
CLOUD experiments and climate science

Fig. 9: 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. A major re-configuration of the control room, chemistry lab, gas system and other CLOUD
facility systems will take place after LS2 to benefit from the improved space around CLOUD.

5 COSMIC RAY RUN, 2019

5.1 CLOUD14 cosmic ray run request, 16 September – 25 November 2019
The CLOUD14 ‘CLOUDy’ run is planned for 16 September – 25 November 2019, using cosmic rays (no
East Area beams during LS2, 2019–2020)—a 9-week data period in total. The aims of the CLOUD14
run are as follows:

1. Activation properties of secondary aerosol for cloud droplets and ice particles: Aerosol parti-
cles will be nucleated and grown in the CLOUD chamber from vapours under various conditions
(chemical species, relative humidity, temperature, and ion concentrations). A wide range of sec-
ondary aerosol will be investigated (inorganic, pure biogenic, multicomponent, marine, and urban).
The cloud activation properties will be investigated for liquid droplets (cloud condensation nuclei,
CCN) and ice particles (ice nuclei, IN).

2. Effect of charge on cloud microphysics: A new CCN generator is being developed to produce
highly charged CCN of either polarity. Expansion (CLOUDy) experiments will be performed with
highly-charged CCN and compared with similar experiments using uncharged CCN. There are no
experimentally-established fair weather charge effects on cloud microphysics, so these are highly
speculative experiments. However, possible effects include electroscavenging (enhanced aerosol-
droplet scavenging), aggregation (or repulsion) of water droplets or ice particles, droplet activation
at lower water vapour supersaturation or higher freezing points of supercooled water droplets.
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Essential climate energy balance driven by Sun: S = 340 W m−2
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If Earth were a black, infinitely conducting sphere, P = σ T4
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But Earth’s albedo is A = 0.3 in the visible, so P = S (1−A)

Frequency (THz)
101 102 103

P
ow

er
 D

en
si

ty
: d

P
/d

lo
g 
8
  (

W
 m

-2
/d

ec
ad

e)

0

100

200

300

400

500

600

238 W m-2

Sun

3



Though it is black (but not perfectly conducting) in the infrared
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Greenhouse effect (IR radiative transfer) holds at optical depth 1 (4.5 km).
Lapse rate (Γ ' −6 K / km) raises surface back to about 285 K.

4



Albedo (A) is (almost) the only variable in the fundamental balance

T =

(
S (1−A)

σ

)1/4

;
∂T

∂A
=
−0.9 K

0.01

Cloud cover is about 0.7, A = 0.30; Cloud reflectivity . 0.5.
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Climate change starts with black-body climate sensitivity, λ0

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT
λ0 = 0.31 K / W-m−2

[Seinfeld, AIChEJ, 2011]
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But there are feedbacks fi = ciλ0 with gain G in a “control loop”

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

[Seinfeld, AIChEJ, 2011]
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Water vapor is the largest feedback (hot air holds more water)

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06

[Seinfeld, AIChEJ, 2011]
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The next feedback is ice albedo (snow is white, water is dark)

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06
fice albedo = 0.08± 0.02

[Seinfeld, AIChEJ, 2011]
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Lapse-rate feedback is negative (more warming in upper troposphere)

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06
fice albedo = 0.08± 0.02
flapse rate = −0.26± 0.08

[Seinfeld, AIChEJ, 2011]
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These three are well understood, significantly increase sensitivity

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06
fice albedo = 0.08± 0.02
flapse rate = −0.26± 0.08

G1 = 1.6 (−0.25,+0.3)

[Seinfeld, AIChEJ, 2011]
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Cloud feedbacks are probably positive, but highly uncertain

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06
fice albedo = 0.08± 0.02
flapse rate = −0.26± 0.08
fcloud extent = 0.21± 0.12

[Seinfeld, AIChEJ, 2011]
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Giving an uncertain climate sensitivity more than doubling black-body

ΔF

ΔF

ΔTo

ΔT

ΔTo= λoΔF

ΔT= λoΔF

ci ΔT

λ = Gλ0; G =
1

1−∑i fi

fwater vapor = 0.56± 0.06
fice albedo = 0.08± 0.02
flapse rate = −0.26± 0.08
fcloud extent = 0.21± 0.12

G = 2.4 (−0.6,+1.6)

[Seinfeld, AIChEJ, 2011]
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If the feedback ∑ f > 1, bad stuff happens
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Long ago, Venus had an ocean; S grew; fwater vapor increases with T

Earth is not under threat of a runaway greenhouse; I grew up with this ...

