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1 INTRODUCTION

Overview: The Cosmics Leaving OUtdoor Droplets (CLOUD) experiment at CERN (Fig. 1) was con-
ceived and constructed to examine the influence of ionisation from galactic cosmic rays (GCRs) on
aerosols, clouds and climate [76, 78], as a potential mechanism that could explain extensive evidence
for solar-climate variability in the palaeoclimate [14, 77]. The essential concept was to reproduce well-
controlled and precisely-known atmospheric conditions inside a large chamber and to simulate cosmic
rays with an ionising particle beam from the CERN Proton Synchrotron.

The purpose of this document is to take stock of what has been learnt during the first 10 years of
CLOUD operation and to use this experience to foresee how the scientific programme may evolve over
the next 10 years. Since starting data collection, CLOUD experiments have provided an unprecedented
molecular understanding of aerosol particle formation and growth in the atmosphere (Fig. 2), and mea-
sured particle nucleation and growth rates over a wide range of atmospheric conditions. Following a
series of high-impact publications, CLOUD is now widely recognised as the world’s leading experiment
for laboratory studies of atmospheric aerosol nucleation and growth [4, 113]. Indeed, CLOUD is the
world’s first—and, so far, unique—laboratory experiment to reach the demanding technical performance
required to measure nucleation and growth of aerosol particles under controlled atmospheric conditions.



Fig. 1: CLOUD in the East Hall T11 beam line of the CERN Proton Synchrotron, during the CLOUD13 run,
September-November 2018. The stainless-steel chamber (3.0 m diameter, 26 m3 volume) is located inside a
thermal housing around which air circulates at a temperature between 208 K and 313 K, with a stability near 0.01
K (the air return duct can be seen to the left of the thermal housing). The chamber is surrounded by an array
of state-of-the-art instruments that continuously sample and analyse the contents of the chamber. Five different
lights sources for the chamber mimic sunlight by targeting specific photochemical reactions. A 3.5 GeV/c π+

beam of about 1.5 m transverse dimension provides controlled ionisation rates over the full range occurring in
the troposphere. The beam emerges from the green dipole magnet at the right-hand edge of the image and passes
through an x− y counter hodoscope before crossing the chamber. Neutral (ion-free) conditions are simulated with
a high-voltage clearing field, which sweeps ions from the chamber in under 1 s. The chamber is supplied with
synthetic air from the evaporation of liquid nitrogen and liquid oxygen. The air is humidified with ultrapure water,
and ozone is added from a UV generator. A flexible, ultra-clean and highly-stable gas system supplies the chamber
with up to around 25 trace gases at concentrations as low as 1 pptv (part per trillion by volume) from concentrated
sources that include gas bottles, evaporators and generators. Two stainless-steel fans at the top and bottom of the
chamber, respectively, ensure the contents of the chamber are well-mixed. In order to maintain cleanliness inside
the chamber, the fans are magnetically coupled to external drive shafts and motors. For ‘CLOUDy’ experiments,
the chamber is operated in a classical Wilson cloud chamber mode by performing controlled adiabatic pressure
reductions of a humid air parcel. This maintains a liquid or ice cloud in the chamber for 5-10 minutes, to allow
investigation of direct ion-aerosol-cloud interactions and other cloud microphysical processes.
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Fig. 2: Nucleation and growth of atmospheric aerosol particles. Oxidation processes in the atmosphere produce
a few vapours with extremely low volatility (saturated vapour pressures below 10 pg m−3) such as sulphuric
acid or biogenic highly oxygenated molecules (HOMs). These vapours can form embryonic clusters of only a
few molecules, but the clusters generally evaporate without the presence of a suitable stabilising agent such as
ammonia or ions from galactic cosmic rays. Once the molecular clusters exceed a critical size of around 1.5 nm,
they become more stable and continue to grow by further vapour condensation. The new aerosol particles may
eventually grow above 50 nm, where they become cloud condensation nuclei (CCN) and can seed cloud droplets,
provided they are not previously lost by collision with pre-existing particles.

Science: New particle formation and growth is important for climate change since it gives rise to more
than half of global cloud condensation nuclei (CCN) [54]. It is also a major health issue since it pro-
duces particle pollution and smog episodes in urban environments. CCN and clouds have increased
since pre-industrial times, which has offset a significant but poorly-understood fraction of the warming
from increased greenhouse gases. A large part of this uncertainty results from the poorly-known base-
line aerosol state of the pristine pre-industrial atmosphere [15]. Anthropogenic increases of aerosols and
clouds are considered by the Intergovernmental Panel on Climate Change (IPCC) to be the major uncer-
tainty limiting our understanding of Earth’s climate sensitivity (the mean surface temperature change for
a given radiative forcing), which, in turn, limits the ability of climate models to make precise climate
projections for the 21st century [69].

CLOUD experiments have shown that ions from galactic cosmic rays can stabilise nucleating clus-
ters, and, for otherwise weakly bound clusters (such as ammonia sulphuric acid, organics with sulphuric
acid, and pure organics), that ions can enhance nucleation rates by a factor 10–100, depending on con-
ditions [78, 123, 79, 83]. The sensitivity to ions is especially strong for pure biogenic nucleation, which
may have dominated during pristine pre-industrial times, suggesting a higher sensitivity to solar varia-
tions in the past [79]. However, climate-model simulations using CLOUD measurements show very little
sensitivity of current global CCN to variations of ionisation over a solar-cycle [37, 57, 54].

Does this close the door on a significant GCR-cloud-climate connection? No, for several reasons.
Firstly, CLOUD is still in a discovery mode where important new mechanisms involving ions are being
found, such as pure biogenic nucleation in the absence of sulphuric acid [79]. Secondly, aerosol particles
must reach sizes near 50 nm before they constitute cloud condensation nuclei (CCN), and charge is likely
to enhance particle growth rates as well as their formation rates. Thirdly, cosmic rays may modulate cloud
properties independently of aerosol nucleation processes. Space charge and relatively highly-charged
aerosol build up around clouds due to droplet evaporation and to ion drift in Earth’s fair-weather electric
field. This could alter droplet or ice formation processes and provide a mechanism for cosmic rays to
modulate cloud properties directly [14]. CLOUD will study these processes experimentally during the
‘CLOUDy’ runs. Finally, although global CCN seem to be relatively insensitive to solar variations of
cosmic ray ionisation, it cannot yet be excluded that there are climatically-significant regional effects.
All these topics require further experimental and modelling studies by CLOUD before the cosmic ray-
climate question can finally be settled.

3



CERN’s role: CLOUD would not be possible without CERN. As well as the availability of a π+ beam,
the design, construction and unprecedented performance of the CLOUD facility and its infrastructure
have depended on CERN technical know-how—and continue to do so. Both the CLOUD facility and
the state-of-art analysing instruments that sample the contents of the chamber are continually adapted
and developed for each run to match the experimental goals. The small CERN team is responsible for
maintaining and developing the CLOUD facility and its infrastructure. In addition, members of the
CERN team are responsible for overall coordination of the CLOUD experiment in their capacities as
spokesperson (Kirkby), technical coordinator (Mathot), resources coordinator (Onnela), run coordinator
(Manninen), and DAQ coordinator (Weber).

A less-obvious, but nevertheless important, role of CERN concerns ‘cultural exchange’. CLOUD
has introduced to atmospheric science an experimental approach developed over several decades in parti-
cle physics whereby institutes pool their resources to build and operate a large “general-purpose” detector
that comprehensively measures the processes under study with combined instrumentation beyond what
can be achieved any single institute. This approach has been highly successful in particle physics but
was previously unfamiliar to atmospheric science. It has proved pivotal to CLOUD’s success. So too
has been the experience of the CERN team in organising and coordinating a successful international
collaboration.

Another scientific culture introduced to climate science by CLOUD is to couple experiments and
global modelling within a single project. In a break from the normal way of building global models—
where they are separated from experiments, at the end of the research chain—the global model simula-
tions are tightly integrated in CLOUD and are used to guide the experiments as well as to exploit the
experimental results. The parameterised CLOUD measurements are embedded in the advanced aerosol
chemistry and physics model, GLOMAP, developed by the University of Leeds CLOUD partner. This
has led to the first global model study of aerosol production based solely on laboratory measurements
[37]. GLOMAP is, in turn, incorporated into the UK Earth System Model (UKESM), so the CLOUD
measurements are providing a firm experimental foundation for the IPCC modelling community to in-
vestigate the full coupling of aerosols, clouds, radiation and climate response.

