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Experimental	  studies	  on	  nucleation	  and	  atmospheric	  aerosol	  particle	  formation	  down	  to	  the	  molecular	  
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University	  of	  Helsinki,	  2014	  
	  
Abstract	  
	  
Aerosol	  particles	  in	  the	  atmosphere	  have	  effects	  on	  human	  health,	  as	  well	  as	  on	  the	  radiative	  forcing	  and	  
therefore	  on	   climate.	  An	   important	   source	  of	   atmospheric	   aerosol	   is	   the	   formation	  of	   aerosol	  particles	  
from	  gas-‐phase	  precursors.	  In	  this	  thesis,	  the	  main	  goal	  was	  to	  improve	  our	  understanding	  of	  the	  chemical	  
and	  physical	  mechanisms	  via	  which	  this	  atmospheric	  particle	  formation	  proceeds.	  

Attempts	  have	  been	  made	  to	  describe	  aerosol	  particle	   formation	  by	  classical	  nucleation	   theory.	  To	   test	  
this	   theory,	   the	  heterogeneous	  nucleation	  of	  n-‐propanol	  vapor	  on	  4–11	  nm	  NaCl	  and	  Ag	   seed	  particles	  
was	  investigated.	  The	  choice	  of	  seed	  particle	  material	  was	  found	  to	  determine	  if	  classical	  theories	  could	  
be	  applied	  or	  not.	  These	  observations	  were	  probably	  due	  to	  material-‐specific	  inter-‐molecular	  interactions	  
between	  the	  vapor	  and	  the	  seed	  particle.	  The	  classical	   theories	  are	  based	  on	  macroscopic	  observations	  
and	  fail	  to	  describe	  these	  interactions,	  which	  can	  be	  crucial	  in	  microscopic	  systems.	  

However,	  the	  critical	  processes	  of	  atmospheric	  particle	  formation	  occur	  at	  sizes	  below	  2	  nm.	  In	  this	  thesis,	  
novel	  techniques	  were	  employed	  to	  access	  this	  size	  range,	  primarily	  the	  atmospheric	  pressure	   interface	  
time-‐of-‐flight	   (APi-‐TOF)	  mass	  spectrometer.	  The	  APi-‐TOF	  directly	  measures	   the	  composition	  of	   ions	  and	  
ionic	  clusters	  up	  to	  a	  size	  of	  about	  2	  nm.	  APi-‐TOFs	  were	  employed	  at	  the	  CLOUD	  facility	  at	  CERN	  during	  
four	   comprehensive	   measurement	   campaigns,	   which	   focused	   on	   exploring	   particle	   formation	   from	  
various	   systems	  of	   vapors.	   The	  APi-‐TOF	  measurements	  were	  extraordinarily	   successful.	   Its	   results	  were	  
the	  key	  in	  revealing	  the	  detailed	  mechanisms	  of	  how	  clusters	  were	  initially	  formed	  by	  which	  vapors,	  and	  
how	   these	   clusters	   grew	   to	   sizes	   >	   2	   nm.	   Clusters	   of	   sulfuric	   acid	   +	   ammonia	   and	   sulfuric	   acid	   +	  
dimethylamine	   were	   shown	   to	   form	   and	   grow	   via	   strong	   hydrogen	   bonds	   between	   acidic	   and	   basic	  
molecules.	   Cluster	   dynamics	   simulations,	   including	   quantum	   chemical	   calculations	   of	   cluster	   stabilities,	  
agreed	  well	   with	   the	   experimental	   results.	   The	   APi-‐TOF	  measurements	   also	   showed	   that	   certain	   large	  
monoterpene	  oxidation	  products,	  some	  of	  them	  very	  highly	  oxidized,	  can	  directly	  bind	  with	  bisulfate	  ions	  
and	  with	  sulfuric	  acid	  molecules.	  The	  clusters	  then	  grow	  by	  the	  addition	  of	  more	  of	  these	  large	  oxidized	  
organics	  and	  sulfuric	  acid	  molecules.	  Ion	  mass	  spectra	  from	  CLOUD	  experiments	  were	  compared	  with	  ion	  
mass	  spectra	  from	  particle	  formation	  events	   in	  the	  boreal	  forest.	  Similarities	  suggest	  that	   large	  oxidized	  
organics	  play	  a	  crucial	  role	  also	  in	  the	  ambient	  particle	  formation	  events.	  

A	   light	   airplane	   was	   used	   to	   explore	   how	   the	   mechanisms	   of	   actual	   aerosol	   particle	   formation	   vary	  
throughout	   the	   atmosphere	   above	   the	   boreal	   forest.	   These	   airborne	  measurements	   reached	   from	   the	  
canopy	  up	   into	   the	   lower	   free	   troposphere.	   They	   confirmed	   the	   extent	   of	   boundary	   layer	   new	  particle	  
formation	  events,	  and	  showed	  indications	  of	  an	  important	  role	  of	  dynamical	  processes	  at	  the	  top	  of	  the	  
boundary	  layer.	  Local	  enhancements	  of	  particle	  formation	  were	  observed	  in	  connection	  with	  clouds.	  

This	   thesis’	   goal	   was	   achieved	   chiefly	   by	   using	   state-‐of-‐the-‐art	   experimental	   techniques	   together	   with	  
high-‐quality	   laboratory	  experiments	   as	  well	   as	   in	   the	   field,	   and	  by	   taking	   ambient	  measurements	   aloft.	  
Hopes	  are	  that	  this	  work	  will	  prove	  to	  be	  an	   important	  contribution	   in	  advancing	  our	  knowledge	  of	  the	  
physical	  and	  chemical	  mechanisms	  of	  atmospheric	  aerosol	  particle	  formation.	  
	  
Keywords:	  Atmospheric	  aerosol,	  particle	   formation,	   ion	  clusters,	  nucleation,	  mass	  spectrometry,	  CLOUD	  
experiment,	  airborne	  measurement	   	  
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1	  Introduction	  
	  
1.1	  Atmospheric	  aerosol	  
	  
Aerosol is a suspension of liquid or solid particles in air or any other carrier gas. 
Aerosol particles are ubiquitous in the Earth’s atmosphere. Typical particle number 
concentrations range from as low as about 20 cm–3 in the Antarctic winter (Järvinen et 
al., 2013), to about 20000 cm–3 in European cities (Gao et al., 2009), up to about 
100000 cm–3 at highly polluted urban sites (Mönkkönen et al., 2005; Apte et al., 2011). 
Particle sizes range from 1 nm (10–9 m; the smallest molecular clusters) to 100 µm (10–4 
m; large pollen, fly ash, coarse dust) (Hinds, 1999). 

These atmospheric aerosol particles are of high interest for two reasons. Firstly, they 
generally have a negative impact on human health (Nel et al., 2006; Vaclavik Bräuner 
et al., 2007). Secondly, they have an impact on the climate by influencing the Earth’s 
radiation balance by direct and indirect effects, both with a net cooling effect (Charlson 
et al., 1992; IPCC, 2007). The direct effect is the absorption and reflection of sunlight 
(Ångström, 1929), the indirect effect is the role that aerosol particles play in the 
formation of clouds (Scorer, 1967). Namely, aerosol particles larger than 50 to 100 nm 
in diameter can act as seeds, onto which water vapor can condense already at minimal 
supersaturations (i.e., at a relative humidity only slightly above 100%) to form cloud 
droplets (Fletcher, 1962; Andreae and Rosenfeld, 2008). The particles acting as seeds 
are termed cloud condensation nuclei (CCN). In a case of higher number concentrations 
of CCN, the condensing water is distributed to more seeds, leading to more numerous 
but smaller cloud droplets. Such droplets give the cloud both a higher reflectivity and a 
longer lifetime, resulting in a net cooling effect (Coakley et al., 1987).  

Atmospheric aerosol particles have a variety of sources (Jaenicke, 1993). Aerosol can 
originate from the direct emission of particles. Direct sources are sea spray, fires, wind-
blown dust, volcanoes, anthropogenic combustion processes, and emissions from the 
biosphere. Aerosol particles can also form in the atmosphere from vapors that form 
smallest particles (1 to 2 nm in size), which subsequently grow by the further 
condensation of vapors (Kulmala et al., 2004c). This process of new particle formation 
is usually referred to as nucleation. 
 
1.2	  Nucleation	  
 
From a macroscopic point-of-view, the co-condensation of vapor molecules to form 
liquid or solid particles involves a phase transition from the gas-phase to the liquid- or 
solid-phase. Therefore, this phenomenon is classically treated as a problem of 
thermodynamics. The classical approach assumes that the gas-phase behaves like an 
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ideal gas, and that the surface created by the condensed state is spherical and has a 
surface tension. A further simplifying assumption is that the surface tension is not 
affected by the curvature of the surface. In the simplest case, only one vapor and no 
foreign surfaces are involved (unary homogeneous nucleation). Under all these 
assumptions, it can be shown that the change of the system’s Gibbs free energy for the 
formation of a liquid droplet i is 
 
 ∆𝐺! = 4𝜋𝜎𝑟!! − 𝑖𝑘!𝑇 ln

!!
!!(!)

 [1] 

 
ri is the droplet’s radius, σ is the surface tension, i is the number of vapor molecules in 
the liquid phase, kB is the Boltzmann constant, T is the temperature, pv is the partial 
vapor pressure, and ps(T) is the saturation vapor pressure, which is generally dependent 
on T (Fletcher, 1962). The ratio pv/ps(T) is called the saturation ratio; ΔGi is called the 
formation energy. For saturation ratios ≤ 1, the formation energy ΔGi increases strictly 
monotonically as a function of ri, i.e. no stable liquid clusters will form. For saturation 
ratios > 1, ΔGi(ri) has a maximum (ΔG*) at a critical radius r*. The relationship between 
r* and the saturation ratio pv/ps(T) is given by the Kelvin equation (Thomson, 1870, 
1871). One form of the Kelvin equation is 
 

 ln !!
!!(!)

= !!
!∗!!!!!

 [2] 

 
nl is the number of molecules per volume in the condensed (liquid) phase. Eq. 2 
generally describes the saturation ratio pv/ps(T) of a vapor in equilibrium with a curved 
surface of the condensed phase, with r* being the radius of curvature of that surface. r* 
is called the critical radius, because at given conditions, a droplet with a smaller radius 
will evaporate, whereas a droplet surpassing the critical radius will grow (i.e., it 
nucleates). The nucleation rate J is the rate at which droplets reach a size just beyond r*. 
J can be approximated by 
 

 𝐽 ≅ 𝐾 exp − !!∗

!!!
 [3] 

 
using linear cluster kinetics and a Boltzmann distribution for the size distribution of 
droplets up to r* (Abraham, 1969; Fletcher, 1962). K is a kinetic coefficient. 

Nucleation can also occur on a pre-existing surface. The process is then known as 
heterogeneous nucleation, in particular if the pre-existing surface (= seed) is non-
soluble. Eq. 2 is also valid for the heterogeneous nucleation on a non-soluble seed. 
However, in homogeneous nucleation a critical liquid droplet with radius r* is formed, 
whereas in heterogeneous nucleation a critical liquid embryo is formed on the seed 
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surface. The embryo is in the shape of a spherical cap with a radius of curvature r*. The 
seed surface assists in the formation of the critical embryo; correspondingly, the 
formation energy required to form the critical embryo, ΔG*, is to be multiplied by a 
factor 0 ≤ f ≤ 1 (Fletcher, 1958). f is a function of the contact angle of the liquid on the 
solid seed and of the ratio between the seed surface curvature and r*. Multiplication by f 
generally reduces the nucleation barrier ΔG*, therefore heterogeneous nucleation is 
preferred over homogeneous nucleation. In the atmosphere, homogeneous nucleation of 
water does not occur at all, because seed surfaces are readily available, in particular in 
the form of pre-existing aerosol particles. 

Note that the nucleation of droplets on spherical aerosol seed particles is expected to 
occur on seed particles with a radius smaller than r*, in particular for seed particles < 10 
nm in diameter (Fletcher, 1958). Experimentally, it was shown that this consequence of 
classical heterogeneous nucleation theory holds quantitatively even down to seed 
particle sizes of only 2 nm in mobility-equivalent diameter, at least for certain 
combinations of vapor and seed (Winkler et al., 2008a). 

An additional way of reducing the height of the nucleation barrier ΔG* is the nucleation 
on an electrically charged seed or on a molecular ion (ion-induced nucleation), as the 
electrostatic interactions between the charged core and ligand molecules reduce ΔG* 
(Curtius et al., 2007). Terms that describe these interactions are added to Eq. 1 and to 
Eq. 2 for the ion-induced case. The thus extended form of Eq. 2 is known as the Kelvin-
Thomson equation (Thomson, 1906; Girshick and Chiu, 1990; Winkler et al., 2012). 