Long ago is 4 BY for Venus; it is 1750 for Earth ...

[Donahue, et al., Science, 1982]
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Most climate uncertainties have to do with clouds and particles

solar
radiation

terrestrial
radiation

Radiative Forcing (RFari) Cloud adjustments to ari Cloud adjustments to aci

Effective Radiative Forcing from
aerosol-radiation interactions (ERFari) 

Effective Radiative Forcing from
aerosol-cloud interactions (ERFaci) 

Radiative Forcing (RFaci)

cloud-processed
aerosols

a) Direct effect b) Semi-direct effects c) Cloud albedo d) Cloud lifetime

glaciation

cloud depth

precipitation

liquid water path

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

6

[IPCC]
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CLOUD is unique and it has transformed atmospheric nucleation

[Kirkby et al., Nature, 2011; Almeida et al., Nature, 2013; Schobesberger et al., PNAS, 2013;

Riccobono et al., Science, 2014; Kurten et al., PNAS, 2014; Kirkby et al., Nature; 2016; Tröstl et

al., Nature, 2016; Dunne et al., Science, 2016; Gordon et al., PNAS 2016; Lehtipalo et al., Nature

Comm., 2016; Stolzenburg et al., PNAS, 2018; Lehtipalo et al., Science Adv., 2018]
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CMU FIGAERO CIMS measures particle composition at 1 ng m−3

Successful runs require incredible logistics and planning.
A full-time run co-ordinator at CERN who understands the research is essential.
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Unique features of CLOUD

• Ionization through tropospheric range via the beam:
Neutral, surface cosmic rays, upper troposphere.

• Extraordinary (measured) purity through and below atmospheric levels:
H2SO4 < 104 cm−3, NH3 < 10 pptv.

• Temperature through tropospheric range:
225 K – 315 K.

• Wall condensation sink like ambient particles:
About 10 min, varies with mixing fan.

• Controlled illumination:
UV, vis (multiple LEDs, excimer laser, arc lamps ...)

• Co-ordinated suite of instruments beyond state of the art:
Particles 1 - 1000 nm, vapor composition, particle composition, radicals.

• The team:
World leading collaboration members, CERN know-how.
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Particles must grow or die by collision with larger particles

Condensation sink ~ 10/hr for condensible gases

1.5 nm
8 molecules 3 nm

64 molecules 10 nm
2400 molecules

10/hr

5/hr
3.5/hr

1.2/hr

0.2/hr

1.2 nm
4 molecules?

Nucleation is at about 1 nm, climate effects start at 50-100 nm.

[Donahue et al., Faraday Discussions, 2013]
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At extremely low sulfuric acid, nucleation depends on organics
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acidity) than contaminant compounds. However, the nucleation rates 
with sulfur ion species remain unchanged (Fig. 3). Taken together, our 
observations therefore show that ubiquitous ion species can stabilize 
embryonic biogenic clusters. However, we do not observe chlorine in 
nucleating clusters, even though contaminant chlorine ion species are  
present (Fig. 2 and Extended Data Fig. 1), which indicates that not  
all ions have a suitable chemical structure to bond strongly with the 
oxidized organic compounds22.

Figure 4 shows the CLOUD biogenic nucleation rates extended to 
[H2SO4] = 6 × 106 cm−3 and compared with atmospheric boundary- 
layer observations3,4,23,24. Biogenic nucleation rates show no signifi-
cant dependence on sulfuric acid concentration over this range (that 
is, within the experimental measurement errors, the nucleation rate 
is consistent with zero dependency on sulfuric acid concentration). 
This finding sharply contrasts with base-stabilized nucleation of sul-
furic acid in the presence of ammonia9 or amines10, where nucleation 
rates at 1.7 nm show a steep dependency on [H2SO4] above 106 cm−3. 
Comparison of the atmospheric observations (Fig. 4) with our meas-
urements therefore suggests that nucleation in the lower atmosphere 
may involve a mixture of two distinct mechanisms. The first, which  
is more important in polluted environments, involves nucleation of  
sulfuric acid and water together with a combination of amines or 
ammonia with oxidized organics, and has a strong dependence on 
sulfuric acid. The second, which is more important in pristine envi-
ronments, involves nucleation of pure organic particles and depends 
on only oxidized organics and ions.