Scientific objectives: CLOUD has three key overall scientific objectives during the next 10 years:

1. Climate change: Identify and quantify the mechanisms for aerosol particle formation and growth in
the present-day atmosphere, and determine the aerosol state of the pristine pre-industrial climate.
This will improve our understanding of anthropogenic aerosol radiative forcing and help sharpen
estimates of projected climate change in the 21st century, as emissions of polluting vapours are
reduced.

2. Cosmic-ray-climate mechanism: Answer whether cosmic rays provide a physical mechanism for
solar-climate variability in the pristine pre-industrial climate and determine to what extent they
may contribute to present-day climate change.

3. Urban particle pollution: Identify and quantify the mechanisms for smog formation and growth in
polluted urban environments. This will provide an improved scientific understanding for informed
public-health policy decisions on urban pollution reduction , as well as allow an assessment of the
impact of ‘urban plumes’ on regional climate.

In the remainder of this document we will first outline the importance of atmospheric particle for-
mation and CLOUD’s contributions to date. Building on this experience, we will then present CLOUD’s
10-year experimental and modelling programme that meets the overall objectives above. Finally we will
summarise the resources required from CERN.
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2 IMPORTANCE OF ATMOSPHERIC PARTICLE FORMATION

2.1 Climate change
The change in mean global surface temperature since pre-industrial time, ∆T , can be simply expressed
as ∆T = λF . The effective radiative forcing, F , is the change of Earth’s mean surface energy input, and
the climate sensitivity, λ, is the equilibrium surface temperature response to the forcing. The parameter
λ includes all feedback processes such as changes in atmospheric water vapour (greenhouse gas), ice
cover (albedo) or rate of heat sequestering by the deep ocean. The feedback processes are hard to predict
from first principles but λ can, in principle, be determined from the ‘experiment’ currently underway
if the temperature change and forcing are known. Once λ is known, future climate warmings for given
emissions scenarios can be reliably predicted. The uncertainty in ∆T (0.8◦C) is small since it is directly
measured by thermometers. The current understanding of F and its components are summarised in
Fig. 3a, and the overall uncertainties are shown in Fig. 3b. Whereas the radiative forcing from greenhouse
gases is well-understood, there are much large uncertainties from aerosol forcing.
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Fig. 3: The effective radiative forcing of climate since pre-industrial times. a) Evolution of effective radiative
forcings of the climate since 1750 from natural and anthropogenic sources. b) Present-day global mean effective
radiative forcings and uncertainties due to changes in greenhouse gases and aerosols since pre-industrial times.
The central values and 5% to 95% confidence ranges are indicated by the points and error bars above the curves.
The confidence ranges represent model diversity rather than strict statistical quantities. Positive forcings (warming
effects) from greenhouse gases are reasonably well understood but negative forcings (cooling effects) from aerosols
are not. The total anthropogenic forcing was 2.3 Wm−2 in 2011, and its uncertainty range of 1.1 to 3.3 Wm−2 is
dominated by aerosols. Figs. 8.18 and 8.16 from IPCC 5th Assessment Report [69].

Aerosols exert a strong influence on Earth’s radiative balance through a series of complex and
poorly-quantified processes involving scattering and absorption of radiation (Figs. 4 a-b) and interac-
tions with clouds (Figs. 4 c-d) . In consequence, one of the most challenging and persistent problems
in atmospheric science has been to understand how changes in aerosol particles due to anthropogenic
activities are affecting the climate. The IPCC considers that the major factor limiting our ability to
make accurate projections of long-term climate change is due to the uncertainty in how much aerosols
and clouds have changed between the pre-industrial era and the present, and how they may continue to
change in the future (Fig. 3a) [69]. The magnitude of aerosol radiative forcing since 1750 is estimated to
lie between -0.1 and -1.9 Wm−2, compared with a much better understood forcing of 2.6 to 3.8 Wm−2

due to greenhouse gases (Fig. 3b). The resultant factor three uncertainty in total anthropogenic radiative
forcing (between 1.1 and 3.3 Wm−2) directly translates into a factor three uncertainty in Earth’s climate
sensitivity (1.5◦C to 4.5◦C for a doubling of CO2). Aerosols therefore have a major influence on cli-
mate change, but their uncertainty has persisted through all IPCC assessments since 1996 despite a huge
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Fig. 4: Effective radiative forcings (ERF) from changes in atmospheric aerosol: a–b) aerosol-radiation interactions
(ari) and c–d) aerosol-cloud interactions (aci). The ERF include rapid but poorly-understood ‘cloud adjustments’
in response to aerosol changes (b and d) . Adapted from Fig. 7.3 of the IPCC 5th Assessment Report [69].

research effort. Indeed, forty years ago, the seminal 1979 Charney report of the US National Academy
of Sciences estimated the same value for Earth’s climate sensitivity, namely 3◦C for a doubling of CO2,
with an uncertainty between 1.5◦C and 4.5◦C [17].

2.2 Human health
Ambient fine particles with sizes below 2.5 µm (PM2.5) also have a major impact on human health.
The mass concentration of PM2.5 has been extensively monitored since the 1970’s, and the adverse
health effects are well-established by numerous epidemiological studies. PM2.5 is now recognised as
the fifth-highest risk factor of mortality worldwide, causing 4.2 million premature deaths per year [23].
Life expectancy is reduced by around 0.6 years per 10 µg m−3 mean exposure to PM2.5 [116]. A major
source of smog episodes in polluted urban environments is due to new particle formation and growth
involving soot and volatile organic compounds. They largely arise from incomplete combustion of fossil
fuels, wood fires and natural gas heaters, and from the rapid cooling of hot exhaust gases from vehicles,
which produce particles from low volatility precursor vapours such as unburnt engine lubrication oil.

Although ultrafine particles (those with diameter below 100 nm) contribute less than a few per
cent of PM2.5 mass, they dominate particle number concentrations. Whereas PM2.5 are predominantly
deposited in the upper respiratory tract, ultrafine particles penetrate deeper into the tracheobronchial and
alveolar regions, where they are deposited with high efficiency. Once deposited, ultrafine particles—
in contrast to larger particles–can readily translocate to extrapulmonary sites via the blood and lymph
circulation, and even via axons. However, the particular health hazards of ultrafine particles remain
uncertain due to the lack of long-term environmental monitoring for epidemiological studies.

3 CLOUD’S SCIENTIFIC CONTRIBUTIONS TO DATE

3.1 CLOUD experimental runs and publications
When CLOUD was designed there was enormous uncertainty surrounding atmospheric new particle for-
mation. Even the predominant nucleation mechanism was unknown, although there was clear evidence
that sulphuric acid was involved [81]. Theoretical considerations suggested that nucleation by sulphuric
acid vapour alone together with water vapour (so-called ‘binary’ nucleation) was too slow to explain at-
mospheric observations. Numerous experimental measurements of the binary sulphuric acid nucleation
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rate had been made but they differed by many orders of magnitude, with some claiming it could account
for atmospheric observations, but others not. The role of additional vapours or ions in stabilising new
particle formation was unknown.

In its first experimental run in 2009, CLOUD discovered a key base stabilisation mechanism in
which each additional sulphuric acid molecule in a nucleating cluster is stabilised by one additional
ammonia molecule. CLOUD also found that ions helped to stabilise the clusters even further, increasing
the nucleation rates by up to a factor 10. These represented the world’s first measurements of atmospheric
nucleation at the molecular level. CLOUD also showed that binary sulphuric acid was around one million
times too slow to account for nucleation in the warm boundary layer. These first results from CLOUD
were published in Nature in 2011 [78] and have received more than 560 citations.

Table 1: A decade of CLOUD experimental runs at the CERN PS. ‘NPF’ indicates new particle formation
i.e. nucleation and growth.

