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Experimental studies on nucleation and new particle formation. 
Kimmo Antero Neitola 

University of Helsinki, 2015 

Abstract 
Aerosols affect our everyday life in many ways. Changes in visibility, allergies to pollen, 
spray cans and dosing of some medication are just a few examples of common aerosols. 
Aerosols may have more profound way to affect every one of us; through climate. Possible 
changes in aerosol particle concentrations and compositions may alter large precipitation 
patterns and change cloud albedo, and lifetime. To be able to predict future changes in cli-
mate, profound understating of physical and chemical processes affecting the atmospheric 
aerosol population is crucial. 

Nucleation, i.e. gas-to-liquid phase transition, is the fundamental step in particle formation 
in the atmosphere. Sulphuric acid is established to be one of key components in atmospheric 
nucleation, but other stabilizing species are needed to participate in the process to explain 
atmospheric nucleation. The identity of these species and the mechanisms of the process 
itself have been elusive. This thesis aims to gain insight on the species participating nucle-
ation and the mechanism of the whole process. 

This thesis concentrates first to identify meteorological parameters controlling the atmos-
pheric new particle formation. The information gathered from the field is used to design 
laboratory experiments more precise for the purpose of studying nucleation. The laboratory 
experiments were carried out using different flow tubes, first to test the limits of the Classi-
cal Nucleation Theory and later on to investigate sulphuric acid-water binary and sulphuric 
acid-water-base compound ternary nucleation. The precursor gas species were measured 
using mass spectrometers and ion chromatographs. The measured concentration of sulphuric 
acid from gas and particle phases were compared to theoretical prediction. The magnitude 
of the effect of base compounds on nucleation was estimated. The clustering of sulphuric 
acid molecules with other species was detected. Initial growth of clusters were studied in 
the point of view of sulphate containing species. 

The results from the laboratory experiments confirmed earlier results found in the literature 
that base compounds increase nucleation rates significantly. The measurements of the gas-
phase concentrations of these compounds set an upper limit, where the increasing effect is 
saturated. Comparison of the sulphuric acid concentrations measured with different tech-
niques and with the theoretical approach showed order-of-magnitude discrepancy. The dis-
crepancy was found to be due to clustering of sulphuric acid molecules with various species. 
Sulphate-containing species was found to be responsible of the initial growth of clusters in 
the flow tube measurements. Even though the species participating nucleation are still an 
open question, the work done in this thesis has helped to identify few of these species and 
the magnitude of their effect on nucleation. This thesis also helps to understand the initial 
growth of clusters in flow tube experiments and to identify possible limitation on instru-
ments used commonly in atmospheric measurements. 

Keywords: nucleation, atmospheric aerosols, sulphuric acid, flow tube, amines 
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1 Introduction 

An aerosol is defined as a mixture of solid or liquid particles suspended in a gas. The con-
centration and size of atmospheric aerosol particles are very diverse. The number concen-
tration ranges from a few particles per cubic centimetre in Antarctica (Shaw, 1988; Weller 
et al., 2011; Järvinen et al., 2013) up to several hundreds of thousands per cubic centimetre 
in heavily polluted urban areas (Mönkkönen et al., 2005; Apte et al., 2011; Guo et al., 2014). 
The size of aerosol particles ranges from molecular clusters with a diameter of approxi-
mately 1 nm, up to cloud droplets or dust particles with a diameter up to hundreds of micro-
metres. The residence time of particles in the atmosphere range from a few hours to a few 
weeks, making long transport possible. Aerosol particles can be divided into primary and 
secondary particles. Primary particles are emitted into the atmosphere directly, for example 
as dust, spores, sea salt particles, pollen, airborne viruses and bacteria, soot, and smoke. 
Secondary particles are formed from atmospheric gases via gas-to-particle phase transition. 
Both primary and secondary particles can be produced by natural or anthropogenic emis-
sions. 

Aerosol particles can alter the radiative balance of the Earth’s atmosphere by scattering and 
absorbing incoming solar radiation, which is called a direct effect (Twomey, 1991; Seinfeld 
and Pandis, 1998), or by acting as cloud condensation nuclei (CCNs), which may alter the 
albedo and lifetime of clouds, called an indirect effect (Twomey, 1974; Lohmann and 
Feichter, 2005). According to the Intergovernmental Panel on Climate Change (IPCC), ad-
vances have been made recently to understand the effects of aerosol particles, but aerosols 
continue to contribute the largest uncertainty to the climate forcing estimates (IPCC, 2013). 
The overall radiative forcing caused by aerosols (cooling) is estimated to be -0.9 (-1.9 to -
0.1) W m-2 with a medium confidence (IPCC, 2013). The net radiative forcing due to well-
mixed greenhouse gases (warming) is estimated to be 2.83 (2.54 to 3.12) W m-2, suggesting 
that the counteraction by aerosols ranges from negligible to more than half of the warming 
caused by greenhouse gases (IPCC, 2013).  

Nucleation is the initial step in secondary particle formation (Kulmala, 2003; Seinfeld and 
Pandis, 1998). In nucleation, the supersaturated precursor vapour(s) molecules collide and 
form small, thermodynamically stable clusters. Nucleation can be divided into homogene-
ous and heterogeneous nucleation. Homogeneous nucleation occurs without any surface and 
heterogeneous nucleation occurs on a pre-existing surface. Heterogeneous nucleation has 
typically a lower energy barrier to overcome (e.g. Winkler, et al., 2008a), and is favoured 
over homogeneous nucleation in the presence of any surface. The nucleation step is sup-
pressed by the thermodynamic instability of the small clusters of few molecules. The va-
pour’s ability to form critically sized clusters that can grow via condensation depends 
strongly on temperature, supersaturation and other system parameters. The number of pre-
cursor gases participating in the nucleation process can vary. Nucleation with one gas is 
called unary (homomolecular) nucleation, while it is called binary or ternary nucleation with 
two and three gases respectively. An even higher number of species is also possible. 
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Secondary particle formation, or new particle formation, has been observed all around the 
world and it can be a frequent phenomenon (Kulmala et al., 2004b). Anthropogenic emis-
sions may alter the aerosol particle composition and concentrations, which can affect large 
populations in sensitive regions. One example of this type of regions is the Himalayas, 
which is sensitive due to strong regional climate feedbacks. Changes in precipitation pat-
terns and melting of the glaciers could potentially affect more than a billion people on the 
Indian subcontinent (Menon et al., 2002). 

New particle formation events start with nucleation of very small clusters, followed by sub-
sequent condensational growth. The condensing vapours may take part in the nucleation 
itself, such as with ammonia (Smith et al., 2005) or organics (O’dowd et al., 2002a), or just 
on the growth. Typical growth rates of freshly formed particles are in the order of a few nm 
h-1 (Kulmala et al., 2004b) but can exceed some tens of nm h-1 in highly polluted urban areas 
(Iida et al., 2008) or even 200 nm h-1 (Kulmala et al., 2004b). Particles can also grow by 
coagulation, where particles collide and stick to each other. Coagulational scavenging into 
a pre-existing aerosol population is the most important sink for freshly formed particles 
(Kerminen et al., 2001). New particle formation events can contribute substantially to CCN 
(Lihavainen, et al., 2003; Merikanto et al., 2009). 

Nucleation has been studied intensively for the last few decades, but the underlying mech-
anism is yet to be solved. Sulphuric acid has been observed to play a key role in atmospheric 
nucleation (Kulmala et al., 2006; Riipinen et al., 2007; Sipilä et al., 2010; Kirkby et al., 
2011). Several different nucleation mechanisms have been suggested for the nucleation that 
occurs in the atmosphere, including binary nucleation of sulphuric acid and water (Ve-
hkamäki et al., 2002; Yu, 2006; Kirkby et al., 2011), ternary nucleation involving also am-
monia and/or amines (Ball et al., 1999; Korhonen et al., 1999; Napari et al., 2002; Benson 
et al., 2009; Berndt et al., 2010;  Kirkby et al., 2011; Zollner at al., 2012) and ion-induced 
nucleation (Lee et al., 2003; Lovejoy et al., 2004; Yu et al., 2008, 2010; Nieminen et al., 
2011). Ions have been shown to lower the thermodynamic potential of nucleation (Arnold 
1980; Winkler et al., 2008; Kirkby et al, 2011), but the role of ions in nucleation occurring 
in the atmospheric boundary layer has been shown to be minor (Manninen et al., 2010; 
Paasonen, et al., 2010; Kerminen et al., 2010; Hirsikko et al., 2011). Despite the numerous 
field measurements, laboratory studies and computer simulations, atmospheric nucleation 
and the species involved in it remain unclear. 

The aim of this thesis is to gain further insight into atmospheric nucleation, the initial growth 
of freshly formed particles, and the species involved in both nucleation and early growth, 
by direct measurements mainly in the laboratory but also in the field. To achieve this, three 
main goals were set: 

I Characterize new particle formation events and their connection to the boundary 
layer evolution in the foothills of the Himalayas (paper I) 

II To gain insight into unary, binary and ternary nucleation mechanisms by means of 
laboratory experiments, including (Papers II-IV) 



9 
 

a. To confirm that the carrier gas pressure effect of unary nucleation of n-alco-
hols measured using a Laminar Flow Diffusion Chamber (LFDC) depends 
on the carbon chain length of the n-alcohol 

b. To investigate binary H2SO4-H2O and ternary H2SO4-H2O-base nucleation 
with a laminar flow tube in atmospheric conditions 

III To establish the reason behind the discrepancy between measured total-sulphate and 
sulphuric-acid monomer concentration with two independent sulphuric-acid detec-
tion methods, and to study the implication of the discrepancy on the early growth of 
freshly formed particles (Paper V). 
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2 Materials and methods 

The main instruments, d data-analysis methods, and theoretical approach used in this thesis 
are described in this chapter. This work is based on two types of measurements, field meas-
urements (Paper I) and laboratory studies (Papers II-V). The field measurements were 
conducted in Mukteshwar, India, in the foothills of the Himalayan Mountains (Fig. 1). The 
field study was done to understand the main meteorological and physical parameters con-
trolling atmospheric new particle formation. The knowledge gained from the analysis of 
new particle formation events was used to concentrate the laboratory experiments towards 
the most important variables in nucleation. 

 
Figure 1. Location of Mukteshwar measurement site, closest towns and some terrain prop-
erties. Figure adapted from Paper I. 
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2.1 Instrumentation in the field experiment 

Instruments for detecting aerosol particles were similar in the field and in the laboratory. 
Sulphuric acid vapour concentrations were measured in the laboratory experiments.  

