
Status and plans of the CLOUD experiment

CLOUD's contribution to the understanding of global aerosol and climate
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Influence of aerosol particles on climate
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North Pacific, NASA MODIS satellite, 4Mar09

Scattering and absorption of solar radiation 
(Earth's total albedo ~30%)

Changes in 
cloud brightness and coverage



Radiative forcings since 1750 (IPCC AR6)

• Estimated aerosol effective radiative forcing 	 = -(1.3±0.7) Wm-2 
• Effective radiative forcing from CO2 	 	 	 =  (2.1±0.3) Wm-2
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(a) Effective radiative forcing
      1750 to 2019

(b) Change in global surface temperature
     1750 to 2019

Emitted Components

(c) Aerosol effective radiative forcing

Climate effect through:

IPCC AR6 (2021)



Climate prediction needs mechanistic representations for aerosol particles

• Ice cores record greenhouse gas 
concentrations 

• They also record sulphate (aerosol) 
mass concentrations 

• But they provide no information on 
the number of aerosol particles, and 
hence cloudiness in the  
pre-industrial era 

• We need climate models that 
include the underlying atmospheric 
chemical and physical mechanisms 
to predict:  
‣ Pre-industrial aerosol and clouds 

(=> Earth's climate sensitivity) 
‣ Earth's future climate without 

SO2 emissions
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CLOUD
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• Key features:: 
‣ Ultra-low contaminants 
‣ Atmospheric 

concentrations 
‣ Precise and steady 

control of all conditions 
over long periods: 
✦ vapours 
✦ T, UV 
✦ ionisation (n, gcr, π) 

‣ Comprehensive 
analysis instruments 

‣ FLOTUS 
(FLOw TUbe System)

fibre-optic UV system
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CLOUD16 run (25Sep-3Dec23)
9Nov23

23Oct23



Understanding of atmospheric aerosol BC (Before CLOUD)

• In 2010, sulfuric acid was thought to account for almost all particle formation in the 
atmosphere - but laboratory experiments disagreed by many orders of magnitude
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Sipila et al
Science 2010

Kuang, McMurry et al
JGR 2008

(Mexico City)

Sihto, Kulmala  et al
ACP 2006 (Hyytiälä)

Berndt et al
Science 2005,
GRL 2006

Young et al
ACP 2008

Figure adapted from
Laaksonen, Kulmala et al, ACP 2008

and updated in 2010

Sorokin & Arnold
Atm. Env. 2007

Ball et al
JGR 1999

Zhang et al
Science 2004

binary nucleation
theory (Kulmala
& Laaksonen 
JCP1990)
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CLOUD advances in atmospheric aerosol 2011-23

• CLOUD publications total around 
75, including: 
‣ 6 in Nature 
‣ 3 4 in Science 
‣ 1 in Nature Geosc. 
‣ 1 in Nature Chem. 
‣ 4 in Proc. Natl. Acad. Sci. USA 
‣ 2 in Nature Com. 
‣ 4 in Science Adv.
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2011 (912)

2013 (658)

2014 (370)

2016 (454)

2016 (349)

2016 (238)

2020 (98)

2021 (66)

2022 (13)

Year (cites.)

X

2023 
(embargoed) He et al



9 Kirkby et al., Nature Geosci. 16, 948-957 (2023)
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New particle formation from CLOUD

• CLOUD 
measurements so far 
indicate that GCR 
ions account for 27% 
of global CCN for low 
clouds 

• However GCR 
variations over solar 
cycle change CCN 
by only 0.2%, which 
is not climatically 
significant

10

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104
Pa

rt
ic

le
 fo

rm
at

io
n 

ra
te

, J
1.

7 
(c

m
-3

s-1
)

105 106 107 108 109

Nucleating vapour concentration: H2SO4, HIO3, ULVOC (cm-3)

Atmospheric observations:
Shanghai, China (megacity)
Tecamac, Mexico (megacity)
San Pietro Capofiume, Italy (industrial, farming)
Melpitz, Germany (rural, farming)
Hohenpeissenberg, Germany (meadow, forest)
Hyytiälä, Finland (Kulmala 2013) (boreal forest)
Hyytiälä, Finland (Paasonen 2010) (boreal forest)

H2SO4
H2SO4-NH3

HIO3-HIO2

ULVOC

H2SO4-DMA
(-NH3-ULVOC)