Run Year Month Aim
CLOUD1 2009 Nov-Dec Commissioning and binary sulphuric acid (H2SO4) NPF
CLOUD2 2010 Jun-Jul Binary H2SO4 and ammonia (NH3) ternary NPF
CLOUD3 2010 Oct-Nov Binary H2SO4 and NH3 ternary NPF
CLOUD4 2011 Jun-Jul Dimethylamine (C2H7N) and pinanediol (C10H18O2) ternary NPF
CLOUD5 2011 Oct-Dec Free tropospheric (cold) binary H2SO4 and NH3 ternary NPF
CLOUD6 2012 Jun-Jul Commission cloud formation (CLOUDy) adiabatic expansion experiments
CLOUD7 2012 Sep-Dec NH3, C2H7N and α-pinene (C10H16) ternary NPF
CLOUD8 2013 Oct-Dec Pure biogenic (C10H16) NPF and CLOUDy commissioning (no PS)
CLOUD9 2014 Sep-Nov CLOUDy (aqueous phase, ice & glassy aerosol) and ion studies
CLOUD10T 2015 Apr-May Instrument development (FIGAERO, DMA-TRAIN, TDDMA, acetate TOF)
CLOUD10 2015 Sep-Dec Boreal forest NPF (C10H16, δ3-carene, H2SO4, NH3 and NOx)
CLOUD11 2016 Sep-Nov Pure biogenic NPF (C10H16, isoprene (C5H8), β-caryophyllene, NOx), boreal

NPF (C10H16, H2SO4, NH3 and NOx), urban aromatic NPF (toluene (C7H8),
trimethylbenzene (C9H12), naphthalene (C10H8), H2SO4, NH3 and NOx)

CLOUD12 2017 Sep-Nov Marine NPF (iodine (I2) and diiodomethane (CH2I2)), precision H2SO4-NH3

growth rates, multi-component NPF (C10H16, C5H8, H2SO4, NH3 and NOx),
urban NPF (C7H8, C9H12, C10H8, H2SO4, NH3 and NOx)

CLOUD13T 2018 Jun-Jul Ion production and loss rates; ion non-uniformities in the chamber
CLOUD13 2018 Sep-Nov Marine NPF (I2 and dimethylsulphide (C2H6S)), multi-component NPF

(C10H16, C5H8, H2SO4, NH3 and NOx), nitric acid NPF (HNO3 and NH3),
urban NPF (C7H8, cresol (C7H8O), H2SO4, NH3, C2H7N and NOx)

In a series of fifteen experimental runs (Table 1) since 2009, CLOUD has systematically explored
the physics and chemistry of atmospheric particle formation and growth, and investigated the role of
ions. At every step, CLOUD findings have solidified our fundamental scientific understanding of these
processes while refining their representation in climate models. Yet, at every step, surprises have emerged
upending existing assumptions about particle formation and growth and, in several cases, extending more
broadly into atmospheric chemistry and our understanding of oxidation mechanisms.

Those thirteen experimental runs have led to sixty-four published papers, one in 2010 [39], three
in 2011 [87, 78, 82], five in 2012 [88, 153, 118, 38, 11], six in 2013 [42, 136, 165, 2, 32, 73], six
in 2014 [92, 134, 129, 12, 84, 123], six in 2015 [86, 166, 48, 119, 89, 135], twenty-seven in 2016
[91, 37, 57, 1, 47, 68, 63, 43, 83, 146, 79, 93, 67, 128, 138, 105, 70, 109, 75, 40, 101], nine in 2017
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[27, 157, 54, 106, 21, 150, 13, 9, 144], and seven in 2018 [94, 143, 10, 155, 132, 85, 49]. In addition,
four are under review [103, 131, 171, 62], eighteen are nearing submission [55, 99, 161, 117, 139,
169, 50, 152, 60, 26, 112, 160, 162, 174, 160, 133, 65, 126], a further twenty-four are in preparation
[110, 90, 53, 98, 163, 74, 111, 44, 3, 66, 56, 145, 25, 104, 36, 45, 61, 170, 18, 137, 151, 46, 156, 158],
and several dozen more are in early stages of writing.

The published work includes four papers in Nature [78, 2, 146, 79], two in Science [123, 37], four
in PNAS [136, 84, 57, 143], one in Nature Communications [93], and one in Science Advances [94]. One
is under review in Science Advances [171], one in PNAS [62] and a further two manuscripts are being
prepared for submission to Nature [160, 169]. Overall, CLOUD papers have been cited more than 2500
times, and the h-index for the sixty-four published papers is 22.

3.2 CLOUD results on new particle formation and growth
3.2.1 Sulphuric acid and ammonia

Experiments started (CLOUD1–3 and CLOUD5) with the ternary sulphuric acid, ammonia and water
system, with and without ions at various intensities. Measurements helped resolve a long-standing con-
troversy about the magnitude and power-law dependence of sulphuric acid nucleation [168, 5, 176, 7, 8,
140]. Pure binary nucleation of sulphuric acid and water vapour is extremely slow at ambient concentra-
tions. Even ternary nucleation rates remain lower than those observed in the warm planetary boundary
layer for a given H2SO4 concentration, though charge substantially enhances nucleation rates at relevant
ion-pair production rates [78, 135, 86]. The CLOUD dataset represents the first extensive mapping of
ternary nucleation rates over the full range of tropospheric conditions.

Instrumentation and technical developments were central to these findings. Particle measurements
at dmob = 1.2 nm and associated theory showed that particle microphysics down to the smallest sizes can
be a confounding factor when the lower limit cutoff sizes for particle measurement are relatively large
(dmob & 3 nm) [92, 42, 165, 83]. Critical to quantifying nucleation and growth rates were gas-phase
measurements of sulphuric acid [87], organic constituents [134], ammonia, [11] and most importantly,
the composition of small growing clusters. Both ionisation in the CLOUD chamber [135] and nitrate ion
chemical ionisation [83] have been used to unequivocally identify the controlling pathways for nucleation
and growth.

The composition measurements revealed that very small particles grow as ammonium bisulphate,
with an acid:base stoichiometry just above 1:1 rather than fully as neutralized ammonium sulphate with a
2:1 stoichiometry [78, 135, 83], once the gas-phase ammonia reaches roughly 10-100 times the gas-phase
sulphuric acid concentration [11].

3.2.2 Sulphuric acid and dimethylamine

Subsequent to finding that the sulphuric acid–ammonia system could not explain boundary layer new
particle formation at warm temperatures, experiments in CLOUD4 and CLOUD7 investigated a stronger
base: dimethylamine. Nucleation and growth was found to proceed at the kinetic limit in the presence
of only 5 pptv dimethylamine. This was subsequently confirmed with well-controlled experiments in
flow tubes [71]. As a result, the CLOUD experiments revealed that nucleation and growth rates for
the sulphuric-acid dimethylamine system overlap those observed in the atmosphere [2]. The particle
growth rates are also fast because the rates are kinetic i.e. governed only by the collision rate of sulphuric
acid vapour. A large fraction of the available sulphuric acid rapidly evolves into small clusters with 2-4
sulphuric acid molecules [84]. Coagulation of these small clusters with growing particles can drive up
to 90% of the particle growth [93]. As with ammonia, the small clusters grow with a 1:1 stoichiometry
once the amine vapour reaches a concentration greater than roughly 10 times the sulphuric acid vapour.
Theory suggests that the transition to a 2:1 stoichiometry occurs for 5 . dmob . 10 nm, depending on
the amine concentration [1].
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Sulphur dioxide—the precursor of sulphuric acid—largely derives from coal combustion [51],
while ammonia and amine emissions are largely agricultural in origin [115]. Concentrations of all these
vapours have risen dramatically since the industrial revolution. However, although the nucleation rates of
sulphuric acid–amines match those observed in the atmosphere, the composition of the growing clusters
does not resemble the composition observed in the boreal forest [136]. On the other hand, there is
recent evidence that amines may play a crucial role in new particle formation in polluted megacities like
Shanghai [173, 172]. The CLOUD results were key to interpreting these urban observations.

3.2.3 Biogenic highly oxygenated organic molecules (HOMs)

Before CLOUD started to study organic vapours, there was considerable evidence that condensation of
organic vapours often drives the growth of nucleated particles [124, 114, 35, 125], but whether they
participated in nucleation itself was uncertain [177]. CLOUD experiments thus turned to the role of
biogenic terpenes in new particle formation [52, 80, 59].

The first organic system studied in CLOUD was oxidation of pinanediol in the presence of sul-
phuric acid (CLOUD4). Pinanediol is a surrogate for first-generation oxidation products of α-pinene,
with a vapour pressure similar to cis-pinonic acid. The experiments thus explored the hypothesis that
multi-generational aging is a source of new particle formation [30, 29], and that the organic oxidation
products may have a special affinity with sulphuric acid [32, 109]. The results strongly confirmed this hy-
pothesis, establishing that OH oxidation of pinanediol results in rapid formation of highly oxidised prod-
ucts that cluster effectively with sulphuric acid, generating a multitude of organics that typically form
clusters with oxidised-organic–acid ratios between 2:1 and 1:1 under atmospheric conditions [136]. This
suggests that, rather than acid-base chemistry enforcing a reaction stoichiometry, the organic–inorganic
pathway involves a broad valley in free-energy space associated with hydrogen bonding [109]. Global
modelling with GLOMAP incorporating a parameterisation of this organic-inorganic pathway signifi-
cantly improves agreement of the model with measurements in the boundary layer [123].

