a threshold size (1.7 nm), so the
formationrate depends also onthe growth rate and ambient condensa-
tionsink from scavenging by pre-existing particles. The condensation
sink (vapour wall loss rate) for CLOUD is 2.2 x 1073 s™, which is com-
parable to the pristine boundary layer®. CLOUD precisely controls all
experimental parameters at tropospheric conditions and maintains
ultra-low contaminants (Extended Data Tables 1and 2). All processes
are measured at the molecular level to confirm that contaminants do
notbias the results.

Over the past decade, huge progress has been made towards
a fundamental understanding of the mechanisms and vapours
driving NPFintheatmosphere, asillustratedinFig.1. Theseadvances are
the result of synergy between field observations, aerosol and climate
models, quantum chemical calculations, and laboratory measurements.
There have been several excellent recent comprehensive reviews
of atmospheric NPF* and of observations at field®>, mountain® and
urban’ sites. We cannot do justice here to the extensive foundational
researchaddressedinthosereviews; instead, we present a Perspective
confined to the findings revealed by laboratory experiments at the
CERN CLOUD chamber and how they relate to the actual atmosphere.

Acid-base nucleation

Sulfuric acid-ammonia

When CLOUD experimentsstarted in 2009, laboratory measurements of
binary nucleation of sulfuric acid (H,SO,) and water disagreed with each
other by many orders of magnitude, making it impossible to resolve
whether or not H,SO, alone could account for NPF throughout the
atmosphere (except for iodic particles in limited coastal regions®). The
role of ions for NPF in the troposphere was experimentally unknown,
although modelling studies had anticipated theirimportance’. The first
experiments at CLOUD? showed that binary sulfuric acid nucleation
is around 10° times too slow to account for NPF in the warm bound-
ary layer (Fig. 2). However, the nucleation rates increase more than
100-foldinthe presence of ammonia (NH;) at only 100 parts per trillion
by volume (pptv) (Fig. 2). lons from galactic cosmic rays increase the
nucleation rates by up to a factor of 10. This first paper from CLOUD?
revealed molecules sticking together and growing into particles under
atmospheric conditions, measured with the newly developed Atmos-
phericPressure Interface Time-of-Flight (APiTOF) mass spectrometer.
Thenucleating clusters displayed clear stoichiometry, adding one NH,
molecule for each additional H,SO, molecule*'°, which has been con-
firmed using quantum chemical methods". The formation of acid-base
pairs (salts) is perhaps the most important fundamental mechanism
underpinning particle nucleation in the atmosphere.

Although atmospheric concentrations of ammonia and sulfu-
ric acid are generally insufficient to account for NPF observed in the
warm boundary layer (Fig. 2), the nucleation rates increase rapidly
at cooler temperatures'>"”. In the upper troposphere, nucleation of
sulfuric acid with <10 pptv ammonia proceeds near the kinetic limit,
that s, it is controlled solely by the molecular collision rate and is,
therefore, barrierless nucleation. Ternary H,SO,-NH;-H,0 nuclea-
tion has now been observed in the free troposphere at Jungfraujoch,
Switzerland (3,570 maltitude)", and Chacaltaya, Bolivia (5,240 m)". Itis
alsoreportedinthe cool boundary layer in the boreal forest'®, and near
the Antarctic” and Arctic'® coasts where NH, is available from seabird
colonies. Binary H,SO,-H,O nucleation has alsobeen observed near the
Antarctic coast”. These ambient observations are indicated in Fig. 3.

Sulfuric acid vapour is mainly produced by the oxidation
of sulfur dioxide (SO,). The principal gas-phase reaction is
SO, + OH’+M > HOSO, + M followed by HOSO, + O, > HO, + SO,
after which sulfur trioxide reacts rapidly with two water molecules to
formsulfuricacid.Insomelocations, SO, may also be oxidized by car-
bonyl oxides (RR’C=00) known as stabilized Criegee intermediates”.
Currently, fossil fuels account for about 75% of global sulfur emissions.

However, the dominant source of SO, in the marine atmosphere is from
oxidation of dimethyl sufide, DMS (CH,SCH,), which is emitted from
phytoplankton at the sea surface. As well as sulfuric acid, oxidation
of DMS produces methanesulfonic acid, MSA (CH,SO;H), with a high
yield that exceeds that of H,SO, below 10 °C (ref.20). MSA is also likely
to nucleate via an acid-base mechanism with ammonia®, but experi-
ments at atmospheric conditions remain ambiguous because MSA
and H,SO, always appear together from DMS oxidation.