Yet another way of reducing the formation energy of clusters is the co-condensation of 
more than one vapor to form a solution droplet or embryo (multi-component nucleation; 
Vehkamäki, 2006). In Eq. 1, values of the solution liquid have to be used for σ and 
ps(T), and the equation is modified by adding a term −𝑖!𝑘!𝑇 ln

!!,!
!!(!)

 for each additional 

condensing vapor x (Kulmala and Viisanen, 1991). pv,x is the partial vapor pressure of x, 
and ix the number of molecules of x in the liquid phase. The formation energy for a 
liquid cluster, ΔG, is now a function of all ix. The function usually forms a saddle point 
at a certain set of values for each ix. This saddle point corresponds to the critical liquid 
cluster. The critical cluster’s formation energy, ΔG*, is then smaller than for the case of 
the unary nucleation of any one vapor x (e.g. Yue and Hamill, 1979; Strey et al., 1995). 

A related nucleation process of atmospheric importance is the heterogeneous nucleation 
of water on a soluble seed particle. This process is described by Köhler theory. It uses 
Raoult’s law to obtain the vapor pressures of the solution and its components (Raoult, 
1887, 1888). The Kelvin equation (Eq. 2) is correspondingly modified to obtain the 
equilibrium vapor pressure of water over the solution droplet as a function of droplet 
size (Köhler, 1936). Köhler theory and modifications thereof describe the formation of 
haze, mist and cloud droplets on hygroscopic aerosol particles (e.g., Laaksonen et al., 
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1998). The latter is commonly referred to as CCN activation. Turbulent fluctuations can 
facilitate the formation and growth of cloud droplets also at mean saturation ratios 
below one (Kulmala et al., 1997). 
 
1.3	  Mechanisms	  of	  atmospheric	  new	  particle	  formation	  
 
New particle formation in the atmosphere from condensable vapors is believed to be a 
major source of climatically relevant aerosol. It may account for up to 50% of global 
CCN (Merikanto et al., 2009). Newly formed particles are subject to loss mechanisms 
that may prevent them from growing big enough to act as CCN, mainly due to the loss 
by coagulation with pre-existing particles (Kulmala et al., 2001a; Dal Maso et al., 2002; 
Vehkamäki and Riipinen, 2012). Therefore, it is important to understand both the 
formation of particles from vapor precursors and the subsequent growth of these 
particles to 50–100 nm in diameter, at which they can act as CCN. 

In particular the very first steps of this process have long been poorly understood. One 
compound that is very likely involved in atmospheric new particle formation is sulfuric 
acid (Weber et al., 1996; Riipinen et al., 2007; Sipilä et al., 2010). Binary homogeneous 
nucleation of water and sulfuric acid (H2SO4) is probably able to account for particles in 
the relatively cold upper troposphere (Lovejoy et al., 2004). But H2SO4 concentrations 
([H2SO4]) are too low to explain new particle formation by binary homogeneous 
nucleation in the lower troposphere’s boundary layer (Kirkby et al., 2011). 

Kulmala et al. (2004a) derived a mechanism known as Nano-Köhler theory from 
classical thermodynamics to explain boundary layer particle formation. This 
mechanism consists of a two-step process: multi-component homogeneous nucleation 
of water (H2O), ammonia (NH3), and H2SO4 to form small (1–3 nm) 
thermodynamically stable clusters, followed by the activation of these clusters by 
organic vapors in an analogue way to Köhler theory. Recently, experimental evidence 
was found for such a two-step process being the initial mechanism of atmospheric 
particle formation, although the exact details remained vague (Kulmala et al., 2013). 

It may be questioned if mechanisms derived from macroscopic physics are able to 
explain the critical processes in the very first steps of particle formation, because they 
occur well below a size of 2 nm of mobility-equivalent diameter (Kulmala et al., 2013). 
Therefore, they involve clusters of only a few molecules. Specific interactions between 
single molecules or chemical reactions may play dominant roles that cannot be deduced 
from macroscopic observations. 

Most likely, the first steps of boundary layer particle formation involve the stabilization 
of only few H2SO4 molecules (Petäjä et al., 2011). Interactions with ubiquitous H2O 
molecules are probably involved. It has been shown that H2SO4 molecules can be much 
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more strongly stabilized by forming clusters with ions (Lovejoy et al., 2004), with bases 
such as ammonia (Ortega et al., 2008) and amines (Kurtén et al., 2008), or with 
oxygenated organic molecules (Zhao et al., 2009; Metzger et al., 2010; Zhang et al., 
2004). The initially resulting molecular clusters are small (< 3 nm in size) and therefore 
prone to be lost by coagulation (Dal Maso et al., 2002). Consequently, the clusters have 
to be stable enough and the availability of the participating vapors high enough to allow 
for the growth of the clusters into CCN. 

The exact mechanisms of the initial formation of clusters are very challenging to 
measure directly. Atmospheric H2SO4 concentrations are typically below 1 pptv 
(Riipinen et al., 2007), and the critical stabilizing agents may occur at even smaller or 
only slightly larger abundance. The initially forming clusters must have concentrations 
yet smaller than that. Also, the clusters contain only a few molecules, making them 
difficult to detect by many classical means, such as particle counters (e.g., Kulmala et 
al., 2012). 
 
1.4	  New	  particle	  formation	  in	  different	  parts	  of	  the	  atmosphere	  
 
New particle formation in the boundary layer has been observed in many different 
environments around the globe (e.g., O'Dowd et al., 2002; Kulmala et al., 2004c; Bae et 
al., 2010; Manninen et al., 2010; Shen et al., 2011; Hallar et al., 2011; Jung et al., 
2013). Apparently, a wide variety of environments admits new particle formation. 
Therefore, it is plausible that it depends on the respective conditions, which compounds 
play an active role in actual ambient particle formation. 

In addition to changes in conditions with geography, conditions also change markedly 
when going into the vertical. Air chemistry and temperature change, e.g., when 
ascending from inside a forest to the top of the canopy, to the top of the boundary layer, 
into the free troposphere (Seinfeld and Pandis, 2006). Indeed, formation of new 
particles has been observed in each part of the troposphere. Inside the boreal forest in 
southern Finland, new particle formation events have been frequently observed for 
many years (e.g., Kulmala and Kerminen, 2008). Above the boreal forest’s canopy and 
throughout the boundary layer, airborne measurements could show that these new 
particle formation events extend throughout the boundary layer (e.g., O'Dowd et al., 
2009). A confinement of new particle formation events to the boundary layer was 
observed at other locations as well (e.g., Crumeyrolle et al., 2010). However, new 
particle formation was also found to take place in the interface between the boundary 
layer and free troposphere (e.g. by measurements at high altitude: Venzac et al., 2008), 
as well as in the clean upper troposphere (e.g. by aircraft measurements: Clarke, 1993; 
Singh et al., 2002; Lee et al., 2003). Further observations of new particle formation in 
the free troposphere were made close to convective clouds (e.g., Weber et al., 2001; 
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Twohy et al., 2002). In most cases of free tropospheric particle formation, atmospheric 
dynamical processes are believed to locally create conditions favorable for new particle 
formation, such as decreases in coagulation and condensation sinks, increases in 
condensable vapor concentrations, or decreases in temperatures (e.g., Benson et al., 
2008). For instance, concentrations of sulfur dioxide (SO2) in the free troposphere can 
be substantially increased in convective outflows, leading to local enhancements of 
H2SO4 concentrations (Weigel et al., 2011). Similarly, boundary layer dynamics are 
believed to play a role in creating favorable conditions for particle formation, in 
particular during the break up of the nocturnal boundary layer during the morning time. 
Most experimental evidence thereof is provided by ground-based measurements 
(Nilsson et al., 2001; Pryor et al., 2011; Crippa et al., 2012), few from airborne 
measurements (Wehner et al., 2010). 

In sum, direct airborne measurements of new particle formation are relatively rare 
(Clarke and Kapustin, 2010). They have rather delivered snapshots of hypothesized 
processes than been able to draw a consistent picture of how emissions, air chemistry, 
physical parameters and atmospheric dynamic processes contribute to the formation of 
particles in different parts of the atmosphere. 
 
1.5	  Objectives	  of	  this	  thesis	  
 
The main focus of this thesis lies on investigating the formation of new particles in the 
atmosphere by gas-phase precursors. Mainly, different experimental approaches were 
used to improve our understanding of this process. Carefully designed and controlled 
laboratory experiments were conducted to understand in how far classical nucleation 
theories can be applied to describe nucleation processes (Paper I), and to elucidate the 
mechanisms by which vapors initially form molecular clusters and new particles in the 
atmosphere (Papers II–IV). A correct and detailed knowledge of these mechanisms has 
been identified as important for improving global climate models (Carslaw et al., 2013). 
The laboratory studies were supported by ambient observations in the southern Finnish 
boreal forest. In addition, a newly commissioned platform for airborne aerosol 
measurements was described and successfully tested by conducting airborne 
measurements of ambient new particle formation events (Paper V). They are a first 
step in answering the call for a higher continuity of such measurements throughout all 
three dimensions of the atmosphere. 

In detail, the aims of the thesis were: 
 

1. To test classical heterogeneous nucleation theory and investigate limitations 
thereof when going towards small seed particle sizes; in particular to explore 
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the role of different materials for sub-10 nm seed particles in heterogeneous 
nucleation (Paper I). 

2. To evaluate the applicability of a recently developed kinetic collision and 
evaporation model of cluster dynamics in comparison to direct measurements 
of ionic molecular clusters, in order to test the integrity of the measurements 
and to investigate electrically neutral clusters that can be simulated by the 
model but not yet measured (Paper II). 

3. To try to reveal the exact mechanisms by which vapors initially form molecular 
clusters in the atmosphere by employing a novel mass spectrometer, able to 
directly measure ionic clusters, both in the field and during comprehensive 
measurement campaigns at a newly developed laboratory environment that is 
able to accurately simulate conditions relevant for atmospheric new particle 
formation. Particular emphasis lay on investigating the hypothesized important 
role of amines and oxidized organic compounds (Papers III–IV). 

4. To map out in three dimensions where new particle formation occurs in the 
lower troposphere over the Finnish boreal forest, in particular during regional-
scale particle formation events, by means of airborne measurements ranging 
from close to the forest canopy, throughout the boundary layer, and well into 
the free troposphere (Paper V). 

 
 
2	  Methods	  
 
2.1	  Laboratory	  setups	  
 
2.1.1	  The	  size	  analyzing	  nuclei	  counter	  (SANC)	  
 
The SANC is a powerful tool for investigating nucleation processes. Its chief asset is 
that it allows for very carefully chosen and well-known experimental conditions, and 
for fast and precise changes in the saturation ratio of the nucleating vapor pv/ps(T). The 
SANC was used here to study the heterogeneous nucleation of n-propanol onto silver 
and salt seed particles (Paper I). The SANC is described in more detail, e.g., in Wagner 
et al. (2003). A schematic of the experimental setup for the SANC is presented in Fig. 
1. 

A considerable effort is made in creating well-defined experimental conditions (top half 
of Fig. 1). n-Propanol vapor is created by vaporizing the flow of liquid n-propanol 
originating from a syringe pump into a filtered and dried airflow by means of a micro 
orifice. This vaporization into the airflow occurs at 90 °C. Homogeneity of the vapor-
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containing air is assured by passing it into a 50 L vessel, heated to 50 °C. Thereafter, 
the vapor-containing air mixes with the aerosol. The aerosol is created by flowing 
filtered and dried air or nitrogen over a salt or silver sample in a high-temperature tube 
furnace, and subsequently cooling the flow (Scheibel and Porstendörfer, 1983). Then, a 
radioactive source (241Am) charges the aerosol, and a differential mobility analyzer 
(DMA) selects a monodisperse aerosol fraction (Reischl, 1991; Reischl et al., 1997). 
For our experiments, the geometric mean mobility-equivalent diameters of the selected 
aerosol fractions ranged from 4 to 12 nm. Subsequently, a second charger 
(“neutralizer”) assures largely (> 90%) electrically neutral aerosol (Flagan, 1998; 
Fuchs, 1963). The aerosol is then mixed with the n-propanol/air mixture. 