During this time, a picture was emerging in the literature describing rapid oxidation of organics
(‘auto-oxidation’) to form first-generation highly oxygenated molecules (HOMs), which would have ex-
tremely low volatilities. This peroxy-radical auto-oxidation [24, 41, 127, 72] explains the high oxidation
state of the pinanediol products [136]. However, auto-oxidation also means that first-generation oxida-
tion of α-pinene and other organics can be a source of particles. CLOUD thus embarked on a series of
experiments involving oxidation of α-pinene and other terpenes by both ozone and OH radicals, which
continue to the present day since these processes turn out to be of great importance for atmospheric
particle formation and growth. Thus far, CLOUD has explored new particle formation by α-pinene ox-
idation products alone, mixed with sulphuric acid (CLOUD8), mixed with sulphuric acid and ammonia
(CLOUD10), and in richer mixtures of other terpenoids (CLOUD10 – CLOUD13).

The most notable finding was that the first-generation oxidation products of α-pinene alone could
drive nucleation and growth at rates and under conditions observed in the atmosphere, in the absence
of sulphuric acid (Fig. 5) [79]. The ‘pure biogenic’ nucleation rates depend strongly on charge, with
boundary-layer ionisation rates enhancing nucleation by up to a factor of 100. Particle growth accelerates
by a factor of 5 or so as particles grow from 1 to 3 nm, whereas condensation of non-volatile species
would decelerate growth by a factor of 5, strongly indicating that the finite vapour pressure of condensing
organics inhibits condensation to the smallest particles via the Kelvin effect [146, 21].

The importance of this new nucleation mechanism is that it implies the ubiquitous presence of
new particle formation in the pristine pre-industrial atmosphere, despite sulphur dioxide levels that were
around 5 times lower than today. In the pre-industrial era, broad regions with high terpene emissions
imply higher CCN concentrations than previously thought (Fig. 6), raising the baseline aerosol state
from which the current radiative forcing is determined. Climate model simulations with and without
pure biogenic nucleation reduce the magnitude of the estimated aerosol radiative forcing by 27% [57].
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Fig. 6: Percentage change in cloud condensation nuclei (CCN) at cloud base level, at 0.2% supersaturation, for
pre-industrial conditions in August, after including ion-induced pure biogenic nucleation in the model [57].
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The pure α-pinene oxidation experiments revealed that nucleation itself is driven by covalently
bound, extremely low-volatility organic compounds, C20 ‘dimers’ (ELVOCs), formed in the gas phase
[79, 49] via association of two C10 peroxy radicals. The subsequent growth is largely controlled by highly
oxidised, low-volatility organic compounds, C10 monomers (LVOCs), formed via peroxy-radical auto-
oxidation [146]. Initial modelling of CLOUD growth rates for α-pinene + ozone biogenic nucleation
suggested that nitrate chemical ionisation mass spectrometers (nitrate CIMS) observe some, but not all,
LVOCs [146, 21]. This has been confirmed by subsequent nitrate CIMS and proton transfer reaction
mass spectrometer (PTR-3 [13]) measurements [143, 46].

Findings from the most recent CLOUD experimental runs have confirmed that the production
of ELVOCs and LVOCs is strongly temperature dependent [49, 143, 46, 174]. The yields are highly
sensitive to NOx, with ELVOC yields decreasing at increased NO concentration, presumably because
RO2 + NO termination impedes RO2 + RO2 ELVOC formation [171, 103, 133]. For the first-generation
α-pinene + ozone system, we now have complete closure (agreement) between gas-phase observations
(combining nitrate CIMS and PTR-3), measured and modelled particle growth rates between 1 and 30
nm, and the particle-phase composition measured with the I− FIGAERO CIMS [143, 174]. The latter in-
strument is measuring the chemical composition of particles at ultra low concentrations below 1 ng m−3.

Simultaneous oxidation of isoprene can inhibit nucleation, again presumably because the isoprene-
derived RO2 inhibit ELVOC formation, either by leading to more volatile (C15) dimers or to separate
molecular (C10 and C5) products [62]. This can account for the near-absence of new particle formation
in the biogenically-rich Amazonian boundary layer. The nucleation rates are sensitive to ultra-violet
illumination near 360 nm [65, 139] similar to prior observations of secondary organic aerosol (SOA)
formation [120, 175, 64].

3.2.4 Anthropogenic highly oxygenated organic molecules (HOMs) and nitric acid

In recent campaigns, CLOUD has found that anthropogenic aromatic vapours associated with urban
pollution also produce HOMs that participate in particle nucleation and growth, but generally with a
somewhat lower yield of the ELVOC component that drives nucleation and initial particle growth [169].
CLOUD has also investigated nucleation involving sulphuric acid, dimethylamine and anthropogenic
organics in a highly polluted urban environment that simulates conditions in Shanghai [173].

The presence of high NOx levels in urban environments leads to high mixing ratios of nitric acid,
in the few ppbv range. CLOUD has studied the effect of these high nitric acid concentrations on particle
nucleation and growth, and a manuscript on the results will soon be submitted to Nature [160].

The biogenic and anthropogenic organic particles have different attributes when particles collected
on a teflon filter are thermally desorbed into an I− FIGAERO CIMS [96]. Biogenic particles tend to
thermally decompose, with C10 fragments appearing at desorption temperatures consistent with C20

products. C20 products also appear with lower mass fractions than the C10 fragments [174]. Products
from an urban mix of anthropogenic aromatics are much more thermally stable [162]. This may indicate
a difference in the fraction of organic particle growth that occurs via condensation of low vapour-pressure
species vs reactive uptake of more volatile species for the different precursors [21, 162].

3.2.5 Coastal marine nucleation: iodine oxides and dimethylsulphide

Iodine oxides in biologically-active coastal regions are found to be an important source of new particles
[108, 141]. CLOUD has investigated iodine-related coastal marine nucleation during the CLOUD12-13
runs. Whereas the importance of iodic acid (HIO3) has already been shown in atmospheric observa-
tions [141], the nucleation rates, growth rates and chemical pathways remain unknown. The CLOUD
experiments have elucidated these aspects and the results will be submitted soon to Nature [61]. During
CLOUD13 the marine studies were extended to include dimethylsulphide (C2H6S), which is emitted
by phytoplankton and, together with sporadic volcanoes, is the most important natural source of sul-
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phur dioxide, amounting to about 20% of anthropogenic emissions. It is important to understand the
role of dimethylsulphide in new particle formation in order to determine the aerosol state of the pristine
pre-industrial climate.

The iodine data have also provided a precision measurement of the enhanced collision rate between
a neutral condensing monomer and a charged cluster, due to the charge-dipole attractive force [60]. This
is the first measurement of the charge-neutral collision rate to be made under atmospheric conditions,
and it represents a fundamental physical property of ion-induced nucleation that needs to be accounted
for in global aerosol simulations.

Fig. 7: Processing of SO2 into H2SO4 in cloud droplets [67]. The data show the evolution of the dry size
distribution of cloud condensation nuclei (CCN) over a period of around four hours. The vertical axis indicates the
CCN diameter, with a colour scale indicating number concentration (cm−3). The white line shows the mode of the
CCN size distribution. During this period there were two adiabatic pressure reductions in the CLOUD chamber,
which activated liquid clouds over periods of about 5 minutes (indicated by purple bands). The chamber was re-
pressured after the first expansion to prepare for the second cloud activation. Rapid aerosol growth can be seen
during both clouds: from 70 to 90 nm in the first cloud and 85 to 110 nm in the second. Aqueous-phase processing
in cloud droplets is a major mechanism for aerosol growth but very few laboratory data exist so far.

3.3 CLOUDy experimental results
The chamber also has the capacity to employ adiabatic expansions in order to study water and ice nu-
cleation, and subsequent particle properties and aqueous-phase chemistry (an example is shown in Fig. 7
[67]). For the expansions, the chamber is first brought to a high relative humidity at 220 mbar relative
pressure, and then cooled adiabatically with a controlled pressure drop to 5 mbar [105]. Through in
situ optical depolarization measurements, experiments on α-pinene secondary organic aerosol have con-
strained the glass transition points versus relative humidity, which rises from 35% RH at 263 K to 80%
RH at 235 K [70]. These same glassy organic particles were found to nucleate ice for saturation ratios
(with respect to ice) between 1.3 and 1.4 at 235 K, significantly below the homogeneous freezing value
[68]. Ozonolysis of isoprene also forms secondary organic aerosol in aqueous droplets. Furthermore, the
expansions were able to separate transient increases in condensed-phase organics during supersaturated
(liquid) conditions from irreversible condensation of new organic mass [50].