Sulfuric acid-amines

Closely related to ammonia are amines, in which one or more of the
hydrogen atoms is replaced by an organic group. Experiments at
CLOUD showed that the presence of only 4 pptv dimethylamine, DMA
((CH5),NH), canenhance ternary sulfuric acid particle formation rates
1-million-fold compared with ammonia® (Fig. 2). The importance of
amines over ammonia had been anticipated by quantum chemical
studies®. These experiments were repeated with a newly developed
Chemical lonization APiTOF (CI-APiTOF), which passes the air sample
through a nitrate (NO;") soft-ionization section before entering the
APITOF. This provided the first measurements of neutral (uncharged)
molecular clusters during nucleation®. The composition of the small-
est neutral clusters is perturbed by the chemical charging process.
Formation of anHSO, anion (astrong Lewis base) displaces one DMA
molecule so the first cluster with DMA is the acid trimer®**. However,
after taking this into account, the detected clusters faithfully track
the chemistry, appearance time and growth of the neutral clusters.
H,SO,-DMA nucleationis found to follow the same 1:1acid-base stoi-
chiometry®>**?® as for H,S0,-NH,, which is supported by many quan-
tum chemical studies, for example, the Supplementary Informationin
ref. 22. A subsequent re-analysis of these data and comparison with
a kinetic model®” shows that, below 278 K, both charged and neu-
tral H,SO,-DMA nucleation proceed at the kinetic limit for sulfuric
acid (Fig. 2).

For particles above 1.8 nm diameter and at all temperatures below
20°C, CLOUD measurements show that sulfuricacid condenses at the
kinetic limit, regardless of the availability of NH, or amines*?%, At 1 x 10’
c¢cm~H,S0, (0.4 pptv), the particle growth rateis1.8 nm h between 1.8
and3.2nm, slowing to1.lnmh™between 3.2and 8 nm (ref. 28). Owing
toattractive van der Waals forces between the permanent (monomer)
and induced (particle) dipoles, the particle growth rates measured
below 10 nm exceed the hard-sphere kinetic limit by about a factor of
2. During sulfuric acid-amine NPF, a major contribution to particle
growth arises from clusters containing several sulfuric acid~-DMA pairs,
whichare ‘hidden’ from measurements of the sulfuric acid (monomer)
concentration®,

Amines are frequently at the few-pptv level in the continental
boundary layer®"*?, sufficient to trigger kinetically-limited nuclea-
tion of sulfuric acid particles. As urban environments often have high
condensation sinks, above 0.01s™, smog episodes initiated by NPF
require a fast nucleation mechanism and rapid initial particle growth
up to around 10 nm, where the scavenging loss rate slows by an order
of magnitude. Indeed, H,SO,-DMA is reported to be the dominant
nucleation mechanism in Shanghai®* and to contribute in Beijing®**.
This confirms earlier observations in TecAmac, Mexico, and Atlanta
that aminium salts form a major component of nucleation mode ( <10
nm) aerosol at urban sites*>*> as well as in the remote Sierra Nevada
mountains, California® (Fig. 3). Sulfuric acid—-amine NPF has also been
observed over the openocean and coast around the pristine Antarctic
Peninsula, where amines are emitted from the ocean surface and melt-
ingseaice®.

Oxygenated organic molecules

Biogenic organic vapours

Most organic vapours in the atmosphere are biogenic. The estimated
total annual emissions are 760 Tg (C) yr*, comprising 70% isoprene
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Fig.1|Mechanisms for NPF in the atmosphere. Nucleating vapours are
indicated in red boxes: sulfuric acid, methanesulfonic acid (MSA, likely), ultra-
low-volatility organic compounds (ULVOCs), iodic acid and, under certain
conditions, nitric acid. Stabilizers, which reduce evaporation of the embryonic
molecular clusters, areindicated in blue boxes: ammonia, amines, iodous

acid and ions from galactic cosmic rays (water is also a weak stabilizer but is
notindicated asitis ubiquitous in the troposphere). Atmospheric oxidants—
especially hydroxyl radicals (OH) and ozone—transform volatile precursor

Biogenic volatile
organic compounds

NO, , ozone

vapours such as sulfur dioxide, dimethyl sulfide, iodine or organic compounds
into ultra-low-volatility vapours (for example, ULVOC have saturation vapour
concentrations below around 1 molecule cm™). Ultra-low-volatility vapours
may nucleate to form new particles, which can then grow by further vapour
condensation to become CCN. NPF and growth occurs essentially throughout
the troposphere and, at elevated vapour concentrations, is also responsible for
smog episodes in highly polluted urban environments.

