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Abstract 

Aerosol particles have various effects on our life. They affect the visibility and have diverse 

health effects, but are also applied in various applications, from drug inhalators to pesticides. 

Additionally, aerosol particles have manifold effects on the Earths’ radiation budget and thus on 

the  climate.  The  strength  of  the  aerosol  climate  effect  is  one  of  the  factors  causing  major  

uncertainties in the global climate models predicting the future climate change. Aerosol 

particles are emitted to atmosphere from various anthropogenic and biogenic sources, but they 

are also formed from precursor vapours in many parts of the world in a process called 

atmospheric new particle formation (NPF). The uncertainties in aerosol climate effect are partly 

due to the current lack of knowledge of the mechanisms governing the atmospheric NPF. It is 

known that gas phase sulphuric acid most certainly plays an important role in atmospheric NPF. 

However, also other vapours are needed in NPF, but the exact roles or even identities of these 

vapours are currently not exactly known.  

In this thesis I present some of the recent advancements in understanding of the atmospheric 

NPF in terms of the roles of the participating vapours and the meteorological conditions. Since 

direct measurements of new particle formation rate in the initial size scale of the formed 

particles (below 2 nm) are so far infrequent in both spatial and temporal scales, indirect 

methods are needed. The work presented on the following pages approaches the NPF from two 

directions: by analysing the observed formation rates of particles after they have grown to sizes 

measurable with widely applied instruments (2 nm or larger), and by measuring and modelling 

the initial sulphuric acid cluster formation. 

The obtained results can be summarized as follows. i) The observed atmospheric new particle 

formation rates are typically connected with sulphuric acid concentration to the power close to 

two. ii) Also other compounds, most probably strong bases such as amines and oxidized organic 

vapours, influence the NPF. In some locations their impact even dictates the observed particle 

formation rate. iii) Air temperature has an explicit effect on the formation of stable sulphuric 

acid  clusters,  in  which  also  the  relative  humidity  seems  to  play  a  role.  These  impacts  of  

meteorological quantities on the initial cluster formation seem to influence also the observed 

particle formation rate.  

 

Keywords: Atmospheric new particle formation, sulphuric acid, amines, oxidized organic 

vapours, temperature 
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1. Introduction 

Ambient air is not only a mixture of gas and vapour molecules, it is an aerosol (Seinfeld 

and Pandis, 2006). This means that suspended in this mixture of molecules there are 

also subjects  of  sizes larger than the molecular  scale but small  enough not to fall  on 

the  ground  due  to  gravitational  deposition,  called  aerosol  particles.  In  numbers,  the  

diameter of the aerosol particles is between few nanometres and some hundreds of 

micrometers. 

Aerosol particles, even though having orders of magnitude smaller concentrations than 

the atmospheric gas and vapour molecules, have marked impacts on various issues. 

Firstly, they affect our health; in every inhale the respiratory system is exposed to 

thousands or even millions of particles, out of which some fraction is toxic (e.g. Russell 

and Brunekreef, 2009; Stanek et al., 2011). Secondly, the aerosol particles affect the 

visibility. And finally, they have significant direct and indirect effects on the climate 

through their influence on the Earths’ radiation balance as short-lived climate forcers. 

The aerosol particles containing highly absorptive black carbon, i.e. the soot particles, 

heat the lower troposphere climate by absorbing solar radiation and by decreasing the 

albedo of snow when depositing on it (Jones et al., 2011; Skeie et al., 2011). The non-

soot aerosol particles reflect the solar radiation on average more effectively than the 

Earth’s  surface  (with  some  exceptions,  e.g.  the  reflectivity  of  snow  surface  is  higher  

than  that  of  most  aerosol  types)  and  thus  cool  the  climate  (Forster  et  al.,  2007).  In  

terms of the strength of the climate effect these direct aerosol effects still seem less 

significant than the indirect aerosol effects (Forster et al., 2007). Every rain and cloud 

droplet is formed on the surface of an aerosol particle, and since the clouds reflect a 

substantial  fraction  of  the  solar  radiation  back  to  space,  the  aerosol  particles  cause  

indirectly a significant cooling effect on the Earth as a whole (Forster et al., 2007). The 

indirect aerosol effects are diverse. As the cloud droplet concentration increases, the 

reflection of solar radiation by the clouds enhances (cloud albedo effect; Twomey, 

1974). Simultaneously, the size of the cloud droplets decreases, which reduces the 

precipitation efficiency of the clouds and thus increases their lifetime (cloud lifetime 
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effect; Albrecht, 1989). The decreases in the size of cloud droplets may also increase 

the geometric thickness of the clouds (Pincus and Baker, 1994) and elevate the altitude 

at which the droplets freeze (thermodynamic effect; Koren et al., 2005), thus 

presumably further influencing the albedo and dynamics of the clouds. It should be 

noted that the strength of the last two indirect aerosol effects described above is 

currently not known. The cloud albedo and cloud lifetime effects are estimated to 

cause  significant  cooling  effect,  but  its  magnitude  is  relatively  uncertain  so  far  (e.g.  

Lohmann et al., 2010; McComiskey and Feingold, 2012). 

The various impacts of the aerosol particles depend on their concentration, chemical 

composition and size. The particles with diameters (dP) close to or over one hundred 

nanometres can be activated as cloud droplets (Komppula et al., 2005; Dusek et al., 

2006), and the particles with dP of several hundreds nanometres or over micrometer 

scatter and absorb most efficiently the solar radiation (Bohren and Huffman, 1983; 

Hand and Malm, 2007; Liu et al., 2008), depending on their concentrations and optical 

properties. When inhaled, both the largest and the smallest particles deposit 

effectively in the upper or lower respiratory system and the intermediate particles 

(with diameters of hundreds of nanometres) are mostly exhaled, but those having a 

diameter (dP) of some tens of nanometres or a few micrometres enter deep into the 

lungs and there from possibly to the cardiovascular system (Kreyling et al., 2006; 

Alföldy et al., 2009). It should be noted that the condensation growth of the aerosol 

particles  in  the  respiratory  system  is  fast  (Longest  et  al.,  2010),  and  thus  the  

penetration efficiency cannot be directly estimated form the initial particle size 

(Löndahl et al., 2009). In order to estimate the aerosol impact on all of the above 

mentioned issues, the knowledge of the total particle mass or number concentration is 

not enough, but the information about particle number size distribution is required. 

The particle number size distribution is typically divided into four size segregated 

modes:  nucleation  mode  (dP <  20  nm),  Aitken  mode  (dP between  20  and  100  nm),  

accumulation mode (dP between 100 nm and 1 µm) and coarse mode (dP > 1µm). In 

terms of atmospheric particle number, the nucleation and Aitken mode particles 
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typically dominate (Van Dingenen et al., 2004; Zhang et al., 2010). It should be kept in 

mind, however, that the suspended particle mass concentration is clearly dictated by 

the accumulation and coarse mode particles (Raes et al., 2000). This is simply because 

the mass of one particle with dP equal to 10 µm (10 000 nm) is comparable to the mass 

of billion (10
9
) 10 nm particles of similar density. 

Aerosol particles are introduced to the atmosphere either by direct emissions (primary 

particles) or by gas-to-particle conversion (secondary particles). The coarse mode 

particles with the highest global concentrations are dust and sea salt (primary) 

particles (e.g. Raes et al., 2000; Dubovik et al., 2008). The direct emissions of 

accumulation and Aitken mode particles originate mostly from anthropogenic sources, 

e.g. wild-fires, traffic and combustion processes (Dentener et al., 2006). The direct 

biogenic particle emissions, e.g. fungal spores, pollen, viruses and bacteria, produce 

mostly coarse and accumulation mode particles (Yttri et al., 2011; Després et al., 

2012).  

The nucleation mode particles are secondary particles i.e. they are formed in the 

atmosphere from precursor vapours. The initial diameter of these particles is between 

one and two nanometres (Kulmala et al., 2007), in the size range of large molecules or 

molecular  clusters  of  some  or  some  tens  of  molecules  (roughly  from  200  to  2000  

atomic mass units, see e.g. Ehn et al., 2011). This particle size range is often referred to 

as the cluster mode. Formation of cluster mode particles and their subsequent growth 

to nucleation mode happens e.g. in trace gas plumes originating from combustion in 

motor vehicles or industry, but also in regional size scale in regional new particle 

formation events (Weber et al., 1996; Kulmala et al., 2004a; Kulmala and Kerminen, 

2008, and references therein). Atmospheric new particle formation (NPF) occurs 

widely  around  the  world  (Kulmala  et  al.,  2004a)  and  in  most  environments  NPF  is  

closely connected to the gas phase sulphuric acid concentration (e.g. Kerminen et al., 

2010). First indications of the connection between NPF and sulphuric acid 

concentration were observed already in 1990’s (e.g. Weber et al., 1995). 
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After being formed the secondary particles grow by condensation of atmospheric trace 

vapours with growth rates from below one up to some tens of  nanometres per hour 

(Kulmala  et  al.,  2004a).  A  large  proportion  of  the  formed  particles  are  scavenged  to  

pre-existing larger particles (Kerminen et al., 2001; Kuang et al., 2009), but others 

continue growing to Aitken mode and in many cases further up to accumulation mode 

primarily due to the condensation of oxidized organic vapours (e.g. Kulmala et al., 

1998; Kulmala et al., 2001; Tunved et al., 2006; Riipinen et al., 2011). The composition 

of particles in nucleation, Aitken and accumulation modes vary depending on the local 

and regional sources, but they typically include organics, sulphates, nitrates, 

ammonium, soot, sodium chloride and mineral dust (O’Dowd et al., 1992; Smith and 

O’Dowd, 1996; Jimenez et al., 2009; Matsuki et al., 2010).  

Because the accumulation mode extends to a diameter range such wide as 100 – 1000 

nm, the particles formed in the NPF process do not reach the coarse mode size. 

However, at suitable conditions the accumulation and large Aitken mode particles can 

act as Cloud Condensation Nuclei (CCN), i.e. they can be activated as cloud droplets by 

rapidly condensing water vapour and thus participate in cloud formation (Kerminen et 

al., 2005; Komppula et al., 2005; Sihto et al., 2011). It has been estimated that globally 

a large proportion, even over 50 % of CCN originate from the NPF events (Spracklen et 

al., 2008; Merikanto et al., 2009). However, despite the extensive number of research 

projects and scientific articles related to the atmospheric NPF, the fundamental 

mechanisms behind this process, especially in the lower troposphere, remain unclear. 

This causes significant uncertainties in modelling the future climate change: the 

abatement policies for anthropogenic SO2 emissions (a precursor gas for sulphuric 

acid), increasing temperature and changes in biogenic emissions may affect severely 

the global rates of new particle formation, and thus alter the cooling effect of aerosol 

particles on the climate (Kulmala et al., 2004b; Makkonen et al., 2012). 

The main goal  of  the work presented in this  thesis  was to gain insight  into the initial  

steps of atmospheric new particle formation. In more detail, the objectives were: 
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- to examine the validity of atmospheric sulphuric acid concentration proxies and 

find out whether they can be applied in assessing the atmospheric NPF 

mechanism.  