Initial ion studies were carried out during the CLOUD8–9 CLOUDy runs but the instrumentation
was insufficient to properly address the question of a possible direct effect of ions on cloud microphysics,
independent of their effect on aerosols [14]. This will be addressed in the upcoming CLOUD14 run, Sep-
Nov 2019, which will include more advanced instruments for measuring ions and ice particles, as well
as a generator for highly-charged cloud condensation nuclei.
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3.4 Modelling of CLOUD findings
A key objective of CLOUD research is to transfer the laboratory measurements into global climate
models in order to simulate aerosol-climate interactions in both the present-day and pre-industrial at-
mospheres based CLOUD measurements rather than empirical parameterisations. Model simulations
emphasise comparison with ambient observations and other constraints; they also are tested to ensure
that when models and measurements agree they do so for the right reasons. The complexity and many
interconnected scales from the intricate chemistry and microphysics in CLOUD to global circulation and
climate also require parameterisations to be computationally tractable. This motivates model develop-
ments ranging in scale from chamber process (box) models to atmospheric large-eddy (cloud-resolving)
models to high-resolution regional models to the general circulation models (GCMs) used for weather
and climate forecasts.
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of 300 Da) to low-volatility (LVOC, 10−4.5 µg m−3 ≤ C* ≤ 10−0.5 µg m−3;  
5 × 104 cm−3 ≤ N* ≤ 5 × 108 cm−3) to some semi-volatile (SVOC,  
10−0.5 µg m−3 ≤ C* ≤ 102.5 µg m−3; 5 × 108 cm−3 ≤ N* ≤ 5 × 1011 cm−3)  
organic compounds. In Fig. 2a we show a mass defect plot (Methods) 
of the observed compounds during a representative run, and in  
Fig. 2b we show the corresponding volatility distribution (colours based 
on ref. 18). The binned volatility distribution of measured gas-phase 
organic species (Fig. 2b) shows a substantial fraction of ELVOCs, max-
imal contribution in the LVOC range and even low levels of SVOCs. 
Because the LVOCs and SVOCs do not build up a sufficient satura-
tion ratio to overcome the Kelvin barrier, they should not be able to 
condense onto the smallest particles, so that only the ELVOCs should 
contribute to the initial growth. While nitrate ions cluster efficiently 
with ELVOCs and calibration based on sulfuric acid should be fairly 
accurate, the concentration of LVOCs and SVOCs is likely to be under-
estimated because of inefficient clustering21. Indeed, SVOCs are formed 
with high yield in α-pinene oxidation22 but most of them evidently are 
not detected by the nitrate-CI-APi-TOF instrument (Fig. 2). The fact 
that even the non-volatile model based on measured HOMs underes-
timates the observed growth rates for particles >5 nm by a factor of 
three strongly indicates that the concentration of condensing organic 
vapours is substantially higher than measured, at least after the Kelvin 
barrier has diminished.

We further consider two very different experiments. During the 
first experiment, the HOM concentration increased nonlinearly with 
time, which replicates the diurnal variation of biogenic emissions and 
oxidants in the ambient for the morning and early afternoon (Fig. 3a).  
This situation leads to a nonlinear increase in the growth rate. During 
the second experiment, the HOM concentration remained at a con-
stant steady state (production balanced by wall loss). This allowed us 
to test whether the accelerating growth seen in the first experiment 
was due to the diminishing Kelvin effect or the increasing HOM con-
centration. The constant HOM concentration led to a nearly constant 
growth rate, except for the smallest particles below ∼5 nm (Fig. 3d).

In order to quantify the importance of the Kelvin effect and HOM 
measurement biases, we analysed the contribution of HOMs to early 
growth and assessed the dependence on HOM volatility by using a 
dynamic volatility-distribution model23 for these two cases. The HOM 
volatility-distribution model comprises nine C* bins ranging from  
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Figure 2 | Observed gas-phase HOMs and their volatility distribution. 
a, Mass defect (in Th; 1 Th = 1 Da/e, where e is the elementary charge) 
of all HOMs versus their nominal mass to charge ratio (m/Q) including 
the estimated volatility distribution based on the proposed structures 
(Extended Data Fig. 3). The size of the plotting symbols is proportional to 
the logarithm of the counting rate. White circles are C5–C7 compounds, 
which were not included in the volatility analysis. b, HOMs binned to a 
volatility distribution showing the measured relative counting rates in  
per cent, with ELVOCs comprising ∼36%.
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volatility bins to the condensational 
growth. Error bars indicate the error 
of the fit alone, whiskers the 1σ 
systematic scale uncertainty of the 
determined growth rates.
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Fig. 8: Particle diameter versus time and modelled growth rate vs diameter from a nucleation experiment
involving pure α-pinene oxidation [146]. Size is constrained by multiple instruments as indicated in the legend.
Dynamical volatility basis set modelling with product volatility distribution constrained by mass spectrometer
observations reproduces the growth rates as shown.

3.4.1 Dynamical and process models

A critical element of CLOUD data analysis is dynamical modelling. This is especially complicated for
experiments involving condensation of organic vapours. There are hundreds of individual compounds
with a wide range of vapour pressures in these experiments. The dynamical version of the CMU Volatil-
ity Basis Set (VBS) [34, 28, 31, 20] accounts for the time-varying excess gas-phase concentration of
condensible species and the effect of curvature (Kelvin effect) on the activity of organics in very small
particles [35, 149, 147, 148, 146, 21, 143]. The Kelvin term can be expressed as a simple power law,
10dK10/dp , where the ‘decadel Kelvin diameter’ (dK10) is the particle diameter at which the vapour pres-
sure of a species is a factor of ten higher than that over a flat surface. For a surface tension typical of
organics, i.e. 30 mN/m, dK10 ' 4.5 nm [35]; thus organics in particles with dp = 2.25 nm will have
vapour pressures enhanced by a factor of 100. The dynamical VBS successfully predicts the observed
size dependence of growth rates given the volatility distribution of observed gas-phase oxidation prod-
ucts [146, 21]. For a given vapour saturation ratio and particle-phase activity (which, together, give the
condensation driving force) the dynamical VBS then calculates the growth rate due to condensation of
organics over a wide volatility range. Broadly, the extremely low volatility organics (EVLOCs), with
volatilities C∗ ≤ 10−5 µg m−3, condense almost irreversibly, whereas the more abundant, but more
volatile, low-volatility organics (LVOCs) start condensing significantly only when dp & dK10 (depend-
ing on the gas-phase saturation ratio) [146, 21]. This explains the acceleration of the growth rate with
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particle size that has been observed in CLOUD, as shown in Figure 8 over the full temperature range
250 < T < 300 K as both chemistry and vapour pressures change dramatically [143, 174, 133].

3.4.2 Global aerosol-climate models

Global aerosol simulations using the University of Leeds GLOMAP model have been an essential ele-
ment of CLOUD’s research [123, 37, 57, 54]. Uncertainty in aerosol climate forcing has been a recal-
citrant problem for climate change despite a huge research effort over the last 40 years. This is because
the multi-scale coupled dynamics in the climate system is a complex problem but most importantly be-
cause a fundamental basis has been lacking to constrain the aerosol–climate forcing based on physics
and chemistry rather than educated guesses. CLOUD/GLOMAP model results are beginning to impact
this problem (e.g. Fig. 9 [57]).

a) b)

Fig. 9: GLOMAP simulations [57] based on CLOUD measurements showing a) the distribution of cloud-albedo
radiative forcing (RF) between the pre-industrial climate and the present day, after including pure biogenic nucle-
ation (left panel) and b) the change to this distribution when pure biogenic nucleation is included in the model (right
panel). The global average radiative forcing is −0.60 W m−2, and the change due to pure-biogenic nucleation is
+0.22 W m−2 (a 27% reduction in magnitude).

Fig. 10: Comparison of CLOUD measurements with global observations of new particle formation [37]. Compar-
ison of observed (left) and modelled (right) particle concentrations (>3 nm diameter) versus latitude and altitude.
This was the first time that a global aerosol model had been based solely on experimentally-measured particle
nucleation and grow rates.
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Results from GLOMAP [97] using a parameterisation directly interpolating the CLOUD1–5 data
show that ternary nucleation, usually involving ions, is ubiquitous throughout the free troposphere (Fig. 10
[37]). The CLOUD data show—for the first time—the importance of ammonia, together with sulphuric
acid, for global particle formation. However, no significant solar influence via ion-induced nucleation
was found on cloud microphysics [37]. These global modelling studies have now been extended to
include pure biogenic nucleation [57]. They are currently being further extended using the extensive
new results from CLOUD10–13 on multicomponent new particle formation involving sulphuric acid,
ammonia, biogenic vapours (isoprene and α-pinene), water and NOx [62, 171, 25, 56].