To gain further insight into the stability of initial neutral and charged 
clusters of highly oxidized biogenic molecules, we calculated their 
Gibbs free energies of formation, ∆G, using quantum chemical meth-
ods (see Methods). For this study we chose C10H14O7 and C20H30O14 
as E1 and E2 surrogates, respectively (Extended Data Fig. 7). We observe 
these compounds both in the gas (Fig. 1) and particle phases in the 
CLOUD chamber. We show proposed formation mechanisms and 
structures19,20 in Extended Data Fig. 3. Our calculations, summarized 
in Extended Data Table 1 and Extended Data Fig. 8, confirm that 
ELVOC clusters formed with an −E1 , −HSO4 , −NO3  or +NH4  ion are 
expected to be stable (that is, their growth rate exceeds the evaporation 
rate) at around 0.1 p.p.t.v. ELVOC, or below. In contrast, the initial neu-
tral clusters are weakly bound and so neutral nucleation is expected to 
be weaker. Although limited to a single surrogate pair, our theoretical 
calculations thus provide independent support for the experimental 
measurements.

Comparisons with atmospheric observations should be considered as 
preliminary because our measurements were made at only one temper-
ature, with a single monoterpene, in the absence of isoprene and mostly 
in the absence of NOx, which can influence HOM yields. Nevertheless, 
our results may provide fresh insights into several seemingly disparate 
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Figure 3 | Pure biogenic nucleation rates versus HOM concentration. 
Neutral (Jn; circles) and GCR (Jgcr; triangles) nucleation rates versus 
total HOMs concentration (RO2· + E1 + E2). The fraction of total HOMs 
that participate in nucleation (ELVOCs) is about 36% (ref. 21). The 
experimental conditions are 10–1,300 p.p.t.v. α-pinene (for measurements 
below J1.7 = 10 cm−3 s−1), 30–35 p.p.b.v. O3, zero H2 or HONO, 38% 
relative humidity, 278 K and <8 × 105 cm−3 H2SO4. The colour scale shows 
[H2SO4]; purple and blue points correspond to contaminant level (below 
the detection threshold); other colours correspond to measurements after 
SO2 was added to the chamber. The fitted curves show parameterizations 
(described in Methods) for Jn (dashed), Jgcr (solid) and ion-induced 
nucleation (Jiin = Jgcr − Jn; dot-dashed). The Jiin parameterization assumes 
that the nucleation rate falls steeply at HOM concentrations below the 
experimental measurements, following a similar slope to that for Jn. 
The bars indicate 1σ total errors, although the overall systematic scale 
uncertainty of +80%/−45% on the HOM concentration is not shown.
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Figure 4 | Experimental and atmospheric nucleation rates versus H2SO4 
concentration. CLOUD measurements of the neutral (Jn; circles), GCR 
(Jgcr; triangles) and π beam (Jπ; diamonds) biogenic nucleation rates at 
1.7 nm (J1.7) versus [H2SO4]. The CLOUD experimental conditions are 
10–1,300 p.p.t.v. α-pinene (for measurements below J1.7 = 10 cm−3 s−1), 
25–35 p.p.b.v. O3, zero H2 or HONO, 20%–40% relative humidity and 
278 K. Measurements below 1 × 105 cm−3 for [H2SO4] are near to the 
detection limit of the CI-APi-TOF and should be considered as upper-
estimates (to avoid overlap, some data points at the H2SO4 detection 
limit are displaced by up to 1 × 104 cm−3). The total HOMs concentration 
from α-pinene oxidation is indicated by the colour scale. Observations 
of particle formation in the atmospheric boundary layer (mainly at 
3-nm threshold size) are indicated by small grey circles3,4,23,24. Following 
convention, the H2SO4 concentration refers to monomers alone; that is, 
H2SO4 bound in molecular clusters is not included. The kinetic upper limit 
on sulfuric acid nucleation is indicated by the blue band, which is bounded 
by dashed lines indicating J1.7 and J3. This band assumes the CLOUD 
condensation sink, which is comparable to that of a pristine atmosphere. 
The upper limit on Jiin from the GCR ion-pair production rate at ground 
level is indicated by the dot-dashed line. The bars indicate 1σ total errors, 
although the overall +50%/−33% systematic scale uncertainty on [H2SO4] 
is not shown.

© 2016 Macmillan Publishers Limited. All rights reserved

[Kirkby et al., Nature, 2016]
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Ions can enhance nucleation by a factor of 100
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acidity) than contaminant compounds. However, the nucleation rates 
with sulfur ion species remain unchanged (Fig. 3). Taken together, our 
observations therefore show that ubiquitous ion species can stabilize 
embryonic biogenic clusters. However, we do not observe chlorine in 
nucleating clusters, even though contaminant chlorine ion species are  
present (Fig. 2 and Extended Data Fig. 1), which indicates that not  
all ions have a suitable chemical structure to bond strongly with the 
oxidized organic compounds22.