The flows into and out of the expansion chamber are remote-controlled using magnetic 
valves (bottom half of Fig. 1). Programmed cycles ensure that the valves open and close 
at exactly the right times. The aerosol sample is led into the expansion chamber and the 
expansion chamber subsequently sealed off. A sudden adiabatic expansion occurs when 
the expansion chamber is connected to a previously evacuated vessel by opening one of 
the magnetic valves. By this expansion, a rapid transition to a higher n-propanol 
saturation ratio is achieved. If the resulting saturation ratio is high enough, a part or all 
aerosol particles in the expansion chamber are activated by heterogeneous nucleation of 
n-propanol and subsequent growth to micrometer-size droplets. These droplets grow 
nearly simultaneously. Scattered laser light (wavelength 633 nm) is measured by a 
photomultiplier tube at a certain constant scattering angle (15°) in a continuous manner 
while the droplets grow to sizes of several µm. This method is called the constant-angle 
Mie scattering (CAMS) method (Wagner, 1985). It relies on the Mie solution of the 
Maxwell equations for light scattered by a sphere, which yields the light flux scattered 
at a certain angle as a function of the sphere’s size (Fig. 2). A similar curve is produced 
experimentally as a function of time, when measuring the scattered light flux at the 
same angle during the growth of the ensemble of simultaneously growing droplets. By 
comparing that measured curve with the calculated curve, both the number 
concentration of activated droplets can be determined and the size of the growing 
droplets obtained as a function of time. For studying nucleation, the measurement of the 
droplet size versus time is incidental, but can be used to accurately (1–2%) verify the 
saturation ratio calculated from the expansion ratio and temperatures (Winkler et al., 
2008b). 

The main results of the measurements performed on the SANC for Paper I are the 
onset saturation ratios for activating particles of a certain size by the heterogeneous 
nucleation of n-propanol. The onset saturation ratio is the saturation ratio that activates 
just half of all particles of a certain size. It can also be calculated from Fletcher theory 
(Fletcher, 1958) and therefore be used to examine the validity of the classical theory of 
heterogeneous nucleation (Winkler et al., 2008a). 
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Figure 1: Slightly simplified schematic of the experimental setup for the size analyzing nuclei 
counter (SANC) (see also Paper I). The top half deals with the creation of a well-defined 
mixture of carrier gas (air), condensable vapor (n-propanol), and aerosol (silver, Ag, or salt, 
NaCl). The bottom half shows the system of remote-controlled magnetic valves that leads the 
sample into the expansion chamber. The valves subsequently create a rapid expansion in the 
expansion chamber by connecting it to the evacuated underpressure vessel. 
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Figure 2: The light flux scattered from a spherical n-propanol droplet at a scattering angle of 15° 
versus the size of the droplet, calculated according to Mie theory. The light has a wavelength of 
632.8 nm. A refractive index of 1.385 + 0i was used for n-propanol.  
 
 
2.1.2	  The	  CLOUD	  experiment	  
 
The “Cosmics Leaving Outdoor Droplets” (CLOUD) facility is located at the European 
Organization for Nuclear Research (CERN) close to Geneva, Switzerland. It is 
currently one of the most advanced laboratory environments to study the formation of 
aerosol particles from gas-phase precursors and their subsequent growth (Kirkby et al., 
2011; Papers III, IV). It provides exceptionally clean and well-controlled experimental 
conditions. This cleanliness allows for studying particle formation and growth at 
atmospherically relevant, i.e. very low, concentrations of the participating vapors. In 
2010 and 2011, three intensive measurement campaigns were run at the CLOUD 
facility, and results from these campaigns are an essential part of Paper II, and the 
chief contributions to Paper III and Paper IV. 

The heart of the CLOUD facility is a cylindrical stainless-steel aerosol chamber of 26.1 
m3 inner volume, the CLOUD chamber. The setup is shown schematically in Fig. 3. A 
clean atmosphere is simulated inside this chamber by filling it with a mixture of air 
from cryogenic dewars (79% nitrogen, N2, 21% oxygen, O2), ozone (O3) produced by 
UV irradiation, and de-ionized and purified H2O that is added via a Nafion humidifier. 
In addition, trace gases can be added, each via a separate inlet line. SO2 was almost 
always added as precursor for H2SO4. Other added trace gases, though usually not 
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added at the same time, were ammonia (NH3), dimethylamine (C2H7N), and pinanediol 
(C10H18O2). SO2, NH3 and dimethylamine were taken from gas bottles; pinanediol was 
evaporated from a solid reservoir. Air is fed continuously into the chamber at a total 
rate between 85 and 140 L/min. At the same time, a slightly smaller amount of air is 
extracted from the sum of all instruments sampling from the chamber, and the excess 
air is vented via an exhaust line, keeping the chamber fill slightly above atmospheric 
pressure to avoid contamination from outside. 
 
 

	  
	  
Figure 3: A schematic of the setup of the CLOUD facility at CERN. The CLOUD chamber, a 
stainless-steel cylinder of 3 m diameter and 26.1 m3 inner volume, is shown with a gray shade. 
Clean air is obtained from cryogenic dewars and fed into the chamber from below the lower 
mixing fan, together with water, ozone and trace gases. Instruments are connected around the 
chamber at half height via 16 sampling ports that stick radially into the chamber. 
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The temperature of the chamber is regulated by a circulating airflow inside the 
chamber’s thermal housing (Fig. 3). The thermal housing is insulating to the outside by 
layers of aluminum foil, rock wool and stainless steel sheets. This method keeps the 
temperature stable within 0.01 K for the time of a typical experiment. UV light can 
irradiate the inside of the chamber via an array of 239 optic fiber feedthroughs (Kupc et 
al., 2011). The UV light’s purpose is to induce photolytic reactions to oxidize 
pinanediol and SO2, the latter in order to obtain H2SO4 (Eisele and Tanner, 1993). One 
mixing fan each at the top and the bottom of the chamber ensure mixing in the chamber 
(Voigtländer et al., 2012). Ions inside the chamber are always created by background 
radiation, mainly galactic cosmic rays (GCR). The ion concentration can also be 
increased on demand, by exposing the chamber to a beam of pions (π+) provided by the 
CERN Proton Synchrotron (Duplissy et al., 2010). Thereby, the mean total ion pair 
production rate in the chamber is adjustable, usually between 2.4 cm–3 s–1 and 45 cm–3 
s–1. In addition, all ions can be removed from the chamber by switching on a high-
voltage (HV) electrical clearing field (20 kV m–1) between a pair of field cage 
electrodes. The electrodes are mounted in front of the mixing fans at the top and the 
bottom of the chamber (Fig. 3). 

Experiments at the CLOUD facility are performed during intensive measurement 
campaigns, typically lasting one to two months each. Together, the collaborating 
institutes provide a comprehensive suite of state-of-the-art instruments to sample and 
analyze the chamber contents. The instruments are arranged around the chamber and 
connected to it via 16 sampling probes, which are mounted radially around the chamber 
and extend 0.5 m (before 2011) or 0.35 m into the chamber. 

Most important for this thesis, one or two atmospheric pressure interface time-of-flight 
mass spectrometers (APi-TOF; Junninen et al., 2010) were part of the instrumentation 
in each of the three campaigns during 2010 and 2011. They were used to measure the 
chemical composition of ions up to about 2 nm in mobility-equivalent diameter (for 
simplicity, henceforward all particle sizes are implicitly given in mobility-equivalent 
diameters). Ion number size distributions from 0.8 to 40 nm were measured by a neutral 
cluster and air ion spectrometer (AIS; Mirme et al., 2010).  Aerosol size distribution 
measurements covered the range from 1.3 to 100 nm. They were performed by a 
scanning mobility particle sizer (Wang and Flagan, 1990) for the size range of 10–100 
nm, together with an array of condensation particle counters with different cut-off sizes, 
including novel diethylene glycol-based counters (Iida et al., 2009) such as the particle 
size magnifier (PSM; Vanhanen et al., 2011). This instrumentation allowed for 
determining formation rates of particles in the CLOUD chamber from 10–3 to >102 cm–3 
s–1 (Papers III–IV), as well as particle growth rates (Kulmala et al., 2012; 2013). 
Crucially important were also the measurements of the relatively low gas-phase 
concentrations of critical compounds. Concentrations of H2SO4 were measured down to 
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105 cm–3 by means of a chemical ionization mass spectrometer (CIMS; Kürten et al., 
2011, 2012). Concentrations of NH3 were measured down to 35 pptv (until 2011) or 
0.2–3.7 pptv (in 2012) by using a proton transfer reaction mass spectrometer (PTR-MS; 
Norman et al., 2007), and a long path absorption photometer (LOPAP; Bianchi et al., 
2012) or an ion chromatography setup (IC; Praplan et al., 2012). The IC also measured 
concentrations of dimetylamine down to 0.2–1 pptv. In 2011, the PTR-MS was adapted 
to measure concentrations of pinanediol down to 5 pptv. 

Most experiments at the CLOUD chamber were performed at a temperature of 5 °C and 
a relative humidity of 38% to 41%. All reported results were obtained at these 
conditions, unless noted otherwise. 
 
2.2	  Measurement	  devices	  
 
2.2.1	  Condensation	  particle	  counters	  (CPCs)	  
 
A condensation particle counter (CPC) is an instrument that counts aerosol particles by 
growing them into detectable droplets. (As such, the SANC described in section 2.1.1 is 
also a large CPC.) 

The ability to measure low concentrations of small particles at high precision has long 
been in high demand in experimental aerosol research. CPCs have been developed and 
used for more than 100 years (Aitken, 1889; McMurry, 2000). Current commercial 
CPCs are commonly able to count single particles down to 3 nm at a time resolution of 
1 s. In addition, they are compact (< 30 L), light (< 10 kg), and fairly easy to use and 
maintain. As a result, they have become the workhorse of aerosol research. They 
measure aerosol particle number concentrations at a high time resolution, which can be 
used to measure formation rates (Kulmala et al., 2012; Paper III), and they are used as 
particle detectors in size-resolving measurement setups (e.g., Wang and Flagan, 1990). 
Batteries of differently operating CPCs have been used to investigate particle growth 
rates, as well as chemical properties (Kulmala et al., 2007; Riipinen et al., 2009). 

Most commercially available CPCs are of the laminar flow type. In the most common 
types of this instrument, the sample is first saturated with n-butanol vapor at a warm 
temperature (e.g., 40 °C). Thereafter, the sample is cooled (e.g., down to 10 °C), which 
creates a high enough supersaturation of the n-butanol vapor to condense onto the 
aerosol particles. Each thereby activated aerosol particles grows into an n-butanol 
droplet of about 10 µm, which is then counted optically (McMurry, 2000). 

More recently, CPCs have been developed that use diethylene glycol as working fluid 
(Iida et al., 2009). These are either of the laminar flow type (Wimmer et al., 2013), or 
the mixing type. In the latter type, supersaturation is achieved by turbulently mixing a 
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hot saturated flow with a cold sample flow. These CPCs can obtain a cut-off size of 
down to 1.05 nm (Vanhanen et al., 2011). 
 
2.2.2	   The	   atmospheric	   pressure	   interface	   time-‐of-‐flight	   mass	   spectrometer	  
(APi-‐TOF)	  
 
APi-TOF mass spectrometers were used to study the composition of ions and ionic 
molecular clusters during new-particle formation experiments. The results from the 
measurements using APi-TOFs at the CLOUD chamber are a major part of this thesis 
(Papers II–IV). The functioning of the APi-TOF and its capabilities were first 
described by Junninen et al. (2010) and Ehn et al. (2010). 
 
2.2.2.1	  Measurement	  principles	  
 
For this thesis, no dedicated ionization of the sample was performed. Therefore, the 
APi-TOF was always used to detect ions already charged before being sampled, i.e., in 
the actual atmosphere or in the simulated atmosphere inside a chamber. Only either 
positively or negatively charged ions can be measured at a given time. 

A schematic of the APi-TOF’s operation is presented in Fig. 4. Usually, sample is 
drawn to the instrument’s inlet mainly by a pump-driven make-up flow at a total flow 
rate of 5–10 L/min. 0.8 L/min enter the instrument via a critical orifice (diameter 0.3 
mm), sucked in by the vacuum inside the instrument. A series of ion guiding elements 
focuses the ions and guides them to the time-of-flight side of the instrument (TOF), 
whereas air is pumped away by a scroll pump and a differentially pumping turbo pump. 
These pumps provide a vacuum that is step-wise increasing towards the TOF, where the 
pressure is 10–6 mbar. Electrical fields in the TOF send the ions onto a flight path to a 
multichannel plate ion detector. The time-of-flight of an ion is a function of its mass-to-
charge ratio (m/z). 

The APi-TOF measures the mass-to-charge ratio (m/z) of the ions and ionic clusters, 
expressed in units of thomson (Th), at an accuracy of < 10 ppm. The resolving power is 
usually around 5000 Th/Th. The range of m/z for ions to be detected can be adjusted by 
tuning the APi-TOF’s ion guiding elements and adjusting the duty cycle period. Also 
dependent on this tuning is the transmission efficiency, i.e., the fraction of actually 
detected ions out of all the ions reaching the APi-TOF’s inlet (Ehn et al., 2011). For 
most measurements performed for this thesis, the detectable m/z range was from 50 to 
3300 Th. Only singly charged ions were detected, so this range corresponds to 50 to 
3300 unified atomic mass units (u) or dalton (Da). As a comparison to classical aerosol 
measurements, 3300 Da correspond to about 2.1 nm when converted to mobility 
equivalent diameter using the bulk density of ammonium bisulfate (Ehn et al., 2011). 
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Figure 4: Schematic of an atmospheric pressure interface time-of-flight mass spectrometer (APi-
TOF) in operation. To the left, gas is usually at atmospheric pressure and is drawn to the 
instrument at a total flow of 10 L/min (for most operations at the CLOUD experiment). 9.2 
L/min are make-up flow, the remaining 0.8 L/min get sucked into the instrument through the 
critical orifice by the vacuum inside the instrument. The red lines show simplified trajectories of 
the sampled ions. They are focused and guided to the time-of-flight mass spectrometer and 
eventually detected when hitting a multichannel plate. 
 