4 CLOUD’S 10-YEAR SCIENTIFIC PROGRAMME

CLOUD is firmly established as the world-leading experiment addressing atmospheric new particle for-
mation. It defines the state of the art. We now know that there is a limited set of atmospheric vapours with
sufficiently low volatility to form new particles. They comprise sulphuric acid, extremely low volatility
organic compounds (ELVOCs, which form a subset of highly oxygenated organic molecules, HOMs),
and iodine oxides. However, in most regions of the lower atmosphere, these vapours are insufficient to
nucleate alone, and they require additional stabilising vapours such as ammonia, amines or ions. These
few statements would not have been possible before CLOUD started 10 years ago; at that time sulphuric
acid alone was thought to be responsible for atmospheric particle formation.

Results from the first 15 experimental runs have greatly enhanced our understanding of the physics
and chemistry of atmospheric aerosol and are providing a firm experimental foundation for rigorous cli-
mate simulations. However, although the main players in atmospheric aerosol nucleation and growth may
have been identified, there remain many unanswered questions and barely-explored areas—including
the role of ions. Moreover, in contrast with single-species inorganic vapours such as sulphuric acid or
iodic acid, the HOMs comprise hundreds and even thousands of different organic vapours with differ-
ent volatilities—and, in addition, the volatilities of all vapours is strongly temperature-dependent. This
illustrates the breadth and complexity of the parameter phase space that CLOUD is investigating.

4.1 Experimental objectives
Several key areas have emerged at the limits of our knowledge, largely as a consequence of CLOUD
research. The overall scientific objectives for CLOUD over the next 10 years are summarised in §1,
and specific experimental objectives that we can identify today include the following (see §4.3 for the
atmospheric modelling objectives):

1. Further experiments and modelling to develop a comprehensive treatment of highly oxygenated
organic molecules (HOMs) participating in atmospheric particle formation and growth. This will
include elucidating and parameterising the coupling between different HOM sources (isoprene,
monoterpenes and sesquiterpenes) and oxidation mechanisms (ozone, hydroxyl radicals and ni-
trate radicals), largely via peroxy-radical (RO2) cross reactions to form extremely low volatility
peroxide ‘dimers’ (ROOR) or (with NO) less-volatile organonitrates.

2. The roles of humidity, temperature and ions throughout the phase space of reactions critical to
atmospheric new particle formation.

3. The role of charge in cloud microphysics, including aerosol-droplet scavenging, nucleation of
liquid water droplets and ice particle formation.

4. Marine new particle formation over biologically-productive regions of the open ocean—especially
in regions of marine stratocumulus decks, which are important for Earth’s radiative balance—
including the roles of dimethylsulphide, methylsulphonic acid, iodic and other halogen-containing
compounds, and amines.
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5. Reactive uptake of highly oxidised light organics such as glyoxal to newly-formed particles.

6. The mechanisms for smog formation in highly polluted urban environments, including the effects
of inorganic acids (sulphuric and nitric acid), bases (ammonia and amines) and aromatic organic
oxidation products from vehicles, domestic fuels and domestic heating. Studies of their coupling
with biogenic organics (from parks or in mixed rural/urban environments).

7. The effect on sulphuric acid particle nucleation of different amine species, e.g. methylamine,
dimethylamine, trimethylamine or diamines.

It should be noted that CLOUD continues to make discoveries and so the experimental objectives
are likely to be adapted according to new findings. These objectives motivate the 10-year run plan shown
in Table 2.

Table 2: 10-year experimental run plan for CLOUD. The anticipated primary aims of each run are indicated. In
general, each run will include shorter periods dedicated to other experimental topics from the list in order to make
progress in all areas on roughly the same time scale.

Run Year Month Primary aim
CLOUD14 2019 Nov-Dec CLOUDy: CCN formed in CLOUD, charge effects on cloud microphysics

2020 East Area renovations (no CLOUD run)
CLOUD15 2021 Sep-Nov Nitric acid NPF in different environments (polluted to pristine)
CLOUD16 2022 Sep-Nov Biogenic NPF: peroxy-radical (RO2) reactivity & RO2 + HO2 competition
CLOUD17 2023 Sep-Nov Urban NPF with ammonia, amines and high condensation sink
CLOUD18 2024 Sep-Nov CLOUDy: reactive uptake, aqueous processing, charge & cloud microphysics
CLOUD19 2025 Sep-Nov Marine NPF over the open ocean (dimethylsulphide, methylsulphonic acid)
CLOUD20 2026 Sep-Nov NPF versus relative humidity, temperature, ions phase space for specific

environments (Amazon, boreal, free troposphere, polar, marine stratocumulus)
CLOUD21 2027 Sep-Nov Biogenic NPF: sesquiterpenes, multi-generation oxidation (ageing)
CLOUD22 2028 Sep-Nov Sulphuric acid-amine NPF versus amine species, diamines
CLOUD23 2029 Sep-Nov CLOUDy: charge effects on ice nucleation

4.2 Discussion
We will present in this section a discussion of some of the detailed scientific aspects for the proposed
experimental run plan.

4.2.1 Organic oxidation

A key factor in past and future CLOUD experiments is the role of organic oxidation chemistry in new
particle formation and growth. Simply put, our objective is to identify the rate-limiting step or steps
in both particle formation (J) and CCN formation (J , growth rates, and survival probability) under
a comprehensive range of pre-industrial and present-day conditions. Major challenges are that very
small yields can matter—so that key steps can be quite minor pathways—and that experiments must be
performed under atmospheric conditions. Fortunately, CLOUD is up to this task.

We care about nucleation rates J ≤ 1 cm−3 s−1 and growth rates GR ≤ 10 nm/h. For a gas-
kinetic process with a rate constant of 10−10 cm3 molec−1 s−1, two compounds with concentrations
of 105 cm−3 will collide at a rate of 1 cm−3 s−1. For them to nucleate, in very round numbers they
require a saturation ratio S ≥ 104 or so unless the nucleation involves a chemical reaction such as acid-
base dissociation rather than hydrogen bonding and Van der Waals interactions (i.e., vapour-pressure
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driven clustering). This means an effective saturation number concentration of 10 cm−3, which is a mass
saturation concentration of 6 × 10−9 µg m−3 for a molar weight of 350 g mole−1. This is why we
regard ELVOCs with C◦ . 10−8 µg m−3 as potential nucleating species, provided their vapour mass
concentration (in total) isCv & 10−4 µg m−3. vapour concentrations of 0.1 ng m−3 matter to nucleation.

Growth rates scale differently. The growth rate for a particle size, dp ' 10 nm, is ' 226 nm hr−1

/ (µg m−1) [35], and so 2 nm hr−1 of growth requires 10−2 µg m−1 of condensable vapours with excess
saturation ratios & 1. Growth is, thus, potentially decoupled from nucleation, and both can be small
contributors to overall secondary organic aerosol production. vapour concentrations as low as 10 ng m−3

matter to growth.

A typical background condensation sink is of order 10 hr−1 [164, 33], and so 10 ng m−3 of vapours
driving nano-particle growth will produce 100 ng m−3 hr−1 of total secondary organic aerosol (SOA); a
full day of photochemistry would produce roughly 1 µg m−3 of SOA. This is about half of a typical SOA
formation rate at the boreal forest site Hyytiälä, Finland, which consequently explains the conclusion that
half of the SOA formation needs to be effectively non-volatile to reproduce observed particle growth rates
[114, 124, 125]. Finally, SOA molar yields from common precursors (monoterpenes, alkyl benzenes,
etc.) are typically of order 0.2 [80, 59]. In summary, SOA yields from oxidation reactions are often 0.2,
yields of species driving nano-particle growth are of order 0.1, and yields of species driving nucleation
are of order 0.001. One tenth of one percent is a small tail on a large dog; we thus expect nucleation to
be very sensitive to conditions, and experimental constraints to be correspondingly delicate.

The rate-limiting processes for these various products are likely to differ. Nucleation itself (when
driven by vapour pressure alone and not by a chemical reaction) is controlled by saturation ratios, and
so depends sensitively on the steady-state concentration of potential nucleating species; increasing the
oxidation rate in an experiment by a factor of ten will increase saturation ratios by a factor of ten,
which in turn will activate species that are a factor of ten more volatile, all else being equal. It is
thus critical that experiments reproduce ambient conditions, or at least scale with ambient conditions
(the balance of production rates and condensation sinks). Even with this requirement, given molar yields
of 0.1% or so, extremely minor processes may have a major effect on production of nucleator species.
The yields of species contributing to growth are larger and, thus, somewhat less likely to be extremely
sensitive to conditions, potentially decoupling the production of nucleating from that of condensing
species driving growth. Furthermore, the volatility distribution of condensing LVOC species governs
their contribution through the critical 1-10 nm size range, where growth rates and survival probabilities
change dramatically with size [146, 21]. The above discussion serves to show the necessity for nucleation
and growth experiments in the laboratory to reproduce atmospheric conditions. Here, CLOUD is so far
in a class by itself.