2.1.1 Aerosol particle detection 

Particle number concentration is typically measured with Condensational Particle Counters 
(CPC). The condensational detection has been applied since the 19th Century (McMurry, 
2000). CPC is an instrument where supersaturated vapour condenses on the particles, grow-
ing them to micrometre-size to be individually detected by optical methods. There are sev-
eral ways to produce the supersaturation of the working fluid (usually alcohol or water): i) 
conductive cooling of the saturated sample flow (Agarwal and Sem, 1980), ii) turbulent 
mixing of the saturated warm flow with a colder, sample flow (Kousaka et al., 1982; Sgro 
and de la Mora, 2004), iii) adiabatic expansion of the sample (Aitken, 1888; Wilson 1897; 
Winkler et al., 2008a; b) and iv) vapour diffusion from warm wetted walls towards a cooler 
sample flow (Hering and Stolzenburg, 2005). Commercially available CPCs were used in 
all of the measurements presented in this work. In Paper I, TSI model 3772 CPC was used 
as a part of the DMPS (Differential Mobility Particle Sizer) system.  

The number size distribution below 1 μm is typically measured with a DMPS system. It 
comprises of a bipolar radioactive neutralizer, Differential Mobility Analyzer (DMA) and a 
CPC. The particle population in the sample flow is charged (or neutralized) to a known 
charge equilibrium with the help of ionized molecules of the carrier gas, while the equilib-
rium charge distribution can be calculated according to the parameterization by Wieden-
sohler, (1991). Vienna-type DMA (Winklmayer et al., 1991) is used to select a monodis-
perse (i.e. singly sized) aerosol population from a polydisperse population, with the aid of 
data inversion according to Stolzenburg (1988). The diameter of the particles in a DMA-
segregated monodisperse population is called the electrical mobility equivalent diameter, as 
differently shaped particles might have the same electrical mobility (Baron and Willeke, 
2001). All diameters presented in this work are electrical mobility equivalent diameters. A 
DMPS system was used to measure the number size distribution in a size range from 10 nm 
to 800 nm (Paper I) in a closed-loop arrangement (Jokinen and Mäkelä, 1997). The dry size 
of particles was measured in the field measurements (Paper I) to eliminate the effect of 
changing ambient relative humidity (RH) on particle size. 

2.2 Data analysis of field experiment 

The classification of the New Particle Formation (NPF) events and how the growth rates 
(GR) and formation rates (FR) are calculated are explained in this chapter. Also, the meth-
odology for determining the Planetary Boundary Layer (PBL) evolution and modelling the 
trajectories is explained. 
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2.2.1 Analysis of the NPF events 

Formation of new particles in the lower atmosphere is usually identified from a surface plot, 
where the particle number size distribution is presented as a function of time (Fig. 2). An 
NPF event is observed as particles appear in the nucleation mode (< 25 nm), i.e. the smallest 
size channels of the DMPS system. 

 
Figure 2. A particle formation event observed on 26 May, 2009. The blue line shows the 
fitting of growth rate on the data. The 15 nm particle formation rate, J15, was calculated 
based on data surrounded by the black box. Figure adapted from Paper I. 

 

A four-year data set measured in Mukteshwar, India was visually classified on a day-to-day 
basis following the procedure presented in Mäkelä et al. (2000) and Dal Maso et al. (2005). 
The days were classified into four classes with the following criteria: 

 Class I: Clear NPF event with quantitative growth rate (GR) and formation rate (FR) 

 Class II: NPF event but not possible to accurately calculate GR and FR, i.e. possible 
concentration fluctuations during growth or growth was suppressed 

 Class III: Undefined, did not fulfil the characteristics of the event day or a non-event 
day, for example no clear growth or growing Aitken-mode-sized particles 

 Class IV: non-event, no nucleation mode particles 

The classification was done independently by two researchers and the results were com-
pared. The days with different classifications ascribed by the researchers were re-examined 
thoroughly until a consensus was reached. 
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Particle growth rates (GR) were determined by a visual fitting method (e.g. Kulmala et al., 
2001; Hamed et al., 2007). The growth rates were assumed to be constant, thus enabling a 
linear fit on the median diameter of the nucleation mode visually determined from the figure 
(blue line in Fig. 2). The growth rates can be also calculated with another method by fitting 
log-normal modes on each measured nucleation mode particle size distributions and by mak-
ing a linear fit on the obtained mode median diameters, thus following the procedure by Dal 
Maso et al. (2005). This was done for five randomly chosen event days (Class I) to ensure 
the similarity of the results by the two methods. The obtained growth rates were similar, 
verifying the used method. 

The new particle formation rate (FR) was calculated at 15 nm, instead of the smallest meas-
ured size of 10 nm, due to decreased measurement precision (diffusion losses, inaccuracy 
of power supply at low voltages). The determined FR is not the actual nucleation rate, which 
is the formation rate of critically sized clusters (1-2 nm), but should be considered as an 
apparent particle formation rate. The actual nucleation rate can be calculated using an ana-
lytical tool developed by Kulmala et al. (2001, the so-called Kulmala protocol), where the 
coagulation sink and growth rate are used to back-calculate the nucleation rate of 1 nm 
particles. In this method the growth rate is determined from the measured number size dis-
tribution and an assumed constant. However, recent studies suggest that the growth rate 
increases linearly as a function of particle diameter (Kuang et al., 2012). The particle diam-
eter range, from where the growth rate was determined in this study, is above 10 nm, which 
might lead to an erroneous nucleation rate. The freshly formed particles have been under-
going processes like coagulation, which have affected the concentration and size of the par-
ticles before sampling and detection. 

The formation rate of 15 nm particles, J15 was calculated as 

,    (2) 

where the first term is the temporal change of the number concentration N in the size range 
15-20 nm, resulting from particle formation. Second term in Eq. (2) describes the coagula-
tion losses, where the coagulation sink, CoagS, was calculated as in Kulmala et al. (2001). 
The wet size of the particles was approximated using the parameterization from Laakso et 
al. (2004), which is developed for the boreal forest. Even though the chemical species in an 
aerosol may differ between a boreal forest and the Himalayan foothills, the growth rates 
reported by Hirsikko et al. (2005) for boreal forest are similar to those found in this study, 
which supports the use of parameterization. The third term in the Eq. (2) describes the 
growth of particles out of the size bin used for the determination of the FR (15-20 nm). 

2.2.2 Boundary layer evolution and trajectory modelling 

To investigate if the NPF events occurred in the free troposphere or in the boundary layer, 
diurnal evolution of the Planetary Boundary Layer (PBL) height at the station was deter-
mined from the European Centre for Medium-Range Weather Forecasts (ECMWF) model, 
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which runs with 3-h intervals. The PBL heights were calculated as distance weighted aver-
ages from the four closest integer coordinate points, i.e. a one-degree resolution. 

To gather information on the origin of the air masses and thus on the potential particle 
sources, the air mass backward trajectories were calculated using a FLEXTRA kinematic 
trajectory model (Stohl et al., 1995). Trajectories starting every three hours were calculated 
at the arrival pressure level of 750 hPa and followed 120 hours backwards. 

2.3 Instrumentation in the laboratory 

Instruments used for particle detection were very similar in the laboratory experiments as 
those used in the field. Sulphuric-acid production and detection methods as well as the used 
measurement setups are described. 

2.3.1 Particle detection 

Similar CPCs were used in the laboratory as in the field. In Paper II the particles had already 
grown to optically detectable sizes, so only the optical-detection part of a TSI model 3010 
was used. Several different CPC’s were used in Papers III-V as a part of a DMPS system 
and as an individual instrument. The lowest detectable size of a particle (cut-off diameter) 
depends on many properties of the CPC, though mainly on the temperature difference of the 
saturator and the condenser, the working fluid used (Iida, et al., 2009), and the composition 
and the charge of the particles. Commercially available CPCs typically have a cut-off diam-
eter of 3 nm (TSI models 3025A and 3776) or 7 nm (TSI models 3010 and 3772).  Recent 
developments of expansion types (Kürten et al., 2005) and mixing types of CPC (Sgro and 
de la Mora, 2004) have lowered the cut-off diameter well below 3 nm. One such commer-
cially available instrument is the Particle Size Magnifier (PSM, Airmodus ltd., Finland; 
Vanhanen et al., 2011), with a cut-off diameter below 1.5 nm. Due to its ability to detect 
extremely small particles, it is well suited to laboratory nucleation studies (Papers III-V), 
where the particles initially are very small. The working fluid used in PSM (diethylene gly-
col) has a very low vapour pressure and it is not able to grow the particles to optically de-
tectable sizes, so it must be used in combination with a CPC (TSI model 3772, in this work). 
The DMPS system measured in the range of 3 nm to some 250 nm (Papers III-V) for wet 
sizes, and it was used to investigate the effect of RH on particle size. 

2.3.2 Sulphuric-acid vapour production 

Numerous laboratory experiments have been conducted to find out the role of sulphuric acid 
in atmospheric nucleation (e.g. Viisanen et al., 1997; Ball et al., 1999; Benson et al., 2008, 
2011; Young et al., 2008; Berndt et al., 2008, 2010; Brus et al., 2010; Sipilä et al., 2010; 
Kirkby et al., 2011; Zollner et al., 2012) with different methods to produce the sulphuric-
acid vapour for the actual nucleation process. Most common is the gas-phase oxidation of 
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sulphur dioxide with hydroxyl radicals to produce sulphuric acid, since it is similar to that 
observed in the atmosphere (Stockwell and Calvert, 1983): 

  (1) 

The oxidation of SO2 have been used in many experiments (e.g. Benson et al., 2008; Berndt 
et al., 2008, 2010; Sipilä et al., 2010; Kirkby et al., 2011). The OH radicals are produced 
with the use of UV-light. The excess OH must be removed to prevent alteration of the nu-
cleation process itself (Berndt et al., 2010). OH radicals can be removed by having an excess 
of SO2, but with this method, the calculation of the produced sulphuric acid concentration 
requires exact knowledge of the OH concentration (Benson et al., 2008). In this work (Pa-
pers III and V) and in Viisanen et al. (1997), sulphuric acid was produced by evaporation 
of a weak sulphuric acid-water solution in a furnace. In this method, the sample solution is 
pumped with a peristaltic pump with a constant rate through a ruby micro-orifice to produce 
small droplets. The droplets are taken into a heated furnace with a carrier-gas flow, where 
the droplets are evaporated (Paper III). The input of sulphuric acid can be determined from 
the solution. The disadvantage is a thermal gradient created by the heated furnace, which 
increases wall losses. 