Figure 4 shows the CLOUD biogenic nucleation rates extended to 
[H2SO4] = 6 × 106 cm−3 and compared with atmospheric boundary- 
layer observations3,4,23,24. Biogenic nucleation rates show no signifi-
cant dependence on sulfuric acid concentration over this range (that 
is, within the experimental measurement errors, the nucleation rate 
is consistent with zero dependency on sulfuric acid concentration). 
This finding sharply contrasts with base-stabilized nucleation of sul-
furic acid in the presence of ammonia9 or amines10, where nucleation 
rates at 1.7 nm show a steep dependency on [H2SO4] above 106 cm−3. 
Comparison of the atmospheric observations (Fig. 4) with our meas-
urements therefore suggests that nucleation in the lower atmosphere 
may involve a mixture of two distinct mechanisms. The first, which  
is more important in polluted environments, involves nucleation of  
sulfuric acid and water together with a combination of amines or 
ammonia with oxidized organics, and has a strong dependence on 
sulfuric acid. The second, which is more important in pristine envi-
ronments, involves nucleation of pure organic particles and depends 
on only oxidized organics and ions.

To gain further insight into the stability of initial neutral and charged 
clusters of highly oxidized biogenic molecules, we calculated their 
Gibbs free energies of formation, ∆G, using quantum chemical meth-
ods (see Methods). For this study we chose C10H14O7 and C20H30O14 
as E1 and E2 surrogates, respectively (Extended Data Fig. 7). We observe 
these compounds both in the gas (Fig. 1) and particle phases in the 
CLOUD chamber. We show proposed formation mechanisms and 
structures19,20 in Extended Data Fig. 3. Our calculations, summarized 
in Extended Data Table 1 and Extended Data Fig. 8, confirm that 
ELVOC clusters formed with an −E1 , −HSO4 , −NO3  or +NH4  ion are 
expected to be stable (that is, their growth rate exceeds the evaporation 
rate) at around 0.1 p.p.t.v. ELVOC, or below. In contrast, the initial neu-
tral clusters are weakly bound and so neutral nucleation is expected to 
be weaker. Although limited to a single surrogate pair, our theoretical 
calculations thus provide independent support for the experimental 
measurements.

Comparisons with atmospheric observations should be considered as 
preliminary because our measurements were made at only one temper-
ature, with a single monoterpene, in the absence of isoprene and mostly 
in the absence of NOx, which can influence HOM yields. Nevertheless, 
our results may provide fresh insights into several seemingly disparate 
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Figure 3 | Pure biogenic nucleation rates versus HOM concentration. 
Neutral (Jn; circles) and GCR (Jgcr; triangles) nucleation rates versus 
total HOMs concentration (RO2· + E1 + E2). The fraction of total HOMs 
that participate in nucleation (ELVOCs) is about 36% (ref. 21). The 
experimental conditions are 10–1,300 p.p.t.v. α-pinene (for measurements 
below J1.7 = 10 cm−3 s−1), 30–35 p.p.b.v. O3, zero H2 or HONO, 38% 
relative humidity, 278 K and <8 × 105 cm−3 H2SO4. The colour scale shows 
[H2SO4]; purple and blue points correspond to contaminant level (below 
the detection threshold); other colours correspond to measurements after 
SO2 was added to the chamber. The fitted curves show parameterizations 
(described in Methods) for Jn (dashed), Jgcr (solid) and ion-induced 
nucleation (Jiin = Jgcr − Jn; dot-dashed). The Jiin parameterization assumes 
that the nucleation rate falls steeply at HOM concentrations below the 
experimental measurements, following a similar slope to that for Jn. 
The bars indicate 1σ total errors, although the overall systematic scale 
uncertainty of +80%/−45% on the HOM concentration is not shown.
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Figure 4 | Experimental and atmospheric nucleation rates versus H2SO4 
concentration. CLOUD measurements of the neutral (Jn; circles), GCR 
(Jgcr; triangles) and π beam (Jπ; diamonds) biogenic nucleation rates at 
1.7 nm (J1.7) versus [H2SO4]. The CLOUD experimental conditions are 
10–1,300 p.p.t.v. α-pinene (for measurements below J1.7 = 10 cm−3 s−1), 
25–35 p.p.b.v. O3, zero H2 or HONO, 20%–40% relative humidity and 
278 K. Measurements below 1 × 105 cm−3 for [H2SO4] are near to the 
detection limit of the CI-APi-TOF and should be considered as upper-
estimates (to avoid overlap, some data points at the H2SO4 detection 
limit are displaced by up to 1 × 104 cm−3). The total HOMs concentration 
from α-pinene oxidation is indicated by the colour scale. Observations 
of particle formation in the atmospheric boundary layer (mainly at 
3-nm threshold size) are indicated by small grey circles3,4,23,24. Following 
convention, the H2SO4 concentration refers to monomers alone; that is, 
H2SO4 bound in molecular clusters is not included. The kinetic upper limit 
on sulfuric acid nucleation is indicated by the blue band, which is bounded 
by dashed lines indicating J1.7 and J3. This band assumes the CLOUD 
condensation sink, which is comparable to that of a pristine atmosphere. 
The upper limit on Jiin from the GCR ion-pair production rate at ground 
level is indicated by the dot-dashed line. The bars indicate 1σ total errors, 
although the overall +50%/−33% systematic scale uncertainty on [H2SO4] 
is not shown.