- to make a thorough multi-site analysis on the connection between atmospheric 

new particle formation rate and sulphuric acid concentration, and to find out 

whether this connection is similar in different tropospheric environments. 

- to determine the role of compounds other than sulphuric acid, more 

specifically of amines and oxidized organic vapours, in the atmospheric NPF. 

- to  find  out  whether  and  how  meteorological  quantities  influence  the  NPF  

process. 

 

2. Atmospheric sulphuric acid 

The gas phase sulphuric acid (H2SO4)  is  formed  in  the  atmosphere  by  the  following  

reaction chain (Wayne 2000; Paper I):  

SO態 髪 OH 岫髪/岻"蝦 HSO戴"岫髪/岻       (R1) 

HSO戴 髪 O態"蝦 SO戴 髪 HO態        (R2) 

SO戴 髪 2H態O 蝦 H態SO替 髪 H態O       (R3) 

where M is a catalyst, basically O2 or  N2 carrying away the excess energy and 

preventing an immediate reverse reaction. The reactions following the oxidation of 

sulphur dioxide (SO2) by hydroxyl radical (OH) occur rapidly and the reaction (R1) 

remains  as  the  rate  limiting  step  in  the  formation  of  H2SO4 (DeMore et al., 1997). 

However, recent results by Weltz et al. (2012) show that SO2 can be oxidized to SO3 

also by Criegee radicals, which are intermediates in ozonolysis reaction of 

hydrocarbons.  In  case  the  Criegee  radicals  formed  in  the  ozonolysis  of  those  

hydrocarbons emitted abundantly by plants and trees (e.g. monoterpenes) are active 

in oxidizing SO2, also this oxidation pathway parallel to reactions (R1) and (R2) is 

relevant in atmosphere.  
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Sulphuric acid is one of the strongest acids in the atmosphere. It is present in ambient 

air with gas phase concentrations up to 10
8
 cm

-3
, depending on the concentrations of 

SO2 (originating from anthropogenic emissions, marine dimethylsulfide emissions and 

volcanic activity; e.g. Lee et al., 2011) and its oxidant(s), and on the condensation sink 

(CS) describing the losses of H2SO4 due to condensation onto aerosol particles. The gas 

phase sulphuric acid concentration ([H2SO4]) varies significantly during the day, being 

typically  the  lowest  at  night  and  the  highest  around  noon  (Berresheim  et  al.,  2000;  

Paper I). This is due to a strong diurnal cycle of the OH concentration, resulting from 

the formation of OH radical via photolysis of ozone by solar UV-B radiation.  

2.1. Measurement of ambient sulphuric acid concentration 

The atmospheric concentration of sulphuric acid is in the low ppt (parts per trillion 1/ 

10
12

 as a proportion of all air molecules) and even ppq (parts per quadrillion, 1/10
15

) 

levels. Such a low concentration is a challenging task to be measured reliably, and the 

tendency of sulphuric acid to condense onto surfaces makes the measurements even 

more problematic. However, due to its strong acidity and the corresponding low 

proton affinity sulphuric acid is a perfect compound for being measured by means of 

chemical ionization mass spectrometry (Eisele et al.,  1991; Mauldin et al.,  2001; Huey 

et al., 2007; Paper I). In a mass spectrometer only the ions carrying an electric charge 

can be measured,  and the low proton affinity  of  sulphuric  acid makes it  eager to get  

charged  by  donating  one  of  its  protons  to  most  ions  with  a  negative  charge.  A  

controlled  and  highly  selective  chemical  ionization  is  the  core  feature  which  the  

Chemical Ionization Mass Spectrometer (CIMS, see Paper  I and references therein) 

relies on.  

The CIMS inlet is designed in such a way that the ambient sulphuric acid molecules are 

carried into the instrument by a high flow rate and with only a small exposure to walls 

and surfaces. Sulphuric acid is chemically ionized in the ion reaction region (Eisele et 

al., 1991; Tanner et al., 1995; Mauldin et al., 2001; Paper  I). In the ion reaction 

chamber, two concentric flows run in parallel: the ambient sample and the sheath air, 

the latter concentrated with nitrate ions (NO3
-
) and their clusters with nitric acid 
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molecules (NO3
-
)·(HNO3)n. As both the sheath and the sample flows in the ion reaction 

region are kept laminar, they do not mix turbulently. However, by applying an electric 

field perpendicular to the flows, the NO3
-
 -ions and -clusters are pushed into the 

sample flow, where they collide with the sulfuric acid molecules. Although the charged 

nitric acid cluster is a strong acid and has a low proton affinity, sulphuric acid is even 

more acidic. Thus, when a sulphuric acid molecule collides with a nitrate ion (cluster), 

it donates one of its protons to the nitrate ion (cluster), forming a neutral nitric acid 

molecule and a bisulphate ion (HSO4
-
) or a cluster containing a bisulphate ion and nitric 

acid molecule(s). As the ionization happens in excess of NO3
-
 -ions  and  -clusters,  the  

chemical ionization of sulphuric acid does not deplete the reagent ion concentration. 

After ion reaction chamber, the ions enter the collision dissociation chamber, in which 

they collide with N2-molecules. In these collisions the nitric acid molecules are 

dissociated from the nitrate and bisulphate ion clusters. Finally, the concentrations of 

bisulphate and nitrate ions are measured, and the ambient sulfuric acid concentration 

is calculated from the core-ion concentrations:  

岷H態SO替峅 噺 系 茅 岷滝託拓填貼峅岷択拓典貼峅 ,         (1) 

where C is an experimentally determined and instrument specific calibration 

coefficient. The CIMS can be applied also for measuring the concentrations of sulphuric 

acid dimers (Paper IV),  which  are  after  the  charging  detected  as  (HSO4
-
)·(H2SO4). 

Additionally,  the  CIMS  used  in  the  presented  work  can  measure  OH  concentrations  

inferred from a known conversion rate of isotopically labelled SO2 by ambient OH 

(Eisele et al., 1991; Tanner et al., 1997; Paper I). The calibration relies on the known 

production of OH radical from ambient water vapour with an UV-lamp.     

The  selective  chemical  ionization  is  a  benefit  and  a  drawback  at  the  same  time.  

Without this charging mechanism the sulphuric acid concentration may not be 

detectable at all, but with it there still remain uncertainties regarding the atmospheric 

identity of the detected sulphuric acid monomers. The question is, whether the CIMS 

detects those sulphuric acid monomers that are clustered with other molecules, which 
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seems to be often the case in the ambient air (Junninen et al., 2010; Ehn et al., 2010; 

Zhao et al., 2011). If the clusters consisting of one sulphuric acid and some base 

molecules do get charged, the base molecule(s) are very rapidly evaporated and thus 

these clusters are detected as pure sulphuric acid molecules with the CIMS. Kurtén et 

al.,  (2011)  have  shown  by  means  of  quantum  chemical  calculations  that  the  clusters  

comprised of one H2SO4 and water molecules are efficiently charged in the ion reaction 

chamber,  as  well  as  the  (H2SO4)2·ammonia  and  (H2SO4)2·dimethylamine clusters. The 

fate of the (H2SO4)1·ammonia and (H2SO4)1·amine clusters is less clear, but Kurtén et al 

(2011) estimated that 90 % or more of both do get charged within the CIMS. However, 

sulphuric acid has been proposed to form stable complexes also with e.g. organic acids 

(e.g. Zhang et al., 2004). These complexes are most probably charged within the CIMS, 

but whether they are dissociated in the collision dissociation chamber and thus 

detected as pure sulphuric acid is not known so far.  

The atmospheric formation of H2SO4 is currently understood well enough for 

estimating the atmospheric levels of [H2SO4] even without direct measurements 

(Paper I; Mikkonen et al., 2011). However, there are still obstacles in modelling [H2SO4] 

quantitatively with the demanded accuracy (Paper  I). These uncertainties may be 

related to our capability to measure and model the atmospheric concentrations of OH-

radical (Mao et al., 2012), and to the possible non-OH related oxidation pathways 

forming sulphuric acid in the atmosphere (Welz et al., 2012). Both laboratory and field 

measurements of sulphuric acid and OH concentration are thus needed for further 

improvement of the sulphuric acid proxies. 

 

3. Atmospheric new particle formation 

Atmospheric  new  particle  formation  is  a  ubiquitous  phenomenon  (Kulmala  et  al.,  

2004a), which often happens in regional scale NPF events, during which the new 

particle formation rate is elevated for some hours in an area of hundreds of square 

kilometres. Particles formed in the NPF process have initial diameters between 1.2 and 
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2 nm (Kulmala et al., 2007). The detection of neutral particles with diameters in this 

size range is very challenging. Even though the concentrations of neutral particles with 

diameters smaller than 2 nm can be measured with some state-of-the-art instruments 

(e.g. PSM: Vanhanen et al.,  2011; PH-CPC: O’Dowd et al.,  2004; Sipilä et al.,  2008 and 

2009; Lehtipalo et al., 2009 and 2010; DEG instruments: Jiang 2011a,b), these data are 

difficult to analyse quantitatively. Furthermore, there are so far no long-term 

measurements performed with these instruments and the obtained data are collected 

at only few measurement sites.  

3.1. Calculation of particle formation rate 

The particle formation rate Jdp cannot be directly measured, because the related 

measurable quantity, the particle concentration, depends also on the loss rate of the 

particles. However, the formation rate can be calculated with the information of the 

particle number size distribution. Commonly, the particle size distribution is measured 

with Differential or Scanning Mobility Particle Sizers (DMPS/SMPS, Hoppel, 1978; Aalto 

et al., 2001), which have the lower detection limit at roughly 3 nm and the upper at 

some hundreds of nanometres. In Paper III we have applied Neutral cluster and Air Ion 

Spectrometer (NAIS, Kulmala et al., 2006) for obtaining the size distribution of neutral 

particles from 2 nm to 40 nm. From the measured concentration of particles with 

diameters between d1 and d2 (Nd1-d2) we can calculate the flux of particles into this size 

range, provided that their loss rate can be estimated. When the diameter range is in 

the sizes of small nucleation mode particles and the air mass can be considered 

homogenous, we can estimate that the particle flux originates only from the growth of 

smaller particles/clusters into the studied size range. This flux is referred to as the 

formation rate of particles with diameter d1 (Jd1). Hence, the particle formation rate 

can be expressed as (see Paper II for derivation) 

蛍鳥怠 噺 鳥朝匂迭貼匂鉄鳥痛 髪 CoagS鳥怠貸鳥態軽鳥怠貸鳥態 髪 GR鳥怠貸鳥態 朝匂迭貼匂鉄鳥鉄貸鳥迭 ,     (2) 

where CoagSd1-d2 stands for  the coagulation sink (Kulmala et al., 2001) for the particles 

in the studied size range and GRd1-d2 describes their growth rate. The first term on the 

right hand side of Eq. (2) stands for the measured change in concentration Nd1-d2. The 
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particle losses in terms of their coagulation scavenging and growth out of the studied 

size range are taken into account, respectively, with the second and third term on the 

right hand side of Eq. (2).  