Ball et al. (1999) and Zollner et al. (2012) used a similar sulphuric-acid vapour production 
method that was used in this work (Papers IV-V), by saturating a carrier-gas flow in a 
thermally controlled saturator. The saturator used in this work was a horizontally placed 
cylinder made of iron, with a Teflon insert inside the cylinder (inner diameter, I.D. of 5 cm). 
The temperature of the saturator was measured just above the liquid sulphuric acid with a 
calibrated PT100 probe (± 0.05 K) inserted from the outlet side of the saturator. The satura-
tor, the inlet and the outlet connected to it were thermally controlled with a circulating liquid 
bath (LAUDA RC 6). A schematic figure of the saturator-test setup is presented in Fig. 3. 
The incoming dry carrier-gas flow in the range 0.05–2 litres per minute (lpm) was purified 
with an activated-carbon capsule (PALL Corp., USA) to remove condensing vapours via 
diffusion onto the surfaces and with High-efficiency particulate arrestance (HEPA) filters 
(PALL Corp., USA) to remove particles from the flow. The saturator flow was mixed with 
another flow, which was purified in the same manner and if necessary, humidified with a 
set of Nafion humidifiers. This mixing flow was introduced to meet the demanded inlet 
flows of the instruments used and to dilute the sulphuric acid concentration to the desired 
levels. Both flow rates were controlled with mass flow controllers to within ±3 % (MKS 
type 250). 
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Figure 3. Schematic figure of the setup for testing the saturator. Figure adapted from Paper 
V. 

2.3.3 Sulphuric-acid detection 

Precise determination of sulphuric-acid concentration is crucial for the prediction of nucle-
ation rates and subsequent growth. Direct detection of gas-phase sulphuric acid was not 
possible before the early 20th Century, when the Chemical Ionization Mass Spectrometer 
(CIMS, Eisele and Tanner, 1993; Mauldin et al., 1998; Eisele and Hanson, 2000; Petäjä et 
al., 2009) was introduced. In some earlier nucleation experiments involving sulphuric acid, 
the sulphuric-acid concentration was calculated as relative acidity (Wyslouzil et al., 1991) 
or the sulphuric-acid input was determined (Viisanen et al., 1997). 

2.3.3.1 Mass spectrometry 

After the introduction of CIMS, the Chemical Ionization Atmospheric Pressure interface 
Time-of-Flight mass spectrometer was developed (CI-APi-TOF, Tofwerk AG, Thun, Swit-
zerland and Aerodyne Research Inc., USA; Junninen et al., 2010; Jokinen et al., 2012), with 
a similar Chemical Ionization inlet as the CIMS (Jokinen et al., 2012). Both of these mass 
spectrometers were used in this work (Papers III-V). 

The CI-inlet is used to charge the sulphuric-acid molecules (H2SO4) via proton transfer with 
nitrate ions (NO3

-). The nitrate ions are produced from nitric acid with a radioactive 241Am-
source and mixed in a controlled manner in a drift tube, using a concentric sheath and sample 
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flows together with electrostatic lenses (Jokinen et al., 2012). The chemical ionization is a 
relatively soft ionization method and it does not dissociate the molecules. Some base mole-
cules might be replaced by the charging ion; for example ammonia may be replaced by the 
nitric acid molecule in a cluster containing sulphuric acid (Kurten et al., 2011). The proton 
transfer allows charging of almost any type of molecule that has a smaller proton affinity 
than the nitrate ion. To be able to determine the actual atmospheric concentration of some 
species, the charging efficiency must be obtained via a calibration procedure, where a 
known amount of the species is introduced into the inlet of the instrument. 

After the ionization, the two mass spectrometers differ from each other. The sample flow of 
CIMS is dried with a nitrogen flow to dehydrate the molecules before entering the vacuum 
system. The Collision Dissociation Chamber (CDC) operates in the vacuum system. A set 
of resistors forms a repulsive electric field, which weakens as the ions move forward in the 
vacuum (Petäjä et al., 2009). The ions undergo collisions with the N2-molecules, leaving the 
core ions (NO-

3 and HSO-
4) (Eisele, 1986). After the CDC, the ion beam is collimated with 

conical octopoles and directed to the quadrupole mass spectrometer, where the ions are de-
tected with a channeltron (Petäjä et al., 2009). 

In CI-APi-TOF, the sample flow (0.8 lpm) is taken through a critical orifice (300 μm) into 
a differentially pumped APi. The APi consists of three stages, the first two contain short 
segmented quadrupoles guiding the ions and the third contains an ion lens assembly (Jun-
ninen et al., 2009). The detection of the ions is done with time-of-flight type mass spectrom-
eter in CI-APi-TOF. CI-APi-TOF has higher mass resolution and detection range due to the 
improved mass spectrometer (Junninen et al., 2009). CI-APi-TOF can be used to detect 
larger clusters containing solely sulphuric acid (dimer, trimer, etc.) or a combination of dif-
ferent species (Jokinen et al., 2012). 

The actual concentration of sulphuric acid monomer in the sample flow is determined with 
the ratio of the sum of the resulting ion signals (HSO4

- and HSO4
-∙HNO3) and the reagent 

ion signals (NO3
-, HNO3∙NO3

- and (HNO3)2∙NO3
-). The ratio is multiplied with an instru-

ment-dependent factor, which is determined by calibration of the instrument. The standard 
calibration procedure of CIMS is done by oxidation of SO2 with OH radicals, produced with 
photolysis of water with UV light. The resulting H2SO4 concentration is calculated with a 
numerical model. For more detailed description of the calibration procedure, please see 
Berresheim et al. (2000), Petäjä et al. (2009), Zheng et al. (2010), and Kürten et al. (2012). 

2.3.3.2 Ion Chromatography 

Ion chromatography is a technique used to separate ions or polar molecules based on their 
ionic (coulombic) forces. The ions of the species measured (from the gas and aerosol phase, 
in our case) are produced within the absorbance solution and internal standard. The detec-
tion of different species is based on their conductivity. 

Two different types of ion-chromatography methods were used in this work. First an offline 
method of bubblers, where a known sample flow rate is bubbled through an alkaline solution 
for a known period of time, trapping all the sulphate (Brus et al., 2010), was used. The 
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solution was later analysed with an ion chromatograph. The bubbler traps particles as well 
as gas phase sulphuric acid. The ion chromatograph detects the sulphuric acid as sulphate 
ions (SO4

2-), thus the expression sulphate is used in this work when considering sulphuric 
acid detected with an ion chromatograph. The source of sulphate in this work was always 
the sulphuric acid vapour used to produce the particles. The sources of sulphate in the at-
mosphere are more versatile and cannot be deduced to originate only from sulphuric acid 
vapour. The concentration of sulphate in the sample flow was determined from the resulting 
concentration in the alkaline solution with the help of the known flow rate and bubbling 
time. 

The second method involved an online ion chromatograph, which is an instrument for meas-
uring aerosols and gases (MARGA 2S ADI 2080, Metrohm applikon analytical BV, Neth-
erlands; ten Brink et al., 2007) that is analogous to the bubbler method. According to the 
manufacturer, MARGA is able to detect five species in the gas phase (HCl, HNO3, HONO, 
NH3 and SO2) and eight major inorganic species from the particle phase (Cl-, NO3

-, SO4
2-, 

NH4
+, Na+, K+, Mg2+ and Ca2+). A high inlet flow rate (1 m3 h-1) minimises the losses in the 

sampling lines. MARGA separates the particle and gas phases with two separate collection 
stages; from the sample flow, all (99.7 %) water soluble gases are absorbed into a wetted 
rotating denuder (WRD). Based on the different diffusion velocities, particles pass the WRD 
and enter the steam-jet-aerosol collector (SJAC; Slanina et al., 2001). Conditions in the 
SJAC are supersaturated with respect to water vapour, which condenses on the particles. 
The particles grow until they are collected on the bottom of the SJAC. Sample solutions are 
drawn once an hour from the WRD and SJAC for the ion chromatograph to be analysed. 
Different species are detected by conductivity measurements and the detection limits are 0.1 
μg m-3, or better. 

The separation by diffusion velocities between particles and gas phase can function better 
for larger particles. In nucleation studies, where particles are usually very small in diameter 
(some tens of nanometres or smaller), diffusion velocities between gas phase and particles 
are of a similar order and the separation does not function well. Due to this, only total sul-
phate (gas + particle phase) is reported in this work. This also enables a direct comparison 
with the bubbler method, where gas and particle phases were not separated. MARGA can 
be used to detect other species than those reported by the manufacturer (for example amines) 
by first calibrating the instrument by injecting a known concentration of the species directly 
into the ion chromatograph for it to identify the conductivity peak produced by this species.  

2.3.4 Laminar flow diffusion chamber 

An inert carrier gas has been used in unary homogeneous nucleation studies mainly as a 
latent heat reservoir, i.e. maintaining isothermal conditions (e.g. Wyslouzil and Seinfeld, 
1992) and typically the existence of the carrier gas has been neglected. However, experi-
mental studies of the unary homogeneous nucleation of n-alcohol (Hyvärinen et al., 2006, 
2008; Brus et al., 2006, 2008) as well as water (Hyvärinen et al., 2010) strongly suggest a 
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dependence of the carrier gas pressure on the nucleation rate. To extend the data set meas-
ured with a Laminar Flow Diffusion Chamber (LFDC) for n-butanol (Hyvärinen et al., 2006, 
2008) and n-pentanol (Brus et al., 2008), the isothermal nucleation rates of n-propanol were 
measured as a function of supersaturation at various temperatures and pressures (Paper II). 

The LFDC used in this work was originally set up by Lihavainen and Viisanen (2001). The 
main principle is to saturate an inert carrier gas in a horizontally placed, thermally controlled 
saturator, which is half filled with the nucleating substance. The gas-vapour mixture is taken 
into a preheater and a condenser, which are vertically placed co-axial tubes with the same 
inner diameter. A preheater is kept at higher temperature than the saturator to prevent con-
densation and assure laminar flow with a known velocity profile. After the preheater, the 
flow enters the condenser, which is at a much cooler temperature than the preheater. The 
almost stepwise temperature change increases the saturation ratio of the vapour above the 
critical saturation ratio, leading to nucleation and subsequent growth of the particles up to 
optically detectable sizes. The particles were detected in this study at the end of the tube 
with an optical cell. The obtained nucleation rates were compared to a theoretical prediction 
by Wedekind et al. (2008), which incorporates the carrier gas pressure dependency into 
Classical Nucleation Theory (CNT, Becker and Döring, 1935). 