(CsHg),11% monoterpenes (C,oH,,, of which about halfis a-pinene), 2.5%
sesquiterpenes (C;sH,,) and 16% other compounds, mainly ones with
fewer carbon atoms®®. Isoprene is mainly emitted by deciduous trees,
whereas conifers are the main source of terpenes. These molecules
are characterized by at least one olefinic double bond that renders
them highly reactive in the atmosphere. In particular, monoterpenes
arerapidly oxidized by ozone or hydroxyl radicals (OH") to form peroxy
radicals (ROO"), which can, in some circumstances, undergo multiple
autoxidation steps to form more highly oxygenated peroxy radicals
(Fig. 4). Autoxidation involves successive steps of internal H-atom
transfer followed by addition of molecular oxygen. The process is
terminated by radical-radical reactions that generate monomers
or even covalently bound dimers (ROOR’) with ultra-low volatility®.
Highly oxygenated organic molecules (HOM) are the subset with six
or more oxygen atoms*’. Experiments at CLOUD discovered that HOM
produced by ozonolysis of a-pinene rapidly form particles at atmos-
pheric concentrations and in the absence of sulfuric acid*—termed
pure organic nucleation (Fig. 2). lons from galactic cosmic rays (both
polarities) increase the nucleation rates by afactor of 10-100 compared
with neutral nucleation. The reason for this strong enhancement is
thationsreduce the cluster evaporation rates, allowing more organic
compounds (with slightly higher volatility) to participate.

Figure 4 illustrates the remarkable ability of the autoxidation
mechanismto reduce the volatility of some organic vapours by upto 19

orders of magnitude after only afew minutes exposure to atmospheric
oxidants. Ultra-low-volatility organic compounds (saturation mass
concentration, ¢® <3 x107° ug m) can nucleate even at extremely low
ambient concentrations. Extremely-low-volatility organic compounds
(3x107°<¢°<3x107°pg m>) can condense on the smallest molecular
clusters and drive early growth. Low-volatility organic compounds
(3x107°<¢*<0.3 ug m=) can condense on particles above 3-5 nm
diameter. Semi-volatile organic compounds (0.3 <c° <300 pg m™)
may partition to particles in high-concentration conditions such as
photochemical smog. Intermediate-volatility organic compounds
(300 < ¢® <3 x10°pg m) and volatile organic compounds (c° >3 x 10°
pgm~) remainin the gas phase.

While previous studies have indicated the importance of acid func-
tional groups for organic nucleation*>**, our perspective from CLOUD
experimentsis that the principal attribute that determines whether an
organic compound will participatein nucleationisits volatility—more
specifically, its vapour pressure relative toits equilibrium vapour pres-
sure at the ambient temperature, that is, its saturation ratio. We find
that volatility alone—without any consideration of specific functional
groups—canexplain all our experimental measurements of both nucle-
ationrates and growth rates versus particle size, with either biogenic or
anthropogenic organic vapours. Hence the importance of the volatility
distribution at the ambient temperature (Fig. 4) rather than functional
groups or degree of oxygenation. In the warm boundary layer, the
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Fig. 2| Particle formation rates versus vapour concentrations for different
chemical systems. The CLOUD particle formation rates are measured at1.7 nm
(/,,) for sulfuric acid (H,SO,; grey circles), H,SO, with 2-250 pptv ammonia
(NH;; blue triangles)*, iodic acid (HI0,) with around 0.01-0.02 pptv iodous acid
(HIO,; purple circles)®, pure biogenic ULVOC (green circles)*®, H,SO, with 40
pptv DMA (open red circles)”, H,SO, with 4 pptv DMA and 1-2 ppbv NH; (open red
triangles)®’, and H,SO, with 4 pptv DMA, 1-2 ppbv NH; and anthropogenic ULVOC
from 3-9 ppbv aromatic vapours (filled red triangles)®’. Water is implicit in all
chemical systems. All data are measured under galactic cosmic ray ionization
conditions at 278 K except for HIO,~HIO,, where neutral (uncharged) and galactic
cosmic ray measurements are combined at 263 K. The red curve shows the kinetic
limit for sulfuric acid, which coincides with CLOUD measurements of H,SO, with
more than 4 pptv DMA, regardless of the presence of additional NH; or ULVOC.
Other curves are drawn to guide the eye. Observations in the atmospheric
boundary layer of NPF rates versus sulfuric acid are indicated by small coloured
squares (the references for these atmospheric data are provided in refs. 22,67).
Theerror bars indicate +1 0 measurement uncertainties. A systematic scale
uncertainty on the vapour concentrations of up to afactor of 2is not shownin the
horizontal error bars.

ULVOC dimers are key to pure organic nucleation***, At lower tempera-
tures, oxygenated monomers also have volatilitiesin the ULVOC range,
and so nucleate*>*¢, Although the rate of autoxidation slows at lower
temperatures®, producing less-oxygenated compounds, their lower
volatility almost exactly compensates so that pure biogenic nucleation
rates remain high between the warm boundary layer (25 °C) and cold
upper troposphere (=50 °C)**. Following nucleation, our experiments
show that the combined ultra-low-volatility, extremely-low-volatility
and low-volatility organic compound components can quantitatively
account for rapid particle growth rates measured between-25°C and
25°C**, The growth rates are sensitive to particle curvature, showing
a5-foldincreasebetween1.8 and 5nmastheKelvin (curvature) barrier
fallsaway*, and explaining atmospheric observations of accelerating
growth rates over this size range’. At colder temperatures, measure-
ments of particle-phase composition confirm enhanced uptake of
less-oxygenated compounds due to their reduced volatility*.

