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Traditional view: 

Current view: 

Kulmala et al., 2014, accepted 





1. Atmospheric oxidation 

Oxidation of SO2 to sulfuric acid by Stabilized 
Criegee intermediates (SCI) has a significant 
contribution to sulfuric acid concentrations in 
boreal environment. 
 
 
 
 



Size scale 

1Å 

aerosol 
particles 

1μm 

1nm 

3nm 

gas molecules 

clusters 

Hyytiälä 15th May 2013: 

OH 
H2SO4 

VOCs 

NH3 O3 

Measured 
with: 

NAIS 

PSM 

Mass 
specs 

Discovering the world below 3 nm 
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2) atmospheric nucleation 



First paper on nucleation in Hyytiälä… 



…and the first Bananas 



ELVOCs predicted 

”it seems unlikely that the condensing molecule X is sulphuric 
acid” 

”one possibility is that the growth is caused by some organic 
acid(s)” 

”The growth seems to be limited by a species with gas-
phase concentration above 107 and saturation vapour 
density below 105 molecules per cc” 



The first explanation … 
and prediction of atmospheric cluster pool 

Letters to Nature 
Nature 404, 66-69 (2 March 2000) | Received 5 July 1999; Accepted 10 January 2000 

Stable sulphate clusters as a source of new atmospheric particles 
Markku Kulmala, Liisa Pirjola and Jyrki M. Mäkelä 

"...ambient sulphuric acid (H2SO4) levels are 
typically lower than required for binary 
nucleation, but are sufficient for ternary 
nucleation (sulphuric acid–ammonia–water). 
Here we present results from an aerosol 
dynamics model with a ternary nucleation 
scheme which indicate that nucleation in the 
troposphere should be ubiquitous, and yield 
a reservoir of thermodynamically stable 
clusters 1–3 nm in size." 



Nano-Köhler 



Nano-Köhler 



Ions, clusters and aerosol particles 

Neutral  
clusters 

Figure by L. Laakso 

New instruments (PSM, CI-Api-ToF) to detect neutral clusters 



13 Lehtipalo, 2011 

The development of measurement 
techniques 
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Atmospheric clusters 
 

• AIS/NAIS/BSMA 
•  ion concentration, mobility diameter 

• PSM: total concentration as a function of size 
• Ammonium sulphate equal mobility diameter 

• CIMS: H2SO4 
• Api-ToF: +/- ion composition 
• CI-Api-ToF: neutral composition/ size in amus 
• PTR-MS: VOCs 
• Others: NH3, UV, Meteorology etc. 
• Measurements:  

– March 14th to  May 16th 2011 at the SMEAR II station in Hyytiälä 
– Several other measurements at different locations 

 



Kulmala et al., 2013, Science, SOM 



Neutral vs ion clusters  



Size as a function of time 

17 Kulmala et al., Science, 22.2. 2013 



Growth rate 

18 Kulmala et al., Science, 22.2. 2013 
 



Particle formation and growth is a global phenomenon (Kulmala et al., JAS 2004) 

 Contributes significantly to global particle and CCN numbers 
(Spracklen et al., 2006; 2008; Carslaw, ICNAA 2009) 

 

Global measurement activities 



Effect of saturation vapour 
concentration 



Gas-to-particle conversion 
• Traditional view 

1. Chemical reactions in gas 
phase to produce low 
volatile vapour(s) 

2. Nucleation 
3. Subsequent 

condensational growth 
 

• New view 
1. Like traditional step 1 
2. Clustering  
3. Nucleation or barrierless 

nucleation 
4. Activation with the 

second group of 
vapour(s) 

5. Like traditional step 3 
• All steps are active 

simultaneously although 
(i-1) is needed before step 
(i) 

 
 

Kulmala et al., 2014, accepted 
Annual Review of Physical Chemistry 



Atmospheric clusters  
present understanding 

Theory / Predictions 
• Existence of atmospheric 

clusters  (K2000) 
• Concentration:  1E5-1E6 

 
 

• Nano-Köhler: size 
dependent growth (K2004) 

 

Experiments 
• Found (K2007) 

 
• Concentration 1E3-1E5  

– Several observations 
– Something still missing ? 

• Found (K2013) 
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Atmospheric nucleation rate 
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Summary 
• New particle formation is globally significant 

– To CN, to CCN and to cloud droplets 
• New instruments to detect  

– Size segregated size and composition  
– PSM, AIS/NAIS, (CI-)Api-ToF 

• Should be used simultaneously 
• Theoretical predictions  

– From quantum chemistry to global models 
– Agree with observations 

• In Planetary Boundary Layer 
– Neutral clustering dominates 
– Sulphuric acid crucial  < 1.7 nm 
– At 1.7 nm +/- 0.2 nm organics will start to contribute 

significantly 
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