2.3.5 Laminar flow tube 

Binary and ternary homogeneous nucleation measurements in this work (Papers III-V) 
were carried out using a laminar flow tube originally presented in Brus et al. (2010). The 
laminar flow tube was more suitable for experiments with sulphuric acid vapour due to the 
mixing unit design and the larger volume of the tube, increasing usable residence time, than 
the LFDC. A schematic figure of the setup is presented in Fig. 4 with the saturator as a 
source of the sulphuric-acid vapour. The setup consists of four main components: sulphuric 
acid production, a mixing unit, a laminar-flow nucleation chamber, and detection of parti-
cles and sulphuric acid vapour or total sulphate. The flow with the sulphuric acid vapour 
(produced as described in section 2.1.2) is turbulently mixed with a dry, clean, particle-free 
carrier gas in the mixing unit. After the mixing unit, a third compound (e.g., amine, ammo-
nia) can be added to the flow before the nucleation and subsequent growth takes place in 
the thermally controlled laminar-flow nucleation chamber. The freshly formed particles and 
sulphuric acid vapour or total sulphate are detected immediately at the end of the flow tube. 
The flow tube itself consists of two 100 cm-long stainless steel cylinders (I.D. 6 cm) con-
nected with a Teflon piece (height 3.5 cm, I.D. 6 cm). One of the 100 cm-long cylinders has 
four holes on the sides every 20 cm from the beginning of the cylinder. The Teflon piece 
connecting the cylinders also has a hole (see Fig. 4). These holes are used to continuously 
monitor the temperature of the flow tube with calibrated PT100 probes to ensure desired 
nucleation temperature. The RH of the mixing flow was set with Nafion humidifiers and 
measured together with the temperature from the excess flow at the end of the flow tube. 
The typical flow rate in the tube was ~11 lpm, which results in a residence time of 30 s (plug 
flow). Varying the mixing flow rate, the residence time varied between 30 and 90 s. 
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Figure 4. A schematic figure of the setup for binary and ternary nucleation experiments with 
a saturator as the source of sulphuric acid vapour. Figure adapted from Paper V. 

2.4 Theoretical approach for interpretation of laboratory results 

Two separate theoretical approaches were used to interpret the results. The first considers 
the vapour pressure of sulphuric acid, which was used to predict the sulphuric-acid-vapour 
concentration from the saturator to compare the measured values to the theoretical ones. The 
second theoretical approach was adapted from Wedekind et al. (2008), where theoretical 
corrections were made to the CNT as a result of the amount of the carrier gas in homogene-
ous nucleation studies. The experimental values were compared to theoretical ones. The 
kinetic (McCurry, 1980) and activation model (Kulmala et al., 2006) for the formation rate 
of neutral particle dependence on the sulphuric acid concentration is presented. 

2.4.1 Vapour pressure of sulphuric acid  

The saturator method enables the prediction of sulphuric-acid concentration from the satu-
ration vapour pressure of sulphuric acid and a mixing law. The theoretical output of the 
saturator was calculated using the equation for the saturation vapour pressure of sulphuric 
acid by Kulmala and Laaksonen (1990), where the measurements by Ayers et al. (1980) 
were extrapolated to a lower temperature range: 
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 ,   (3) 

where p is the saturation vapour pressure (atm), p0 = -(10156 / T0) + 16.259 atm (Ayers et 
al., (1980), T is the temperature, Tc is the critical temperature (905 K), T0 is chosen to be 
360 K so that ΔHv (T0) / R = 10156. See Kulmala and Laaksonen for more details. The 
output of the saturator was predicted also with an equation by Richardson et al. (1986), 
which is a fit to their experimental data in the temperature range 263.15 K – 303.15 K: 

 ,     (4) 

where p is the saturation vapour pressure and T is the temperature. When calculating the 
prediction of sulphuric-acid concentration with the Eqs. (3) and (4), the only variables are 
the temperature of the saturator, the saturator flow rate, and the mixing flow rate. 

2.4.2 Carrier gas pressure correction for the CNT 

The existence of the inert carrier gas is usually neglected in homogeneous nucleation studies 
and it is usually used as a latent heat reservoir. Wedekind et al. (2008) made corrections to 
the CNT, where the extremes of carrier gas amounts were taken into account. Too high an 
amount of carrier gas leads to additional volume work, which inhibits the cluster formation. 
In CNT the formation free energy has a maximum at the critical cluster size n* and its height 
ΔG* is 

,     (5) 

Where υl is the volume per molecule in the bulk liquid, γ is the surface tension and Δμ is the 
difference in chemical potential between liquid and vapour. The isothermal steady-state nu-
cleation rate is  

,     (6) 

Where K is a kinetic prefactor. The difference in chemical potential is given by 

,     (7) 

Where S is the supersaturation and peq is the equilibrium vapour pressure. The second term 
in Eq. (7) describes the pressure-volume work the droplet has to perform on the vapour 
pressure (Reguera et al., 2003). The droplet has to perform pV-work against the carrier-gas 
pressure also, which can be placed inside an “effective chemical potential” 

   (8) 

Here the pc is the pressure of the carrier gas. Inserting Eq. (8) to Eq. (5) and finally to Eq. 
(6) gives the pV-corrected nucleation rate 

     (9) 
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A low amount of carrier gas might lead to non-isothermal conditions as the thermalization 
might not be perfect. Physically the thermalization is a competition between the latent heat 
energy increase and the energy removal by elastic collisions with the vapour and the carrier 
gas. The amount of energy released by a monomer addition to a cluster, with a latent heat h 
per molecule, can be expressed with a parameter 

,    (10) 

Where the second term is a small correction to the latent heat and the last term is the energy 
needed to increase the surface area A. The mean squared energy removed by collisions with 
the impinging molecules is  

    (11) 

where m is the molecular mass and N the number of molecules in the condensable (Wede-
kind et al., 2007). Combining Eqs. (10) and (11) we get the nonisothermal effects on the 
steady-state nucleation rate: 

    (12) 

To get the full pressure-effect (PE) on the nucleation rate, we combing Eqs. (9) and (12) 

     (13) 

The experimental and theoretical nucleation rates were normalised with the theoretical pre-
diction from CNT and plotted as a function of the ratio of partial pressures of the carrier gas 
and nucleating vapour so as to be able to compare the effect of the carrier gas pressure only. 

2.4.3 Formation rate dependence on the sulphuric acid concentration 

The vapour concentration of sulphuric acid has been connected to atmospheric new particle 
formation by many studies (e.g. Weber et al., 1996, 1997; Kulmala, 2003; Riipinen et al., 
2007). The formation rate of neutral particles dependence on the sulphuric acid can gener-
ally be expressed with two models, the kinetic model (McMurry, 1980) and the activation 
model (Kulmala et al., 2006). Parameters for both models are determined from atmospheric 
data, where gas phase sulphuric acid has been measured with similar CIMS, as introduced 
in chapter 2.1.3.1, and the particle concentration measured with ultrafine particle counters. 
The activation model has a quadratic and kinetic model linear dependence on the sulphuric 
acid concentration.  The models can be expressed in the form of: 

    (14) 

Where K is a kinetic coefficient with a range between 10-14-10-11 cm-3 s-1 and A is an activa-
tion coefficient with a range between 10-7-10-5 s-1 (e.g. Weber et al., 1996; Vehkamäki et 
al., 2002;  Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008; Paasonen et al., 2010), 
E is an exponent, which has been thought to be associated with the number of sulphuric acid 
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molecules in a critical cluster (Kashchiev, 1982), which is found to be between 1 and 2 when 
determined from atmospheric measurements. 

2.5 Limitation of the measurement setups and instruments 

The experiments in this thesis are very different from each other regarding the environment 
and instrumentation. The conditions in the field are not controlled, which makes data anal-
ysis and drawing valid conclusions harder, as many variables may be changing during one 
measurement cycle. Also, measuring all the important variables is impossible in the field. 
In the laboratory, conditions such as temperature, relative humidity, etc. can be controlled, 
which is why nucleation experiments are usually done in the laboratory. 

In Paper II, the most crucial parameter to control is temperature. A slight change in tem-
perature changes the supersaturation, which can change the nucleation rate by many orders 
of magnitude. With the stepwise temperature change used in Paper II, the flooding of the 
particle detector was also an issue that limited the usable pressure range. 

The largest source of error and the most complicated issue in Papers III-V was the detection 
of sulphuric acid. Sulphuric acid is very “sticky”, i.e. once in contact with any surface, it 
stays on the surface. Sulphuric acid was also present in many different forms, in the gas 
phase as sulphuric acid and in molecular clusters containing other species also, which com-
plicated the detection with mass spectrometers. The vapour pressure of sulphuric acid is 
extremely low, causing it to condense on particles, decreasing the gas-phase concentration. 
Measuring the concentration of sulphuric acid in the particles was not possible with the 
instrumentation available, so assumptions and higher limits of the amount in the particles 
had to be applied. The ion chromatographic method to detect sulphuric acid covers all forms 
of sulphuric acid, but as it is detected as a sulphate, other possible sources of sulphate might 
cause erroneous results. To minimize this error, the background level of sulphate was meas-
ured and taken into account.  

Nucleation is extremely sensitive to the levels of contaminants. The carrier gas and the water 
used for humidifying the carrier gas was the largest source of impurities in the laboratory 
experiments. Several different cleansing techniques were used to clean the carrier gas but it 
is impossible to remove all contaminants. The level of contaminants was at an acceptable 
level, as it was similar as most important studies found in literature. The lower detection 
limit of the ion chromatographs sets the limit of detection for different contaminant species.  

The experiments and the associated data analysis were done with extreme caution and in the 
best possible way with the instruments available and I am confident that the results are of 
high quality, given the above-mentioned limitations. 
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3 Results and discussion 

This section is divided according to the nature of the measurements, i.e. field or laboratory 
studies. The study concerning the discrepancy of the measured sulphuric acid monomer and 
total sulphate concentrations is separated. 

3.1 Characteristics of NPF events in the foothills of the Himalayas 

NPF events were observed in 11.2 % of the days with applicable data in Paper I. 77.5 % of 
the days were classified as non-event days and the rest as undefined days. The overall event-
to-non-event ratio was 14.5 %, which is relatively low compared to the ratio of 45.2 % 
measured in boreal forest, Southern Finland (Dal Maso et al., 2005). The seasonality of the 
NPF event days was strongly pronounced, with 81.5 % of the event days occurring during 
spring (March–June). 

The main characteristics of new particle formation are the growth and formation rates. The 
growth rate is mainly determined by the concentration and properties of condensable va-
pours (Kulmala, 1988). The growth rates observed can range from 0.1 nm h-1 in clean polar 
areas, up to 200 nm h-1 at coastal sites (Kulmala et al., 2004b); typically, though, growth 
rates vary in the range of 1–20 nm h-1. The seasonal observed growth rates in the Himalayan 
foothills (Paper I) were found to be in the range of 1.45–3.1 nm h-1, with the minimum 
found during autumn (mid Sep – end of Nov) and the maximum during winter (Dec – end 
of Feb), which is similar to some other high altitude sites (e.g. Venzac, et al., 2008; Nishita 
et al., 2008).  