High monoterpene concentrations of up to -1 part per billion by
volume (ppbv) are found in the boreal forest as well as in the Amazon
rainforest. However, in contrast with the boreal forest, NPF is rarely
observed in the Amazon boundary layer. The reason is likely to be
suppression of NPF by isoprene®-*? in the Amazon rainforest, where
concentrations are 3-5 ppbv compared with below 20 pptvin the boreal
forest. The presence of isoprene reduces the yield of ULVOC C,,—C,,
dimers, while increasing higher-volatility C,,—C,s dimers*. Indeed,

any radicals that reduce the ULVOC yield, such as hydroperoxyl (HO,")
or NO (ref. 53) radicals, reduce biogenic NPF rates. At low concentra-
tions (<100 pptv), however, NO enhances HOM formation®*. On the
other hand, sesquiterpenes promote NPF by increasing the yield of
ULVOC C,,-C;, covalently bound dimers. The NPF rate is doubled by a
molar addition of only 2% sesquiterpene to a10:1 mixture of isoprene
tomonoterpene®.

Although largely absent in the Amazon rainforest itself, there
is copious NPF overhead in convective cloud outflows at altitudes
between 8 and 15 km*®. Similarly, on amuch broader scale, intense NPF
hasbeen observed inthe tropical upper free troposphere over both the
Pacific and Atlantic oceans, covering about 40% of Earth’s surface®.
Biogenic organic vapours are a promising candidate to explain these
observations**® (Fig. 3). After long-range transport and air subsidence,
this may be a major source of CCN for shallow liquid clouds (stratus
and stratocumulus) over oceans®, which dominate the cloud radiative
effect on climate.

Theimportance of pure biogenic NPF isthat it provides a copious
source of new particles in pristine environments such as the pre-
industrial climate or Earth’s future climate without SO, emissions.
Biogenic NPF raises the baseline preindustrial aerosol state from which
anthropogenic aerosol radiative forcing is determined®®, thereby
reducing its magnitude® and, in turn, estimates of Earth’s climate
sensitivity. Although there are few truly pristine regions remainingin
the present-day atmosphere, biogenic organic NPF has beenidentified
intheborealforest, Finland®, at the Pyramid station, Himalayas (5,050
m)®® and in the sub-boreal forest of North America®* (Fig. 3). In addi-
tion, intense nocturnal NPF has beenreportedinaeucalyptus forest at
Tumbarumba, New South Wales®. As sulfuric acid levels are extremely
lowinthe absence of sunlight, nocturnal NPF in forested environments
is probably due to pure biogenic organic nucleation.

Anthropogenic organic vapours
Anthropogenic aromatic hydrocarbons are frequently found in cities
at total concentrations of a few parts per billion by volume. Experi-
ments at CLOUD have studied NPF from toluene (CH,CH;), trimethylb-
enzene ((CH,);C¢H,), naphthalene (C,,Hg) and cresol (CH,(C¢,H,)OH).
These vapoursare oxidized during daylight hours by hydroxyl radicals
(Fig. 4b) to produce high concentrations of oxygenated organic com-
pounds®® that generate rapid particle growth around 10 nm h™ during
smog episodes®. While naphthalene can drive pure anthropogenic
organic nucleation, the rates are too slow to provide substantial NPF
in urban environments, where condensation sinks are high®’.
Particle-phase volatility measurements confirm that the oxidation
products of naphthalene or toluene can contribute to the initial growth
of newly formed particles®. Toluene (C,) oxidation products have a
similar volatility distribution to those from a-pinene (C,,), while naph-
thalene (C,,) oxidation products are much less volatile. Rapid progres-
sion through multiple generations of OH' reactionis more pronounced
in toluene and naphthalene than in a-pinene because the products
become progressively more reactive with OH' at each step®®. Moreo-
ver, the reactions favour functional groups with lower volatility per
added oxygen atom, such as hydroxyl (OH) and carboxylic (C(=0)OH)
groups instead of hydroperoxide (OOH) groups®. Consequently, for
the same carbon number and fewer oxidation steps, oxygenated aro-
matic vapours are orders-of-magnitude less volatile than oxygenated
biogenic vapours—as seen by comparing Fig. 4a,b. In urban settings,
naphthalene is likely to contribute to nucleation and the growth of
the smallest particles, whereas the more abundant alkyl benzenes
may overtake naphthalene once the Kelvin barrier has fallen away®**".

