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Abstract. The role of oxidized organic compounds in the process of new particle formation in 
the atmosphere is poorly known. Here we used the ultraclean and most sophisticated CLOUD 
chamber to investigate systematically particle formation in the presence of sulfuric acid and 
oxidized organics. We varied independently the concentrations of both of these components. In 
addition, nucleation was observed without and in the presence of ionic compounds. From the 
results a new parameterized description of nucleation was derived for global climate model 
simulations.  

Keywords: Nucleation, sulfuric acid, oxidized organics, cluster, atmosphere, climate change. 
PACS: 92.60.Mt, 64.60.Q, 92.60.hf

INTRODUCTION  

Atmospheric particles are produced either by direct emissions or are formed by gas-
to-particle processes, called nucleation. Global models predict that 45% of cloud 
condensation nuclei (CCN) are secondary aerosols [1]. Besides their direct effect on 
radiation by scattering and absorbing light these aerosols also influence cloud 
formation and properties. This indirect effect on climate may be large but hitherto it is 
only poorly quantified [2]. First of all, the formation of new particles in the 
atmosphere is a poorly understood process and secondly the aerosol-cloud interaction 
needs to be represented in a highly parameterized form in global models. In recent 
years sulfuric acid (H2SO4) has emerged as the key player in atmospheric nucleation. 
It is formed by photo-oxidation of sulfur dioxide in one step and has an extremely low 
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vapor pressure. In many field campaigns a good correlation between the concentration 
of H2SO4 and the rate of particle nucleation has been established. However, in many 
regions of the world the sulfuric acid concentrations are way too low to explain the 
observed nucleation by binary H2SO4-H2O homogeneous nucleation. A third vapor 
component is required to stabilize the smallest clusters which are then able to grow to 
nanometer sized particles. Recent laboratory experiments have shown that ammonia 
can stabilize NH3-H2SO4-H2O clusters but this ternary nucleation is only able to 
account for the rates observed in the atmosphere at lower temperatures [3]. This 
stabilization of a cluster by an acid-base pair could be a viable mechanism and other 
base molecules have been suggested to foster nucleation. A well-known class of such 
molecules present in the atmosphere are amines. Quantum chemical calculations have 
shown that amines form even stronger bonds with H2SO4 than NH3 and may thus 
further stabilize small clusters [4]. There are also several studies providing 
experimental evidence that amines support ambient nucleation [5, 6]. Oxidized 
organic vapors, another class of compounds that are ubiquitously present in the 
atmosphere, have also been suggested to be involved in nucleation. Experimental 
evidence from ambient measurements is not well established and hampered by the 
lack of appropriate instrumentation and the fact that the formation of oxidized organic 
species and sulfuric acid are strongly coupled in the ambient atmosphere. Laboratory 
studies could show a dependence of new particle formation on oxidized organics [7, 8] 
but there is no direct observation available with respect to the underlying mechanism. 
What is necessary are very well controlled experiments and the most advanced 
instrumentation able to detect and resolve the key species of nucleation at the 
molecular and cluster level.   

The CLOUD project provides a unique platform to perform such demanding 
experiments. The CLOUD chamber has been established as the technologically most 
advanced and cleanest chamber worldwide. The latter property is a fundamental 
prerequisite to disentangle different processes which may be triggered at trace level 
concentrations of pollutants. Here we present experiments at the CLOUD chamber 
where SO2 and an organic molecule have been added to study nucleation under 
controlled photo-oxidation conditions. A parameterized scheme derived from the 
results was included into a global climate model to evaluate the potential influence on 
cloud condensation nuclei formation.   

CLOUD Chamber and Instrumentation 

The CLOUD chamber is a 26 m3 stainless steel chamber. It has a very precise 
temperature and humidity control. It is flushed with ultraclean air from liquid nitrogen 
and oxygen tanks and selected trace gases can be delivered in a controlled manner to 
keep stable conditions over hours. UV illumination from a fiber-optic system is used 
to produce OH radicals from the photolysis of ozone. A special feature is the 
adjustable pion beam provided by the CERN Proton Synchrotron allowing for the 
simulation of ionizing cosmic rays. On the other hand a 20kV/m electric clearing field 
can be added to enforce an ion-free environment. A comprehensive suite of state-of-
the-art instruments was operated during these experiments. The gas measurements 
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included: SO2, O3, dew point, H2SO4 with a chemical ionization mass spectrometer 
(CIMS), organic vapor concentrations with a proton transfer reaction time of flight 
(PTR-TOF) mass spectrometer, an ion chromatograph (IC) to measure ammonia 
(NH3) and dimethylamine (DMA, C2H7N), and two atmospheric pressure interface 
time of flight (API-TOF) mass spectrometers for the composition of positively and 
negatively charged clusters. The particle measurements included a wide array of 
condensation particle counters (CPC) including particle size magnifiers (PSM; 
Airmodus 09), diethylene glycol CPCs and a TSI 3776.  

CLOUD Chamber Experiment 

Pinanediol (PD, C10H18O2) was used as a precursor to study the influence of
organic species on nucleation. This compound was chosen as it does not have carbon-
carbon double bonds and does therefore not react with ozone. Ozone is always present 
in the CLOUD chamber to produce OH radicals by UV-photolysis. In addition, 
pinanediol is an oxidation product of α-pinene photooxidation and can thus be 
considered a first generation oxidation product of a biogenic monoterpene compound 
(Fig. 1).  

FIGURE 1.  Pinanediol is a first generation product of the α-pinene reaction with OH radicals. This 
molecule was used in the CLOUD chamber as a precursor for the nucleation study.  

Pinanediol was evaporated in a temperature-controlled vessel and delivered to the 
chamber in a dilution flow. Additionally, SO2 and ozone were introduced to establish 
defined levels. After turning on the UV-lights ozone was photolyzed and OH radicals 
were formed which reacted with SO2 and pinanediol. Depending on the light level as 
well as the SO2 and pinanediol concentrations, various levels of sulfuric acid could be 
established and the rate of formation of pinanediol oxidation products (PDox) could be 
varied. Two regimes of conditions were produced. In one set of experiment sulfuric 
acid concentrations were kept more or less constant and PDox was varied, while in the 
second set of experiment PDox concentrations were kept constant and sulfuric acid 
was varied. By this approach the combined effect of varying H2SO4 and oxidized 
organics compounds could be disentangled. These experiments were performed under 
three conditions. First, the clearing field was on, sweeping away all ions in the 
chamber within a second such that nucleation happened without the influence of ions. 
Second, the naturally occurring galactic cosmic rays produced a level of ion pairs in 
the chamber typical of the atmospheric boundary layer and nucleation represented the 
sum of ion-induced and neutral processes. Third, with the charged ion beam the 
nucleation of the upper troposphere was simulated.   
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The nucleation rates for all these conditions were measured and the formation of 
embryonic clusters was observed. Quantum chemical calculations have been 
performed to gain insight into the stability of sulfuric acid-oxidized organics clusters. 
An empirical dependence between the nucleation rate and sulfuric acid and oxidized 
organics was established. From this a parameterization was derived which was used 
for global climate model simulations.  
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