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New particle formation (homogeneous nucleation)

Merikanto et al., ACP, 2009
Kerminem et al., ERL, 2018
Dunne et al., Science, 2016

“Banana plot”

>50% of the CCN from nucleation 
Cloud formation

Influence on the climate
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The CLOUD experiment at CERN



1st Sulphuric acid experiments

Kirkby et al., Nature, 2011; Duplissy et al., JGR, 2016
Courtesy of Sigi and Jasper



2nd Sulphuric acid – Ammonia experiments

Kirkby et al., Nature, 2011; Bianchi et al., AMT, 2012; Schobesberger et al., ACP, 2015
Duplissy et al., JGR, 2016; Kuerten et al., JGR, 2016

Courtesy of Sigi and Jasper



Do oxidized organics compounds influence directly 
new particle formation rate???

on their growth rate, making it difficult to dis-
entangle nucleation and growth (27). Thus, there
is a critical need for laboratory experiments that
mimic the atmosphere under carefully controlled
conditions.

Experimental Approach
We studied, under well-controlled laboratory con-
ditions, nucleation in the presence of sulfuric
acid and biogenic oxidized organic vapors at ion-
ization rates and vapor concentrations spanning
atmospheric values. The CLOUD (Cosmics Leav-
ing Outdoor Droplets) experiment at CERN pro-
vides a unique facility to measure the evolution
from gas molecules to clusters to particles un-
der atmospheric conditions. The CLOUD cham-
ber is a 26-m3 stainless-steel vessel that enables
nucleation experiments to be carried out under
extremely stable, reproducible, and essentially
contaminant-free conditions (16); a discussion

of minute remaining contamination, which does
not influence the measured nucleation rates, is
given in (28). The gas and particle phases in the
chamber are continuously sampled and ana-
lyzed by a comprehensive suite of state-of-
the-art instruments (28). In these experiments,
condensable vapors were formed by gas-phase
reactions of hydroxyl radicals (OH), the domi-
nant oxidant in Earth’s atmosphere, with sulfur
dioxide (SO2) and pinanediol (PD, C10H18O2).
Sulfuric acid was formed from oxidation of
SO2, and a broad range of oxidized biogenic
compounds was produced from oxidation of
PD. PD is a first-generation oxidation product
of a-pinene; consequently, its oxidation products
(in the following called BioOxOrg) closely rep-
resent later-generation oxidation products of bio-
genic monoterpenes. By using the experimental
results, we developed a parameterization describ-
ing the dependence of nucleation rates on H2SO4

and BioOxOrg concentrations and implemented
it in a global aerosol microphysics model to as-
sess the effect of this process on new-particle
formation in the continental BL.

The effects of H2SO4 and BioOxOrg on the
nucleation rates were isolated by independently
varying the concentration of H2SO4 or BioOxOrg
[see (28) for detailed experimental setup and
BioOxOrg concentration determination]. The
CLOUD facility also benefits from an adjustable
pion beam from the CERN Proton Synchrotron
(PS) to simulate ionizing cosmic rays and from
an electric clearing field of up to 20 kVm–1 when
an ion-free environment is needed. For each set
of gas conditions, we measured the nucleation
rates J under three different ion concentrations:
(i) Jn in an ion-free environment (neutral, with the
electric field on); (ii) Jgcr in a ground-level io-
nized environment (gcr, with ions naturally gen-
erated by galactic cosmic rays); and (iii) Jp in a

Fig. 1. Exploration of nucleation rates. (A) Nucleation rates J1.7 as a
function of H2SO4 concentration for the whole range of BioOxOrg concen-
trations experimentally explored (color-coded with log[BioOxOrg]), and nu-
cleation rates observed in the BL (small green squares) (7–9). Contaminants
NH3 and dimethylamine are <2 and <1 pptv, respectively. Bold diamonds
correspond to those runs for which the APi-TOF mass defect plots are shown in
Fig. 2 and figs. S2 to S4. (B) Nucleation rates J1.7 as a function of H2SO4
concentration for a limited range of BioOxOrg concentration (1.0 T 0.7 ×
108 cm−3, ~4 pptv). The marked area represents the region of BL observations.
(C) Nucleation rates as a function of BioOxOrg concentration for a limited range

of H2SO4 concentrations (1.9 T 0.7 × 106 cm−3, ~0.1 pptv). (D) Percentage of
ion-induced nucleation as a function of the total nucleation, calculated from the
differences of the corresponding experiments under identical conditions. In (B),
(C), and (D), blue, green, and red circles correspond to Jn, Jgcr, and Jp, respec-
tively. The bars represent 1s total errors, but the overall systematic scale
uncertainty on H2SO4 (about factor 2) and BioOxOrg concentrations is not
shown. In (A) and (B), the binary (H2SO4 and H2O, open squares) and ternary
(H2SO4, H2O, and NH3, open triangles) GCR nucleation rates from CLOUD are
also shown (16). The black lines correspond to unconstrained least-squares fits
for GCR conditions. The gray band in (D) is shown to guide the eye.
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Riccobono et al., Science, 2014
Schobesberger et al., PNAS, 2013

Sulphuric acid line

Sulphuric acid – Ammonia line



What is missing?

Boundary layer measurementsCLOUD



New particle formation observation from high altitude sites around the 
globe.

The main scientific question is to 
understand the mechanism driving NPF 

in the free troposphere

Kerminen et al., ERL, 2018; Garcia et al., ACP, 2014

Previous studies (mainly physical properties)

Studies presented here (physical and chemical properties)

Atmospheric new particle formation and growth: review of field observations
Kerminen, Veli-Matti; Chen, Xuemeng; Vakkari, Ville; Petäjä, Tuukka; Kulmala, 

Markku; Bianchi, Federico

Environmental Research letter, 2018



New particle formation in the free 
troposphere: A question of chemistry 

and timing

• Highly-oxygenated Organic Molecules (HOM) 
directly participate in the NPF process

• Time window of 2-3 days after major PBL 
contact

Bianchi et al., Science, 2016
Tröstl et al., JGR, 2016
Frege et al., ACP, 2017



Side note: Highly oxygenated organic molecules 

• Definition
• Detection 
• Formation mechanism
• Properties and Fates in the Atmosphere
• Observations and Impacts

Bianchi et al., Chemical Reviews, 2019



Nepal Climate Observatory – Pyramid 5079m a.s.l. - Everest base camp

Venzac et al., PNAS, 2008



Low pressure Test

P=500 mbar



Luckla 2800 m asl



During the day During the night



The Himalayan aerosol factory



The Himalayan aerosol factory



Meteorology driving new particle formation in Himalayan valley

Nucleation triggered by the up-valley wind



What is the chemical composition of 
these clusters?

• Organic compounds (HOMs) clearly play 
a role on new particle formation

• Biogenic origin!





Concluding: We think we know the physics 

We think we know the chemistry

Are these events important for the ambient/climate?

Photo from Heikki Junninen



Where do the particles go?



Bianchi et al., Nature Geoscience, 2021

We think we know the physics 
We think we know the chemistry
Are these events important for the ambient/climate?
- YES! 



SALTENA Campaign - Southern hemisphere high altitude experiment on
particle nucleation and growth
- December 2017 – May 2018, intensive period: April 2018 – May 2018
- Chacaltaya GAW Station (CHC) - Bolivian Andes, 5240 masl

Bianchi et al., BAMS, In press



Thanks for your attention