In addition to the change in concentration Nd1-d2, the coagulation sink and the particle 

growth rate can be determined from the particle size distribution. The coagulation sink 

is proportional to the total surface area of the aerosol particles and to the diameters of 

the colliding particles, and can be thus directly calculated from the size distribution of 

Aitken,  accumulation  and  coarse  mode  particles  (Kulmala  et  al.,  2001).  The  

determination of the particle growth rate (GR) is more challenging. The methods that 

are typically applied (Weber et al., 1997; Hussein et al., 2005; Hirsikko et al., 2005) can 

be utilized in the atmospheric conditions only if the particle formation has occurred 

simultaneously in a regional scale, i.e. in a regional NPF event. In Paper II we calculated 

the growth rate of particles from their assumed initial diameter 1.5 nm to the smallest 

measured diameter of 3 nm from the time delay between the observed changes in 

[H2SO4] and particle concentration N3-6 (Weber  et  al.,  1997;  Sihto  et  al.,  2006).  In  a  

later study, Korhonen et al. (2011) have shown that the growth rates determined with 

this method can be overestimated due to the evolution of the particle population 

during strong NPF event. In Papers III and V we applied the method presented by 

Hirsikko et al. (2005). With this method GR is determined by inspecting the time 

stamps at which the peak in particle number concentrations is detected in each size 

bin of the particle number size distribution (more detailed explanation in Paper III, 

Sect. 2.3.1). Manninen et al. (2009) have estimated that the particle growth rate 

determined with this method might be a factor of 2 higher or lower than the actual 

growth rate. It should be noted that the values determined for GR with the different 

methods  are  averages  over  a  NPF  event  or  a  certain  time  period  during  it,  and  the  

possible  variation  of  the  actual  growth  rate  in  time  can  not  be  observed,  but  only  

estimated e.g. as in Paper III. The effect of the diurnal variation of GR on the calculated 

particle formation rate Jd1 can be reduced also by applying only the data collected 

during the NPF event for which the growth rate is determined, as done in Papers III 

and IV. 
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The formation rate of particles with diameters below the detection limit of the applied 

instrument (Jd0) can be calculated from the formation rate Jd1 with  the  formulae  

presented by Kerminen and Kulmala (2002) or with the later modifications of this 

formulae (Lehtinen et al., 2007; Anttila et al., 2010). This calculation relies on the 

determined growth rate and condensation/coagulation sink. By assuming constant 

growth rate from the initial size d0 to the observed size d1, we can calculate the 

coagulation scavenging during the growth, and thus determine the formation rate Jd0. 

However, the inaccuracy in the determination of GR (due to the reasons described in 

the previous paragraph) causes uncertainty in Jd0 calculated with the Kerminen-

Kulmala formulae, as demonstrated by Korhonen et al. (2011). 

 

4. Connection between new particle formation rate and 

sulphuric acid concentration 

A great number of observations show that sulphuric acid is indeed an essential 

contributor to the atmospheric new particle formation (e.g. Weber et al., 1995; Sipilä 

et al., 2010; Kerminen et al., 2010; Paper I). In more detail, several papers connect the 

observed atmospheric new particle formation rate (J) with the measured sulphuric acid 

concentration ([H2SO4])  to  the  power  mostly  from  one  to  two  (Kulmala  et  al.,  2006;  

Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008; Papers II and III), but in 

some  cases  even  up  to  three  (Wang  et  al.,  2011).  The  power  values  of  one  can  be  

explained with an activation-type mechanism (Kulmala et al., 2006),  蛍 噺 "畦岷H2SO4峅,         (3) 

which assumes that pre-existing stable clusters are activated for growth by a collision 

with sulphuric acid molecule. Instead, a kinetic-type mechanism (McMurry and 

Friedlander, 1979), in which a collision between two sulphuric acid molecules results in 

a growing particle, would suggest a power value of two, as in 蛍 噺 "計岷H2SO4峅態.         (4) 
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Here, growing particle refers to a cluster which is more likely to grow than to 

evaporate, and A and K are empirically determined coefficients (see e.g. Paper III). It 

should be noted that even if the observed values of J agree with either of these 

equations, it does not necessarily mean that the formation mechanism would be 

exactly as suggested in the referred articles. E.g. Vehkamäki et al. (2012) have 

demonstrated by means of kinetic modelling that a quadratic dependency similar to 

Eq. (4) could originate from the possible existence of stable clusters with diameters 

smaller than that of a growing particle. Furthermore, the exponents related to the 

initial particle formation rate Jd0 and to the formation rate of larger particles Jd1 may be 

different due to the processes taking place during the growth (Korhonen et al., 2011). 

Sulphuric acid is highly condensable onto existing surfaces, but it is still not capable of 

forming particles alone under atmospheric conditions. It is possible that in extremely 

cold  conditions,  e.g.  in  the  upper  troposphere  and  stratosphere,  NPF  may  occur  

primarily through a binary sulphuric acid – water -nucleation (Kulmala and Laaksonen, 

1990; Zhang et al., 2010). In the lower troposphere, however, the observed particle 

formation rates are too high to be explained with the binary mechanism (Kulmala et 

al., 2004a).  

There are currently two groups of molecules that are taken as considerable candidates 

for making the sulphuric acid clusters stable enough to grow in the lower troposphere: 

strong bases such as ammonia (Korhonen et al., 1999; Weber et al., 2003; Nadykto and 

Yu,  2011)  or  amines (e.g.  Kurtén et  al.,  2008;  Loukonen et  al.,  2010;  Yu et  al.,  2012),  

and oxidized organic vapours (Zhang et al, 2004; Mezger et al, 2010). Additionally, the 

stabilizing effect of cluster charge has been suggested to govern the atmospheric new 

particle formation (Yu and Turco, 2000; Yu et al., 2008). All of these four considerations 

rely on the same conceptual idea: either base or organic acid molecule(s) or the charge 

of the ion cluster is thought to hold the sulphuric acid (and possibly other) molecules 

together until the size required for condensation growth is achieved. In laboratory 

conditions, increases in the particle formation rate have been reported as a result of 

increasing amine concentrations (Berndt et al, 2010; Erupe et al., 2011; Yu et al., 2012), 



19 

 

increasing organic vapour concentrations (Zhang et al., 2004; Mentel et al., 2009; 

Metzger et al., 2010) and increasing ionization rates (Kirkby et al., 2011).  

It is very challenging to experimentally determine whether the amines and oxidized 

organic vapours enhance directly the formation of stable clusters or whether they 

affect only the subsequent cluster growth. In the latter case the observed formation 

rate of particles would increase, because an increasing growth rate decreases the 

proportion of particles being scavenged before they reach the observable sizes 

(Kerminen et al., 2001). The growth of particles already in sizes of 2 nm is typically 

much faster than what can be explained with the condensation of sulphuric acid 

(Paper III). It is unlikely that the initial growth of the freshly formed particles would 

result from their increasing volume due to the condensation of bases, because the 

number of base molecules in the stable clusters should not exceed the number of acid 

molecules (Ortega et al., 2012). Thus, the amines may facilitate the condensation of 

acids or other molecules, but the acid concentration still limits the condensation of the 

base molecules. It seems that, in addition to growing the larger atmospheric particles, 

the condensation of oxidized organic vapours enhances the initial growth of the freshly 

formed particles (Hao et al., 2009; Riipinen et al., 2011).  

The results  in  Paper III show a clear connection between J and [H2SO4] to the power 

close to two at three out of the four studied measurement sites. This result agrees 

with  the  findings  of  Kuang  et  al.  (2008).  In  both  of  these  studies  the  exponent  value  

was distinctly specified to two (rather than one or three), when only the data points 

with the most reliably determined J,  i.e. those recorded during the NPF events,  were 

used  in  the  analysis.  However,  even  at  the  three  sites  at  which  Eq.  (4)  describes  the  

observed particle formation well in Paper III,  the values of the prefactor K (see Eq. 4) 

varied significantly from about 10
-15

 to 10
-11

 cm
3
 s

-1
 and over an order of magnitude 

also in terms of site-specific median values of K. This observation implies that there are 

considerable factors other than [H2SO4] affecting the atmospheric NPF. Also more 

specific information about these factors was gained in Papers II and III, as the 

measurements conducted at Hohenpeissenberg (e.g. Birmili et al., 2003) showed even 
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a dominating influence of oxidized organic vapours. In Paper II this  influence  was  

observed directly with measured concentrations of monoterpenes and their oxidants, 

OH and O3.  

In addition to the evidence of organic vapours influencing the formation rate of 2 nm 

particles, we obtained indirect information on the participation of amines in the NPF. 

In Paper IV we showed in laboratory experiments for the first time that sulphuric acid 

dimers  (i.e.  clusters  with  two  H2SO4 molecules) were formed almost at the collision 

rate  of  sulphuric  acid  monomers.  Since  both  quantum  chemical  calculations  (e.g.  

Ortega et al.,  2012) and experimental observations (Hanson and Lovejoy, 2006) show 

that  the  pure  sulphuric  acid  dimers  are  too  unstable  to  be  observed  to  form  at  this  

high  rate,  it  seems  evident  that  the  observed  dimers  included  also  some  stabilizing  

molecules. By applying a kinetic cluster model (DACM, Kulmala 2010), we showed that 

the  observed  formation  rate  of  H2SO4-dimers could be explained by clusterization of 

sulphuric acid molecules with dimethylamine ((CH3)2NH), and that this high rate can 

result from very low dimethylamine concentration possibly prevailing in the applied 

ultraclean conditions (Sipilä et al., 2010). Instead, the ammonia concentration required 

for obtaining the observed dimer formation rates would be clearly higher than the 

upper limit value of 10
10

 cm
-3

 for the estimated maximum of impurity concentrations 

(Ortega et al., 2012). As the organic acids do not form (significantly) stronger bonding 

with sulphuric acid than ammonia does (Zhang et al., 2004), they should not induce as 

high dimerization rates as observed, either. 

Kinetic modelling of sulphuric acid – amine clusters was used also in Paper  V for 

investigating the possible reasons for the variability of the prefactor K (Eq. 4) observed 

e.g. in Paper III. The ability of stabilized sulphuric acid dimers to grow further was 

argued to demand two base molecules, because the clusters resulting from the 

addition of pure sulphuric acid to (H2SO4)2·(amine)1 clusters are relatively unstable 

(Ortega et al., 2012; Paper  V). The formation rate of stabilized sulphuric acid dimers 

was  found  to  be  dependent  in  most  cases  to  [H2SO4]  to  the  power  close  to  two.  

However, both lower and higher exponent values, in range from one to over three, 
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were obtained at certain atmospherically relevant conditions. Interestingly, these 

values cover the exponent range for atmospheric observations (Kulmala et al., 2006; 

Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008; Wang et al., 2011; Papers II 

and III). We showed that an increasing ambient temperature decreases strongly the 

formation  rates  of  clusters  with  at  least  two  of  both  H2SO4 and amine molecules 

((H2SO4)д2·(amine)д2, amines being trimethylamine, dimethylamine or both) at 

temperatures > 280 K. Increasing relative humidity (RH) decreased the formation rates 

of clusters including trimethylamine molecules, but this effect was clearly weaker than 

the temperature effect.  We also studied, how the modelled formation rates change, if 

an organic vapour is assumed to condense on the formed (H2SO4)д2·(amine)д2 clusters. 