The formation rates reported in the literature vary considerably, with typical formation rates 
of 3 nm particles within a range of 0.01 to 10 cm-3 s-1 (Kulmala et al., 2004b). Formation 
rates have been observed to exceed these typical ranges in some heavily polluted urban sites 
(Mönkkönen et al., 2005; Wu et al., 2007; Xiao et al., 2015). The apparent formation rates 
J15 reported in Paper I range from 0.14 cm-3 s-1 (autumn) to 0.44 cm-3 s-1 (spring), with a 
mean value of 0.4 cm-3 s-1. 

It has been suggested that atmospheric new particle formation is either suppressed or 
strengthened by meteorological conditions (e.g. Komppula et al., 2003; Riipinen et al., 2007; 
Dal Maso et al., 2007). One major condition is the amount of solar radiation, which pro-
motes the photochemical oxidation processes. Radiation also increases the vertical mixing 
of the atmosphere, diluting the condensational sink (CS, e.g. Kulmala et al., 2001). Increased 
relative humidity can suppress the growth of freshly formed particles due to wet scavenging 
of the particles and precursor gases (Hamed et al., 2007). 

The strong seasonality of the NPF events observed in Paper I was connected with meteor-
ological conditions and diurnal boundary layer evolution. Higher solar radiation during 
spring (mean global irradiance 203.4 W m-2) not only increased the photochemical oxidation 
processes but also increased the height of the planetary boundary layer (PBL) by warming 
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the surface air, causing the air to rise. Under favourable meteorological conditions, the top 
of the PBL was able to reach the height of the station (2180 m.a.s.l.), which further enabled 
the transport of particle precursor gases from lower altitudes to the station (Raatikainen et 
al., 2011). Similar NPF–event dependence on the PBL evolution has been reported in the 
literature (Venzac et al., 2008; García et al., 2014). The pronounced amount of NPF events 
in spring can be considered to be a combination of increased solar irradiance, which is di-
minished during summer due to the monsoon, and the evolution of the PBL.  A similar effect 
from reduced solar irradiance on the NPF event occurrence during the monsoon season was 
found also by Venzac et al. (2008). The modelled height of the PBL layer was found to 
reach the station altitude prior the apparent start time of the NPF events during spring. Note 
that here the start time of the NPF event is defined as time when it is observed at 15 nm at 
the station. The mean height of the PBL was 2600 m.a.s.l. at the average start time of the 
NPF events, in contrast to the non-event days, when the average PBL height was below 
1500 m.a.s.l. Most of the observed NPF events during spring can be considered happening 
in the boundary layer, but the sporadic NPF events observed outside spring were taking 
place in the free troposphere due to the much lower PBL height (1200 m.a.s.l.). However, 
PBL reaching the station does not solely necessitate an NPF event, suggesting a dependence 
on other meteorological variables too. 

3.2 Laboratory nucleation experiments 

The nucleation experiments for this work (Papers II-V) were done in the Finnish Meteoro-
logical Institute using two different flow devices presented in sections 2.1.4 and 2.1.5. All 
conducted experiments were homogeneous nucleation experiments, i.e. vapour-to-liquid 
phase transition without pre-existing aerosols. 

3.2.1 Carrier gas pressure effect on homogeneous nucleation of n-propanol 

Classical Nucleation Theory (CNT, Becker and Döring, 1935) is the simplest thermody-
namic theory for predicting isothermal nucleation rates as a function of saturation ratio. 
CNT often fails to predict the experimental nucleation rates by up to several orders of mag-
nitude, depending on the nucleating substance (Ford et al., 2004). CNT assumes that prop-
erties like surface tension, density and equilibrium vapour pressure have similar values for 
the microscopic clusters and particles as measured in the bulk phase. As the surface-to-
volume ratio is much larger for the clusters compared to the bulk phase, this assumption 
fails. While enhancements in theories assimilate the surface tension and droplet curvature 
into the cluster size (Kalikmanov et al., 2006; Oxtoby and Evans, 1988; Napari and Laak-
sonen, 2007; Soek and Oxtoby, 1998), for molecules that cannot be simply described by 
intermolecular potentials, the physical properties of a microscopic cluster remains inacces-
sible. For this reason, predictions by CNT are mostly used as a reference value when com-
paring experimental and theoretical values. 
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Since earlier studies show good agreement of theoretical predictions and experimental re-
sults of n-alcohol nucleation rates (Strey et al., 1986a, 1986b), isothermal nucleation rates 
of n-propanol in helium were measured as a function of supersaturation at several tempera-
tures and pressures to extend the former Laminar Flow Diffusion Chamber (LFDC) meas-
urements for n-butanol (Hyvärinen et al., 2006, 2008) and n-pentanol (Brus et al., 2008) 
measured in similar conditions. The results were compared to literature values and theoret-
ical prediction and these are summarized here. 

Nucleation rates were measured between 100 and 106 cm-3 s-1 at nucleation temperatures of 
between 270 K and 300 K in 10 K steps. Three different amounts of carrier gas were used: 
under pressure (50 or 60 kPa), ambient pressure (100 kPa), and over pressure (200 kPa). An 
under pressure of 60 kPa was used for a 300 K-isotherm, as the droplets grew extremely 
fast, flooding the counting system almost immediately. A positive pressure effect (i.e. in-
creasing nucleation rate with increasing pressure) was observed at lower isotherms, with the 
largest at 270 K, decreasing as a function of the temperature. The pressure effect was not 
observed at a nucleation temperature of 300 K. 

To further reveal the impact of the carrier gas pressure, another experiment was done where 
not only the nucleation temperature, but also the saturation ratio was kept constant (ΔT = ± 
0.05 K, ΔS = ± 0.03). The supersaturation was calculated with the numerical model de-
scribed in Lihavainen (2000). Assumptions used in the model are steady state, incompress-
ible flow, and zero radial velocity (laminar flow), resulting in equations of heat and mass 
transfer to be solved (Lihavainen, 2000). The model uses thermodynamic properties as an 
input, as listed in Brus et al. (2006). The observed nucleation rates were normalized with 
the value measured at an under pressure of 50 kPa to emphasize the trend and magnitude of 
the pressure effect. The normalized experimental nucleation rates of n-propanol Jexp / Jexp (50 

kPa) as a function of total pressure pnuc at nucleation temperatures of 270 K, 280 K and 290 
K are presented in Fig. 5. As seen in Fig. 5, the normalized nucleation rates increase as a 
function of the carrier gas pressure, with a less pronounced effect at higher pressures. The 
strongest pressure effect is observed at the lowest temperature of 270 K, with three orders 
of magnitude difference in nucleation rates. 
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Figure 5. Experimental nucleation rates of n–propanol as a function of total pressure for the 
isotherms at 270 K, 280 K, and 290 K. For each isotherm, the saturation ratio is kept con-
stant. For the sake of comparison, the experimental nucleation rates are normalized by their 
values obtained at the lowest measureable pressure at 50 kPa. Figure adopted from Paper 
II. 

 

The observed nucleation rates were compared to the CNT and the experimental results fit 
reasonably well with the theory. At isotherms 290 K and 300 K, experimental values are 
higher than the prediction by the CNT, whereas at 280 K and 270 K the theory overestimates 
experimental values. The temperature dependence of the experimental values is stronger 
than the prediction by the CNT, which has been observed earlier (Wölk and Strey, 2001; 
Iland et al., 2007; Manka et al., 2010). 

Experimental values were also compared to the theoretical approach by Wedekind et al. 
(2008), where the extremes of carrier gas amounts were taken into account, as explained in 
chapter 2.3.2.The observed nucleation rates undergo a several orders of magnitude larger 
pressure effect than that predicted by the theoretical approach, depending on the isotherm 
considered. The pressures used in this work were in a range where the theoretical approach 
does not predict a noticeable effect on the nucleation rates. For example, the experimental 
nucleation rates at a temperature of 270 K increase by 4 orders of magnitude, whereas the 
theory predicts only an increase of less than half an order of magnitude. 
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The observed nucleation rates of n-propanol in ambient pressure agree well with other re-
sults found in the literature measured with a Thermal Diffusion Cloud Chamber (TDCC, 
Brus et al., 2006), a Nucleation Pulse Chamber (NPC, Strey et al., 1986b) and a Piston 
Expansion Tube (PET, Graßmann and Peters, 2002). When comparing the pressure depend-
ent measurements of n-propanol with measurements of n-butanol (Hyvärinen et al., 2006, 
2008) and n-pentanol (Brus et al., 2008; Anisimov et al., 2000), a positive pressure effect is 
observed in all of these measurements, which is more pronounced at lower temperatures. 
The pressure effect is smaller for propanol than butanol and pentanol. The results found here 
confirm the expectations (Hyvärinen et al., 2006, 2008; Brus et al., 2008) that the pressure 
effect is more pronounced for n-alcohols with longer carbon chain length. 

3.2.2 Homogeneous binary nucleation of H2SO4-H2O 

A laminar flow tube was used for the H2SO4-H2O nucleation experiment, with the furnace 
as a source of sulphuric acid vapour to compare atmospheric and experimental data (Paper 
III). Formation rates were observed at three different nucleation temperatures (278 K, 288 
K and 298 K) and at three different levels of relative humidity (16 %, 32 %, and 57 %). 
Particle concentration was measured with PSM and the gas phase sulphuric acid with CIMS. 
The wall losses in the flow tube and measurement system were determined to be able to 
calculate the initial concentration when the actual nucleation took place. These results were 
compared to atmospheric data analysed by Paasonen et al. (2010) from three sites (Hyytiälä, 
Finland; Melpitz, Germany; San Pietro Capofiume, Italy), where the formation rates of 2 
nm particles (J2) were closely connected to the gas phase sulphuric acid concentration meas-
ured with CIMS. This type of dataset is directly comparable to the data measured in paper 
III, where PSM and CIMS were used. 