 
2.2.2.2	  Fragmentation	  of	  ion	  clusters	  inside	  the	  APi-‐TOF	  
 
In order to measure ion clusters, it is important that such clusters are not fragmented 
during the measurement process. One cause of fragmentation can be the low pressure 
inside the APi-TOF, which enhances any evaporation of molecules. However, the time 
an ion cluster is exposed to this low pressure is only a few µs, so only weakly bound 
molecules have enough time to evaporate. Such a weakly bound molecule would 
require gas-phase concentrations of its kind of at least 1 ppmv at ambient pressure, so 
that it would be in the cluster in equilibrium conditions. At the CLOUD experiment, the 
only vapor present at these concentrations is H2O. Indeed, with a few exceptions, no 
H2O is found bound to ion clusters in most experimental conditions. In particular 
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clusters containing mainly sulfuric acid are almost always observed without any H2O 
attached, although they are assumed to be stabilized also by H2O molecules in ambient 
conditions (Vehkamäki et al., 2002; Yu, 2006). Some hydrated sulfuric acid ions and 
ion clusters are detected by the APi-TOF at conditions of high humidity (>60%, 19 °C). 
But these are probably remains from the condensation of H2O molecules during the 
adiabatic expansion of the sample that occurs when the sample enters the instrument via 
the critical orifice. 

A more important cause of fragmentation of ion clusters is the acceleration that the ions 
experience by the electrical field of the ion guiding elements in the APi-TOF (e.g., 
quadrupoles and ion lenses). The acceleration leads to gas–ion collisions with higher 
energy than those expected thermodynamically according to the Maxwell-Boltzmann 
distribution (Jennings, 1968; de Hoffmann and Stroobant, 2007). The probability that a 
certain ion cluster fragments due to such collisions is difficult to calculate as well as to 
measure. Our observations show that many molecular clusters, up to 3300 Th and 
larger, can be detected (Papers II-IV). Comparisons of the APi-TOF results with the 
less disturbing measurements by ion mobility spectrometers also show good 
agreements. So the detected ions and ion clusters are in general representative of the 
measured ion number size distribution (Ehn et al., 2011; Paper IV). However, results 
from quantum-chemistry-based calculations suggest that partial fragmentation does 
occur in the form of the loss of one or two molecules from certain ion clusters (Papers 
II, III). 
 
2.2.2.3	  Data	  analysis	  
 
The elemental composition of ions is determined primarily from their exact mass. For 
each element, the exact mass is slightly different from the integer (“nominal”) mass, the 
latter being defined as 1/12 the mass of a 12C atom times the total number of protons 
and neutrons. The difference is due to the element’s nuclear binding energy, and also 
called the mass defect. An ion of a certain elemental composition has a unique mass 
defect and exact mass, which is measured by the APi-TOF and used to identify this 
composition. E.g., the nominal mass of the bisulfate ion HSO4

– is 97 Da and its exact 
mass is 96.9601 Da. Therefore its mass defect is –0.0399 Da. 

A secondary means of identifying an elemental composition is the distinctive pattern it 
creates in a mass spectrum due to the natural abundances of the elements. E.g., for the 
signal from the ion cluster (H2SO4)3 • HSO4

–, 78% are expected, and indeed measured, 
at m/z 391, 17% at m/z 393, 3% at m/z 392, 1.5% at m/z 395, and the remaining signal at 
m/z 394, 396 and 397 (Fig. 5). 
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Figure 5: Sample section from an APi-TOF mass spectrum of negatively charged ions. 
Illustrated are the methods used for identifying the signal (shown as black line) as the sulfuric 
acid tetramer anion cluster (H2SO4)3 • HSO4

–. Shown in red is the isotopic pattern for this ion 
cluster, which results from calculating the exact masses of all the cluster’s isotopes.  
 
 
In practice of course, the APi-TOF’s limited accuracy and resolving power (see section 
2.2.2.1) and limited signal-to-noise set limits to how unambiguously an elemental 
composition can be determined. E.g., for Paper IV, O2 (31.99 Da) could be 
distinguished from S (31.97 Da) only up to about m/z 700. 

Note that these methods only allow for determining elemental compositions from the 
APi-TOF measurements, but not the configuration of the atoms. E.g., the data shown in 
Fig. 5 can be unambiguously assigned to the elemental composition H7S4O16

–, but their 
identity with the sulfuric acid tetramer anion (H2SO4)3 • HSO4

– has to be inferred. 

The raw data from the APi-TOF consists of spectra of ion counts versus time-of-flight, 
with usually more than 105 data points per spectrum. Spectra can be recorded at a rate 
of > 10 kHz. Therefore, a substantial amount of data processing is required; firstly to 
obtain a reasonable amount of mass spectra, each with an accurately calibrated mass 
axis, and secondly to extract the desired scientific information. APi-TOF data obtained 
for this thesis were processed and analyzed using tofTools, a software package based on 
MATLAB and under continuing development, mainly at the University of Helsinki 
(Junninen et al., AMT, 2010). More detailed descriptions of how current versions of 
tofTools can be used are given in Ehn et al. (ACP, 2012) and the supporting 
information of Paper IV. 

The data processing involves at least four main steps: Step 1, averaging the raw data in 
time; step 2, converting from time-of-flight to m/z (= mass calibration); step 3, 
identifying elemental compositions; step 4, extracting actual counts for identified and 
unidentified compounds. Step 1 reduces the amount of spectra to deal with and 
increases the signal-to-noise, at the cost of time resolution. Step 2 is critical because 
step 3 relies on an accurate mass calibration. In most cases, one can achieve a mass 
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calibration resulting in deviations < 10 ppm by converting time-of-flight t to m/z 
according to 
 

 !
!
= !!!

!

!
 [4] 

 
where a, b and p are free parameters for fitting at least four pairs of measured t and 
calculated m/z (= calibration peaks; Ehn et al., 2012). Therefore, at least four peaks in 
the spectrum have to be from ions of known compositions. Experience and a 
satisfactory mass calibration serve as strong indicators that the initial a priori 
attributions of compositions to peaks have been adequate. Care has to be taken that the 
calibration peaks cover a large part of the m/z range of interest to assure that the fit is 
good at all m/z of interest. Therefore it can be necessary to iterate steps 2 and 3 to 
accordingly extend the set of calibration peaks. 

Fig. 6 illustrates steps 3 and 4 by showing essentially the same section of a mass 
spectrum as in Fig. 5, but for a different experiment, resulting in a different, more 
complex result. 
 
 

	  
 
Figure 6: Section from an APi-TOF mass spectrum, to illustrate part of the data analysis process. 
The figure is adapted from the supporting information of Paper IV. The measured signal is 
shown as black line. Likely identified compounds, used for explaining the signal, are shown in 
green (primary isotopes) and in brown (secondary isotopes, dependent on the primary isotopes). 
Labels explain the identified elemental composition. Vertical lines mark their masses; thick 
green and brown lines are fits. The blue line is the sum of all fits, which is optimized to fit the 
black line. 
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The peak at m/z 391 is identified as C10H14O10 • HSO4

– and the signal is fitted by 
adjusting the height of the peak of the compound’s primary isotope, taking into account 
the previously determined peak shape. Additional compounds are then identified at m/z 
393 and fitted, taking into account isotopes of C10H14O10 • HSO4

– that have similar 
masses. The application of this procedure to the whole spectrum yields a so-called peak 
list, consisting of all identified compositions (step 3). Step 4 usually consists of 
extending this peak list, so that it also includes unattributed signal, and then fitting the 
whole spectrum. 
 
2.3	  Atmospheric	  observations	  
 
2.3.1	  Using	  a	  Cessna	  172	  as	  an	  airborne	  measurement	  platform	  
 
Most results reported on in Paper V are from measurements taken by an airborne 
measurement platform. The aircraft is a Cessna FR172F single-engine airplane. Pilot 
and scientist sit next to each other; most instruments are built into a rack behind them. 
Sample air is collected from the undisturbed airflow ahead of the aircraft’s right wing, 
using an inlet designed specifically for sampling aerosol from an airplane (McNaughton 
et al., 2007). The sample is transported to the instruments in the cabin at a high flow 
rate of 50 L/min to minimize losses of aerosol particles. Afterwards, the sampled air 
exits through a venturi, which is mounted on the right main gear leg. The suction in the 
venturi, the aircraft’s forward movement and a manual valve, operated from the co-
pilot’s seat, maintain a constant total sampling flow of 50 L/min. Pumps inside the 
instruments and one external pump assure the correct inlet flows for each instrument in 
the rack. Fig. 7 depicts the arrangement of instruments and air flows. 

For most flights during 2009, the instruments in the rack were: a CO2/H2O analyzer (LI-
COR LI-840), a “CPC battery” consisting of three CPCs tuned for cut-off sizes of 3, 6 
and 10 nm (TSI models 3776 and 3772), a triple-wavelength particle/soot absorption 
photometer (PSAP, Radiance Research), and a single-wavelength integrating 
nephelometer (Radiance Research Model 903). The TSI 3772 CPCs (6 and 10 nm cut-
off sizes) were optionally equipped with a dilution system with a dilution factor of 1:10. 
Dilution was necessary for measurements of high aerosol particle number 
concentrations, e.g., when measuring industrial or biomass burning plumes. The main 
results for Paper V were obtained from the CPC battery. It measured at a time 
resolution of 1 s, which translates to a spatial resolution of 35 m due to the aircraft’s 
speed. For flights in 2010, the CPCs with 6 and 10 nm cut-off sizes were replaced by a 
scanning mobility particle sizer (SMPS; Wang and Flagan, 1990), measuring the 
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particle size distribution from 10 to 350 nm at a time resolution of 2.1 minutes, 
translating to a spatial resolution of 4.5 km. Further equipment was a sensor to measure 
temperature and relative humidity (Thomas 107CDC20/12), which was attached to the 
air inlet on the right wing, a GPS receiver, and a computer to collect all data and 
monitor the measurements during the flight. During 2010, a web camera was installed 
as well to visually record weather and cloud conditions. 
 
 

	  
 
Figure 7: A schematic depiction of the sampling setup used onboard the Cessna FR172F 
airborne measurement platform (from Paper V), and an overview of the instrumentation inside 
the aircraft’s cabin. The aircraft is flying from the right to the left. The sample air enters through 
the inlet, which is mounted under the right wing and exits through a venturi, mounted on the 
right main gear leg. Flow meter and valve are located at the co-pilot’s seat, the instruments in a 
rack behind the seats. “Dil.*” is an optional dilution system (dilution factor 1:10). 
 
 
2.3.2	  Station	  for	  measuring	  ecosystem-‐atmosphere	  relations	  (SMEAR)	  
 
Comprehensive measurements on ecosystem and atmosphere have been made at the 
Finnish SMEAR stations for many years. The most comprehensive one today is the 
SMEAR II station (Hari and Kulmala, 2005; Hari et al., 2009). It is situated at a fairly 
remote site, in Hyytiälä, Finland, inside a boreal forest. The surrounding trees consist 
mainly of Scots pine (Pinus sylvestris L.). The closest larger town is Tampere, 50–60 
km southwest of the station. 
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A host of atmospheric observations have been made at the SMEAR II station 
continuously since 1996, including extensive aerosol measurements (Kulmala et al., 
2004b). In particular, measurements by the differential mobility particle sizer (DMPS; 
Aalto et al., 2001), ion mobility spectrometers, such as the AIS (Manninen et al., 2009), 
and CPCs are used to detect and analyze new particle formation events. Measurements 
from the SMEAR II station’s DMPS are the principal ambient data used as comparison 
with the results from the airborne measurements in Paper V. In Paper IV, APi-TOF 
measurements made at the CLOUD facility at CERN were compared with ambient 
observations made by the same APi-TOF at the SMEAR II station. The availability of 
supporting routine measurements at the SMEAR II station turned out crucial for a 
complete interpretation of the results and their atmospheric implications. 
 