© 2016 Macmillan Publishers Limited. All rights reserved

[Kirkby et al., Nature, 2016]
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Real-world (boreal) “soup” has a recipe (composition matters)

Fig. 1: Simulation of boreal forest new particle formation in the CLOUD chamber: Negatively-charged
ions and molecular clusters during new particle formation events measured a) in the CLOUD chamber and b) in
the boreal forest at Hyytiälä, Finland. The x axis shows the cluster mass, and the y axis shows the mass defect
(difference of the cluster mass from integer mass). Each circle represents a distinct ion or charged molecular cluster,
and the diameter corresponds to the signal intensity on a logarithmic scale. The CLOUD data are averaged over
several experiments with 106–107 cm�3 H2SO4, 1 ppbv NOx, 200–500 pptv NH3, 600 pptv monoterpenes, and
40 ppbv ozone, at 38% relative humidity and 278 K. The colours indicate the molecular composition of the ions and
clusters: pure sulphuric acid and SO�

5 (red), H2SO4-NH3-HSO�
4 (cyan), HOM-NO�

3 (dark green), organonitrate-
NO�

3 (light green), HOM-HSO�
4 (light brown), and organonitrate-HSO�

4 (dark brown). The pie charts indicate
the relative amounts of all identified species, excluding the pure S–O species. With a multicomponent mixture of
sulphur dioxide, ammonia, monoterpenes, NOx and ozone, CLOUD was able to simulate closely the new particle
formation and growth rates, and the gas-phase chemical composition, observed in the boreal forest at Hyytiälä
(11).

volatilities—and, in addition, the volatilities of all vapours are strongly temperature-dependent. This
illustrates the breadth and complexity of the parameter phase space that CLOUD is investigating.

During recent runs, CLOUD has carried out experiments that simulate specific environments in
order to interpret the atmospheric observations made at those locations. A major effort has been devoted
to reproducing boreal forest conditions, which have been characterised in great detail over the last twenty
years at the Hyytiälä Forestry Field Station, Finland. Figure 1 shows a comparison of the negatively-
charged ions and molecular clusters in CLOUD and at Hyytiälä, when the environmental conditions
are matched (11). CLOUD has closely reproduced the particle formation and growth rates observed at
Hyytiälä, and shown that the key process driving new particle formation is a multicomponent mechanism
involving sulphuric acid, ammonia and biogenic HOMs. NOx—which largely arises from anthropogenic
sources—substantially reduces the particle formation rates by prematurely terminating the self-oxidation
mechanism that leads to the lowest-volatility HOMs, to form less-volatile organonitrates (Figure 1). On
the other hand, ammonia (again, largely from anthropogenic sources) strongly enhances the particle
formation rates, as do ions, up to the limit set by the ion-pair production rate of a few cm�3 s�1.

The impact of aerosol particles on Earth’s radiative balance involves both direct effects (by scat-
tering and absorbing light) and indirect effects (through their influence on cloud microphysics). The
indirect effects are thought to be the more important, but are less well understood. A nucleated particle

2

We can distribute the organics (HOMs) in a volatility space (Volatility Basis Set).

[Lehtipalo et al., Science Adv., 2018]
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Growth by organics has palette of volatilities (chemistry, T, ...)

Fig. 2: Modelled and measured grow rates of biogenic particles: Examples of modelled and measured growth
rates of biogenic particles versus size for 3 experiments at a) +25�C, b) +5�C and c) -25�C. The experiments are
at made under comparable conditions for reaction rates of ↵-pinene ozonolysis [(1.8 ± 0.5)106 cm�3s�1]. The
data points show growth rates measured by the DMA-train (red) and PSM/NAIS/nano-SMPS (blue) instruments.
The modelled contributions from highly oxygenated organic molecules (HOMs) to the growth rates are indicated
by the green bands. The contributions are directly derived from gas-phase HOM measurements, without any ad-
justments. The HOMs are binned according to their saturation mass concentrations, log(C?