lodine oxoacids

Seaweeds accumulateiodide asaninorganic antioxidant. Coastal sea-
weeds release highlevels of iodide upon exposure to the atmosphere at
lowtide, whichreacts withozoneinthe film of water onthe seaweed to
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emit molecular iodine. Molecular iodine is then photolysed to iodine
radicals (I'), which rapidly oxidize to form various compounds, among
which are iodine oxoacids: iodic acid (HIO,) and iodous acid (HIO,).
Observations at Mace Head on the west coast of Ireland have linked
iodine emissions with high NPF rates®; subsequent measurements
at the same site have identified the source as nucleation of iodic acid
molecules, which combine in pairs in the particle to form diiodine
pentoxide: HIO; + HIO; »> 1,05 + H,O (ref. 68).

Laboratory experiments at CLOUD have confirmed this mecha-
nism for charged (ion-induced) nucleation but have shown that
uncharged (neutral) nucleation proceeds via repeated stepwise
condensation of iodic acid followed by iodous acid®. The iodine
oxoacids then combine in the particle to form diiodine tetroxide:
HIO, + HIO, ~> 1,0, + H,0. Quantum chemical calculations have con-
firmed the importance of iodous acid, which acts as a base (proton
acceptor) to stabilize iodic acid in neutral molecular clusters’™. The
nucleation rates of HIO; particles are rapid, greatly exceeding H,SO -
NH, rates at similar acid concentrations® (Fig. 2). lon-induced nuclea-
tion proceeds at the kinetic limit below +10 °C but is limited by the
ion-pair production rate in the boundary layer (2-10 cm™s™).

The CLOUD experiments used green illumination to photolyse
molecular iodine without producing hydroxyl radicals from ozone
in the chamber. This revealed a new and highly efficient chemical
pathway for producing iodic acid viaiodooxy hypoiodite, 1,0,, which
can explain daytime observations of HIO; production in the remote
lower troposphere”. lodooxy hypoiodite is rapidly produced in weak
daylight from I' + O; > 10" + O, followed by 10" + 10" > 01O, and then
iodic acid is produced from the reactions IOIO + O, »> 1010, followed

by 1010, + H,0 > HIO; + HOI + O,. The growth of charged or neutral
iodine oxoacid particles to CCN sizes is driven almost entirely by the
more abundant acid, HIO,, which condenses at the kinetic limit®.
Direct measurements of particles above a few nanometres show that
they comprise essentially pure HIO,, indicating that the dehydration
mechanismto formiodine oxidesisimportantonly for nucleation and
notlater growth.

Overall, therefore, iodicacid is a highly efficient potential source
of NPF in the boundary layer: it competes with H,SO,-NH; in pristine
regions; proceedsin overcast daylight; asingle precursor vapour drives
both rapid nucleation and growth; and iodine is ubiquitous in the
atmosphere®”, lodine emissions from the sea surface have tripled
since 19507” and are projected to keep increasing as ozone concen-
trations rise and sea ice retreats. Moreover, there may be a catalytic
role of iodine in NPF because particulate iodate is readily reduced,
recycling iodine back into the gas phase. As well as western Ireland
(Mace Head)*“®, iodine-driven nucleation has been identified near the
coasts of Tasmania (Cape Grim)”?, northwest Spain (O Grove, Galicia)™
and China (Xiangshan Gulf)” (Fig. 3). Furthermore, although measure-
ments over the remote ocean are sparse, frequent NPF over the high
Arctic pack ice has recently been reported, driven by iodic acid with
little contribution from sulfuric acid™.

Mixed chemical systems

Sulfuric acid-amines-ammonia-organic vapours
Inregionswhere DMAisbelowafew parts pertrillionby volume, mixtures
of different amine compounds and ammonia are found to nucleate
synergistically with sulfuric acid****””. Experiments at CLOUD have
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Fig. 4| Two-dimensional volatility basis set for oxidation of biogenic and
anthropogenic organic vapours'°°. Oxygen-to-carbon ratio (O:C) versus
log,, saturation concentration, ¢° (lower axis), and corresponding log;,
number concentration, n® (upper axis), shown for the indicated compounds
at300 K. Carbon number is shown by black contours and oxygen number

by green contours. HOM have at least six oxygen atoms and are indicated by
darker shading. Increased oxygenation leads to lower volatility and increased
importance for NPF (coloured bands; see text for details). a, Biogenic organic
vapours such as a-pinene (green square) are rapidly oxidized by ozone to
produce peroxy radicals (starting with (C,,H,s0,)00’), indicated by red circles.
Some of these peroxy radicals undergo autoxidation involving successive steps
ofinternal H-atom transfer followed by molecular oxygen addition. Each step
adds a hydroperoxy (OOH) functional group and creates a new peroxy radical