4.2.2 Urban nucleation

New particle formation is frequently observed in urban areas as well as in the remote atmosphere. Nucle-
ation itself is not hard to explain. In spite of the high condensation sinks in polluted settings, production
rates of condensible vapours are also high, so the steady-state saturation ratios of nucleating vapours
can be similar in remote and urban locations [142, 58]. However, if the saturation ratios of condensible
vapours and, thus, growth rates were also similar, the survival probabilities of those nucleated particles
should be extremely small under urban conditions because of the large coagulation sink. Resolution of
this paradox is a key objective for CLOUD, including progressively higher condensation sinks combined
with addition of HONO photolysis as a hydroxyl (OH) radical source that will allow us to reduce relative
humidity in the study of anthropogenic volatile organics nucleation and growth without weakening the
OH production (from O1D + H2O).
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4.2.3 Marine nucleation

New particle formation in the marine atmosphere has been a topic of interest since before the CLAW
hypothesis [16]. Progress over the past 20 years suggests the oxidation of dimethylsulphide (DMS)
[100, 6] contributes to the formation of new particles primarily in the free troposphere, at the edges of
deep convective clouds, but a comprehensive assessment of the molecular picture of growth to CCN
sizes is missing. The response of clouds to changes in aerosol is also much more complex than the
boundary layer DMS chemistry originally envisioned in CLAW [121], with contributions from marine
organics [102, 107, 122] and iodine in coastal environments [108, 141]. Understanding the sources
of new particles and contributions to CCN budgets in pristine environments (a proxy for pre-industrial
conditions) remains one of the most important requirements for accurate assessments of aerosol climate
forcing [15].

New particle formation in the pristine marine and tropical free troposphere will be an increas-
ingly important focus at CLOUD in the coming years. Recent field evidence suggests that iodic acid is
the nucleating species that drives new particle formation and growth in iodine-rich, coastal atmospheric
environments [141]. However, the mechanism for iodic acid formation remains elusive, and there are
currently no data to constrain the temperature dependence of new particle formation and growth rates
from iodic acid. Future CLOUD experimental runs will further investigate the temperature dependencies
of the mechanism of DMS oxidation (ratio of sulphuric acid and methane sulphonic acid production),
and of fatty acid photolysis as a source of HOMs that can grow nanoparticles [19, 130, 159] and ap-
pear to be ubiquitous over oceans and in the tropical free troposphere [22, 95, 154, 167]. Forthcoming
CLOUD experimental runs will target missing fundamental knowledge of the reaction mechanisms, and
the associated new particle formation and growth rates.

4.2.4 CLOUDy

Previous CLOUDy experiments have monitored the phase of secondary organic aerosol, finding that the
transition from a liquid to glassy state alters its behaviour as CCN and ice nucleating particles (INP)
[70, 68]. The CLOUDy experiments will investigate the ice and cloud droplet nucleation properties
of freshly-nucleated and grown, chemically-aged, and cloud-processed organic and inorganic aerosol
particles, with particular emphasis on the role of viscosity transitions (glassy particles). The latter result
from changing chemical composition due to temperature, relative humidity, both gas- and particle-phase
chemical reactions, and particle charge. Experiments performed during expansion-chamber runs will
be augmented by measurements of CCN and INP behaviour of the particles formed during the isobaric
CLOUD experiments, enabling parameterisations that are needed for atmospheric models.

4.3 Atmospheric modelling objectives
CLOUD’s objectives for atmospheric modelling over the next 10 years are:

1. Climate modelling in which the changes in aerosols influence cloud cover and precipitation. So far
in CLOUD the simulated changes in aerosols have been coupled to albedo (Fig. 4c) but not to the
cloud physics. However, it is known that changes in aerosol can affect precipitation and cloud
cover. We expect these so-called ‘cloud adjustments’ (Fig. 4d) to be particularly important in the
pristine pre-industrial environment, so understanding them will help to determine more realisti-
cally the aerosol-cloud state of the pre-industrial climate and how it can be affected by changes in
cosmic rays.

2. Cloud-scale modelling at very high spatial resolution to understand the behaviour of aerosols and
ions around clouds. So far all the atmospheric modelling of CLOUD results has been at the global
scale with model grid spacings of about 100 km. However, we know from field measurements that
aerosols and ions can behave very differently in the vicinity of clouds where humidity is high, trace
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vapours can be evaporated out of droplets, and elevated charge densities can occur. We also know
that aerosol concentrations can become extremely low (1 cm−3 compared to typically 100 cm−3)
following precipitation, which may create ideal conditions for new particle formation. We will
develop a new range of atmospheric aerosol and chemistry models capable of simulating these
processes at the scale of 10’s of metres (so-called large-eddy models) as well as regional models
similar to those used in the most high-resolution weather forecasts. Studies will be performed
over regions where new particle formation could make a big difference to the development of
clouds, such as the Arctic, tropical and continental deep convection, and shallow-cloud marine
environments with extremely low aerosol concentrations.

3. Near-cloud space charge and the effect on cloud droplet formation. Ion production and loss pro-
cesses will be incorporated in the new cloud-resolving models to understand how the build up of
near-cloud unipolar space charge affects the charge state of aerosols that are mixed into the clouds.
It has been hypothesised that highly-charged aerosol particles could alter droplet formation pro-
cesses and provide a means for cosmic rays to modulate cloud properties independently of aerosol
nucleation processes. CLOUD will study these processes experimentally during the ‘CLOUDy’
runs.

4. Aerosol formation in highly polluted environments. New discoveries in CLOUD show that a range
of anthropogenic vapour pollutants could be involved in new particle formation and growth. This
could have important implications for the future evolution of aerosols and clouds as pollutant emis-
sions are reduced. Emissions are already declining rapidly in China. We will simulate new particle
formation and growth on the scales of ‘urban plumes’ using our new high-resolution models. We
aim to understand the potential for non-linear changes in cloud condensation nuclei caused by
rapid air pollution reduction policies. One hypothesis is that cloud condensation nuclei concen-
trations could be buffered because the reduction in primary particle emissions could be offset by
increases in nucleation. This is advantageous since it would maintain the present negative aerosol-
cloud radiative forcing (cooling). The precise mechanisms and rates for new particle formation and
growth will need to be elucidated in the CLOUD chamber so that these finely-balanced processes
can be simulated accurately.

5 CLOUD RESOURCES

5.1 CLOUD organisation
The collaboration responsibilities on CLOUD are essentially that the CERN team is responsible for
the CLOUD facility and experimental coordination, and the external institutes are responsible for the
analysing instruments attached to CLOUD for each experimental run and for CLOUD modelling. There
is joint responsibility of all collaboration members for designing the experiments, operating CLOUD,
analysing the data, carrying out the modelling studies and preparing the results for presentation and
publication.

CLOUD runs at the CERN PS have evolved into one per year, held between September and
November/December, as providing the most efficient net science output from CLOUD in consideration
of the necessary time for offline data analysis, preparation of manuscripts and technical developments
of the CLOUD facility and the analysing instruments. The full CLOUD team—in particular the doc-
toral students and postdocs—attend each CLOUD experimental run, with a typical average of 25–30
external researchers at CERN over the 8–10 week run. This is critical to the experimental run, since the
experiments run continuously and the facility requires constant staffing by at least two operators. The
researchers from the member institutions are not only responsible for the maintenance and operation of
their own instruments, but must also understand all of the instruments as well as the scientific objectives
for that shift’s run plan in order to ensure success. The run plan for each day is developed in a “3 o’clock”
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meeting the day before, and so, in addition to shifts in the control room, the representatives from each
institution are responsible for rapid preliminary data analysis to inform the experimental run planning.
CLOUD offers a unique training opportunity for young scientists not only in application of their own
instruments and methods, but also in logistics and planning of a multi-faceted experimental run in an
international environment.