300K [µg m3]). The
HOM volatilities are calculated from the measured atomic and molecular compositions and are experimentally
verified by particle-phase volatility measurements with the FIGAERO CI-APiTOF. The uncertainties in the model
calculations (±1 in log C?

300K) are indicated by dashed lines. The data reveal several important features of or-
ganic particle growth: i) suppression of the growth rate at small sizes due to the Kelvin (curvature) effect, and
ii) fast organic growth rates over a wide temperature range, which result from iii) near-complete compensation
of the reduced oxygenation (higher C?

300K) at lower temperatures by the lower overall volatilities. (The reduced
oxygenation is due to a slowing of the self-oxygenation rate.) To state the last point another way: organic vapours
with 5–6 orders-of-magnitude higher volatility at 300 K can drive particle formation and initial growth at 248 K.
This is the first time complete closure (agreement) has been achieved between biogenic particle growth rates and
gas-phase HOM measurements (9).

3

CMU VBS model reproduces growth vs size quantitatively from 248 to 290 K

[Stolzenburg et al., PNAS, 2018]
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CMU FIGAERO probes biogenic composition in nucleated particles
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[Q. Ye et al. ES&T, submitted]
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Measured composition and volatility distribution = gas-phase + model
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Indirect forcing (now-preindustrial) −0.82 W m−2 without biogenics
(30). The change in CCN production across the pristine pre-
industrial atmosphere is particularly important for global climate,
because cloud droplet concentrations and albedo are both more
sensitive to CCN changes in pristine environments.
The effect of pure biogenic nucleation on the magnitude of

aerosol radiative forcing from 1750 to 2008 was calculated by
comparing simulations with and without pure biogenic nucleation.
We only consider changes in the cloud albedo effect. The aerosol
direct forcing is unlikely to be substantially influenced by the pure
biogenic nucleation mechanism, because it is not strongly affected
by the aerosol size distribution (31). The change in radiative
forcing when pure biogenic nucleation is included is presented in
Fig. 4. We estimate that the global annual mean cloud albedo
forcing since 1750 after including pure biogenic nucleation is
−0.60 W m−2. The change in calculated aerosol radiative forcing
caused by pure biogenic nucleation is +0.22 W m−2, correspond-
ing to a 27% reduction in the negative forcing. This change is a
result of the nonlinear dependence of the forcing on the baseline
CCN concentration (7). We note that our simulations may un-
derestimate the net effect, because they do not account for pos-
sible increases in cloud fraction and thickness, which in pristine
regions (CCN below 100  cm−3), may be highly sensitive to small
changes of CCN (32). We also do not account for the possibility of
pure biogenic nucleation involving sesquiterpenes. However, we
emphasize that including pure biogenic nucleation in our model
leads to an overprediction of CCN in the Amazon region, which
may indicate that it is chemically suppressed. Inhibition of nucle-
ation, if it happens, may be local to the tropical rainforest envi-
ronment or more widespread. If we artificially set pure biogenic
nucleation rates to zero within 10° latitude of the equator, the
change in aerosol forcing when pure biogenic nucleation is in-
cluded changes only slightly to +0.20 W m−2.
The largest changes in radiative forcing occur over the north-

ern hemisphere (NH), especially over oceans with high annual
cloud cover (Fig. 4B), where CCN concentrations are most
strongly perturbed by anthropogenic emissions. The NH is also
where pure biogenic nucleation causes the largest reduction in
contrast between preindustrial and present day CCN concentrations

driven by the large continental source of biogenic gases. However,
the relative change in forcing in the southern hemisphere (SH) is
greater than in the NH: pure biogenic nucleation reduces the an-
nual southern hemispheric mean from −0.25 to −0.14 W m−2