 
3	  Mechanisms	  of	  nucleation	  and	  new	  particle	  formation:	  	  
Review	  and	  results	  of	  this	  thesis	  
 
3.1	  To	  the	  limits	  of	  heterogeneous	  nucleation	  theory	  
 
Classical nucleation theory has the advantage over many more modern methods that it 
can be applied easily to predict the nucleation behavior of vapors: calculations are fast 
to compute, and only some basic thermodynamic data is needed as input. Problems are 
that these thermodynamic data are often not available or inaccurate, and that calculated 
nucleation rates may differ from actual experimental results by orders of magnitude 
(Vehkamäki, 2006). However, the dependencies of nucleation rates on temperature and 
on the saturation ratio of the condensing vapor(s) are often predicted well (e.g., Wölk 
and Strey, 2001; Gaman et al., 2005). Saturation ratios required for obtaining a certain 
substantial rate of homogeneous nucleation can be predicted fairly successfully as well 
(e.g., Viisanen et al., 1994). The corresponding item in the case of heterogeneous 
nucleation is the saturation ratio necessary to activate a seed particle. The fraction of 
activated seed particles, the activation probability, shows a sharp transition from 0 to 1 
with increasing saturation ratio (given a monodisperse seed aerosol). The defining 
measure of this transition is the onset saturation ratio, i.e., the saturation ratio that 
activates 50% of the seed particles. 

The application of classical nucleation theory to calculate the onset saturation ratio is 
known as the Fletcher theory (Fletcher, 1958). Fletcher theory can work very well down 
to very small sizes of seed particles. E.g., the measured onset saturation ratios agree 
very well with Fletcher theory for the activation of tungsten oxide (WOx) particles by n-
propanol for particle diameters down to 1.5 nm (Winkler et al., 2008a). Moreover, the 
size of the critical cluster of a droplet nucleating on single ion molecules (~1.5 nm) can 
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be determined from similar measurements and by using the heterogeneous nucleation 
theorem (Vehkamäki et al., 2007; Winkler et al., 2012). Again, the results agree well 
with r* in the classical Kelvin-Thomson equation (i.e., Eq. 2, with an additional term to 
account for the charge of the seed particle). 

These successes of classical nucleation theory down to the molecular level may be 
surprising, as it relies on macroscopic properties such as surface tension and density. 
Classical nucleation theory apparently performs well in predicting the behavior of at 
least certain combinations of seed particles and condensing vapor. However, it performs 
worse for other combinations. E.g., Petersen et al. (2001) found an unexpectedly high 
onset saturation ratio necessary for activating 7 nm salt (NaCl) seed particles by n-
propanol at 15 °C. Subsequently, we found more unexpected behavior, when we 
systematically studied the heterogeneous nucleation of n-propanol vapor on 4 to 11 nm 
NaCl seed particles (Paper I) at temperatures ranging from –11 to +14 °C. Not only is 
the onset saturation ratio at 14 or 15 °C higher than expected, but the temperature 
dependence is reversed: Nucleation occurs at lower saturation ratios at lower 
temperatures and vice versa, whereas the opposite is expected from Eq. 2, and 
consequently from Fletcher theory (Fig. 8). Fletcher theory takes into account the 
interaction between the vapor and the seed particle in terms of the contact angle Θ. It is 
the macroscopic angle between the gas-liquid interface of the condensing vapor and the 
liquid-solid interface between the condensing vapor and the seed particle. The value for 
Θ has a strong influence on the saturation ratio required for activation, which increases 
with increasing Θ (Fletcher, 1958). Theoretically therefore, a temperature-dependent 
contact angle would result in a reversal of the observed temperature dependence of the 
onset saturation ratio. However, there is no reason to expect such a behavior of Θ. And 
indeed, measurements of Θ for n-propanol in NaCl result in Θ = 0 for all investigated 
temperatures, from –7 to +30 °C (Paper I). 

It seems that the classical nucleation theory, which is based on macroscopic properties, 
fails to adequately describe the nucleation of n-propanol on NaCl seed particles, at least 
below sizes of 11 nm. On the other hand, control measurements with silver particles 
instead of NaCl particles brought the expected qualitative results (Paper I), and 
quantitative agreement is achieved for the case of silver particles when an additional 
macroscopic effect, line tension, is taken into account (Hienola et al., 2007; Winkler et 
al., 2008b). Another observation was the shrinkage of furnace-generated aerosol 
particles of up to 16% when brought in contact with of n-propanol vapor, which occurs 
for NaCl particles, but not for silver particles (Paper I). We can hypothesize that an 
explanation for these phenomena lies in the microscopic properties of the involved 
vapors and seed particle materials and in molecular-scale interactions between them. 

n-Propanol is a polar molecule, and NaCl is a crystal, i.e., a lattice of ions, whereas 
silver is a metal. Indeed, the shrinkage of NaCl particles is very likely due to 
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microstructural rearrangements that are induced by a polar vapor. Such shrinkage was 
shown to also occur in the presence of water, i.e. another polar vapor, for particles sizes 
of 6–144 nm (Krämer et al., 2000; Biskos et al., 2006). NaCl aerosol particles created 
by condensation are known to have chain-like microstructures (Craig and McIntosh, 
1952), which are probably restructured into more compact agglomerates by adsorbed 
polar molecules. Shrinkage was also observed for ammonium sulfate particles in the 
presence of water (Mikhailov et al., 2009). These observations suggest that 
microstructural rearrangements of particles formed by condensation are a general 
property of combinations of salt particles and polar vapors. 
 
 

	  
 
Figure 8: Onset saturation ratio of n-propanol to activate NaCl seed particles, plotted versus seed 
particle diameter. Adapted from Paper I. Temperatures vary between –11 and +14 °C (color-
coded). Circles are experimental results; vertical error bars represent measurement uncertainties, 
horizontal error bars the geometric standard deviation of the monodisperse seed aerosol, 
resulting from the width of the DMA transfer function. The square shows the earlier result by 
Petersen et al. (2001), which motivated these measurements. Predictions according to Fletcher 
theory are shown as lines. 
 
 
The reversed temperature dependence of activation probabilities hints at interactions 
between condensing polar n-propanol molecules and the NaCl particle that become 
more attractive (or less distractive) with decreasing temperatures. 

There have been attempts at addressing molecular-scale interactions in nucleation 
phenomena theoretically, resulting in the expected departures from classical theory for 
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the calculated saturation ratios, in both homogeneous and heterogeneous nucleation 
(e.g., McGraw et al., 2012). However, knowledge of the specific molecular interactions 
among the participating vapors and seed particles will anyway be required. Already 
below 10 nm, the microphysical and chemical properties of surfaces and molecules can 
become crucial, as seen from the results in Paper I. 

Nucleation as a source of newly formed aerosol particles in the atmosphere involves 
even much smaller sizes. The initial steps of new particle formation in the atmosphere 
occur below 2 nm (Kulmala et al., 2013). It seems likely that additional theoretical 
approaches and correspondingly novel experimental techniques are needed, if we are to 
understand the underlying mechanisms of these processes. 
 
3.2	  Understanding	  the	  formation	  of	  clusters	  by	  mass	  spectrometry	  and	  
quantum	  chemistry	  
 
3.2.1	  Effect	  of	  electric	  charge	  and	  NH3	  on	  the	  formation	  of	  H2SO4	  clusters	  
 
Gaseous H2SO4 is produced quickly in the atmosphere by solar radiation, following the 
photo-oxidation of atmospheric SO2 by OH to HSO3 (Eisele and Tanner, 1993). H2SO4 
is lowly volatile and indeed routinely observed in atmospheric aerosol (Vehkamäki et 
al., 2002; Jimenez et al., 2009). Also, observed particle formation rates scale as 
[H2SO4]1–2 (e.g., Weber et al., 1996; Sihto et al., 2006), indicative of photo-oxidation 
processes playing an important role in particle formation. Therefore, it is widely 
believed that H2SO4 is involved in the formation of new particles in the atmosphere. 
The question remains exactly which other compounds contribute and how. Very likely, 
the first step of new particle formation involves the formation of small stable clusters 
involving H2SO4 molecules (e.g., Sipilä et al., 2010; Petäjä et al., 2011). Water 
molecules (H2O) are well known for their stabilizing effect on H2SO4, and binary 
homogeneous nucleation of H2SO4 and H2O is assumed to be an important source of 
newly formed particles in the upper troposphere (Hegg et al., 1990; Weber et al., 1999; 
Vehkamäki et al., 2002). Due to their relative abundance (typically 1015 to 1018 cm–3, 
i.e. many orders of magnitude higher than [H2SO4]), H2O molecules can always be 
involved in stabilizing H2SO4 clusters. More effective stabilizing agents that have been 
suggested for a long time are electrical charge (e.g., Raes and Janssens, 1985; Lovejoy 
et al., 2004) and NH3 molecules (e.g., Coffman and Hegg, 1995; Kulmala et al., 2000). 
From the point-of-view of the classical theories, electric charge is favorable for 
nucleation, because the electrostatic interactions between the ion and other molecules 
lower the Gibbs free energy barrier to be overcome for forming a critical cluster (“ion-
induced nucleation”). NH3 is a candidate, because it is present in the gas-phase, often in 
concentrations exceeding those of H2SO4. As a base, NH3 can form salts with acids 
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such as H2SO4 that have much lower volatility, and it was shown to reduce the 
saturation vapor pressure of H2SO4 in bulk H2SO4-H2O solutions by several orders of 
magnitude (Marti et al., 1997). More recently, quantum chemical ab-initio studies have 
also shown a stabilizing effect of NH3 on H2SO4 clusters by the formation of bonds, 
stronger than that of water (Kurtén et al., 2007; Ortega et al., 2008). In detail, the 
binding of NH3 to H2SO4 is facilitated by hydrogen bonds. 

Consequently in 2010, the first campaigns at the CLOUD facility (“CLOUD 
campaigns”) focused on studying new particle formation in the binary H2O-H2SO4 and 
in the ternary NH3-H2O-H2SO4 system, plus investigating the effects of electric charge. 
An APi-TOF was among the novel experimental techniques employed. The results from 
these experiments showed that electrically neutral particle formation from only H2O 
and H2SO4 requires about two orders of magnitude higher concentrations of H2SO4 than 
found in ambient observations to obtain comparable formation rates (Kirkby et al., 
2011). Including the ion-induced formation pathway, or adding NH3, or both, all 
enhance the formation rates, but they still always fall short of the expectations from 
ambient observations (Kuang et al., 2008; Kerminen et al., 2010). Significant particle 
formation rates at ambient levels of H2SO4 were only obtainable for low temperatures 
(–25 °C). The enhancement achievable by including ions or NH3 was again noticeable. 
As predicted therefore, the binary or ternary (NH3-)H2O-H2SO4 system can account for 
new particle formation in colder regions, such as in the free troposphere (Kirkby et al., 
2011). Furthermore, particle formation in the boundary layer that includes other 
compounds may still also involve NH3, as well as ions, both with noticeable effects. 
Therefore, particle formation from NH3, H2O and H2SO4 deserves a closer look. 

The APi-TOF performed exceptionally well at the CLOUD experiments, allowing for 
the chemical identification of practically all ions and ion clusters. This success is 
mainly due to the extraordinary level of cleanliness that the CLOUD facility achieves. 
Thus, less ion signal is “wasted” on compounds that we are not interested in. The total 
ion signal is further enhanced due to the substantial augmentation of the ion pair 
production rate in the CLOUD chamber when using the π+ beam provided by CERN’s 
Proton Synchrotron.  

The results obtained from the APi-TOF reveal the details of new particle formation in 
the CLOUD chamber for the NH3-H2O-H2SO4 system; by directly measuring the 
composition of the growing negatively and positively charged clusters (Figs. 9, 10). 
These clusters are in general (NH3)m • (H2SO4)n • HSO4

– and 
(NH3)m • (H2SO4)n • NH4

+, respectively. No H2O is observed in these clusters, as these 
molecules are too loosely bound to remain in the clusters during the sampling by the 
APi-TOF (see section 2.2.2.2). 
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Figure 9: A summary of the majority of anion signal obtained by the APi-TOF at CLOUD 
during three different new particle formation experiments with NH3, H2O and H2SO4. Shown are 
ion counts vs. number of H2SO4 molecules in the clusters, including a bisulfate (HSO4

–) ion. 
Colors reveal the amount of NH3 molecules in each cluster. Therefore, the clusters’ composition 
is (NH3)m • (H2SO4)n • HSO4

–. In a time-resolved analysis the clusters are seen growing from 
left to right by the addition of H2SO4 or NH3 molecules. As the clusters grow, they take on more 
NH3 molecules, depending on the experimental conditions. Higher [NH3], lower [H2SO4] and 
higher temperature (T) all lead to a higher uptake of NH3 molecules; and vice versa. Note that in 
any case, NH3 molecules are found in these anion clusters only from the tetramer clusters 
onward (#S ≥ 4). 
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Figure 10: Results of APi-TOF measurements of positively charged ions, presented analogue to 
the results for negatively charged clusters in Fig. 9, for an experiment with similar conditions as 
in Fig. 9, top panel. Starting from the ammonium ion (NH4

+), these clusters are 
(NH3)m • (H2SO4)n • NH4

+, with similar amounts of NH3 molecules as in Fig. 9, top panel. 
 