The data comparison is presented in Fig. 6. It is evident from the figure that most of the 
experimental data obtained in this study are in good agreement with the atmospheric data. 
However, the data with the lowest RH (16 %) and the highest temperature (298 K) do not 
fit the atmospheric data. Paasonen et al. (2010) reported the median kinetic and activation 
coefficient (table 4 in Paasonen et al., 2010) to be K = 26 × 10-14 cm3 s-1 and A = 9.7 × 10-7 
s-1, whereas in this study the median coefficients were found to be K = 0.1 × 10-14 cm3 s-1 
and A = 7.85 × 10-7 s-1. The exponents E were determined from the linear fits to the experi-
mental data from 1.2 to 2.2, depending on the relative humidity and temperature. Even 
though the coefficients are similar between the laboratory and atmospheric measurements, 
one must use caution when interpreting this, as the coefficients may depend on other quan-
tities, such as the concentration of organic vapours (Paasonen et al., 2010). 
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Figure 6. Nucleation rates as a function of sulphuric acid concentration, comparison of at-
mospheric data (Paasonen et al., 2010) and results from Paper III according to relative 
humidity (A) and temperature (B). Figure adapted from Paper III. 
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3.2.3 Homogeneous ternary nucleation of H2SO4-H2O-base 

According to Kashchiev (1982) the relationship between nucleation rates and nucleating 
vapour concentration can de deduced from the number of molecules within the critical clus-
ter (for sulphuric acid case, dlnJ / d[H2SO4]), which is the slope of each data set presented 
in Fig 6. For atmospheric and laboratory studies the slope has been found to be between 1 
and 2, but according to CNT the slope should be between 4 and 9. As a solution to this 
problem, it has been suggested that other species like ammonia and amines (Weber et al., 
1996; Berndt et al., 2010) or organic acids (Zhang et al., 2004; Zhang, 2010; Metzger et al., 
2010; Paasonen et al., 2010) have a stabilizing effect on the sulphuric acid containing clus-
ters, reducing the necessary concentration of sulphuric acid for nucleation. Recent labora-
tory studies have indeed shown large enhancement of nucleation rates when introducing 
amines or ammonia into the H2SO4-H2O system (Ball et al. 1999, Benson et al. 2009, Berndt 
et al. 2010, Erupe et al. 2010, Benson et al. 2011, Kirkby et al. 2011, Zollner et al. 2012 
Almeida et al. 2013).  

To study the effect of four base species (ammonia, monomethyl amine (MMA), dimethyl 
amine (DMA) and trimethylamine (TMA)) on H2SO4-H2O nucleation, we applied the lam-
inar flow tube with the saturator as a source of sulphuric-acid vapour (Paper IV). The gas-
phase base compounds were produced from a permeation tube placed inside a constant tem-
perature oven (313 K). The base compound evaporates from the tube into a carrier gas flow, 
which is further cleaned with scrubbers in the calibration unit before entering the oven. Two 
separate experiments were done. In the first experiment, sulphuric acid concentration was 
measured with CIMS and the base compound input was determined. In the second, sulphuric 
acid input was determined and the base concentration was measured with MARGA. The 
procedure was the same in both experiments: First, H2SO4-H2O nucleation rates were meas-
ured to ensure the reproducibility of the data and second, the base compound was introduced 
starting from approximately 30 pptv, increasing the concentration in a stepwise manner 
every 6–12 hours, up to several thousands of pptv. The sulphuric-acid concentration was 
kept constant throughout the experiments. 

Only TMA was found to enhance nucleation in this work, with a maximum enhancement 
factor of 5.5 at TMA concentration of 2500 pptv, where the enhancement effect was satu-
rated. Other compounds did not enhance the nucleation rate and it is thought that the trace 
levels of these compounds in the carrier gas and from the ultra-pure water used for humidi-
fication were enough to already saturate the effect. The concentration of amines and ammo-
nia, where the enhancement was found to saturate in the studies listed in Table 1, are well 
below the MARGA detected background concentration (ammonia, 201 pptv) and are below 
the detection limits of MARGA (72, 149 and 294 pptv for MMA, DMA and TMA, respec-
tively), which supports the assumption of saturation by background trace levels. The various 
saturation levels and enhancements in Table 1 are due to a wide range of conditions, such 
as temperature, RH and sulphuric acid concentration. 

Table 1. Collected information from several studies found in the literature on base sub-
stances enhancing sulphuric acid-water nucleation. The enhancement factors are not always 
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the highest found in those studies, but are the maximum enhancement with the closest con-
ditions to the conditions used in this study. Listed are the base substance used, relative hu-
midity (RH), nucleation temperature (Tnucl), sulphuric acid concentration [H2SO4], base con-
centration [base], enhancement factor (EF) and the carrier gas used. *Almeida et al. (2013) 
carried out their experiment in two parts; in the first part 0.1–5 pptv of DMA was introduced 
to the system resulting in an EF of 106. Increasing the DMA concentration resulted into an 
EF of 100 more, but they did not report any saturation of the effect. Table adapted from 
Paper IV. 

 

Study Sub-
stance 

RH 
(%) 

Tnucl 

(K) 
[H2SO4] 
(cm-3) 

[base] 
(pptv) 

EF Carrier 
gas 

Ball et al. 
(1999) 

NH3 15 295 3 109 80 10 N2 

Berndt et al. 
(2010) 

NH3 41 293 107 44635 5 Synth. 
air 

Benson et al. 
(2011) 

NH3 13-16 288 5 106 1220 1-1.5 N2 

Kirkby et al. 
(2011) 

NH3 38 292 1.5 108 100 102 Synth. 
air 

Zollner et al. 
(2012) 

NH3 27 296 3 109 45 1.4∙105 N2 

Zollner et al. 
(2012) 

MMA 27 296 3 109 35 2. ∙106 N2 

Almeida et al. 
(2013) 

DMA 38 278 107 0.1-5* 106 Synth. 
air 

Almeida et al. 
(2013) 

DMA 38 278 2 106 13-140* 102 Synth. 
air 

Erupe et al. 
(2011) 

TMA 25 288 107 1350 8 N2 

This study TMA 30 298 2.8 106 2500 5.5 air 
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3.3 Sulphuric-acid monomer vs. total sulphate in nucleation studies 

Laboratory experiments on sulphuric-acid nucleation has been conducted since early 1990s, 
with a variety of sulphuric-acid production and detection methods, as well as results (e.g. 
Wyslouzil et al., 1991; Viisanen et al., 1997; Brus et al., 2010; Zollner et al., 2012). In the 
earlier experiments the sulphuric acid concentration was determined as relative acidity 
(Wyslouzil et al., 1991) from the saturation vapour pressure of sulphuric acid. Later, when 
direct measurements of gas phase sulphuric acid became possible through the introduction 
of CIMS, similar nucleation rates were produced with several orders of magnitude smaller 
sulphuric acid concentrations (e.g. Young, et al., 2008) than had been determined from the 
vapour pressure. 

A similar discrepancy in sulphuric-acid concentration was observed in Paper III, where the 
mass-balance calculation for the input of sulphuric acid from the furnace into the flow tube 
was approximately 2 orders of magnitude higher than the CIMS measured concentration at 
the end of the flow tube. After careful measurements and determination of the wall loss 
factor (WLF) in the flow tube and wall loss factor of the CIMS inlet (WLFinlet), the measured 
gas-phase sulphuric-acid concentration was converted to the initial value at the beginning 
of the flow tube, but the initial concentration was still approximately one-to-two orders of 
magnitude lower than calculated from the mass balance. The discrepancy may arise from 
some trace species reacting with sulphuric acid molecules, thus preventing them from de-
tection by mass spectrometers. The discrepancy was the motivation for Paper V and the 
possible reasons for the discrepancy are discussed in chapter 3.3.1. 

To find out the reason for this discrepancy, rigorous tests with a saturator (Fig. 3) were done 
with two independent methods of detecting sulphuric acid (mass spectrometry and ion chro-
matography). After the tests, the saturator was used in combination with the laminar flow 
tube for the H2SO4-H2O binary nucleation experiment so as to enable a comparison with the 
experiment where the furnace was used as the source of the sulphuric acid vapour (Paper 
III; Brus et al, 2010). With this comparison it was possible to rule out the sulphuric-acid-
vapour production method as the reason for the discrepancy in the observed sulphuric-acid 
concentration. 
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Figure 7. Measured sulphuric-acid monomer [H2SO4 monomer] and total-sulphate [SO4

2–] 
(black squares) concentrations together with predicted values by Eq. (3) and (4) as a function 
of saturator temperature Tsat. The saturator flow rate is Qsat = 0.5 lpm and mixing flow rates 
were 40 lpm (dry for CIMS and CI-APi-TOF and RH 15 %) and 20 lpm (MARGA and RH 
29 %). CIMS (blue markers) and CI-APi-TOF (red markers) have been tested with 6 lpm 
and 10 lpm (nominal) inlet total flow rates and also with an extra 1 m Teflon tubing after 
the saturator. Figure adapted from Paper V. 

 

The saturator tests with mass spectrometers (CIMS and CI-APi-TOF) were done with two 
inlet flow rates (nominal 10 lpm and 6 lpm), in dry (RH of 0 %) and humid conditions (RH 
of 29 and 15 % for 6  and 10 lpm inlet flow rates, respectively) and with an extra 1 m line 
between the outlet of the saturator and the mixer, where the dilution flow (20 lpm for RH of 
0 and 15 %, 40 lpm for RH of 29 %) was mixed with the flow from the saturator (0.5 lpm). 
These tests were done to check if changing the inlet flow rate would change the calibration 
factor, to test if hydration of the sulphuric acid clusters due to the high hygroscopicity would 
alter the measured concentration, and to test the effect of wall losses. The tests with an ion 
chromatograph (MARGA) were conducted only in dry conditions, as the conditions inside 
MARGA are supersaturated with water vapour, suggesting that initial RH should not affect 
the measured sulphate concentrations. The obtained results were compared to the theoretical 
predictions from vapour pressure (Eqs. 3 and 4) as well as to each other (Fig. 7). As seen in 
Fig. 7, MARGA-measured total-sulphate concentration agrees very well with the prediction 
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of Eq. (4), while CIMS and CI-APi-TOF measured sulphuric-acid-monomer concentration 
is one-to-two orders of magnitude lower. Relative humidity, inlet flow rate, or the extra 1 m 
tube affects the measured sulphuric-acid-monomer concentration very little. Larger clusters 
containing solely sulphuric acid were left out of the analysis as the concentration of dimers 
was always in the range of 1 % of the monomers, while the trimers were in the range of 1 
% of the dimers, continuing with a similar ratio towards larger clusters, which supports 
earlier findings (Jokinen et al., 2012). 

To investigate the discrepancy further, the saturator was applied as a source of sulphuric-
acid vapour for the H2SO4-H2O nucleation experiment to enable a comparison with the re-
sults obtained with the furnace as the source of sulphuric acid. The sulphuric-acid or total-
sulphate concentrations were measured with CIMS (Paper III) and bubblers (Brus et al., 
2010) with the furnace as part of the system. The comparison of the apparent formation rates 
J as a function of the measured sulphuric-acid-monomer or total-sulphate concentration is 
presented in Fig. 8. The conditions were similar (T = 298 K, RH ~30 %) in all experiments 
excluding the residence time, which was defined differently in the experiments with the 
furnace (Brus et al., 2010; Herrmann et al., 2010). Due to the different definition of the 
residence time, the formation rates have a factor of two difference. Nevertheless, the data 
sets in Fig. 8 agree very well, when considering different sulphuric-acid-detection methods 
separately. The discrepancy of the measured sulphuric-acid or total sulphate concentrations 
with similar formation rates and conditions from the same flow tube persists. 