CLOUD has two collaboration meetings each year, one during the fall experimental run at CERN,
and one in the late winter or early spring in another location. The PIs and most researchers attend
these meetings (60 CLOUD researchers attended the last meeting in Stockholm, 11–15 February 2019).
The meetings combine extensive in-person work on specific data analysis tasks, planning and vetting of
paper story-boards, and planning for future experimental runs. In addition to the collaboration meetings,
members participate in one or two more focused CLOUD data workshops each year as well as ongoing
video conferences to facilitate data reduction, collaborative data exchange, and overall interpretation.

5.2 CLOUD personnel
5.2.1 CLOUD Marie Curie ITN support

CLOUD has been supported by an unprecedented string of three Marie Skłowdonska Curie International
Training Network (ITN) grants from the EC to support a large number of CLOUD doctoral students
(15 in the current CLOUD-TRAIN project), as well as collaborative grants by the US National Science
Foundation to support doctoral students and research fellows from the US. The success of these pro-
posals is essential to ongoing CLOUD research, but the unparalleled scientific output of CLOUD has
demonstrated the ability of the collaboration members and the entire team to secure funding ranging
from individual investigator to ITN grants. The national funding agencies for collaboration member in-
stitutions have also supported institutional payments to the CLOUD Common Fund. During the next
ten-year research period we plan to aggressively pursue a fourth ITN grant.

5.2.2 CERN team

The small CERN team is responsible for maintaining and developing the CLOUD facility and its in-
frastructure, comprising the chamber, thermal regulation system, thermometer system, sampling probes,
mixing fans, HV clearing field, light sources, water purification and humidification system, cryogenic
system, gas system, slow-control system, DAQ system, beam control and measurement, and T11 experi-
mental zone infrastructure. In addition, the CERN team members are responsible for overall coordination
of the CLOUD experiment in their capacities as spokesperson (Kirkby), technical coordinator (Mathot),
resources coordinator (Onnela), run coordinator (Manninen), and DAQ coordinator (Weber). CLOUD is
also very strongly supported by the EP-DT gas team. The small size of the CERN team means that each
individual is critical for CERN to continue to fulfil its obligations to CLOUD.

CLOUD is not typical of a CERN experiment for reasons more than just its science. It is a ‘living
experiment’ that is continually upgraded to improve its physics reach. The facility is continually devel-
oped in areas such as new light sources and optical components, new thermometer strings, specialised
sampling probes, aerosol generators, gas generators, new trace gases and T11 zone infrastructure. The
state-of-art mass spectrometers and other analysing instruments that sample the contents of the chamber
are re-configured for each experimental run to match the experimental goals. They are shipped to CERN
at the start of each run (Fig. 11), attached to the CLOUD chamber and brought into operation within a
single installation week, to create a single, integrated experiment, and then removed and shipped back to
the institutes at the end of each run. The very same instruments that analyse the CLOUD chamber are
deployed in the field, providing an essential connection between the laboratory measurements and the
real atmosphere that has proved to be a key component of CLOUD’s success.

It represents a huge logistical challenge for the run coordinator to smoothly coordinate around
40 CLOUD instruments from 20 different institutes for each run—a task that extends throughout the

20



Fig. 11: Boxes in the East Hall used to ship instruments to CERN for the CLOUD13 run, Sep–Nov 2013.

Fig. 12: Model drawing of CLOUD in the T11 zone at the CERN Proton Synchrotron after completion of the
East Area renovation, 2019–2020. The improved space for sampling instruments can be seen on the green-shaded
section of the platform.
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year, not just during the experimental runs themselves. This includes all the safety requirements for
each instrument, special gases, radioactive sources, etc., as well as coordinating accommodation for
around 60 different people at the CERN hostel over a 10-week period. The work requires a full-time
postdoctoral fellow at CERN with expert knowledge of atmospheric aerosol instrumentation and the
scientific questions driving CLOUD’s research. It is very efficiently carried out at present by a CERN
applied fellow (Manninen). It is essential that CERN continues to support a run coordinator position for
CLOUD at the end of the current applied fellow’s contract (end 2019).

5.3 East Area renovation
A persistent difficulty for CLOUD has been the restricted space around the chamber to fit the mass
spectrometers and other sampling instruments. There has been a similar lack of space for the gas system,
which has grown in complexity with each year as more gases are added to the chamber (a total of
around 25 different primary gases have been studied so far in the CLOUD chamber). With the East Area
Renovation during LS2, 2019–2020, the space problem will be considerably improved (Fig. 12).

6 CONCLUDING REMARKS

CLOUD began its experimental journey 10 years ago. It was designed with a specific goal—to settle the
cosmic-ray-cloud-climate question—but it was also designed as a precision and highly flexible experi-
mental instrument that could be adapted to meet new science goals. The chamber and its associated gas
system were built to the highest technical standards achievable, and relied heavily on CERN know-how.
Together with new advanced instruments developed within the collaboration, CLOUD has become the
world’s leading experiment for studying atmospheric aerosol nucleation and growth in the laboratory—a
subject of great importance to society through its impact on climate change and health.

We have outlined in this document the scientific contributions of CLOUD over the 10 years since
it started to take data. With this experience, we can see into CLOUD’s future far more clearly today than
we could in 2009, and have outlined a 10-year run plan extending to 2029. We have no doubt that the next
ten years for CLOUD will be as important and exciting as the first ten.They will allow CLOUD to fulfil
its objectives to settle the cosmic-ray-climate mechanism, to reduce the uncertainties in anthropogenic
climate change and to elucidate the mechanisms for urban particle pollution.
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J. Tröstl, J. C. A. Navarro, U. Baltensperger, F. Bianchi, N. M. Donahue, J. Duplissy, A. Franchin, T. Joki-
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R. Wagner, M. Xiao, C. Yan, P. Ye, J. Curtius, N. M. Donahue, R. C. Flagan, M. Kulmala, D. R. Worsnop,
P. M. Winkler, J. Dommen, and U. Baltensperger. Influence of temperature on the molecular composition of
ions and charged clusters during pure biogenic nucleation. Atmospheric Chemistry and Physics, 18:65–79,
2018.

[50] C. Fuchs and PSI. Vapour wall loss correction of SOA mass yields at sub-saturated conditions in the CLOUD
chamber: Assessing the effect of NOx, relative humidity and temperature on SOA yields. Atmospheric
Measurement Techniques, in preparation, Mar 2019.

[51] T. M. Gaydos, C. O. Stanier, S. N. Pandis, and S. N. Pandis. Modeling of in situ ultrafine atmospheric
particle formation in the eastern United States. Journal of Geophysical Research Atmospheres, 110:D07S12,
2005.

[52] A. H. Goldstein and I. E. Galbally. Known and unexplored organic constituents in the Earth’s atmosphere.
Environ. Sci. Technol., 41:1515–1521, 2007.

26



[53] L. Gonzales, D. Stolzenburg, UVIE, and CLOUD. Size-dependent growth rates of particles between 1 and
10 nm for a range of chemical systems. Atmospheric Chemistry and Physics, planned, Sep 2019.

[54] H. Gordon, J. Kirkby, U. Baltensperger, F. Bianchi, M. Breitenlechner, J. Curtius, A. Dias, J. Dommen,
N. M. Donahue, E. M. Dunne, J. Duplissy, S. Ehrhart, R. C. Flagan, C. Frege, C. Fuchs, A. Hansel, C. R.
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[84] A. Kürten, T. Jokinen, M. Simon, M. Sipilä, N. Sarnela, H. Junninen, A. Adamov, J. Almeida, A. Amorim,
F. Bianchi, M. Breitenlechner, J. Dommen, N. M. Donahue, J. Duplissy, S. Ehrhart, R. C. Flagan,
A. Franchin, J. Hakala, A. Hansel, M. Heinritzi, M. Hutterli, A. Laaksonen, K. Lehtipalo, M. Leiminger,
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F. Bianchi, J. Duplissy, A. Hansel, T. Jokinen, H. Keskinen, K. Lehtipalo, M. Leiminger, T. Petäjä, M. Rissa-
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A. Kürten, F. Riccobono, S. Erhart, T. Yli-Juuti, J. Konkanen, A. Adamov, J. Almeida, A. Amorim,
F. Bianchi, M. Breitenlechner, J. Dommen, A. J. Downard, E. M. Dunne, J. Duplissy, R. C. Flagan, R. Guida,
J. Hakala, A. Hansel, W. Jud, J. Kangasluoma, H. Keskinen, J. Kim, A. Kupc, A. Laaksonen, S. Mathot, I. K.
Ortega, A. Onnela, A. Praplan, , M. P. Rissanen, T. Ruuskanen, F. D. Santos, S. Schallhart, R. Schnitzhofer,
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D. R. Worsnop, M. Kulmala, N. M. Donahue, and M. Sipilä. Measurement-model comparison of stabilized
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