 
The number of NH3 molecules in the negatively charged clusters increases with size 
and is further dependent on the experimental conditions. Already at only contaminant 
levels of [NH3], without any NH3 added into the chamber, NH3 is shown to be an 
important contributor to the formation of the negatively charged clusters (Fig. 9, center 
panel). These contaminant levels of [NH3] are estimated to be < 2 pptv (or < 5 × 107 
cm–3). An actual binary formation mechanism, involving only H2SO4 and presumably 
H2O, could only be achieved at high enough [H2SO4] (Fig. 9, bottom panel), or by 
decreasing the temperature. 

Positively charged NH3-H2SO4 clusters are only observed at higher [NH3]. At these 
high [NH3], the growth of ion clusters of both polarities proceeds by the stepwise 
addition of about one NH3 molecule per H2SO4 molecule (Fig. 9, top panel; Fig. 10). 
This ratio of NH3 to H2SO4 addition of close to 1:1 is consistent with the formation of 
ammonium bisulfate (NH4HSO4), the NH3 partially neutralizing the H2SO4 molecules 
with regard to their acidity. Similar positively and negatively charged clusters with an 
NH3:H2SO4 addition ratio of ~1:1 have also been produced and measured in other 
experiments, though only up to about 15 molecules, using a variety of production 
methods (Hanson and Eisele, 2002; Bzdek et al., 2011; Froyd and Lovejoy, 2012). 

These results strongly suggest that it is acid-base chemistry rather than thermodynamics 
that controls the initial formation of these clusters. Note that NH3 only binds to 
negatively charged sulfuric acid clusters containing at least 4 sulfur atoms. This is 
explained by the bisulfate ion HSO4

– itself acting as a strong Lewis base, and as such 
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HSO4
– is competing with the regular bases such as NH3. As a result, the weaker base 

NH3 can only bind to anion clusters with at least three H2SO4 molecules in addition to 
the HSO4

– ion. In this case therefore, the enhancement of the formation of sulfuric acid 
clusters due to electric charge is at least in part due to essentially the same mechanism 
of acid-base stabilization. 

The APi-TOF can only measure electrically charged clusters, and any conclusions from 
its results about neutral clusters can only be inferred. Model calculations that simulate 
the kinetics of molecules and inter-molecular forces are not bound by this limitation. 
Such simulations were conducted for Paper II, using the Atmospheric Cluster 
Dynamics Code (ACDC) kinetic model (McGrath et al., 2012), and evaporation rates 
resulting from the stability of clusters that result from ab-initio quantum chemical 
calculations (Ortega et al., 2012). Ions and electric charging are modeled as well, and 
sink terms are included according to the parameters of the experiments at CLOUD. 
Comparing the modeled with the measured steady-state distributions of negatively 
charged clusters ((NH3)m • (H2SO4)n • HSO4

–), the modeled clusters tend to contain in 
average 1 or 2 more NH3 molecule(s). This difference is likely at least in part due to the 
weakest bound NH3 molecule(s) being lost during the sampling by the APi-TOF, as 
indicated by the calculated evaporation rates for NH3 or H2SO4 from each cluster. The 
very weak or absent binding of NH3 to anion clusters with #S < 4 is reproduced well by 
the model; as are the general dependencies of cluster concentrations on [NH3] and 
[H2SO4] (Paper II). 

Two major limitations of the model used in Paper II are that the effects of water are 
not taken into account, and that it includes only clusters containing up to five H2SO4 or 
NH3 molecules explicitly. Improvements regarding both limitations are likely to be 
implemented in the future (e.g., Paasonen et al., 2012). One very important advantage 
of the model, as mentioned, is the ability to obtain results for the electrically neutral 
case as well. In the case of high [NH3], the resulting neutral cluster distribution from #S 
= 1 onward is remarkably similar to the negatively charged equivalent starting from #S 
= 3 or 4, and it reproduces the addition ratio of NH3 and H2SO4 molecules of ~1:1 
(Paper II). Evidently, the effect of electric charge on the cluster’s composition, in this 
case the presence of the HSO4

– ion, is largely cancelled out once it has reached a size 
large enough (#S ≈ 4). HSO4

– has then been “neutralized” by the H2SO4 molecules in 
the cluster in the sense of its basic properties. 
 
3.2.2	  Towards	  atmospheric	  particle	  formation	  rates	  by	  involving	  amines	  
 
The first experiments at CLOUD showed with previously unachieved clarity that NH3, 
H2O and H2SO4 are together not capable of explaining new particle formation in the 
boundary layer. However, it is in the boundary layer that most measurements are taken 
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and most new particle formation is observed (Kulmala et al., 2004c). Other base 
compounds have been suggested to be involved in boundary layer new particle 
formation; e.g. amines, which were found in aerosol during new particle formation 
events (e.g., Smith et al., 2010), in particular dimethylamine, C2H7N (Mäkelä et al., 
2001). Quantum chemical simulations have subsequently shown that dimethylamine 
binds much more strongly with H2SO4 than NH3 (Kurtén et al., 2008), suggesting that 
dimethylamine enhances new particle formation from H2SO4 and H2O more effectively 
than NH3. The stronger binding of dimethylamine to H2SO4 was demonstrated also by 
the experimental finding that dimethylamine at sufficiently high concentrations would 
even replace NH3 molecules in already formed clusters with H2SO4 (Bzdek et al., 2010; 
2011). Already in the very first experiments at the CLOUD chamber in 2009, not only 
contaminant NH3 was found together with H2SO4 in growing ionic clusters, but also 
contaminant amines and amides, primarily C2H7N, which must be either ethylamine or 
dimethylamine. These observations of amine-H2SO4 clusters in a clean chamber, 
without deliberately adding any amines, are yet another clear indication of the strong 
binding between amines and H2SO4. 

Therefore in the 4th CLOUD campaign, in the summer of 2011, a main goal was to 
systematically investigate the formation of particles from dimethylamine, H2SO4 and 
H2O, at atmospherically relevant concentrations of these precursors. The contaminant 
level of dimethylamine in the CLOUD chamber is estimated to be < 0.1 pptv (or < 2.6 × 
106 cm–3). By adding only 3 pptv of dimethylamine, we found that the particle 
formation rates are enhanced more than 100-fold compared to the rates obtained from 
the NH3-H2O-H2SO4 system at [NH3] up to 250 pptv (Paper III). At dimethylamine 
concentrations of 5 to 10 pptv, the relative enhancement saturates at a factor of about 
1000. As a result, the measured particle formation rates are comparable to atmospheric 
observations at typical atmospheric concentrations of H2SO4. Results from the ACDC 
simulations show a similarly large enhancement of particle formation rates. 

As in the earlier experiments, the results from the APi-TOF reveal the formation and 
growth mechanisms of the clusters during the particle formation experiments. The 
mechanism for the dimethylamine-H2O-H2SO4 system is remarkably similar to the case 
of the NH3-H2O-H2SO4 system: The clusters are in general 
(C2H7N)m • (H2SO4)n • HSOy

– (y = 4, 5) and (C2H7N)m • (H2SO4)n • C2H8N+, and they 
grow by the step-wise addition of dimethylamine and H2SO4 molecules at a ratio of 
~1:1 (Fig. 11B; Paper III). This preferred base-to-acid ratio of ~1:1 was also found in 
independent experiments (e.g., Bzdek et al., 2011). A crucial difference between the 
dimethylamine case and the NH3 case is that dimethlyamine binds already to negatively 
charged clusters containing three sulfur atoms, whereas NH3 requires four (Figs. 11A, 
B; Papers II–IV). Additionally, the CIMS measurements provided evidence that the 
concentrations of electrically neutral sulfuric acid dimer clusters, x • (H2SO4)2, are 5 to 
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6 orders of magnitude higher at the presence of 5 pptv of dimethylamine than without 
(Paper III). Such a stabilization of x • (H2SO4)2 at low and difficult to measure 
concentrations of x has been suggested previously based on results of flow tube 
measurements using a similar CIMS (Petäjä et al., 2011). The observation at CLOUD is 
quantitatively predicted by the ACDC simulations and very likely due to stabilization of 
many dimer clusters by dimethylamine, i.e., x = (dimethylamine)m (Kurtén et al., 2011; 
Paper III). (Note that any dimethylamine is lost after charging of a sulfuric acid dimer 
cluster in the CIMS, due to the creation of an HSO4

– ion, i.e. for the same reason that 
the APi-TOF does not observe any negatively charged sulfuric acid dimer cluster 
containing dimethylamine.) 

All these observations and model results can generally be explained as being due to 
dimethylamine forming very strong bonds with H2SO4 molecules; in particular stronger 
bonds than NH3 or H2O. Note that the enhancement of particle formation rates by the 
inclusion of the ion-induced pathway is much smaller in the case of dimethylamine-
H2SO4 clustering. Also this difference is qualitatively explained by dimethylamine 
being a stronger base than NH3, so that the potency of the HSO4

– ion as a Lewis base is 
relatively less important. Again, the chemical property of the HSO4

– ion as a base 
outweighs the physical effects of its electric charge. 

Note that in the CLOUD experiments, the ion could also be HSO5
– instead of HSO4

–; 
usually associated with conditions of low [H2SO4]. However, the composition of the 
growing clusters was largely unaffected. Very likely therefore, HSO5

– has similar 
chemical properties as HSO4

–. 

The involvement of dimethylamine alone does not yet solve the phenomenon of 
boundary layer particle formation, although high particle formation rates are achieved 
at atmospherically relevant concentrations of H2SO4. Namely, it does not explain high 
ambient formation rates often observed also at relatively low concentrations of H2SO4. 
Also, amine concentrations, which are difficult to measure at low levels, may be well 
below a few pptv in the atmosphere (Ge et al., 2011; Hanson et al., 2011). Indeed, 
evidence of their importance in actual new particles formation in the atmosphere has 
been indirect and eventually remained speculative (Mäkelä et al., 2001; Smith et al., 
2010; Kulmala et al., 2013). It remains to be determined where specifically particle 
formation occurs from amines and H2SO4 in the boundary layer, and how large the 
overall impact of such occurrences is. 
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Figure 11: A summary of the APi-TOF mass spectra measured for negatively charged ions 
during new particle formation experiments at the CLOUD chamber (A–C), and during a new 
particle formation event in the boreal forest in Hyytiälä (D), adapted from Paper IV. The 
CLOUD experiments are for particle formation with H2SO4 and: NH3 (A), dimethylamine, 
C2H7N (B), and oxidation products of pinanediol (C). Colors show the chemical composition, 
circle sizes are related to count rates. Panel A presents essentially the same data as in Fig. 9, top 
panel. Panels A and B show the growth of anion clusters by a stepwise addition of NH3 and 
H2SO4 (A), and dimethlyamine and H2SO4, (B). For the case of oxidation products of 
pinanediol, the clusters grow mainly by the addition of large oxidized organics, mainly C10HxOy, 
resulting in a distinctive band structure (C). A qualitatively similar band structure is observed for 
the event in the boreal forest, as well as clusters containing C2H7N and NH3 (D). 
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So far, most atmospheric measurements have only been taken at certain places and 
times. Continuous atmospheric measurements like those at the SMEAR stations are 
important and should ideally be expanded to more locations. In particular important, but 
rare, are comprehensive measurements that use the techniques that we found necessary 
for probing into the details of physics and chemistry of atmospheric particle formation, 
such as high-resolution mass spectrometers and CPCs with low cut-off sizes. However, 
comprehensive measurements using state-of-the-art techniques have already been done 
in the boreal forest, and they hint at a crucial role of oxidized organic compounds 
(Kulmala et al., 2013; Paper IV). 
 
3.2.3	   Towards	   atmospheric	   particle	   formation	   mechanisms	   by	   involving	  
oxidized	  organics	  
 
Oxidized organic compounds are another class of compounds that has been suggested 
to be involved in atmospheric particle formation. It is a very broad class of compounds 
of the general structure CxHyOz. Numerous such compounds have been identified in 
secondary organic aerosols (e.g., Hallquist et al., 2009). It is quite certain that oxidized 
organics participate in particle growth, already from at least 3 or 4 nm onward. Some 
research suggests that they can also be involved in the actual formation of particles, 
which happens below those sizes (Zhang et al., 2004; Metzger et al., 2010; Paasonen et 
al., 2010); but it has remained unclear exactly how they are involved, and from which 
size the involvement of organics begins (Riipinen et al., 2012). Experiments could show 
evidence that single organic acid molecules can combine with H2SO4 to form initial 
clusters (Zhang et al., 2009; Wang et al., 2010). But these experiments were conducted 
at precursor concentrations several orders of magnitude higher than typical for the 
atmosphere, and the initial growth was concluded to be dominated by the addition of 
H2SO4; a result likely due to the very high [H2SO4] in those experiments. More recent 
studies suggest that organics are in fact capable of condensing already at sizes below 3 
nm (Donahue et al., 2011b). Indeed, there is also recent experimental evidence for 
organics contributing to an accelerating particle growth already from 1.5 nm onward 
(Kuang et al., 2012; Riccobono et al., 2012; Kulmala et al., 2013). So far however, the 
composition of clusters and smallest particles could not directly be measured, and the 
exact mechanisms of their formation have remained to be resolved. 