(compared with a change in the NH from −1.39 to −1.06 W m−2).
In some tropical and southern regions, there are higher CCN
concentrations in preindustrial times than today and a positive ra-
diative forcing. In these regions and nearby, preindustrial OH · and
HOMs were higher than today, and particle condensation sinks
were lower, whereas SO2 levels (largely marine) were comparable.
We consider the principal uncertainties in our analysis to be

associated with (i) VOC, SO2, and primary particle emissions
such as in ref. 7); (ii) how representative AP and the pinanediol
used in ref. 5 are of VOCs in the atmosphere; (iii) yields
of HOMs from AP oxidation in the presence of other vapors, such
as NOx; and (iv) temperature dependence of the nucleation rates.
To investigate the effect of a plausible temperature depen-

dence, we reran the model multiplying all boundary layer nucle-
ation rates by expð−ðT − 278Þ=10Þ. The charged nucleation rate
remained limited by the ion production rate and the overall rate
by the kinetic limit. We find that annually averaged changes to
cloud albedo radiative forcing over the industrial period from pure
biogenic nucleation are reduced to +0.14 from +0.22 W m−2.
The yields of HOMs have an experimental uncertainty around a

factor of two [and were reported to be about a factor of two higher in
an earlier chamber study (33)]. These uncertainties are comparable
with uncertainties in the VOC emissions themselves (34). The yields
could be affected by nitrogen oxides (21) and were found to differ

Fig. 3. Concentrations of CCN calculated at 0.2% supersaturation in
centimeters−3 annually averaged at cloud base level in (A) preindustrial and
(B) present day conditions, including pure biogenic nucleation and (C and D)
percentage changes to these concentrations when pure biogenic nucleation
is introduced. In this figure, we assume HOM formation and pure biogenic
nucleation proceed at the rates measured at the CLOUD chamber.

Fig. 4. (A) Distribution of cloud albedo radiative forcing, including pure biogenic
nucleation and (B) change to this distribution when pure biogenic nucleation is
included in themodel. EQ, Equator; GM, GreenwichMeridian; RF, radiative forcing.

12056 | www.pnas.org/cgi/doi/10.1073/pnas.1602360113 Gordon et al.

[Gordon et al., PNAS, 2016]
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Adding pure biogenics shifts by +0.22 W m−2 (27% less cooling)
(30). The change in CCN production across the pristine pre-
industrial atmosphere is particularly important for global climate,
because cloud droplet concentrations and albedo are both more
sensitive to CCN changes in pristine environments.
The effect of pure biogenic nucleation on the magnitude of

aerosol radiative forcing from 1750 to 2008 was calculated by
comparing simulations with and without pure biogenic nucleation.
We only consider changes in the cloud albedo effect. The aerosol
direct forcing is unlikely to be substantially influenced by the pure
biogenic nucleation mechanism, because it is not strongly affected
by the aerosol size distribution (31). The change in radiative
forcing when pure biogenic nucleation is included is presented in
Fig. 4. We estimate that the global annual mean cloud albedo
forcing since 1750 after including pure biogenic nucleation is
−0.60 W m−2. The change in calculated aerosol radiative forcing
caused by pure biogenic nucleation is +0.22 W m−2, correspond-
ing to a 27% reduction in the negative forcing. This change is a
result of the nonlinear dependence of the forcing on the baseline
CCN concentration (7). We note that our simulations may un-
derestimate the net effect, because they do not account for pos-
sible increases in cloud fraction and thickness, which in pristine
regions (CCN below 100  cm−3), may be highly sensitive to small
changes of CCN (32). We also do not account for the possibility of
pure biogenic nucleation involving sesquiterpenes. However, we
emphasize that including pure biogenic nucleation in our model
leads to an overprediction of CCN in the Amazon region, which
may indicate that it is chemically suppressed. Inhibition of nucle-
ation, if it happens, may be local to the tropical rainforest envi-
ronment or more widespread. If we artificially set pure biogenic
nucleation rates to zero within 10° latitude of the equator, the
change in aerosol forcing when pure biogenic nucleation is in-
cluded changes only slightly to +0.20 W m−2.
The largest changes in radiative forcing occur over the north-

ern hemisphere (NH), especially over oceans with high annual
cloud cover (Fig. 4B), where CCN concentrations are most
strongly perturbed by anthropogenic emissions. The NH is also
where pure biogenic nucleation causes the largest reduction in
contrast between preindustrial and present day CCN concentrations

driven by the large continental source of biogenic gases. However,
the relative change in forcing in the southern hemisphere (SH) is
greater than in the NH: pure biogenic nucleation reduces the an-
nual southern hemispheric mean from −0.25 to −0.14 W m−2