As MARGA and bubblers trap all sulphate (i.e. in the gas and particle phase), the maximum 
amount of sulphuric acid in the particles was determined by measuring the particle number 
size distribution at the end of the flow tube and assuming they consisted of pure sulphuric 
acid. The maximum amount of sulphuric acid in the particle phase was found to range from 
0 to 1.4 % of the total sulphate concentration. Total Loss Factors (TLFs) were determined 
by measuring the concentration from the saturator only and subtracting the concentration 
measured at the end of the flow tube for both instruments separately. TLFs contain the losses 
to the walls and the losses to the particles due to nucleation and growth. The average values 
of TLFs were 14.2 ± 4.2 for CIMS and 10.0 ± 1.2 for MARGA. The discrepancy could not 
be explained with the losses in the flow tube or to the particle phase. 
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Figure 8. Comparison of formation rates J as a function of residual sulphuric-acid-monomer 
concentration [H2SO4] or total-sulphate concentration [SO4

2–] to our previous results. Con-
ditions are similar (T =298 K, RH ~30 %). Note the factor-of-two difference between the 
residence times between the furnace and saturator measurements. Sulphuric-acid vapour 
was previously produced with the furnace method and total-sulphate concentration meas-
ured with the bubbler method (Brus et al., 2010). Figure adapted from Paper V. 

3.3.1 Distribution of sulphuric acid to clusters and early growth of particles due to 
total sulphate 

As stated in the literature (e.g. Benson et al., 2011; Kirkby et al., 2011) contaminants are 
present in almost every laboratory experiment. These contaminants may bond with the sul-
phuric acid molecules, and in some cases prevent them from charging in the CI-inlet and 
hence, being detected by the mass spectrometers. To ensure that the contaminant levels in 
the carrier gas (pressurized, purified air) were sufficiently low, the saturator tests were ex-
tended to three different purity carrier gases (N2 6.0, N2 5.0 from a cylinder and liquid 
source, pressurized air). Also, two different purities of sulphuric acid were used (100 % and 
97 %) as the liquid sulphuric acid inside the saturator. The sulphuric-acid concentration was 
measured with CI-APi-TOF to observe if different contaminant levels would change the 
cluster distribution of pure sulphuric acid clusters (monomers, dimers and trimers). The 
measured cluster concentrations with different carrier gases as a function of the saturator 
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flow rate with a constant saturator temperature (288 K) are presented in Fig 9. The theoret-
ical prediction from vapour pressure (Eq. 3) is also plotted for comparison. The first test 
was done with the purest gas (N2, 6.0) after cleaning the setup (Fig. 3). Due to the cleaning, 
the walls of the system were not saturated with sulphuric acid, resulting in lower concentra-
tion than expected for the first two points (two lowest saturator temperatures for N2, 6.0). It 
is evident from the figure that the cluster distribution is independent of the carrier gas, con-
firming that the carrier gas used in this study was at least as clean as the purest commercially 
available gas and proving the suitability of the choice for the carrier gas. The purest com-
mercially available carrier gas (N2, 6.0) has impurities of less than 0.5 ppm of H2O and O2 
and less than 0.1 of hydrocarbons (CnHm). The monomer concentration is one-to-two orders 
of magnitude lower than the prediction by Eq. (3), as previously. Several different tests were 
done as a function of the saturator temperature and saturator flow rate, all resulting to the 
same conclusion, that the carrier gas was sufficiently pure. 

The measurements with different carrier gases were further investigated to establish the fate 
of the “lost” sulphuric acid. The CI-APi-TOF mass spectra were averaged over time the 
system was in a steady state (i.e. constant monomer concentration) for each carrier gas and 
the signals were averaged to the nearest unit mass-to-charge (i.e. unit-mass-resolution, 
UMR-sticks). The signals below 500 Th were correlated to a mass of 97 Th (HSO4

-), which 
is the ionized sulphuric acid monomer (Fig. 10). The number of correlating (and anti-corre-
lating) peaks increases as a function of the increasing saturator temperature with all three 
carrier gases (N2, 5.0 showed in Fig. 10) and the number of these peaks are similar with all 
carrier gases at similar temperatures. The correlating peak’s (m/Q)-position differs between 
carrier gases, suggesting different contaminants in the carrier gases. Figure 10 show that the 
sulphuric acid is distributed to a wide range of cluster configurations, which are not used in 
calculation of the monomer, dimer or trimer concentrations, i.e. not detected as sulphuric 
acid when measured with mass spectrometers. Unfortunately calculating the actual concen-
tration of the sulphuric acid in these clusters is impossible, as their charging efficiency (i.e. 
calibration constant) and their chemical composition are unknown. This prevents summing 
the total sulphuric acid concentration even from the peaks that correlate with 97 Th. The 
peaks in Fig. 10 are only those below 500 Th and showing relatively large (anti-) correlation 
with the HSO4

-, but the actual mass spectrum of CI-APi-TOF contains an even-larger 
amount of signal peaks, as not all the peaks (anti-) correlate with a peak of 97 Th. The mass 
spectra were zoomed further and the number of peaks increases rapidly. The peaks that are 
averaged in to one UMR-stick, could be separated by a high resolution (HR-sticks) analysis 
(Junninen, 2013) but going through all of the correlating peaks is a very demanding task and 
is beyond the scope of this work. 
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Figure 9. CI-APi-TOF measured H2SO4 monomer, dimer and trimer concentrations as a 
function of saturator flow rate Qsat, with three different carrier gases compared to the pre-
diction from Eq. (3) at a saturator temperature of 288 K. The two points at the lowest satu-
rator temperature measured using N2 (6.0) are lower than expected due to cleaned measure-
ment lines, where the walls were not yet saturated. The y-axis is limited to 5·104 cm-3 which 
is considered to be the lower detection limit of the CI-APi-TOF. 
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Figure 10. Correlation coefficient of stick masses below 500 Th to 97 Th (HSO4

-) at four 
different saturator temperatures (278 K, 288 K, 298 K and 308 K) with N2 (5.0) from liquid 
source as a carrier gas. Figure adapted from Paper V, Supplementary material. 

 

The model from Škrabalová et al. (2014) was used to calculate the resulting particle diam-
eter (Dp) and growth rates (GR) of the particles, using the measured sulphuric-acid-mono-
mer and total-sulphate concentration observed in the nucleation experiments with the flow 
tube. The measured concentrations were converted to the initial value with the use of Total 
Loss Factors (TLFs, chapter 3.3). The initial size of the clusters was chosen to be 1.5 nm 
(Kulmala et al., 2007). The residence time was 30 s. The model uses three different ammonia 
uptake scenarios: (0) no uptake of ammonia, particles composed of sulphuric acid and water, 
(1) uptake of ammonia at the same rate as sulphuric acid, resulting in ammonium bisulphate-
water particles and (2) double uptake rate of ammonia compared to sulphuric acid, forming 
ammonium sulphate-water particles. 

With the initial sulphuric-acid monomer as an input parameter, the growth rates ranged ap-
proximately from 1 to 15 nm h-1 as a function of sulphuric-acid concentration (i.e. saturator 
temperature Tsat). With these growth rates, the resulting diameters were below 2 nm, which 
are drastically smaller than the observed mean diameters (Fig. 11, upper panel). When using 
initial total-sulphate as an input, the growth rates were much larger, ranging from 1250 to 
2300 nm h-1, depending on the model scenarios (0, 1 or 2) used and the total-sulphate avail-
able. Using these growth rates, the resulting particle diameters were similar to the observed 
mean diameters (Fig. 11, lower panel). The initial growth after nucleation might be domi-
nated by sulphate, instead of the marginal growth calculated from the mass-spectrometer-
measured sulphuric acid, explaining the high growth rates in the flow tube, compared to the 
typical values measured in the atmosphere.  
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Figure 11. Modelled particle diameters Dp and growth rates GR as a function of the saturator 
temperature Tsat using 1.5 nm as an initial cluster size and initial sulphuric-acid-monomer 
(left panel) or initial total-sulphate concentration (lower panel) as an input for the model. 
Solid lines are growth rates, lines with symbols (upper panel) or shaded area (lower panel) 
are the modelled diameters and black dots are measured geometric mean diameters. Three 
different ammonia uptake scenarios are used: (0) no uptake of ammonia, (1) uptake of am-
monia with the same rate as sulphuric acid and (2) double uptake rate for ammonia, com-
pared to sulphuric acid. Shaded area on the panel on the right is between the minimum and 
the maximum modelled particle diameter, using minimum and maximum measured total-
sulphate concentration on the same saturator temperature. Figure adapted from Paper V, 
Supplementary material. 
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4 Review of the papers and authors contribution 

Papers in this thesis consider data evaluation of atmospheric new particle formation from 
the field and laboratory studies on unary, binary and ternary homogeneous nucleation. 

Paper I presents a data evaluation of new particle formation (NPF) in the foothills of the 
Himalayas. The NPF events were classified and the characteristics of the event were deter-
mined. The NPF events were found to be sparse and very seasonal. The seasonality was 
explained by the planetary boundary layer (PBL) evolution, due to the increased solar radi-
ation during spring, increasing the maximum PBL height above the station and bringing 
nucleation precursor gases and the nucleated particles to the station. In this paper I was 
responsible for most of the writing and the data analysis. 

Paper II describes the measurements and data evaluation of isothermal unary homogeneous 
nucleation of n-propanol in helium in a laminar flow diffusion chamber (LFDC) and espe-
cially the pressure effect of the carrier gas on the observed nucleation rates. The nucleation 
rates were compared to n-propanol nucleation rates measured with other instruments found 
in the literature and to theoretical predictions using classical nucleation theory (CNT). The 
observed nucleation rates agree with the experimental literature values and with the CNT 
prediction. A small positive pressure effect was observed, which fits well within the homol-
ogous series of n-alcohols. The suggestion that the effect is less pronounced for alcohols 
with shorter carbon chain length is confirmed. Comparison of the pressure effect to the the-
oretical approach by Wedekind et al. (2008) agrees in the main, but the degree of the effect 
is much larger than expected by the theory. I participated in most of the measurements and 
data evaluation on this paper and wrote part of the manuscript. 