During the 4th CLOUD campaign, we performed systematic experiments to investigate 
new particle formation from H2SO4 and oxidized organics. Monoterpenes are 
recognized as an important source of condensable organic species that may contribute 
to atmospheric new particle formation (Donahue et al., 2012a; Ehn et al., 2012). We 
chose to feed pinanediol (C10H18O2) into the CLOUD chamber as a surrogate 1st 
oxidiation product of monoterpenes. This let us focus on one branch of α-pinene 
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oxidation, serving as a model compound for the wide range of monoterpenes and their 
oxidiation products. The practical advantage of using pinanediol is that it does not have 
any double bonds. Therefore it is not attacked by ozone, and we can control its 
oxidation by varying UV illumination in the CLOUD chamber. 

As was the case for the experiments with amines, the measured particle formation rates 
for the oxidized organics-H2SO4 system are comparable to ambient observations at gas-
phase concentrations of H2SO4 typical for the atmosphere. 

The resulting mass spectra are considerably more complex during particle formation 
from the oxidized organics-H2SO4 system than in the earlier CLOUD experiments. It 
has proven useful to plot the mass spectra as so-called mass defect diagrams (Fig. 11; 
Paper IV). In these diagrams, the mass defect of ions (the difference between the exact 
mass in unified atomic mass units and the sum of all protons and neutrons) is plotted 
against their exact mass. Peaks in the mass spectrum are shown as circles, their size 
scaled by the respective count rates (= the area under the peak in the spectrum). Each 
elemental composition has a unique position on such a plot, and the addition of a 
certain molecule to an ion or ionic cluster takes the shape of a displacement on the plot 
by a unique vector. For the earlier experiments, the resulting diagrams are grid-like, 
revealing the stepwise addition of base and acid molecules (Figs. 11A, B; Papers III–
IV). For the system of oxidized organics and H2SO4, the data arrange in at least four 
broad bands, about 220 Th apart from each other (Fig. 11C). The transition to each 
band represents the addition of one large oxidized organic molecule, containing mainly 
10 carbon atoms. Each band consists mainly of signal from these oxidized organics, 
together with HSO4

– and up to three additional H2SO4 molecules, i.e. 
(C10HxOy)n • (H2SO4)0–3 • HSO4

– with n corresponding to the band number. The span of 
each band from the upper left to the lower right is due to the different numbers of 
involved oxygen atoms and H2SO4 molecules, because oxygen (O) and sulfur (S) both 
have a large negative mass defect. Therefore, it is a wide range of oxidized organics 
that forms these growing clusters together with H2SO4 molecules. The average number 
of H2SO4 molecules in the clusters increases as the clusters grow (Fig. 11C; Fig. 12). 

Some of the C10-organics are surprisingly highly oxidized. The level of oxidation can be 
characterized by the average oxidation state of carbon, OSC = 2 nO:nC − nH:nC (Kroll et 
al., 2011). The C10-organics range from OSC = –1.4 (oxygen-to-carbon ratio ≈ 0.1) to 
OSC = 1 (oxygen-to-carbon ratio ≈ 1.2). We also observe clusters of oxidized organics 
with contaminant nitrate ions, i.e. (C10HxOy)n • NO3

–, preferentially for the relatively 
highly oxidized organics (OSC ≥ −0.6). The observation of such (C10HxOy)n • NO3

– 
agrees with observations of highly oxidized organics (0 ≤ OSC ≤ 1.2) after the oxidation 
of α-pinene using a chemical-ionization APi-TOF that ionizes the sample using NO3

– 
ions (Ehn et al., 2012). 



	   38	  

The average OSC decreases from –0.3 to –0.8 as the clusters grow from containing 10 C 
to containing 40 C. The high initial OSC attests the high stability of the bond between 
highly oxidized organics and HSO4

–. But the larger the clusters grow, the easier it is for 
more abundant but less highly oxidized organics to bind to the clusters (Fig. 12, bottom 
panel). Both these observations, the low volatility of highly oxidized organics and the 
higher abundance of less highly oxidized organics, are consistent with a model of 
pinanediol oxidation by OH radicals, using the 2D volatility basis set (2D-VBS) 
framework (Donahue et al., 2011a; 2012b; 2012a; Paper IV). The average OSC of 
organics containing 10 C first binding to HSO4

– broadly corresponds to 2nd C10-
oxidation products from pinanediol, whereas the average OSC of organics containing 40 
C corresponds to 1st C10-oxidation products from pinanediol (Fig. 13). However, the 
detailed mechanisms behind this extensive oxidation remain to be determined. 

It seems likely that these oxidized organic compounds are (poly-)acids, with additional 
functional groups (Donahue et al., 2013). Quantum chemical calculations using similar 
compounds show that they can also form stable electrically neutral clusters with H2SO4 
instead of HSO4

–, so the ionic clusters observed by the APi-TOF are likely similar to 
the neutral clusters. This hypothesis is supported by comparisons of growth rates 
obtained from the APi-TOF with those obtained from CPCs that measure also neutral 
clusters, which agree well (Paper IV). 

When comparing the APi-TOF spectra from CLOUD with the APi-TOF spectrum 
measured during a new particle formation event in the boreal forest, we see a mix of the 
main features from all CLOUD experiments (Fig. 11D). There are clusters of H2SO4 
with NH3, dimethylamine, or both (though mainly with NH3). But most of the ion signal 
lies in two bands at very similar positions as those of the first two bands in the CLOUD 
experiment with oxidized organics and H2SO4 (Fig. 11C). It is difficult to identify the 
compositions for these ions in the boreal forest case, due to the much wider range of 
organics involved and a lower signal-to-noise ratio. However, the few strongest peaks 
were identified as similar highly oxidized organic compounds (Ehn et al., 2010; 2012). 
They include many C10-organics that were also found during oxidized organics-H2SO4 
particle formation in the CLOUD chamber (Paper IV). 
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Figure 12: A more detailed and descriptive view of the ion mass spectra measured during 
particle formation from H2SO4 and organics oxidized from pinanediol in the CLOUD chamber. 
The top panel is a mass defect diagram for a similar experiment as in Fig. 11C, using the same 
color-coding as for Fig. 11. Increasing numbers of oxygen atoms cause the discrete steps of 
identified compounds from the upper left to the lower right within each of the four bands. The 
average number of H2SO4 molecules in the clusters increases as the clusters grow (colors from 
yellow to red). The bottom panel is a simplified presentation of the observed clustering. The 
position of each cluster is close to its actual position in the mass defect diagram. Included is a 
crude presentation of the different levels of oxidation involved, showing three examples of 
differently highly oxidized compounds. A higher oxidation state corresponds to a lower 
volatility, in accordance with the 2D-VBS, covering the range from semi-volatile organic 
compounds (SVOC) to extremely low volatility organic compounds (ELVOC). ELVOC include 
compounds with a wide range of oxidation states, which are here further divided into “ELVOC”, 
representing highly oxidized compounds (e.g., C10H14O6), and “ELVOC” (with a bold E), 
representing extremely highly oxidized compounds (e.g., C10H14O10). 
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in the boreal forest. NH3 and dimethylamine probably only play a supporting role; 
because NH3 alone is found not to sufficiently stabilize small H2SO4 clusters (section 
3.2.1) and dimethylamine concentrations are apparently so low that they do not even 
replace NH3 as the dominant small base in the clusters with H2SO4 (Fig. 11D). Indeed, 
more recent measurements of particle formation in the boreal forest found evidence that 
an initial increase of [H2SO4] leads to only small, slowly growing, but stable clusters, 
whereas the additional availability of large oxidized organics initiates a faster growth of 
these clusters into particles larger than 2 nm (Kulmala et al., 2013). For the CLOUD 
experiments with pinanediol, the corresponding stable clusters may be 
C20HxOy • (H2SO4)0–1 • HSO4

–, which allow for the subsequent growth to be aided by 
the smaller organics that are present in the mix of organics in the CLOUD chamber. 

The results from all the experiments at CLOUD also suggest that it will eventually 
depend on the prevailing conditions, which compounds will play an active role in new 
particle formation in the atmosphere. In particular, the concentrations of vapors able to 
participate in particle formation are probably crucial, as well as physical parameters 
(such as temperature) and meteorological conditions (mixing). In these terms, 
conditions can vary significantly, both horizontally and vertically. 
 
3.3	  Measuring	   new	   particle	   formation	   from	   above	   the	   canopy	   to	   the	  
free	  troposphere	  
 
New particle formation has been observed throughout the troposphere: at the ground, in 
the boundary layer, as well as in the free troposphere. Most of the measurements of new 
particle formation events so far have been made at the ground (e.g., Kulmala and 
Kerminen, 2008). The horizontal extent of these events can usually be inferred from 
these ground-based measurements, because for most events, both the formation and the 
subsequent growth can be observed at a single site, often for many continuous hours 
(Kulmala et al., 2001b; Dal Maso et al., 2005). Such observations can only be explained 
by a regional scale of these events (e.g., Mäkelä et al., 1997; Charron et al., 2007). 
Networks of measurement stations can provide information on the horizontal scale of 
events as well (Wehner et al., 2007; Komppula et al., 2006). The horizontal extent of 
regional scale events was found to be of the order of 500 km (Hussein et al., 2009). 

Airborne measurements confirmed the regional scales of many new particle formation 
events. Some also managed to define horizontal boundaries of these events: E.g., 
O’Dowd et al. (2009) found that the new particle formation event did not extend into 
the air over the frozen sea. In addition, airborne measurements provide information on 
the vertical extents of new particle formation (e.g., Crumeyrolle et al., 2010; 
Hamburger et al., 2011; Mirme et al., 2010). Airborne measurements over the Finnish 
boreal forest were conducted already in 2003 during few new particle formation events 
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using a DHC-6 Twin Otter airplane (O'Dowd et al., 2007, 2009). These and other 
airborne measurements confirmed that regional-scale events extend throughout the 
boundary layer, but not into the free troposphere above. Questions that remain are: 
Where exactly in the boundary layer does the new particle formation start, or is it 
evenly distributed; and what is the role of boundary layer dynamics, both in terms of 
mixing within it and in terms of interactions with other layers, such as the residual layer 
and the free troposphere. So far, our knowledge of new particle formation above the 
ground (or above the reach of towers and masts) is limited to indirect, ground-based 
measurements, and to only few direct airborne measurements. The main reason for the 
rarity of airborne measurements may be that they tend to be expensive. In addition, they 
generally entail extra complications: E.g., aviation regulations need to be conformed to, 
power supply for instruments can be a problem, or sampling from a moving (often fast-
moving) aircraft may require special considerations. 

In Spring 2009, the first measurement flights took place, commissioning a Cessna 172 
as a relatively simple and inexpensive platform for airborne aerosol measurements. 
Experimental details are provided in section 2.3.1, as well as in Paper V. The main 
advantages of this platform are low operating costs compared to larger airborne 
measurement setups, and that it is simpler to conform to the regulations. Another 
feature is the airplane’s relatively low speed, which translates to a relatively high spatial 
resolution of the measurements. One goal of the first flights was to verify the quality 
and usability of the recorded data, to identify problems as well as possibilities for 
improving the setup. In this respect, we found one model of CPCs (TSI 3772) not 
suitable for measurements on the Cessna, because it often produced erroneous results at 
higher altitudes (> 2 km). The problem is probably related to low pressure, tilting of the 
instrument, and maybe vibrations. The other CPCs used (TSI 3776 and TSI 3010) 
worked without any complications. We also found that a more complete aerosol size 
distribution would be desirable, as well as a camera for taking record of prevailing 
conditions. During 2010 therefore, the two TSI 3772 CPCs were replaced by an SMPS, 
and a web camera was installed. Both upgrades were successfully tested. 