with lower volatility. Autoxidation is eventually terminated by reaction with
another radical such as hydroperoxyl (HOO") or asecond peroxy radical from
a-pinene. Examples of these final oxygenated monomers (C,, compounds) and
covalently bound dimers (C,, compounds), respectively, from a-pinene are
indicated by red squares. b, Aromatic organic vapours such as naphthalene (grey
square) are oxidized in steps by hydroxyl radicals (OH")®. The first generation
forms a peroxy radical ((C,,Hg)(OH)OO") and monomer products ((C,,Hg) (OH)
OOH)). The monomer is more reactive with OH' and forms second-generation
peroxy radicals ((C,,Hg)(OH),(OOH)OO0") and monomers ((C;oHg) (OH),(OOH),).
Two peroxy radicals can combine to produce covalently bound dimers
(C,oH5,0,). ELVOC, extremely-low-volatility organic compounds; LVOC, low-
volatility organic compounds; SVOC, semi-volatile organic compounds; IVOC,
intermediate-volatility organic compounds; VOC, volatile organic compounds.

shown that the formation rates of H,SO,-NH; particles at 1.7 nm
are enhanced by biogenic HOM’®”?, and reproduce observations in
the boreal forest (Hyytidla, Finland) both for nucleation and growth
rates, and for molecular composition*°° (Fig. 3). However, it
remains ambiguous whether this enhancement is truly a synergistic
multi-component (H,SO,-NH,-ULVOC) mechanismor co-condensation
of two low-volatility chemical systems: (1) H,SO,~NH; and (2) ULVOC.
Thelatter possibility is suggested by the absence of multi-component
clustersinthe mass spectraduring nucleation events at either CLOUD
or Hyytiala (for example, Fig. Sinref. 44), although possible fragmen-
tation of the clustersin the inlet of the mass spectrometer also needs
to be considered®.

In polluted urban environments, NPF rates span four orders of
magnitude from 0.5t0 5,000 cm™s due tolarge variability in vapour
concentrations and condensation sinks (Fig. 2). CLOUD experiments
show that urban NPF is largely driven by sulfuric acid-base molecular
clusters, stabilized by the presence of amines, high ammonia concen-
trations and low temperatures®. Although anthropogenic HOM play a
minor roleinnucleation, they drive particle growth, thereby affecting

boththe survival of newly formed particles and the mass concentration
of smog episodes.

Sulfuric acid-ammonia-nitric acid

High concentrations of ammonium nitrate particles are observedinthe
upper troposphere over the Asian monsoon region® (Fig. 3). Ammonia
dissolved in convected liquid cloud droplets is efficiently released
upon freezing®, after which it mixes withabundant nitric acid (HNO,)
from lightning. CLOUD experiments performed at upper tropospheric
conditions show that H,SO,, NH, and HNO, form particles synergisti-
cally at rates that are orders-of-magnitude faster than those from any
two of the three components®. Molar sulfate impurities as low as 1.7%
can crystallize the ammonium nitrate to create highly efficient ice
nuclei for cirrus clouds—comparable to desert dust®.

At warm boundary layer temperatures, ammonia and nitric acid
form semi-volatile particulate ammonium nitrate that then parti-
tions between the gas and particle phases. CLOUD experiments have
shown that non-equilibrium concentrations of ammonia and nitric
acidincities candrive ultra-rapid growth rates of few-nanometre-sized
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particles that canreach100-1,000 nmh™inshortbursts thatare hard
to detect®*"®, This may explain puzzling observations of NPF during
smog episodes in Asian megacities despite high ambient condensa-
tion sinks above 0.01s™ that should rapidly quench NPF at apparent
(averaged) growth rates®®.

Combining CLOUD results with models

The role of NPF in regulating global aerosol number concentrations
and thereby influencing clouds and climate can only be quantified
using atmospheric chemistry-aerosol-climate models. Experiments
at CLOUD have identified the molecular mechanisms underlying NPF
and, together with field studies, linked them to geographical locations
(Fig.3).In parallel, molecular models that describe the energetics and
kinetics of particle nucleation and growth have been developed and
tested against CLOUD data. Kinetic modelling, with evaporation rates
determined from quantum chemical free energies (AG kcal mol™), has
emerged as the most accurate method for describing atmospheric
nucleation®, and provides the basis for molecular models such as
SAWNUC®#%?, ACDC’® and MABNAG’*2,

CLOUD measurements have provided an experimentally based
understanding of the thermodynamics of H,SO,-NH; nucleation, upon
which robust kinetic models have been built'>***, For more complex
systems such as H,SO,~NH,-ULVOC or HIO,~-HIO,, simple empirical fits
to NPF rates are available, for example, ref. 79, but parameterizations
that embrace the more recent CLOUD findings are still under devel-
opment. CLOUD is also measuring new gas-phase chemical reaction
rates relevant for NPF?**°”!, In this way, CLOUD is providing mecha-
nistic parameterizations of particle nucleation and growth for global
models to address both climate*® and the burden of disease””. Models
based on CLOUD measurements show that ions account for 27% of
global CCN at low cloud level (at 0.2% supersaturation)’. However,
variations of galactic cosmicrays over the solar cyclelead to only 0.2%
variation of CCN concentrations, which is not climatically significant’.