(compared with a change in the NH from −1.39 to −1.06 W m−2).
In some tropical and southern regions, there are higher CCN
concentrations in preindustrial times than today and a positive ra-
diative forcing. In these regions and nearby, preindustrial OH · and
HOMs were higher than today, and particle condensation sinks
were lower, whereas SO2 levels (largely marine) were comparable.
We consider the principal uncertainties in our analysis to be

associated with (i) VOC, SO2, and primary particle emissions
such as in ref. 7); (ii) how representative AP and the pinanediol
used in ref. 5 are of VOCs in the atmosphere; (iii) yields
of HOMs from AP oxidation in the presence of other vapors, such
as NOx; and (iv) temperature dependence of the nucleation rates.
To investigate the effect of a plausible temperature depen-

dence, we reran the model multiplying all boundary layer nucle-
ation rates by expð−ðT − 278Þ=10Þ. The charged nucleation rate
remained limited by the ion production rate and the overall rate
by the kinetic limit. We find that annually averaged changes to
cloud albedo radiative forcing over the industrial period from pure
biogenic nucleation are reduced to +0.14 from +0.22 W m−2.
The yields of HOMs have an experimental uncertainty around a

factor of two [and were reported to be about a factor of two higher in
an earlier chamber study (33)]. These uncertainties are comparable
with uncertainties in the VOC emissions themselves (34). The yields
could be affected by nitrogen oxides (21) and were found to differ

Fig. 3. Concentrations of CCN calculated at 0.2% supersaturation in
centimeters−3 annually averaged at cloud base level in (A) preindustrial and
(B) present day conditions, including pure biogenic nucleation and (C and D)
percentage changes to these concentrations when pure biogenic nucleation
is introduced. In this figure, we assume HOM formation and pure biogenic
nucleation proceed at the rates measured at the CLOUD chamber.

Fig. 4. (A) Distribution of cloud albedo radiative forcing, including pure biogenic
nucleation and (B) change to this distribution when pure biogenic nucleation is
included in themodel. EQ, Equator; GM, GreenwichMeridian; RF, radiative forcing.

12056 | www.pnas.org/cgi/doi/10.1073/pnas.1602360113 Gordon et al.

[Gordon et al., PNAS, 2016]
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CLOUD has 3 key experimental objectives during the next 10 years

1. Climate change.

2. Cosmic-ray-climate mechanism.

3. Urban particle pollution.

CLOUD has multi-scale modeling objectives

1. Aerosol-cloud interactions: cloud adjustments.

2. Cloud resolving models with explicit microphysics at 10-m scale:
– Global models have 100 km resolution; cannot resolve clouds.

3. Effects of charge on cloud microphysics.

4. Aerosol formation in highly polluted environments.
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The CERN CLOUD team is vital

• Responsibilities:

– Maintaining and developing the CLOUD facility and infrastructure
· chamber, thermal system, HV, fans,
· light sources, sampling probes,
· gas, humidity & cryogenic systems,
· DAQ & slow control systems
· T11 experimental zone, beam & safety

– Overall coordination of CLOUD
· spokesperson,
· technical coordinator,
· resources coordinator,
· run coordinator,
· DAQ coordinator

• Small team so each individual is critical.

• The CLOUD collaboration thanks CERN for supporting CLOUD with an applied fellows position
for CLOUD run coordinator, and requests continued support for a CLOUD run coordinator after
the end of the present contract (December 2019).

CERN CLOUD team
• Responsible for: 
‣ Maintaining and developing the CLOUD 

facility and infrastructure: 
✦ Chamber, thermal system, HV, fans, 

light sources, sampling probes 
✦ Gas, humidity & cryogenic systems 
✦ DAQ & slow control systems 
✦ T11 experimental zone, beam & 

safety 
‣ Overall coordination of CLOUD 

(spokesperson, technical coordinator, 
resources coordinator, run coordinator, 
DAQ coordinator) 

• Small team so each individual is critical 
• CLOUD collaboration thanks CERN for 

supporting CLOUD with an applied fellows 
position for CLOUD run coordinator, and 
requests continued support for a CLOUD 
run coordinator after the end of the present 
contract (Dec 2019) 
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CLOUD is uniquely poised to discover new science

• Charge enhancement of cloud and ice nucleation, including glassy SOA.
CLOUD-14; Fall 2019

• East Area Upgrade - CLOUD CERN team busy reconfiguring in T11.
Fall 2020

• Nitric acid and new-particle formation (low T, low condensation sink).
CLOUD-15; Fall 2021

• Pre-industrial continental new-particle formation (organic interactions, charge).
CLOUD-16; Fall 2022

• Urban megacity conditions (high nitric acid, amines, condensation sink).
CLOUD-17; Fall 2023

• Chemistry in growing particles, cloud microphysics.
CLOUD-18; Fall 2024

• Marine new-particle formation (iodine, dimethyl sulfide, low condensation sink).
CLOUD-19; Fall 2025

• Free troposphere new-particle formation (low T, variable RH, high ions).
CLOUD-20; Fall 2026
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