The scientific goal was to explore the horizontal and vertical extent of several new 
particle formation events, ideally at their different stages, in particular at the start of 
particle formation. This goal was achieved for at least two new particle formation 
events in 2009 (Paper V). The covered heights range from about 50 m to about 3500 m 
above ground, i.e., from close to the forest canopy to the free troposphere. We 
confirmed earlier measurements in that the new particle formation events extended 
vertically throughout the boundary layer and horizontally over all land overflown, 
which was up to about 100 km from the SMEAR II station. Inhomogeneities in particle 
concentrations were generally observed horizontally and vertically, probably due to 
geographical variations. In average however, larger concentrations were found in the 
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upper parts of the boundary layer. This observation supports previous direct ground-
based (Venzac et al., 2008) and airborne measurements (Crumeyrolle et al., 2010) that 
similarly reported on the importance of new particle formation in the upper boundary 
layer. Additionally, we found that the concentrations of 3–6 nm particles, the smallest 
particles measured, were generally higher throughout the boundary layer than the 
corresponding concentrations measured at the SMEAR II station. These results suggest 
that dynamics in the upper boundary layer are indeed inducive of particle formation, 
e.g., entrainment fluxes at the top of the boundary layer. This suggestion has been made 
also previously, based mainly on indirect ground-based measurements (Nilsson et al., 
2001; Pryor et al., 2011; Crippa et al., 2012). Local enhancements of new particle 
formation could also be observed due to local reductions of condensation and 
coagulation sinks that may have been the result of cloud processing. In one instance, 
evidence for local new particle formation was found in a layer just above clouds, i.e. 
possibly in its outflow. Note that the onboard instrumentation at the time could not 
address atmospheric dynamics. This drawback has since been remedied by the 
installation of a turbulence probe for future measurements. 
 
 
4	  Review	  of	  papers	  and	  author’s	  contributions	  
 
Paper I reports on experimental investigations of the temperature dependence of 
heterogeneous nucleation of n-propanol on silver and NaCl seed particles of sizes from 
4 to 11 nm. A well-controlled laboratory setup was used that initiates the heterogeneous 
nucleation of vapor on seed particles by rapid adiabatic expansion. The shrinkage of 
NaCl particles due to the presence of n-propanol was also measured, as well as the 
temperature dependence of the contact angle of n-propanol on NaCl particles. The main 
result was a reversed temperature dependence compared to the dependence anticipated 
from classical theory for the nucleation onto NaCl particles. Such reversal was not 
observed for silver particles. The results suggest an important role of inter-molecular 
forces that are not taken into account by classical theories. I conducted all 
measurements and analysis of the resulting data, with the exception of the contact angle 
measurements. In addition, I adapted existing Fortran codes to perform the theoretical 
calculations, and did almost all the writing. 
 
Paper II presents results of simulations of electrically charged and neutral ammonia-
sulfuric acid clusters using a dynamic collision and evaporation model. Evaporation 
rates resulted from first-principle quantum chemical calculations with no fitted 
parameters. The simulation results were compared with the corresponding results of the 
direct measurements of the APi-TOF mass spectrometer of charged ammonia-sulfuric 
acid clusters during particle formation experiments at the CLOUD chamber. The 
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agreement was good, and information on neutral clusters was gained that cannot yet be 
measured. I was responsible for the APi-TOF measurements and its setup at the 
CLOUD chamber, participated in the corresponding measurement campaigns, and did 
all of the APi-TOF data analysis. I wrote the parts of the paper explaining the APi-TOF 
measurements and data analysis, and the experimental part of the discussion of sources 
of uncertainties and errors, and participated in the interpretation of the results. 
 
Paper III presents the results of the measurements of new particle formation from 
dimethylamine and sulfuric acid that were conducted at the CLOUD chamber. It was 
found that very small amounts of dimethylamine are able to substantially enhance the 
formation of particles from sulfuric acid, resulting in significant formation rates at 
atmospherically relevant conditions. The APi-TOF measurements reveal the mechanism 
by which this formation proceeds, supported by the results of chemical ionization mass 
spectrometers. The enhancement of particle formation rates is found to be due to a very 
strong binding of dimethylamine to sulfuric acid, and the results are well reproduced by 
quantum chemical calculations of the binding energies in dimethylamine-sulfuric acid 
clusters. I was responsible for the APi-TOF measurements and its setup at the CLOUD 
chamber, and participated in the corresponding measurement campaigns. I did all of the 
APi-TOF data analysis and prepared the corresponding figures in the paper. I 
participated in the interpretation of the results and commented on the manuscript. 
 
Paper IV presents comprehensive results of APi-TOF measurements, mainly from 
measurements at the CLOUD chamber, with the focus on new particle formation 
experiments from sulfuric acid and oxidation products of pinanediol. The observations 
showed that large oxidized organics clustered directly with single sulfuric acid 
molecules and then formed growing clusters of one to three sulfuric acid molecules and 
up to four oxidized organics. The organics are products of the oxidation of 
monoterpenes, and some were remarkably highly oxidized. The average degree of 
oxygenation decreased as the clusters grew. A remarkable resemblance was revealed 
between the mass spectra from these experiments and corresponding mass spectra 
recorded during new particle formation in the boreal forest, concluding that similar 
clusters between oxidized organics and sulfuric acid are crucial for new particle 
formation in the atmosphere. I was responsible for the APi-TOF measurements and its 
setup at the CLOUD chamber, participated in the corresponding measurement 
campaigns, and did all of the APi-TOF data analysis. I wrote most of the main text and 
all of the supporting information. 
 
Paper V presents the new airborne measurement setup used with the Cessna 172 
aircraft, as well as the results from the first measurement flights conducted during new 
particle formation event days in 2009 and 2010. The measurement platform proved to 
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work well, and was improved according to gathered experience. A comprehensive 
description of results is provided for selected flights. The main results were the 
observation of new particle formation events throughout the boundary layer, in line 
with previous observations, and indications for dynamic processes playing a role in 
these events. I participated in preparing the airborne measurements and conducted 
several measurement flights during 2009. I analyzed most of the data and wrote most of 
the paper. 
 
 
5	  Conclusions	  
 
Many critical processes in the field of aerosol science include phase transitions and can 
be described by classical nucleation theory, which has been developed from 
macroscopic principles of thermodynamics. As one objective of this thesis, we 
specifically tested the applicability of classical heterogeneous nucleation theory to the 
nucleation of vapor onto 4–11 nm seed particles of different materials (Paper I). We 
found that classical nucleation theory can fail at these small sizes, probably because 
inter-molecular forces start to play an important role. These interactions are material-
specific and cannot be practically described by the classical theories. Indeed, batteries 
of CPCs with different working fluids have successfully exploited such material-
specific effects. They have used the different nucleation properties of different working 
fluids on a certain material, in order to investigate the chemical properties of sub-10 nm 
aerosol (Kulmala et al., 2007; Riipinen et al., 2009). Note that later experiments that 
employed suitable mass spectrometric techniques, such as the APi-TOF (e.g., Papers 
II–IV), demonstrated that contaminant levels of impurities can have an important 
impact on the actual composition of at least sub-2 nm aerosol. However, the seed 
particles in Paper I are probably sufficiently pure NaCl or Ag, mainly because of their 
larger size (≥ 4 nm) and their production in large quantities in a tube furnace. 

The critical initial processes that lead to atmospheric new particle formation take place 
at very small sizes, namely below 2 nm (Kulmala et al., 2013). Novel experimental and 
theoretical techniques have been developed to directly access this size regime, 
particularly in the last five years. The most important of these experimental techniques 
are diethylene glycol-based CPCs, such as the PSM, and APi-TOF mass spectrometers. 
Theoretical techniques include the ACDC model and quantum-chemical ab-initio 
studies. As the main work here, those new experimental techniques were employed to 
investigate atmospheric new particle formation, in particular the APi-TOF, and mainly 
during particle formation experiments in the CLOUD chamber. 

As shown in this thesis, the APi-TOF measurements were extremely successful in 
particular in combination with the CLOUD experiment (Papers II–IV). A good 
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summary of the results of these measurements is given by Fig. 11. The investigated 
systems of vapors were: ammonia + sulfuric acid (Fig. 11A), dimethylamine + sulfuric 
acid (Fig. 11B), and oxidation products from pinanediol + sulfuric acid (Fig. 11C). For 
each system, the APi-TOF could directly measure the composition of ions and the 
formation and growth mechanisms of ionic clusters that lead to the formation of 
particles. The APi-TOF results also revealed that even tiny concentrations of impurities 
in the experiment can be critical and be involved in these processes. Consequently, as 
low as possible concentrations of contaminants turned out to be crucial when one wants 
to systematically investigate the processes that are relevant to atmospheric new particle 
formation. Indeed the CLOUD facility’s ability to provide unprecedented levels of 
cleanliness turned out to be a key to the success of the APi-TOF measurements in 
particular, and the CLOUD experiments in general. 

The direct measurements of ionic clusters by the APi-TOF further presented the 
possibility of directly comparing these experimental observations with state-of-the-art 
cluster simulations. For Paper II, the formation of ammonia-sulfuric acid clusters in 
the CLOUD chamber was simulated using the ACDC model, which uses kinetic 
collisions and evaporation rates based on quantum chemical calculations. The 
simulations achieved a good agreement with the measurement results. They confirmed 
that the APi-TOF measurements were subject to only little fragmentation of clusters 
during the sample process. Additionally, the simulations could directly investigate also 
the electrically neutral pathway of cluster formation, which cannot be directly accessed 
by the APi-TOF measurements. 

The APi-TOF measurements have substantially contributed in improving our detailed 
understanding of atmospheric new particle formation. Together with model simulations 
and the entirety of measurements taken during the CLOUD experiments (e.g., CPC 
measurements of particle formation rates), they offered unprecedented insight on the 
initial steps of particle formation (Kirkby et al., 2011; Papers II–IV). 

A main finding was that inter-molecular chemistry dominates the mechanism, by which 
the initial clusters form. At least in the case of ammonia + sulfuric acid and 
dimethylamine + sulfuric acid, the mechanism is acid-base chemistry in the form of 
strong hydrogen bonds. Dimethylamine molecules form stronger bonds with sulfuric 
acid molecules (H2SO4) than ammonia, which is the reason for getting substantially 
higher particle formation rates from dimethylamine + sulfuric acid than from ammonia 
+ sulfuric acid (Paper III). For anions, the enhancement of the formation of clusters 
and particles is in fact due to the very same acid-based chemistry, rather than due to 
electrostatic attraction. Much of the negative charge comes in the form of HSO4

– 
bisulfate ions (and HSO5

– ions), which is a strong Lewis base (as is HSO5
–, though less 

strong). They compete against ammonia and dimethylamine for binding with H2SO4, 
although more successfully against ammonia, because it is a weaker base than 



	  47	  

dimethylamine. As a result, the charge enhancement on formation rates is stronger for 
the case of ammonia + sulfuric acid than for the case of dimethylamine + sulfuric acid. 

In the CLOUD experiments, atmospherically relevant particle formation rates were also 
measured with H2SO4 and oxidized organics that were obtained from the oxidation of 
pinanediol, a surrogate 1st oxidation product of monoterpenes. Again, the APi-TOF 
measurements revealed details of the underlying mechanisms (Paper IV). We found 
that these oxidized organics can directly form clusters with HSO4

– and with 
H2SO4 • HSO4

–; and very likely also with H2SO4 and with (H2SO4)2. Predominantly it is 
large oxidized organics that form these clusters, mostly with 10 carbon atoms, and some 
of them highly oxidized. They correspond to 2nd and 3rd oxidation products of 
monoterpenes. The clusters grow by subsequent addition of more of these large 
oxidized organics and H2SO4, and their oxidations state decreases as they grow. We 
further found indications that certain clusters of two or more large oxidized organics 
together with one or more H2SO4 can facilitate the co-condensation of smaller organics. 
Importantly, comparisons with measurements at the SMEAR II station (cf. Fig. 11C and 
Fig. 11D) suggest that similar large oxidized organics play a key role in new particle 
formation in the boreal forest.  

As part of this thesis, we also performed airborne measurements to map out regional-
scale particles formation events both vertically and horizontally. For this purpose, an 
airborne measurement platform was commissioned and successfully tested (Paper V). 
The results mainly complemented previous observations. The whole boundary layer 
was confirmed as the location of regional-scale particle formation events, and locally 
confined instances or enhancements of new particle formation were observed and 
associated with dynamic processes related to clouds. These were the results from only 
the first measurement flights in 2009 and 2010. Since then, more flights have been 
conducted. Improvements on the measurement setups are being implemented 
continuously, also as a result of the experience gathered during the flight measurements 
in 2009 and 2010. 

The main objective of this thesis was to advance our knowledge of the physical and 
chemical mechanisms behind the formation of new particles in the atmosphere. A great 
increase of our detailed understanding of this process was attained mainly by the 
application of recently developed state-of-the-art experimental techniques. They were 
applied both in well-controlled laboratory setups and in the field. In particular, mass 
spectrometers have proven to be a critical new tool in accessing molecular clusters in 
the sub-2 nm regime during particle formation studies. Advances in computational 
techniques have also proven important, as they allow for simulating processes critical 
for new particle formation – both those processes that are now experimentally 
accessible, and those yet inaccessible. In addition, this work demonstrated the 
importance of taking particle formation measurements afield and aloft.	   	  
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