The modelled stable cluster formation rates were compared to the atmospheric 

observations of new particle formation rate and sulphuric acid concentration. Glimpses 

of similar temperature dependence to that of modelled cluster formation rates were 

observed in atmospheric particle formation rate. Increasing ambient RH seemed to 

reduce the values of the prefactor K derived from the atmospheric measurements, 

which suggest suppressing impact of RH on NPF in addition to the negative correlation 

between RH and [H2SO4] shown by Hamed et al. (2011). The best correspondence 

between the measured particle formation rates and the modelled cluster formation 

rate  was  obtained  for  the  formation  of  (H2SO4)д2·(trimethylamine)д2 clusters, when 

these clusters were assumed to grow by collisions with abundant organic vapours. 

Albeit  intriguing,  this  specific  result  does  not  prove  that  the  organic  vapours  could  

condense on the stable sulphuric acid dimers, but points out the need for future 

research on the possibly coupled effects of amines and organic vapours on NPF. 

  

5. Problems in and tools for determining atmospheric new 

particle formation mechanism 

Atmospheric new particle formation occurs in such a size scale that it is extremely 

difficult to be investigated with only experimental analysis. Measurements of the 

formation rate of new particles in their initial sizes are so far not comprehensive 
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enough for detailed analysis, because the initial size of the particles is below the 

detection limit of most of the instruments. On the other hand, the restricted 

atmospheric data obtained with those state-of-the-art instruments that measure the 

concentrations  of  clusters  down  to  the  molecular  sizes  (e.g.  PSM:  Vanhanen  et  al.,  

2011; PH-CPC: O’Dowd et al., 2002; Sipilä et al., 2008 and 2009; Lehtipalo et al., 2009 

and  2010;  DEG  instruments:  Jiang  et  al.,  2011a,b)  or  their  composition  (APi-TOF:  

Junninen et al., 2010; Ehn et al., 2010;  Cluster-CIMS: Zhao et al., 2010), are not 

straight forward to analyse. The cut-off diameters of the instruments measuring the 

cluster concentration depend on cluster composition and are not exact. This leads to 

difficulties in the interpretation of the data as some clusters with diameters below the 

nominal detection limit can be detected and thus interpreted as larger than they 

actually are. Furthermore, with the exact size of the newly formed particles not being 

known, even exact knowledge of the particle size distribution below 2 nm would not 

necessarily be enough to determine the new particle formation rate. On the other 

hand, the mass spectrometer instruments determining the cluster composition detect 

only the (naturally or artificially) charged clusters and, thus, direct information of the 

compositions and concentrations of neutral clusters is not obtained. 

In addition to problems in quantifying the new particle formation rate, measuring the 

concentrations of the relevant vapours is challenging. As described in Sect. 2.1., it is 

not exactly known what the sulphuric acid signal from the CIMS includes: what are the 

molecules that sulphuric acid can be clustered with but still detected as pure sulphuric 

acid? The atmospheric concentrations of gas phase amines are known with even less 

accuracy. Some measurements do exist (Sellegri et al, 2005; Ge et al., 2010; Hanson et 

al., 2011), but there is no information on which amine molecules are detected with the 

applied  instruments:  do  the  instruments  measure  only  gas  phase  molecules,  or  also  

those single amine molecules bound to some acid molecules, or even those that are 

constituents of larger clusters or particles? What comes to the concentrations of the 

organic vapours related to atmospheric NPF, the problem is not the level of their 

concentration, but the variety of different organic vapours. There are thousands 

(Goldstein and Galbally, 2007) of organic precursor vapours in atmosphere with 
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detectable concentrations, but the number of different oxidation products of these 

vapours is easily orders of magnitude higher (Jenkin, 2004). Because the chemical and 

physical properties of all these compounds can be different and several of them may 

participate in the new particle formation and the subsequent growth, quantifying 

experimentally the role of an individual organic precursor on the NPF is extremely 

difficult, if not impossible.   

With such a number of obstacles in the experimental methods, what are the tools for 

improving our knowledge on atmospheric NPF? Lately, the quantum chemical methods 

for calculating the formation energies of the smallest clusters (with number of clusters 

up to around ten) have offered invaluable information on the cluster formation 

processes (eg. Kurtén et al., 2008; Nadykto et al., 2010; Loukonen et al., 2010; Ortega 

et al., 2012; Vehkamäki et al., 2012). Clarifying the functionality of the CIMS by Kurtén 

et al. (2011) has substantially increased our understanding of the observed connection 

between the sulphuric acid and NPF. Comparisons between the model results based 

on quantum chemical calculations and the atmospheric observations, such as those 

presented in Paper  V, give us directions for further experiments, calculations and 

analyses. In addition to the theoretical considerations, the instruments for measuring 

e.g. the atmospheric gas phase concentrations of amines are developing continuously. 

The time-of-flight mass spectrometers (ToF) are providing insights into the cluster 

dynamics with a high enough mass accuracy that at least some of the clusters can be 

identified (Kirkby et al., 2011; Ehn et al., 2012). Also the CIMS has been modernised to 

a  ToF-instrument,  resulting  in  a  device  called  CI-APi-ToF  (Jokinen  et  al.,  2011),  thus  

being better applicable for measuring neutral cluster compositions and concentrations. 

However, the charging probabilities of different neutral clusters are not similar and the 

composition of many of them changes when they are charged (as in case of H2SO4-base 

clusters). Thus, quantum chemical calculations are most probably required in order to 

interpret the relation between the concentrations detected with mass spectrometers 

and those prevailing in the atmosphere. After the ambient gas phase amine 

concentrations can be determined with a low enough detection limit, further 

information on the organic vapours relevant to atmospheric NPF may be found e.g. in 
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laboratory experiments. Consequently, the overlapping effects of base molecules and 

oxidized organic vapours on NPF can be presumably separated from the field 

observations with multivariate data analysis. All advances, in theoretical 

understanding, in modelling efforts, in developing the experiment infrastructures and 

instrumental improvements need to be utilized in a coherent manner to their full 

potential  in  order  to  probe  the  cluster  formation  and  NPF  in  more  detail.  The  joint  

efforts will be the key to success.  
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6. Review of papers and author’s contribution 

 

Paper I investigates the concentrations of sulphuric acid in boreal forest environment. 

In this paper we present measurements of sulphuric acid and hydroxyl radical 

concentrations carried out with the CIMS instrument. We also study how well the 

measured sulphuric acid concentration can be reproduced with the use of proxy 

variables calculated accounting only for the main source and loss terms for sulphuric 

acid,  or  with  a  more  detailed  chemical  model.  In  this  paper,  I  calculated  the  proxies  

and compared the measured, modelled and the proxy concentrations of sulphuric acid. 

I also actively participated in the writing process, particularly in the peer-review stage. 

In Paper II we studied the connection between new particle formation and sulphuric 

acid concentration at Hohenpeissenberg, Germany.  We also measured monoterpene 

concentrations, which enabled us to probe their role in the new particle formation rate 

in  addition  to  sulphuric  acid.  I  conducted  most  of  the  data  analysis  by  applying  and  

further developing the tools from the previous studies, and wrote most of the text in 

the paper as a lead author. 

In Paper III we estimated the concentration of condensable organic vapours from the 

observed growth rates of freshly formed particles at four European measurement 

sites. We compared the new particle formation rate with the concentrations of 

sulphuric  acid  and  the  condensable  organic  vapours,  and  generated  several  

parameterisations for the new particle formation rate with respect to these 

concentrations.  In  this  paper  I  performed  most  of  the  data  analysis,  calculated  and  

intercompared most of the parameterisations and wrote most of the text. 

Paper IV presents the results of laboratory experiments in which the formation rate of 

sulphuric acid dimers was examined. It connects the formation rate of stable dimers to 

an unknown, but necessarily present stabilizing molecule, in the ultraclean 

measurement setup. My input in this paper was in modelling of the formation rate of 

sulphuric  acid  dimers  with  dimethylamine  as  a  stabilizing  agent.  I  also  analysed  the  

modelling results and participated in writing of the paper. 
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Paper V inspects by means of kinetic modelling the formation of sulphuric acid – amine 

clusters with respect to varying ambient temperature, humidity and prevailing vapour 

concentrations. The evaporation rates were calculated with quantum chemical 

methods and the modelling results are presented in the way suitable for comparison 

with atmospheric observations. The modelled cluster formation rates and their 

dependency on meteorological variables and vapour concentrations were compared to 

observations of atmospheric new particle formation in wide variety of environments. I 

performed the modelling for this paper, mainly interpreted the obtained results and 

wrote most of the paper.  

I am solely responsible for the summary part of this thesis. 

 

  



27 

 

7. Conclusions 

 

In the work presented in this thesis I have studied the initial steps of atmospheric new 

particle formation. This research has been carried out by means of analysing the field 

data of sulphuric acid concentrations (Papers I, II, III and V) and new particle formation 

rates  (Papers II, III and V), by conducting laboratory measurements (Paper IV), and 

modelling the formation of stabilized sulphuric acid clusters (Papers  IV  and  V). The 

atmospheric observations are investigated in terms of the dependencies of new 

particle formation rate on the concentrations of sulphuric acid (Papers II, III and V) and 

precursors for condensing organic vapours (Papers II and III) and on meteorological 

variables (Paper V).  

In Paper I we showed that the levels of atmospheric gas phase sulphuric acid can be 

reproduced with proxies relying on the measured sulphur dioxide concentration and 

condensation sink and the measured or estimated OH-radical concentration. The 

precision of the proxies relying on OH concentrations estimated from radiation 

measurements seems sufficient for reproducing the sulphuric acid concentrations for 

large scale modelling purposes (probably pre-factors specific for different types of 

environments are required). However, because the reason behind the variability 

between the proxy and measured sulphuric acid concentrations remains unclear, the 

application of the proxy concentrations may cause bias in assessing the mechanisms 

behind atmospheric NPF. Thus, in Papers II-V only measured sulphuric acid 

concentrations were applied. 

The results of Paper III show that atmospheric particle formation rate J exerts a clear 

correlation with sulphuric acid concentration to the power close to two in several 

locations. However, the values obtained for the coefficient K in Eq. (4) vary significantly 

in range of several orders of magnitude. Furthermore, at Hohenpeissenberg site 

sulphuric acid concentration did not have as clear impact on J (Papers II and III) as at 

the other sites. These results suggest that the atmospheric new particle formation rate 
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is coupled with sulphuric acid concentration to the power close to two, but there are 

also other factors that significantly alter the observed formation rate.  

The results presented in Paper II show that the concentrations of organic vapours have 

clear impacts on the observed atmospheric particle formation rate at 

Hohenpeissenberg. However, Paper III shows that this impact is more pronounced at 

the Hohenpeissenberg site than at the other studied sites. Several studies, both 

theoretical  (Kurtén  et  al.,  2008;  Loukonen  et  al.,  2010;  Ortega  et  al.,  2012)  and  

experimental (Berndt et al., 2010; Erupe et al., 2011; Yu et al., 2012), have shown that 

amines are most probably influencing the atmospheric NPF. By means of quantum 

chemical calculations and kinetic modelling we showed in Papers IV and V that amine 

concentrations already at ppt level are capable of stabilizing sulphuric acid dimers 

efficiently enough to result in a dimer formation rate close to a collision rate of 

measured H2SO4 monomers. Here, the measured H2SO4 monomers stand for both gas 

phase sulphuric acid molecules and the monomers clustered with amines (see Paper V 

and Kurtén et al, 2011), as the amine is lost rapidly after the chemical ionization. 