Paper III reports results on binary homogeneous nucleation of sulphuric acid and water, 
which was conducted using a laminar flow tube and furnace as a source of the sulphuric 
acid vapour. The formation rates were measured at three different relative humidities and at 
three different temperatures. The wall losses in the flow tube were experimentally deter-
mined. The experimental formation rates as a function of gas-phase sulphuric acid were 
compared to atmospheric data from three different sites in Europe at different temperatures 
and different relative humidities. Laboratory results agreed very well with the atmospheric 
data, with a slight underestimation by the laboratory data at the lowest relative humidity and 
the highest temperature. The empirically determined coefficients for kinetic- and activation-
model nucleation were similar to those determined from the atmospheric data. The expo-
nential dependence of the formation rate on the sulphuric-acid concentration was found with 
the exponent between 1.2 and 2.2, which is typical for the atmospheric data. I participated 
in all of the measurements in this paper and performed most of the data analysis. 

Paper IV studies the ternary homogeneous nucleation of sulphuric acid, water and four base 
compounds (ammonia, monomethyl amine, dimethyl amine and trimethyl amine), sepa-
rately. The same flow tube was used in this work as previously but a saturator was used as 
a source of sulphuric-acid vapour. The enhancement of the observed H2SO4-H2O formation 
rates by adding a base compound was studied and compared to similar experiments found 
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in the literature. An enhancement factor of 5.5 was observed with trimethyl amine at a con-
centration of 2500 pptv. No enhancement with other base compounds was observed, sug-
gesting that the effect was already saturated due to the contaminants in the carrier gas and 
water used for the humidification. Measured concentrations of the contaminants were below 
detection limits for amines, while the background concentration of ammonia was found to 
be 201 pptv. The detection limits provided the maximum limit of the contaminants and a 
comparison to the literature provided an estimate of the levels of these compounds, where 
the enhancement is saturated. I planned and conducted most of the measurements in this 
paper, as well as wrote most of the paper. 

Paper V studies the observed discrepancy of one-to-two orders of magnitude between meas-
ured sulphuric-acid-monomer (mass spectrometers) and total-sulphate (ion chromato-
graphs) concentrations. A saturator was used as a source of sulphuric-acid vapour and it was 
tested with the two independent sulphuric-acid-detection methods. A H2SO4-H2O nuclea-
tion experiment was conducted to enable a comparison with the previous results, where a 
furnace was used as the source of the sulphuric acid. The saturator was tested with three 
different levels of purity for the carrier gases (N2, 6.0 and 5.0 and pressurized, purified air) 
to ensure sufficient purity of the carrier gas. The mass spectra of the high resolution mass 
spectrometer were further analysed to find the reason for the discrepancy. A model was used 
to calculate growth rates and resulting diameters and compared to the experimental diame-
ters. The production method of the sulphuric-acid vapour was found to be indifferent, ruling 
it out as the reason for the discrepancy. Wall losses and losses to the particle phase were 
determined to be minor. Tests with different purity carrier gases proved to produce similar 
sulphuric-acid concentrations and cluster distributions. A deeper analysis of the mass spec-
tra revealed that the sulphuric acid is distributed into a wide range of clusters, which is not 
taken into account when calculating the sulphuric-acid monomer, dimer or trimer concen-
tration. The number of these sulphuric-acid-containing peaks suggests a vast number of 
clusters which might function as a start for atmospheric nucleation. The model suggests that 
the initial growth of the freshly formed particles can be dominated by sulphate. In this paper, 
I made most of the measurements and data evaluation, as well as wrote the paper. 
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5 Conclusions 

In the work presented in this thesis, atmospheric nucleation was approached experimentally 
from two different points of views, with field measurements and with laboratory experi-
ments. From a four-year dataset obtained in the foothills of the Himalayas, the new particle 
formation (NPF) events were classified and the characteristics of the events were analyzed 
(Paper I). The meteorological conditions and the vertical extent of the events were deter-
mined. The laboratory experiments presented in this work have given an insight into the 
carrier gas pressure effect observed in unary homogeneous nucleation of n-alcohols, extend-
ing the already available literature data (Paper II). The importance of these types of data is 
in the testing of different theories (for example, classical nucleation theory, CNT), which 
are not able to sufficiently predict even the simplest experimentally determined nucleation 
rates. The laboratory experiments for binary or ternary nucleation (Papers III-IV) provided 
an insight into the sulphuric-acid-concentration dependence of particle formation rates at 
close to atmospheric conditions at different temperatures, as well as information on the im-
portant role of base compounds in atmospheric nucleation and at what concentrations. An 
observation of a large discrepancy between the measured sulphuric-acid monomer and total-
sulphate concentrations from the same sulphuric acid source led to an investigation of the 
distribution of sulphuric acid into clusters, and modelling of the early growth of sulphate or 
sulphuric-acid monomer (Paper V). The work in Paper V provided an insight into numer-
ous clusters that might act as a starting point for atmospheric nucleation and the early growth 
of freshly nucleated particles. This work also provided deeper information about contami-
nants in laboratory nucleation studies. 

This thesis has contributed to the understanding of atmospheric nucleation in the following 
way, achieving the three main goals set out in the introduction: 

1. Characterize the new particle formation event in the foothills of the Himalayas 

The NPF events were classified and analyzed. The NPF events were found to be relatively 
sparse, with extremely high seasonality with maximum during spring months. The season-
ality was explained with the meteorological conditions, especially the height of the planetary 
boundary layer (PBL). During spring months the modelled PBL maximum height reached 
the altitude of the station, providing precursor gases from lower altitudes and diluting the 
Condensational Sink (CS), which made the conditions favourable for nucleation. The NPF 
events were nearly always occurring in the boundary layer, except for the sporadic NPF 
event observed outside spring months, which can be considered as free tropospheric for-
mation events. 

2. To gain insight into unary, binary and ternary nucleation mechanisms by means of 
laboratory experiments 

Isothermal nucleation rates of propanol in helium were measured using a laminar flow dif-
fusion chamber (LFDC) at different temperatures and carrier gas pressures. The results were 
compared to literature values as well as to theoretical predictions. A small positive pressure 
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effect on the nucleation rate was observed, which strengthens the assumption that this effect 
depends on the carbon chain length of the n-alcohols, reducing as a function of increasing 
chain length. Comparison to the theoretical approach of Wedekind et al. (2008) showed a 
similar trend in the pressure effect, though the experimental results produced a stronger 
effect. 

Binary nucleation rates of H2SO4-H2O were measured using a laminar flow tube in close-
to-atmospheric conditions at different temperatures and relative humidities. The experi-
mental results were analyzed to obtain empirical coefficients for activation and kinetic pa-
rameterizations, which were compared to atmospheric data from three different sites in Eu-
rope. The formation rates as a function of sulphuric-acid concentration agreed well with the 
atmospheric data, except for the highest temperature and lowest relative humidity. The ob-
tained coefficients were in fairly good agreement with the atmospheric data. The formation 
rate was determined to depend on the sulphuric acid concentration with an exponent be-
tween 1.2 and 2.2. A large range of power dependencies are reported in the literature. For 
example Zollner et al. (2012) reported power dependencies in the range of 4.5–7 for their 
laboratory experiments. Sipilä et al. (2010) report power dependencies of 1.0–2.1 for their 
laboratory studies, showing similar results to our study. Results reported from the atmos-
pheric measurements (Kuang et al., 2008; Paasonen et al., 2010) agree with this study.  

Ternary nucleation rates of H2SO4-H2O-base were measured with four different base sub-
stances (ammonia, monomethyl amine, dimethyl amine and trimethyl amine) separately and 
the obtained results were compared to other similar studies found in the literature. Only 
trimethyl amine was found to enhance nucleation, as the effect of other base compounds 
used was already saturated by the contaminants in the carrier gas or from the water used for 
humidification. The measured background concentrations of the amines were below detec-
tion limits, providing the maximum limit for the background concentration. A comparison 
with the literature values reinforced the assumption that the enhancement was already satu-
rated below the detection limit of the instrument used. 

3. To establish the reason behind the discrepancy between measured total-sulphate and 
sulphuric-acid monomer concentrations with two independent sulphuric-acid-detec-
tion methods, and to study the implication of the discrepancy on early growth of 
freshly formed particles 

The observed discrepancy was characterized with rigorous testing with a saturator and two 
independent methods to detect sulphuric acid. The saturator was used also in combination 
with a laminar flow tube in a nucleation experiment to enable a comparison with earlier 
results, where a furnace was used, to rule out the sulphuric-acid-vapour-production method 
as a reason for the discrepancy. The tests included three different purities of carrier gases 
(N2 6.0, N2 5.0 from liquid and gas source and purified, pressurized air) and two purities of 
sulphuric acid (97 and 100 %). The measured total-sulphate concentrations agreed well with 
theoretical predictions from vapour pressure, as the measured sulphuric-acid-monomer con-
centrations were one-to-two orders of magnitude lower. Similar results were found in earlier 
results where a furnace was used, ruling out the sulphuric acid vapour production method 
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as the reason for the discrepancy. Analysis of the nucleation experiment with the laminar 
flow tube proved that the “lost” sulphuric acid is not in a particle phase, nor is it lost to the 
walls of the flow tube. Larger clusters containing solely sulphuric acid (dimer, trimer, etc.) 
were also shown to be ineffective in explaining the discrepancy. 

Tests with different purity carrier gases showed that the purified, pressurized air used in the 
nucleation experiment was as clean as the purest commercially available gas. Further anal-
ysis of the mass spectra from CI-APi-TOF provided insight into the cluster distribution with 
different carrier gases. The number of peaks correlating with a mass of 97 Th (HSO4

-, ion-
ized sulphuric acid monomer) was very large and it increased as a function of sulphuric-
acid concentration, suggesting very large concentrations of sulphuric-acid-containing clus-
ters, which are not used when calculating the sulphuric-acid concentration from mass spec-
trometer data. These clusters can act as a beginning for atmospheric nucleation. The dis-
crepancy is due to the different contaminant species binding sulphuric-acid monomers from 
the free gas-phase form into clusters that are not taken into account in the calculation of gas-
phase sulphuric acid concentration. 

The measured total-sulphate and sulphuric-acid concentrations were used as input parame-
ters for a model to calculate growth rates and resulting diameters for the nucleation experi-
ment with the flow tube, with the modelled results compared to the experimentally obtained 
ones. The comparison showed that the sulphuric-acid monomer is not able to produce the 
experimentally observed diameters, but the total sulphate was able to. According to the 
model, sulphuric acid may be responsible for a much larger fraction of the initial growth of 
the freshly nucleated particles than would be calculated from the mass spectrometer meas-
ured monomer, dimer and trimer concentrations. Nevertheless, the sources of sulphate are 
much more numerous than merely from sulphuric acid and there are numerous compounds 
that possibly contribute to the growth of the particles in the atmosphere. More detailed meas-
urements are needed on particles’ chemical composition throughout the particle growth, 
from nucleated clusters to larger particles, and to establish the contribution of sulphate in 
the particle growth. 
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