CLOUD measurements at 278 K:
 H2SO4-DMA-NH3-ULVOC
 H2SO4-DMA-NH3
 H2SO4-DMA
 ULVOC
 HIO3-HIO2 (263 K)
 H2SO4-NH3
 H2SO4

H2SO4 kinetic limit

Kirkby et al., Nature Geosci. 16, 948-957 (2023)

ULVOC: 
Ultra-low-volatility 
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sulfuric acid  
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CLOUD: 
GCR conditions 

(5oC)



Geographical locations of nucleation mechanisms measured by CLOUD
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sulfuric acid
sulfuric acid-ammonia
sulfuric acid-ammonia-biogenic HOM
sulfuric acid-ammonia-nitric acid

Legend:
   filled symbols = boundary layer
   large open symbols = free troposphere
   dashed open symbols = not yet confirmed

sulfuric acid-amines
biogenic HOM
iodic acid
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Key questions addressed by CLOUD

• For each system of precursor vapours and ambient conditions (T, relative humidity...): 

‣ What is the aerosol particle formation rate vs vapour concentrations? 

‣ What is the influence of ions from galactic cosmic rays between 0 and 10 km altitude? 

‣ How fast do the particles grow from molecular (~1 nm) to CCN sizes (~50 nm)? 

‣ Which chemical compounds are involved in a) nucleation and b) growth? 

‣ What are the gas-phase chemical pathways transforming volatile precursor vapours 
into ultra-low-volatility nucleating vapours? 
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CLOUD16 run (25Sep-3Dec23)
• Tropical rainforest upper free troposphere: 

‣ α-pinene, isoprene 
‣ sulfuric acid 
‣ NOx 

• Marine surfactants in the upper free troposphere: 
‣ nonanal ((CH2)9O) 
‣ sulfuric acid 
‣ NOx 

• Cool boreal forest boundary layer: 
‣ α-pinene 
‣ sulfuric acid 

• Arctic boundary layer: 
‣ dimethylsulfide (methanesulfonic acid, sulfuric acid) 
‣ iodine (iodic acid, iodous acid) 
‣ ammonia 
‣ glyoxal (dialdehyde, CHOCHO) 

• Interaction of biogenic and anthropogenic vapours in urban environments: 
‣ biogenic vapours (trees): α-pinene, isoprene 
‣ anthropogenic vapours (automobiles, industry...): sulfuric acid, ammonia, dimethylamine, aromatic organics, NOx
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CLOUD16 example run

(13-14Oct23)

• Aerosol particle formation in the tropical 
rainforest upper free troposphere  
(CLOUD chamber at -50oC)
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EU Horizon Europe Marie Curie Doctoral Network: CLOUD-DOC
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• 12 PhD students at  
12 CLOUD institutes 
(Frankfurt, CERN, 
Helsinki, Stockholm, 
Ionicon, Tropos, 
Cyprus Inst., Tartu, 
Vienna, KIT, PSI, 
Tofwerk) 

• 1Sep22-31Aug26 
(2.7M€)



CLOUD's near-term future plans

• Aerosol particle formation and growth in cold regions:  
‣ Tropical Atlantic and Pacific upper free troposphere, 
‣ Asian monsoon upper free troposphere 
‣ Southern Ocean upper free troposphere 
‣ Particle evaporation in passing from cold to warm environments 

• "CLOUDy" experiments: 
‣ Effect of aerosol charge on cloud microphysics (aerosol scavenging) 
‣ Asian monsoon ice nucleation from HNO3-H2SO4-NH3 particles 
‣ Transport of vapours to the upper free troposphere: release of NH3 (and 

other dissolved vapours) upon supercooled droplet freezing or evaporation 

• Parameterise CLOUD measurements for global climate models, and evaluate 
the impact on present and future climates
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Summary

• CLOUD is providing a mechanistic understanding of aerosol particle formation 
and growth for global atmospheric chemistry and climate models 

• This is effectively catching up with gas-phase chemical kinetics where - since 
more than 40 years! - laboratory experiments have provided straightforward 
kinetic equations that could be inserted directly into models—that is, explicit 
mechanisms 

• In the aerosol world, a similar level of ‘nucleation kinetics’ has largely been 
achieved through CLOUD experiments over the past 12 years - but there is 
still much more to do 

• CLOUD has transformed how aerosols are represented in global climate 
models
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