In Paper V we showed that the formation rate of stable sulphuric acid – amine clusters 

decreases significantly as a function of temperature as a result of elevated evaporation 

rates. Similar behaviour was observed in the measured atmospheric new particle 

formation rate in terms of decreasing values of the kinetic prefactor K in Eq. (4) with 

increasing temperature. Furthermore, we pointed out in Paper  V that atmospheric 

particle formation rate seems to be directly affected by relative humidity (in addition 

to the relation between [H2SO4] and RH reported by Hamed et al., 2011). The ambient 

temperature seems to be a factor which complicates the analysis of atmospheric new 

particle formation. Increasing temperature decreases the stability of molecular clusters 

and (in short time scale) the relative humidity. The emissions of organic vapours 

increase exponentially with temperature (Guenther et al., 1995; Ghirardo et al., 2006) 

and the emissions of amines are likely to increase as well, since they are emitted from 

oceans  and  soil  as  a  result  of  biological  activity  (Ge  et  al.,  2011).  With  all  these  
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temperature dependent quantities affecting the new particle formation, specifying 

their overlapping effects becomes extremely challenging.  

Based  on  the  results  and  discussions  in  Sect.  4  of  this  thesis  and  in  Papers I-V, my 

(current) personal hypothesis for the mechanism behind the atmospheric new particle 

formation  is  as  follows:  two  amine  molecules  (at  least  one  of  which  is  tertiary)  are  

needed for stabilizing the sulphuric acid dimers, after which they can grow by 

condensing sulphuric or organic acids with a rate yet depending at least partly on the 

concurrent condensation of base molecules, until the cluster is large enough for 

condensation growth without the assistance of bases. I am trustful that with the 

ongoing and future advancements on the wide field of aerosol science the truthfulness 

of this hypothesis can soon be evaluated. 

  



30 

 

References 

 

Aalto, P., Hämeri, K., Becker, E., Weber, R., Salm, J., Mäkelä, J. M., Hoell, C., O’Dowd, C. 

D., Karlsson, H., Hansson, H.-C., Väkevä, M., Koponen, I. K., Buzorius, G., and Kulmala, 

M.: Physical characterization of aerosol particles during nucleation events, Tellus, 53B, 

344–358, 2001.  

Albrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional Cloudiness, Science, 245, 

4923, 1227–30, 1989. 

Alföldy, B., Giechaskiel, B., Hofmann, W., and Drossinos, Y.: Size-distribution 

dependent lung deposition of diesel exhaust particles, Journal of Aerosol Science, 40, 

8, 652-663, 2009. 

Anttila  T.,  Kerminen  V.-M.  and  Lehtinen  K.  E.  J.:  Parametrizing  the  formation  rate  of  

new particles: the effect of nuclei self-coagulation, J. Aerosol Sci. 41, 621-636, 2010. 

Berndt,  T.,  Stratmann,  F.,  Sipilä,  M.,  Vanhanen,  J.,  Petäjä,  T.,  Mikkilä,  J.,  Grüner,  A.,  

Spindler, G., Mauldin III, R. L., Curtius, J., Kulmala, M., and Heintzenberg, J.: Laboratory 

study on new particle formation from the reaction OH + SO2: influence of experimental 

conditions, H2O  vapour,  NH3 and the amine tert-butylamine on the overall process, 

Atmos. Chem. Phys., 10, 7101–7116, 2010. 

Berresheim, H., Elste, T., Plass-Dülmer, C., Eisele, F. L., and Tanner, D. J.: Chemical 

ionization mass spectrometer for longterm measurements of atmospheric OH and 

H2SO4, Int. J. Mass. Spectrom., 202, 91–109, 2000.  

Birmili, W., Berresheim, H., Plass-Dülmer, C., Elste, T., Gilge, S., Wiedensohler, A., and 

Uhrner, U.: The Hohenpeissenberg aerosol formation experiment (HAFEX): a long-term 

study including size-resolved aerosol, H2SO4, OH, and monoterpene measurements, 

Atmos. Chem. Phys., 3, 361-376, 2003. 

Bohren, C. F., and Huffman, D. R.: Absorption and Scattering of Light by Small Particles. 

Wiley, New York, 1983. 



31 

 

Brenguier, J.L., Pawlowska, H., Schüller, L., Preusker, R., Fischer, J., and Fouquart, Y.: 

Radiative properties of boundary layer clouds: Droplet effective radius versus number 

concentration, J. Atmos. Sci., 57, 803–821, 2000. 

Clarke,  A.  D.,  Varner,  J.  L.,  Eisele,  F.,  Mauldin  III,  R.  L.,  Tanner,  D.,  and  Litchy,  M.:  

Particle production in the remote marine atmosphere: Cloud outflow and subsidence 

during ACE 1, J. Geophys. Res., 103(D13), 16397–16409, 1998.  

DeMore, W. B., Sander, S. P., Golden, D. M., Hampson, R. F., Kurylo, M. J., Howard, C. 

J.,  Ravishankara,  A.  R.,  Kolb,  C.  E.,  and  Molina,  M.  J.:  Chemical  kinetics  and  

photochemical data for use in stratospheric modeling, Evaluation 12, JPL Publ, 97-4, 

266, 1997. 

Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso, S., Ginoux, P., Gong, 

S., Hoelzemann, J. J., Ito, A., Marelli, L., Penner, J. E., Putaud, J.-P., Textor, C., Schulz, 

M.,  van  der  Werf,  G.  R.,  and  Wilson,  J.:  Emissions  of  primary  aerosol  and  precursor  

gases  in  the  years  2000  and  1750  prescribed  data-sets  for  AeroCom,  Atmos.  Chem.  

Phys., 6, 4321-4344, 2006.  

Després,  V.  R.,  Huffman,  J.  A.,  Burrows,  S.  M.,  Hoose,  C.,  Safatov,  A.  S.,  Buryak,  G.,  

Fröhlich-Nowoisky, J., Elbert, W., Andreae, M. O., Pöschl, U., and Jaenicke, R.: Primary 

biological aerosol particles in the atmosphere: a review, Tellus B, 64, 15598, 2012. 

Dubovik, O., Lapyonok, T., Kaufman, Y. J., Chin, M., Ginoux, P., Kahn, R. A., and Sinyuk, 

A.:  Retrieving  global  aerosol  sources  from  satellites  using  inverse  modeling,  Atmos.  

Chem. Phys., 8, 209-250, 2008. 

Dusek,  U.,  Frank,  G.  P.,  Hildebrandt,  L.,  Curtius,  J.,  Schneider,  J.,  Walter,  S.,  Chand,  

D., Drewnick, F., Hings, S., Jung, D., Borrmann, S., and Andreae, M. O.: Size matters 

more than chemistry for cloud nucleating ability of aerosol particles, Science, 312, 

1375-1378, 2006.  

Ehn,  M.,  Junninen,  H.,  Petäjä,  T.,  Kurtén,  T.,  Kerminen,  V.-M.,  Schobesberger,  S.,  

Manninen,  H.  E.,  Ortega,  I.  K.,  Vehkamäki,  H.,  Kulmala,  M.,  and  Worsnop,  D.  R.:  



32 

 

Composition  and  temporal  behavior  of  ambient  ions  in  the  boreal  forest,  Atmos.  

Chem. Phys., 10, 8513-8530, 2010.  

Ehn, M., Junninen, H., Schobesberger, S., Manninen, H., Franchin A., Sipilä, M., Petäjä, 

T., Kerminen, V.-M., Tammet, H., Mirme, A., Mirme, S., Hõrrak, U., Kulmala, M., and 

Worsnop,  D.  R.:  An  instrumental  comparison  of  mobility  and  mass  measurements  of  

atmospheric small ions, Aerosol Sci. Tech., 45(4), 522–532, 2011.  

Ehn, M., Kleist, E., Junninen, H., Petäjä, T., Lönn, G., Schobesberger, S., Dal Maso, M., 

Trimborn,  A.,  Kulmala,  M.,  Worsnop,  D.  R.,  Wahner,  A.,  Wildt,  J.,  and  Mentel,  Th.  F.:  

Gas phase formation of extremely oxidized pinene reaction products in chamber and 

ambient air, Atmos. Chem. Phys. Discuss., 12, 4589-4625, 2012.  

Eisele, F. and Tanner, D.: Ion-assisted tropospheric OH measurements, J. Geophys. 

Res., 96, 9295–9308, 1991.  

Erupe, M. E., Viggiano, A. A., and Lee, S.-H.: The effect of trimethylamine on 

atmospheric nucleation involving H2SO4, Atmos. Chem. Phys., 11, 5767–4775, 2011. 

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, 

J., Lean, J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van 

Dorland, R.: Changes in atmospheric constituents and in radiative forcing. In: Climate 

Change 2007: The Physical Science Basis. Contribution of Working Group I to the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change, edited 

by Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., 

and Miller, H. L., Cambridge University Press, Cambridge, UK, and New York, 129-234, 

2007. 

Ge, X., Wexler, A.S. and Clegg, S. L.: Atmospheric amines – Part I. A review, 

Atmospheric Environment, 45, 524-546, 2011. 

Goldstein, A.H., and Galbally, I.E.: Known and Unexplored Organic Constituents in the 

Earth's Atmosphere, Environmental Science and Technology, 41, 5, 1514 - 1521, 2007.  



33 

 

Hamed, A., Korhonen, H., Sihto, S.-L., Joutsensaari, J., Järvinen, H., Petäjä, T., Arnold, F., 

Nieminen, T., Kulmala, M., Smith, J. N., Lehtinen., K. E. J., and Laaksonen, A:, The role 

of relative humidity in continental new particle formation, J. Geophys. Res., 116, 

D03202, 2011. 

Hand, J. L., and Malm, W. C.: Review of aerosol mass scattering efficiencies from 

ground-based measurements since 1990, J. Geophys. Res., 112, D16203, 2007. 

Hanson, D. R., and Eisele, F. L.: Measurement of the Thermodynamics of the Hydrated 

Dimer and Trimer of Sulfuric Acid, J. Geophys. Res., 107, 4158, 2002.  

Hanson, D. R., McMurry, P. H., Jiang, J., Tanner, D., and Huey, L. G.: Ambient Pressure 

Proton Transfer Mass Spectrometry: Detection of Amines and Ammonia, 

Environmental Science & Technology, 45, 20, 8881-8888, 2011. 

Hao, L. Q., Yli-Pirilä, P., Tiitta, P., Romakkaniemi, S., Vaattovaara, P., Kajos, M. K., Rinne, 

J., Heijari, J., Kortelainen, A., Miettinen, P., Kroll, J. H., Holopainen, J. K., Smith, J. N., 

Joutsensaari, J., Kulmala, M., Worsnop, D. R., and Laaksonen, A.: New particle 

formation from the oxidation of direct emissions of pine seedling, Atmos. Chem. Phys., 

9, 8121-8137, 2009. 