Looking forwards

Advancesintheunderstanding of NPF are needed to reduce the sources
ofurbansmog, to sharpen estimates of Earth’s climate sensitivity, and
to anticipate how global and regional radiative forcings may change
later this century as anthropogenic aerosols fall due to air quality
policies. With CLOUD, we are presently studying NPF in cold regions
of the atmosphere, simulating recent observations in the tropical
upper free troposphere®*%, Arctic” and Southern Ocean’®, We have
only recently been able to measure OH and HO, radicals in CLOUD,
by laser-induced fluorescence’. Together with measurements of RO,
and NO,radicals, this will ensure realistic atmospheric conditions are
simulated in the chamber for HOM experiments. These include the
reaction rates for HOM formation over the full tropospheric tempera-
ture range, as well as studying the fate of the 90% fraction of organic
vapours that undergo only one or two initial oxidation steps rather
than autoxidation. We will also extend our studies of mixed chemical
systems—acids, bases and HOM—and the role of ions in nucleation
and cloud microphysics.

Experiments at CLOUD have measured NPF at the molecular
level and helped to interpret observations in the ambient atmos-
phere. This mechanistic understanding has enabled the develop-
ment of laboratory-based implementations of particle nucleationin
global atmospheric chemistry and climate models. This s effectively
catching up with gas-phase chemical kinetics where, for more than
40 years, laboratory experiments have provided straightforward
kinetic equations that could be inserted directly into models—that s,
explicit mechanisms. In the aerosol world, a similar level of ‘nuclea-
tionkinetics” haslargely been achieved through CLOUD experiments
over the past12years. The inclusion of nucleation kinetics in climate
models may substantially sharpen our understanding of aerosol
radiative forcing.

Data availability

The CLOUD dataare available from the published articles in the list of
references and by request to their corresponding authors. Extended
Data Table 2 provides the digital object identifier (doi) for selected
CLOUD publications on nucleation and growth rates. The data for sev-
eral CLOUD publications are already available on the Zenodo public
repository (https://zenodo.org), hosted at CERN’s Data Centre, and
the datafor the remaining publications will shortly be made available
on Zenodo.
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Extended Data Table 1| Range of parameters for all CLOUD experiments

Parameter Units Lower Upper Comments

Chamber conditions:

Temperature K 208 308 Chamber cleaning at 373 K

Relative pressure mbar 5 220 Relative to atmospheric pressure

Relative humidity (RH) % 0 140 Adiabatic pressure reductions for RH >100%
Mixing fans speed % 12 100 Standard operation is 12%

Wall loss rate s 2.2E-3 1.0E-2 For 12%->100% fans speed, respectively
Dilution rate s 1E-4 2.4E-4 Chamber volume is 26.1 m™

Contaminants:

Sulfuric acid (H,50,) cm? - <2E4 Below the limit of detection (LoD)
Ammonia (NH;) pptv 0.01 <4 Between 208K ~>278K (80% RH), respectively
Dimethylamine (C,H,N) pptv - <0.01 Below the LoD

Light organics (C,_;) pptv - <150

Heavy organics (>Cs) pptv - <1 Below the LoD

lodic acid (HIO;) pptv - <0.01 Below the LoD

Optical power:

Hg-Xe lamps W 015 15 230-700 nm fibre optic

KrF excimer laser W 0.01 10 248 nm fibre optic

Light sabre 1 W 52 52 254 nm low pressure Hg lamp
Light sabre 3 W 20 447 385 nm LED array

Light sabre 4 W 6 153 528 nm LED array

lonisation rate:

Galactic cosmic rays ipcm™s™ 0 2 20 kV/m electric field for zero ions
Beam muon background ipcms™ 0 6 When CERN Proton Synchrotron is in operation
Pion beam ipcm™s™ 10 100 Collimator adjustment

Trace vapours:

Ozone (Og) ppbv 0 300 Chamber cleaning at 3 ppm
Sulfur dioxide (SO,) ppbv 0 10

Dimethyl sulfide (C,H4S) ppbv 0 4

Sulfuric acid (H,SO,) cm™ <2E4 1E9

Methanesulfonic acid (CH;SO;H) cm? 0 1E8

Nitric acid (HNO;) pptv 0 1000

Nitrous acid (HONO) pptv 0 1000

Nitrogen oxides (NO,) pptv 0 5000

Ammonia (NH;) pptv <4 3000

Dimethylamine (C,H;N) pptv <0.01 140

Hydrogen (H,) % 0 01

Carbon monoxide (CO) ppmv 01 50

Methane (CH,) ppbv <1 2600

Glyoxal (C,H,0,) ppbv 0 4

Isoprene (CsHg) pptv (0] 1E4

a-pinene (C,oH;6) pptv 0 2500

A-3-carene (CoH;6) pptv 0 1200

Limonene (C;oH6) pptv 0 1200

Pinanediol (C,oH,50,) pptv 0 2E4

B-caryophyllene (CisH,,) pptv 0 16

Toluene (C;Hs) ppbv 0 50

Trimethylbenzene (CgH,,) ppbv 0 10

Naphthalene (C,oHs) ppbv 0 5

Cresol (C;HgO) ppbv 0 2

lodine (1,) pptv 0 100

Diiodomethane (CH,l,) pptv 0 100

A vapour mixing ratio of 1 pptv (part per trillion by volume) is equivalent to a concentration of 2.5x10’moleculescm™. The notation 2.2E-3 represents 2.2x107°,
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Extended Data Table 2 | Range of parameters for selected CLOUD nucleation and growth rate experiments

Chemical system/Reference & doi TIK] RH[%]

O;[ppbv]

H,S0,[cm™]

NH;[pptv]

DMA[pptv]  CioHyslpptv] Other[pptv]

H,SO, - NHy:

Kirkby et al. 2011 248-292 38

50-300

5E6-1E8

10-1500

0 0 0

https://doi.org/10.1038/nature10343

Dunne et al. 2016°° 208-298 20-74

40

5E5-1E9

0.01-1400 0 0 0

https://doi.org/10.1126/science.aaf2649

Kirten et al. 2016" 208-298 20-74

40

5E5-1E9

0.01-1400 0 0 0

https://doi.org/10.1002/2015JD023908

Stolzenburg et al. 20207 278-293 38-60

120

2E7-1EQ

3-1000

https://doi.org/10.5194/acp-20-7359-2020

H,SO, - DMA:

Almeida et al. 2013” 278 38

40

5E5-3E8

4-250

0-140 0 0

https://doi.org/10.1038/nature12663

Kurten et al. 2018”7 278 38

40

1E6-3E7

<4

40 0 0

https://doi.org/10.5194/acp-18-845-2018

Biogenic HOM:

Kirkby et al. 2016 278 5-80

25-35

<2E4-6E6

0 0-1300 0

https://doi.org/10.1038/nature17953

Stolzenburg et al. 2018*° 248-298 38

30-40

<2E4

<4

0 200-1400 0

https://doi.org/10.1073/pnas.1807604115

Simon et al. 2020*° 223-298 40-90

37-48

<2E4

<4

0 200-2000 0

https://doi.org/10.5194/acp-20-9183-2020

Heinritzi et al. 2020% 278-298 38

35-40

<2E4

<4

(0] 330-2500

https://doi.org/10.5194/acp-20-11809-2020

CsHg

O-1E4

Dada et al. 2023* 278-298 5-90

40

<2E4

<4

0 200-1200

https://doi.org/10.1126/sciadv.adi5297

CsHg

0-1E4

CisHzs

0-16

NO,

0-300

HIO, - HIO,:

He et al. 2021%° 263-273 34-73

40

<2E4

<4

https://doi.org/10.1126/science.abe0298

HIO,

1E6-2E8

H,SO, - NH; - biogenic HOM:

Lehtipalo et al. 2018* 278 38

40

1E6-7E7

4-3000

0 100-1500

https://doi.org/10.1126/sciadv.aau5363

NO,

0-5E3

H,SO, - NH; - DMA - anthropogenic HOM:

Xiao et al. 20217 278-293 57

40

6E5-8E7

70-2000 0-4 0

https://doi.org/10.5194/acp-21-14275-2021

CiHg

0-5E4

CoHpp

0-1E4

CioHs

0-5E3

NO,

0-1.5E3

H,SO, - NH, - HNO,:

Wang, Kong et al. 2020%* 248-293 25

40

1E7-6E7

22-2500

https://doi.org/10.1038/s41586-020-2270-4

HNO,

0-1000

NO,

0-1E4

Wang et al. 2022% 223 25

40

0-2E6

0.1-25

https://doi.org/10.1038/s41586-022-04605-4

HNO,

0-50

The trace vapour corresponding to a value shown in the final column (labelled “Other”) is indicated at the start of that row. The chemical compounds corresponding to formulae shown in the
table can be found in Table S1. RH indicates relative humidity and DMA indicates dimethylamine (C,H;N). The notation 5E6 represents 5x10°,
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