Hirsikko, A., Laakso, L., Horrak, U., Aalto, P. P., Kerminen, V.-M., and Kulmala, M.: 

Annual and size dependent variation of growth rates and ion concentrations in boreal 

forest, Boreal Environ. Res., 10, 357–369, 2005. 

Hoppel, W.: Determination of the aerosol size distribution from the mobility 

distribution of the charged fraction of aerosols, J. Aerosol Sci., 9, 41–54, 1978.  

Huey, L. G.: Measurement of trace atmospheric species by chemical ionization mass 

spectrometry: Speciation of reactive nitrogen and future directions, Mass Spectrom. 

Rev., 26, 166–184, 2007. 

Hussein, T., Dal Maso,  M., Petäjä, T., Koponen, I. K., Paatero, P., Aalto, P. P., Hämeri, 

K., and Kulmala, M.: Evaluation of an automatic algorithm for fitting the particle 

number size distributions, Boreal Env. Res., 10, 337–355, 2005. 



34 

 

Jenkin, M. E.: Modelling the formation and composition of secondary organic aerosol 

from ü- and é-pinene ozonolysis using MCM v3, Atmos. Chem. Phys., 4, 1741-1757, 

2004.  

Jiang,  J.,  Chen,  M.,  Kuang,  C.,  and  McMurry,  P.  H.:  Electrical  Mobility  Spectrometer  

Using a Diethylene Glycol Condensation Particle Counter for Measurement of Aerosol 

Size Distributions Down to 1 nm, Aerosol Sci. Technol., 45, 4, 510-521, 2011a. 

Jiang,  J.,  Zhao,  J.,  Chen,  M.,  Scheckman,  J.,  Williams,  B.  J.,  Kuang,  C.,  Eisele,  F.,  and  

McMurry, P. (2011b). First Measurements of Neutral Atmospheric Cluster and 1–2 nm 

Particle Number Size Distributions During Nucleation Events, Aerosol Sci. Technol., 45, 

4, ii-v, 2011b. 

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang, Q., Kroll, J. 

H., DeCarlo, P. F., Allan, J. D., Coe, H., Ng, N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. 

M., Grieshop, A. P., Robinson, A. L., Duplissy, J., Smith, J. D., Wilson, K. R., Lanz, V. A., 

Hueglin,  C.,  Sun,  Y.  L.,  Tian,  J.,  Laaksonen,  A.,  Raatikainen,  T.,  Rautiainen,  J.,  

Vaattovaara, Ehn, M., Kulmala, M., Tomlinson, J. M., Collins, D. R., Cubison, M. J., 

Dunlea,  E.  J.,  Huffman,  J.  A.,  Onasch,  T.  B.,  Alfarra,  M.  R.,  Williams,  P.  I.,  Bower,  K.,  

Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K., Salcedo, 

D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T., Hatakeyama, S., Shimono, A.,Sun, J. 

Y., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper, D., Jayne, J. T., Herndon, S. C., 

Trimborn,  A.  M.,  Williams,  R.,  Wood,  E.  C.,  Middlebrook,  A.  M.,  Kolb,  C.  E.,  

Baltensperger, U., and Worsnop, D. R.: Evolution of organic aerosols in the 

atmosphere, Science, 326, 1525–1529, 2009.  

Jokinen, T., Sipilä, M., Junninen, H., Ehn, M., Lönn, G., Hakala, J., Petäjä, T., Mauldin III, 

R. L., Kulmala, M., and Worsnop, D. R.: Atmospheric sulphuric acid and neutral cluster 

measurements using CI-APi-TOF, Atmos. Chem. Phys. Discuss., 11, 31983-32002, 2011.  

Jones, G. S., Christidis, N., and Stott, P. A.: Detecting the influence of fossil fuel and bio-

fuel black carbon aerosols on near surface temperature changes, Atmos. Chem. Phys., 

11, 799-816, 2011. 



35 

 

Junninen, H., Ehn, M., Petäjä, T., Luosujärvi, L., Kotiaho, T., Kostiainen, R., Rohner, U., 

Gonin,  M.,  Fuhrer,  K.,  Kulmala,  M.,  and  Worsnop,  D.  R.:  A  high-resolution  mass  

spectrometer to measure atmospheric ion composition, Atmos. Meas. Tech., 3, 1039-

1053, 2010.  

Kerminen, V. M., Pirjola, L., and Kulmala, M.: How significantly does coagulational 

scavenging limit atmospheric particle production?, J. Geophys. Res., 106, 24, 119–24, 

125, 2001.  

Kerminen, V.-M., and Kulmala, M.: Analytical formulae connecting the “real” and 

“apparent” nucleation rate and the nuclei number concentration for atmospheric 

nucleation events, J. Aerosol Sci., 33, 609–622, 2002. 

Kerminen, V.-M., Lihavainen, H., Komppula, M., Viisanen, Y., and Kulmala, M.: Direct 

observational evidence linking atmospheric aerosol formation and cloud droplet 

activation, Geophys. Res. Lett., 32, L14803, 2005. 

Kerminen,  V.-M.,  Petäjä,  T.,  Manninen,  H.  E.,  Paasonen,  P.,  Nieminen,  T.,  Sipilä,  M.,  

Junninen, H., Ehn, M., Gagné, S., Laakso, L., Riipinen, I., Vehkamäki, H., Kurten, T., 

Ortega, I. K., Dal Maso, M., Brus, D., Hyvärinen, A., Lihavainen, H., Leppä, J., Lehtinen, 

K. E. J., Mirme, A., Mirme, S., Hõrrak, U., Berndt, T., Stratmann, F., Birmili, W., 

Wiedensohler, A., Metzger, A., Dommen, J., Baltensperger, U., Kiendler-Scharr, A., 

Mentel,  T.  F.,  Wildt,  J.,  Winkler,  P.  M.,  Wagner,  P.  E.,  Petzold,  A.,  Minikin,  A.,  Plass-

Dülmer, C., Pöschl, U., Laaksonen, A., and Kulmala, M.: Atmospheric nucleation: 

highlights  of  the  EUCAARI  project  and  future  directions,  Atmos.  Chem.  Phys.,  10,  

10829-10848, 2010.  

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, J., Ehrhart, S., Franchin, A., 

Gagné, S., Ickes, L., Kürten, A., Kupc, A., Metzger, A., Riccobono, F., Rondo, L., 

Schobesberger, S., Tsagkogeorgas, G., Wimmer, D., Amorim, A., Bianchi, F., 

Breitenlechner, M., David, A., Dommen, J., Downard, A., Ehn, M., Flagan, R.C., Haider, 

S., Hansel, A., Hauser, D., Jud, W., Junninen, H., Kreissl, F., Kvashin, A., Laaksonen, A., 

Lehtipalo, K., Lima, J., Lovejoy, E.R., Makhutov, V., Mathot, S., Mikkilä, J., Minginette, 



36 

 

P., Mogo, S., Nieminen, T., Onnela, A., Pereira, A., Petäjä, T., Schnitzhofer, R., Seinfeld, 

J.H., Sipilä, M., Stozhkov, Y., Stratmann, F., Tome, A., Vanhanen, J., Viisanen Y., Vrtala, 

A., Wagner, P.E., Walther, H., Weingartner, E., Wex, H., Winkler, P.M., Carslaw, K.S., 

Worsnop, D.R., Baltensperger, U., and Kulmala, M.: The role of sulfuric acid, ammonia 

and  galactic  cosmic  rays  in  atmospheric  aerosol  nucleation,  Nature,  476,  429–433,  

2011.  

Komppula,  M,  Lihavainen,  H.,  Kerminen,  V.-M.,  Kulmala,  M.,  and  Viisanen,  Y.:  

Measurements of cloud droplet activation of aerosol particles at a clean subarctic 

background site, J. Geophys. Res., 110(D6), 6204, 2005. 

Koren,  I.,  Kaufman,  Y.  J.,  Rosenfeld,  D.,  Remer,  L.  A.,  and  Rudich,  Y.:  Aerosol  

invigoration  and  restructuring  of  Atlantic  convective  clouds,  Geophys.  Res.  Lett.,  32,  

L14828, 2005. 

Korhonen,  H.,  Sihto,  S.-L.,  Kerminen,  V.-M.,  and  Lehtinen,  K.  E.  J.:  Evaluation  of  the  

accuracy of analysis tools for atmospheric new particle formation, Atmos. Chem. Phys., 

11, 3051–3066, 2011. 

Korhonen, P., Kulmala, M., Laaksonen, A., Viisanen, Y., McGraw, R., and Seinfeld, J. H.: 

Ternary nucleation of H2SO4, NH3, and H2O in the atmosphere, J. Geophys. Res., 104, 

26 349–26 353, 1999. 

Kreyling, W. G., Semmler-Behnke, M., and Möller, W.: Health implications of 

nanoparticles, Journal of Nanoparticle Research, 8, 5, 543-562, 2006. 

Kuang, C., McMurry, P. H., McCormick, A. V., and Eisele, F., L.: Dependence of 

nucleation rates on sulfuric acid vapor concentration in diverse atmospheric locations, 

J. Geophys. Res., 113, D10209, 2008. 

Kuang, C., McMurry, P. H., and McCormick, A. V.: Determination of cloud condensation 

nuclei production from measured new particle formation events, Geophys. Res. Lett., 

36, L09822, 2009. 



37 
 

Kulmala, M., and Laaksonen, A.: Binary nucleation of water-sulfuric acid system: 

Comparison of classical theories with different H2SO4 saturation vapor pressures. 

Journal of Chemistry and Physics, 93, 696–701, 1990. 

Kulmala,  M.,  Toivonen,  A.,  Mäkelä,  J.,  and  Laaksonen,  A.:  Analysis  of  the  growth  of  

nucleation mode particles observed in Boreal forest, Tellus, 50B, 449–462, 1998.  

Kulmala, M., Dal Maso, M., Mäkelä, J.M., Pirjola, L., Väkevä, M., Aalto, P.P., 

Miikkulainen, P., Hämeri, K., and O'Dowd, C.D.: On the formation, growth and 

composition of nucleation mode particles, Tellus, 53B, 479—490, 2001. 

Kulmala, M., Vehkamäki, H., Petäjä, T., Dal Maso, M., Lauri, A., Kerminen, V.-M., 

Birmili, W., and McMurry, P. H.: Formation and growth rates of ultrafine atmospheric 

particles: A review of observations, J. Aerosol Sci., 35, 143–176, 2004a. 

Kulmala, M., Suni, T., Lehtinen, K. E. J., Dal Maso, M., Boy, M., Reissell, A., Rannik, Ü., 

Aalto, P., Keronen, P., Hakola, H., Bäck, J., Hoffmann, T., Vesala, T., and Hari, P.: A new 

feedback mechanism linking forests, aerosols, and climate, Atmos. Chem. Phys., 4, 

557-562, 2004b.  

Kulmala,  M.,  Lehtinen,  K.  E.  J.,  and  Laaksonen,  A.:  Cluster  activation  theory  as  an  

explanation of the linear dependence between formation rate of 3nm particles and 

sulphuric acid concentration, Atmos. Chem. Phys., 6, 787-793, 2006. 

Kulmala, M., Riipinen, I., Sipilä, M., Manninen, H.E., Petäjä, T., Junninen, H., Dal Maso, 

M., Mordas, G., Mirme, A., Vana, M., Hirsikko, A., Laakso, L., Harrison, R.M., Hanson, I., 

Leung, C., Lehtinen, K.E.J., and Kerminen, V.-M.: Toward direct measurement of 

atmospheric nucleation, Science, 318, 89-92, 2007. 

Kulmala, M. and Kerminen, V.-M.: On the formation and growth of atmospheric 

nanoparticles, Atmos. Res., 90, 132–150, 2008. 

Kulmala, M.: Dynamical atmospheric cluster model, Atmospheric research, 98, 201-

206, 2010. 



38 

 

Kurtén, T., Loukonen, V., Vehkamäki, H., and Kulmala, M.: Amines are likely to enhance 

neutral and ion-induced sulfuric acid nucleation in the atmosphere more effectively 

than ammonia, Atmos. Chem. Phys., 8, 4095–4103, 2008. 

Kurtén, T., Petäjä, T., Smith, J., Ortega, I. K., Sipilä, M., Junninen, H., Ehn, M., 

Vehkamäki,  H.,  Mauldin,  L.,  Worsnop,  D.  R.,  and  Kulmala,  M.:  The  effect  of  H2SO4  –  

amine clustering on chemical ionization mass spectrometry (CIMS) measurements of 

gas-phase sulfuric acid, Atmos. Chem. Phys., 11, 3007-3019, 2011. 

Lee, C., Martin, R. V., van Donkelaar, A., Lee, H., Dickerson, R. R., Hains, J. C., Krotkov, 

N.,  Richter,  A.,  Vinnikov,  K.,  and Schwab,  J.  J.:  SO2 emissions and lifetimes:  Estimates 

from  inverse  modeling  using  in  situ  and  global,  space-based  (SCIAMACHY  and  OMI)  

observations, J. Geophys. Res., 116, D06304, 2011.  

Lehtinen,  K.  E.  J.,  Dal  Maso,  M.,  Kulmala,  M.,  and  Kerminen,  V.-M.:  Apparent  

nucleation rates: a revised formulation of the Kerminen-Kulmala equation, J. Aerosol 

Sci., 38, 988–994, 2007 

Lehtipalo, K., Sipilä, M., Riipinen, I., Nieminen, T., and Kulmala, M.: Analysis of 

atmospheric neutral and charged molecular clusters in boreal forest using pulse-height 

CPC, Atmos. Chem. Phys., 9, 4177–4184, 2009.  

Lehtipalo, K., Kulmala, M., Sipilä, M., Petäjä, T., Vana, M., Ceburnis, D., Dupuy, R., and 

O'Dowd, C.: Nanoparticles in boreal forest and coastal environment: a comparison of 

observations and implications of  the nucleation mechanism, Atmos.  Chem. Phys.,  10,  

7009-7016, 2010.   

Liu, H., Pinker, R. T., Chin, M., Holben, B., and Remer, L.: Synthesis of information on 

aerosol optical properties, J. Geophys. Res., 113, D07206, 2008. 

Lohmann, U., Rotstayn, L., Storelvmo, T., Jones, A., Menon, S., Quaas, J., Ekman, A. M. 

L., Koch, D., and Ruedy, R.: Total aerosol effect: radiative forcing or radiative flux 

perturbation?, Atmos. Chem. Phys., 10, 3235-3246, 2010. 



39 

 

Longest, P. W., McLeskey, J. T., and Hindle, M.: Characterization of Nanoaerosol Size 

Change During Enhanced Condensational Growth, Aerosol Sci. Technol., 44(6), 473-

483, 2010. 

Löndahl, J., Massling, A., Swietlicki, E., Bräuner, E. V., Ketzel, M., Pagels, J., and Loft, S.: 

Experimentally determined human respiratory tract deposition of airborne particles at 

a busy street, Environmental science technology, 43, 13, 4659-4664, 2009. 

Loukonen, V., Kurtén, T., Ortega, I. K., Vehkamäki, H., Pádua, A. A. H., Sellegri, K., and 

Kulmala, M.: Enhancing effect of dimethylamine in sulfuric acid nucleation in the 

presence of water – a computational study, Atmos. Chem. Phys., 10, 4961-4974, 2010. 

Makkonen, R., Asmi, A., Kerminen, V.-M., Boy, M., Arneth, A., Hari, P., and Kulmala, M.: 

Air pollution control and decreasing new particle formation lead to strong climate 

warming, Atmos. Chem. Phys., 12, 1515-1524, 2012.  

Mao, J., Ren, X., Brune, W. H., Van Duin, D. M., Cohen, R. C., Park, J.-H., Goldstein, A. 

H., Paulot, F., Beaver, M. R., Crounse, J. D., Wennberg, P. O., DiGangi, J. P., Henry, S. B., 

Keutsch, F. N., Park, C., Schade, G. W., Wolfe, G. M., and Thornton, J. A.: Insights into 

hydroxyl measurements and atmospheric oxidation in a California forest, Atmos. 

Chem. Phys. Discuss., 12, 6715-6744, 2012.  

Matsuki, A., Quennehen, B., Schwarzenboeck, A., Crumeyrolle, S., Venzac, H., Laj, P., 

and Gomes, L.: Temporal and vertical variations of aerosol physical and chemical 

properties over West Africa: AMMA aircraft campaign in summer 2006, Atmos. Chem. 

Phys., 10, 8437-8451, 2010.  

Mauldin, III, R., Tanner, D., Heath, J., Huebert, B., and Eisele, F.: Observations of H2SO4 

and MSA during PEM-Tropics-A, J. Geophys. Res., 104, 5801–5816, 1999.  

Mauldin III, R., Eisele, F., Tanner, D., Kosciuch, E., Shetter, R., Lefer, B., Hall, S., Nowak, 

J., Buhr, M., Chen, G., Wang, P., and Davis, D.: Measurements of OH, H2SO4, and MSA 

at the South Pole during ISCAT, Geophys. Res. Lett., 28, 3629–3632, 2001.  

McComiskey, A. and Feingold, G.: The scale problem in quantifying aerosol indirect 



40 

 

effects, Atmos. Chem. Phys., 12, 1031-1049, 2012. 

McMurry, P. H., and Friedlander, S. K.: New particle formation in the presence of 

aerosol, Atmos. Environ., 13, 1635–1651, 1979. 

Mentel, Th. F., Wildt, J., Kiendler-Scharr, A., Kleist, E., Tillmann, R., Dal Maso, M., 

Fisseha, R., Hohaus, Th., Spahn, H., Uerlings, R., Wegener, R., Griffiths, P. T., Dinar, E., 

Rudich, Y., and Wahner, A.: Photochemical production of aerosols from real plant 

emissions, Atmos. Chem. Phys., 9, 4387–4406, 2009.  

Merikanto, J., Spracklen, D. V., Mann, G. W., Pickering, S. J., and Carslaw, K. S.: Impact 

of nucleation on global CCN, Atmos. Chem. Phys., 9, 8601-8616, 2009. 

Metzger,  A.,  Verheggen,  B.,  Dommen,  J.,  Duplissy,  J.,  Prevot,  A.  S.,  Weingartner,  E.,  

Riipinen,  I.,  Kulmala,  M.,  Spracklen,  D.  V.,  Carslaw,  K.  S.,  and  Baltensperger,  U.:  

Evidence for the role of organics in aerosol particle formation under atmospheric 

conditions. Proc. Nat. Acad. Sci., 107, 2010. 

Mikkonen, S., Romakkaniemi, S., Smith, J. N., Korhonen, H., Petäjä, T., Plass-Duelmer, 

C., Boy, M., McMurry, P. H., Lehtinen, K. E. J., Joutsensaari, J., Hamed, A., Mauldin III, R. 

L., Birmili, W., Spindler, G., Arnold, F., Kulmala, M., and Laaksonen, A.: A statistical 

proxy for sulphuric acid concentration, Atmos. Chem. Phys., 11, 11319-11334, 2011. 

Mäkelä, J. M., Yli-Koivisto, S., Hiltunen, V., Seidl, W., Swierliscki, E., Teinilä, K., 

Sillanpää, M., Koponen, I. K., Paatero, J., Rosman, K., and Hämeri, K.: Chemical 

composition of aerosol during particle formation events in boreal forest. Tellus B, 53: 

380–393, 2001. 

Nadykto,  A.B.,  Yu,  F.,  Jakovleva,  M.V.,  Herb,  J.,  and  Xu,  Y.:  Amines  in  the  Earth’s  

Atmosphere:  A  Density  Functional  Theory  Study  of  the  Thermochemistry  of  Pre-

Nucleation Clusters. Entropy. 13, 2, 554-569, 2011. 

O'Dowd, C.D., Jennings, S.G., Smith, M.H., and Cooke, V: A high temperature volatility 

technique for determination of atmospheric aerosol composition, Journal of Aerosol 

Science, 23, 1, 905-908, 1992. 



41 

 

O’Dowd,  C.  D.,  Aalto,  P.  P.,  Yoon,  Y.  J.,  and  Hämeri,  K.:  The  use  of  the  pulse  height  

analyzer ultrafine condensation particle counter (PHA-UCPC) technique applied to 

sizing of nucleation mode particles of different chemical composition, J. Aerosol Sci., 

35, 2, 205–216, 2004.  

Ortega,  I.  K.,  Kupiainen,  O.,  Kurtén,  T.,  Olenius,  T.,  Wilkman,  O.,  McGrath,  M.  J.,  

Loukonen, V., and Vehkamäki, H.: From quantum chemical formation free energies to 

evaporation rates, Atmos. Chem. Phys., 12, 225–235, 2012. 

Pincus, R., and Baker, M. B.: Effect of precipitation on the albedo susceptibility of 

clouds in the marine boundary layer, Nature, 372, 250-252, 1994. 

Raes, F., Van Dingenen, R., Vignati, E., Wilson, J., Putaud, J.-P., Seinfeld, J. H., and 

Adams,  P.:  Formation  and  cycling  of  aerosols  in  the  global  troposphere,  Atmos.  

Environ., 34, 4215–4240, 2000.  

Riipinen, I., Sihto, S.-L., Kulmala, M., Arnold, F., Dal Maso, M., Birmili, W., Saarnio, K., 

Teinilä, K., Kerminen, V.-M., Laaksonen, A., and Lehtinen K. E. J.: Connections between 

atmospheric sulphuric acid and new particle formation during QUEST III-IV campaigns 

in Heidelberg and Hyytiälä, Atmos. Chem. Phys., 7, 1899–1914, 2007. 

Riipinen, I., Pierce, J. R., Yli-Juuti, T., Nieminen, T., Häkkinen, S., Ehn, M., Junninen, H., 

Lehtipalo, K., Petäjä, T., Slowik, J., Chang, R., Shantz, N. C., Abbatt, J., Leaitch, W. R., 

Kerminen, V.-M., Worsnop, D. R., Pandis, S. N., Donahue, N. M., and Kulmala, M.: 

Organic condensation: a vital link connecting aerosol formation to cloud condensation 

nuclei (CCN) concentrations, Atmos. Chem. Phys., 11, 3865-3878, 2011.  

Russell, A. G., and Brunekreef, B.: A Focus on Particulate Matter and Health, Environ. 

Sci. Technol., 43, 13, 4620–4625, 2009. 

Seinfeld, J. H., and Pandis, S. N.: Atmospheric Chemistry and Physics: From Air Pollution 

to Climate Change. John Wiley & Sons, Inc., New York, 2006. 



42 

 

Sellegri, K., Hanke, M., Umann, B., Arnold, F., and Kulmala, M.: Measurements of 

organic gases during aerosol formation events in the boreal forest atmosphere during 

QUEST, Atmos. Chem. Phys., 5, 373-384, 2005.  

Sihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., Petäjä, T., Riipinen, I., 

Korhonen, H., Arnold, F., Janson, R., Boy, M., Laaksonen, A., and Lehtinen, K. E. J.: 

Atmospheric sulphuric acid and aerosol formation: implications from atmospheric 

measurements for nucleation and early growth mechanisms, Atmos. Chem. Phys., 6, 

4079–4091, 2006. 

Sihto,  S.-L.,  Mikkilä,  J.,  Vanhanen,  J.,  Ehn,  M.,  Liao,  L.,  Lehtipalo,  K.,  Aalto,  P.  P.,  

Duplissy, J., Petäjä, T., Kerminen, V.-M., Boy, M., and Kulmala, M.: Seasonal variation of 

CCN concentrations and aerosol activation properties in boreal forest, Atmos. Chem. 

Phys., 11, 13269-13285, 2011.  

Sipilä, M., Lehtipalo, K., Kulmala, M., Petäjä, T., Junninen, H., Aalto, P. P., Manninen, H. 

E., Kyrö, E.-M., Asmi, E., Riipinen, I., Curtius, J., Kürten, A., Borrmann, S., and O’Dowd, 

C. D.: Applicability of condensation particle counters to measure atmospheric clusters, 

Atmos. Chem. Phys., 8, 4049–4060, 2008.  

Sipilä, M., Lehtipalo, K., Attoui, M., Neitola, K., Petäjä, T., Aalto, P. P., O’Dowd, C. D., 

and Kulmala, M.: Laboratory verification of PH-CPC’s ability to monitor atmospheric 

sub-3 nm clusters, Aerosol Sci. Technol., 43, 2, 126–135, 2009.  

Sipilä, M., Berndt, T., Petäjä, T., Brus, D., Vanhanen, J., Stramann, F., Patokoski, J., 

Mauldin III, R. L., Hyvärinen, A.-P., Lihavainen, H., and Kulmala, M.: The role of sulfuric 

acid in atmospheric nucleation, Science 327, 1243–1246, 2010. 

Skeie, R. B., Berntsen, T., Myhre, G., Pedersen, C. A., Ström, J., Gerland, S., and Ogren, 

J.  A.:  Black  carbon  in  the  atmosphere  and  snow,  from  pre-industrial  times  until  

present, Atmos. Chem. Phys., 11, 6809-6836, 2011. 



43 

 

Smith,  M.  H.,  and  O'Dowd,  C.  D.:  Observations  of  accumulation  mode  aerosol  

composition and soot carbon concentrations by means of a high-temperature volatility 

technique, J. Geophys. Res., 101(D14), 1996. 

Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V.-M., Sihto, S.-L., Riipinen, I., 

Merikanto, J., Mann, G. W., Chipperfield, M. P., Wiedensohler, A., Birmili, W., and 

Lihavainen, H.: Contribution of particle formation to global cloud condensation nuclei 

concentrations, Geophys. Res. Lett., 35, L06808, 2008.  

Stanek, L. W., Sacks, J. D., Dutton, S. J., and Dubois, J.-J. B.: Attributing health effects to 

apportioned components and sources of particulate matter: An evaluation of collective 

results, Atmospheric Environment, 45, 32, 5655-5663, 2011. 

Tanner, D., Jefferson, A., and Eisele, F.: Selected ion chemical ionization mass 

spectrometric measurement of OH, J. Geophys. Res., 102, 6415–6425, 1997.  

Tunved, P., Hansson, H.-C., Kerminen, V.-M., Ström, J., Dal Maso, M. Lihavainen, H., 

Viisanen, Y., Aalto, P. P., Komppula, M., and Kulmala, M.: High Natural Aerosol Loading 

over Boreal Forests, Science, 312, 261–263, 2006.  

Twomey, S.: Pollution and the planetary albedo, Atmos. Environ., 8, 12, 1251–6, 1974. 

Van Dingenen R., Raes, F., Putaud, J. P., Baltensberger, U., Charron, A., Facchini, M. C., 

Decesari, S., Fuzzi, S., Gehrig, R., Hansson, H. C., Harrison, R. M., Hüglin, C., Jones, A. 

M.,  Laj,  P.,  Lorbeer,  G.,  Maenhaut,  W.,  Palmgren,  F.,  Querol,  X.,  Rodriguez,  S.,  

Schneider,  J.,  ten  Brink,  H.,  Tunved,  P.,  Torseth,  K.,  Wehner,  B.,  Weingartner,  E.,  

Wiedensohler, A., and Wåhlin, P.: A European aerosol phenomenology-1: Physical 

characteristics of particulate matter at kerbside, urban, rural and background sites in 

Europe, Atmospheric Environment, 38, 2561-2577, 2004.  

Vanhanen, J., Mikkilä, J., Lehtipalo, K. , Sipilä, M. , Manninen, H. E. , Siivola, E. , Petäjä, 

T. and Kulmala, M.: Particle Size Magnifier for Nano-CN Detection, Aerosol Sci. 

Technol., 45, 4, 533-542, 2011  



44 

 

Vehkamäki, H., McGrath, M. J., Kurtén, T., Julin, J., Lehtinen, K. E. J., and Kulmala, M.: 

Rethinking the application of the first nucleation theorem to particle formation, J. 

Chem. Phys. 136, 094107, 2012. 

Wang,  Z.  B.,  Hu,  M.,  Yue,  D.  L.,  Zheng,  J.,  Zhang,  R.  Y.,  Wiedensohler,  A.,  Wu,  Z.  J.,  

Nieminen, T., and Boy, M.: Evaluation on the role of sulfuric acid in the mechanisms of 

new particle formation for Beijing case, Atmos. Chem. Phys., 11, 12663-12671, 2011. 

Wayne, R.P.: Chemistry of Atmospheres: An Introduction to the Chemistry of the 

Atmospheres of Earth, The Planets and their Satellites, Oxford University Press, Oxford, 

2000.  

Weber, R. J., McMurry, P. H., Eisele, F. L., and Tanner, D. J.: Measurement of expected 

nucleation precursor species and 3&ndash;500-nm diameter particles at Mauna-Loa 

observatory, Hawaii, J. Atmos. Sci., 52, 2242-2257, 1995.  

Weber,  R.  J.,  Marti,  J.  J.,  McMurry,  P.  H.,  Eisele,  F.  L.,  Tanner,  D.  J,  and  Jefferson  A.:  

Measured atmospheric new particle formation rates: Implications for nucleation 

mechanisms, Chem. Eng. Commun., 151, 53–64, 1996. 

Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D. J., and Jefferson, A.: 

Measurements of new particle formation and ultrafine particle growth rates at a clean 

continental site, J. Geophys. Res., 102, 4375–4385, 1997. 

Weber, R. J., Lee, S., Chen, G., Wang, B., Kapustin, V., Moore, K., Clarke, A. D., Mauldin, 

L., Kosciuch, E., Cantrell, C., Eisele, F., Thornton, D. C., Bandy, A. R., Sachse, G. W., and 

Fuelberg, H. E.: New particle formation in anthropogenic plumes advecting from Asia 

observed during TRACE-P, J. Geophys. Res., 108,(D21), 8814, 2003.  

Welz, O., Savee, J. D., Osborn, D. L., Vasu, S. S., Percival, C. J., Shallcross, D. E., Taatjes, 

C. A.: Direct kinetic measurements of Criegee intermediate (CHΦOO) formed by 

reaction of CHΦI with OΦ, Science, 335, 6965, 2012. 

Yttri, K. E., Simpson, D., Stenström, K., Puxbaum, H., and Svendby, T.: Source 

apportionment of the carbonaceous aerosol in Norway – quantitative estimates based 



45 

 

on  14C,  thermal-optical  and  organic  tracer  analysis,  Atmos.  Chem.  Phys.,  11,  9375-

9394, 2011.  

Yu, F., and Turco, R. P.: Ultrafine aerosol formation via ion-mediated nucleation, 

Geophys. Res. Lett., 27, 883 – 886, 2000. 

Yu,  F.,  Wang,  Z.,  Luo,  G.,  and  Turco,  R.  P.:,  Ion-mediated  nucleation  as  an  important  

source of tropospheric aerosols, Atmos. Chem. Phys., 8, 2537 – 2554, 2008. 

Yu, H., McGraw, R., and Lee, S. H.: Effects of amines on formation of sub-3 nm particles 

and their subsequent growth, Geophys. Rev. Let., 39, L02807, 2012. 

Zhang, K., Wan, H., Wang, B., Zhang, M., Feichter, J., and Liu, X.: Tropospheric aerosol 

size distributions simulated by three online global aerosol models using the M7 

microphysics module, Atmos. Chem. Phys., 10, 6409-6434, 2010 

Zhang, R., Suh, I., Zhao, J., Zhang, D., Fortner, E. D., Tie, X., Molina, L. T., and Molina, M. 

J.: Atmospheric New Particle Formation Enhanced by Organic Acids, Science, 304, 

1487, 2004. 

Zhang,  R.,  Khalizov,  A.,  Wang,  L,  Hu,  M.,  and  Xu,  W.:  Nucleation  and  growth  of  

nanoparticles in the atmosphere, Chem. Rev., 114, 3, 5839-5849, 2012. 

Zhang,  Y.,  McMurry,  P.  H.,  Yu,  F.,  and  Jacobson,  M.  Z.:  A  comparative  study  of  

nucleation parameterizations: 1. Examination and evaluation of the formulations, J. 

Geophys. Res., 115, D20212, 2010.  

Zhao,  J.,  Eisele,  F.  L.,  Titcombe,  M.,  Kuang,  C.  G.,  and  McMurry,  P.  H.:  Chemical  

ionization mass spectrometric measurements of atmospheric neutral clusters using the 

cluster-CIMS, J. Geophys. Res., 115, D08205, 2010. 

Zhao, J., Smith, J. N., Eisele, F. L., Chen, M., Kuang, C., and McMurry, P. H.: Observation 

of neutral sulfuric acid-amine containing clusters in laboratory and ambient 

measurements, Atmos. Chem. Phys., 11, 10823-10836, 2011. 



Erratum to Paper I 

On page 7439, the values of coefficients A and B for Eq. (5) corresponding to k2 and k3 

are wrong. The sentence following the description of Eq. (5) should read:  

“The fitted coefficients A and B were 8.6×10
Ъ10

 and Ъ0.48 for k1, 8.4×10
Ъ7

 and Ъ0.68 for 

k2, and 1.4×10
Ъ7

 and Ъ0.70 for k3.” 

In Fig. 2 of Paper I the values for the same coefficients are correct. 

 


