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Biogenic New Particle Formation: Field Observations and Chamber Experiments
Lubna Dada
University of Helsinki, 2019
Abstract
New particle formation (NPF) is an atmospheric phenomenon, observed in many environments globally,
and it contributes to a major fraction of the global aerosol number budget thereby affecting both climate
and human health. In this thesis, we investigate the mechanisms behind NPF in the boreal forest
environment and analyze the long-term behavior of the variables associated with the occurrence of this
phenomenon.
In order to improve the classification of atmospheric NPF events, especially when considering the
increasing number of measurement campaigns and stations, we developed an automatic framework to
classify NPF events based on the 2–4 nm ion and 7–25 nm aerosol particle concentrations in the
atmosphere. This approach categorizes days into four defined classes: Regional NPF events, transported
NPF events, ion bursts and non-events. For regional NPF events, the approach additionally determined
the precise period (start and end-time) during which the event occurred. We show that, in the boreal
forest, NPF events tend to occur under clear sky conditions with low condensation sinks and moderate
temperatures.
Using chamber simulations, we further investigated the mechanisms of new particle formation and
growth in the boreal forest environment. While sulfuric acid is known to be the driver of NPF, we found
that pure biogenic NPF is possible in the absence of sulfuric acid, and that the nucleation is mediated by
dimers of highly oxygenated monoterpene oxidation products. We also found that anthropogenic vapors,
such as NOx, attenuate the particle formation and growth by modifying the chemical composition of
highly oxygenated molecules (HOMs) necessary for nucleation and growth.
In the present-day-time atmosphere, we found that highly oxygenated molecules (HOMs) govern ioninduced new particle formation in the boreal forest when the ratio of biogenic HOMs to H2SO4 is greater
than 30. Our results show that non-nitrate HOM dimers mediate ion-induced nucleation not only during
daytime but also during night-time. In the absence of H2SO4, we observed pure biogenic ion-induced
clustering mediated by non-nitrate HOM dimers and trimers; however, these clusters did not grow past
6 nm due to insufficient photochemistry needed for producing condensable vapors that would ensure
cluster survival.
Key Words: NPF, IIN, HOM, CLOUD, cloudiness, condensation sink, H2SO4

Contents
1.

Introduction ....................................................................................................................................... 9

2.

Methods ........................................................................................................................................... 12
2.1.

2.1.1.

Station for Measuring Ecosystem – Atmosphere Relations (SMEAR II) ........................ 12

2.1.2.

CLOUD (Cosmics Leaving OUtdoor Droplets) chamber................................................. 12

2.1.3.

Measurement of atmospheric particles and ions ............................................................... 13

2.1.4.

Measurement of atmospheric ion composition ................................................................. 14

2.1.5.

Measurement of new particle precursors (H2SO4 and HOMs) ......................................... 14

2.2.

3.

4.

5.

Measurement facilities and instrumentation............................................................................. 12

Data analysis............................................................................................................................. 14

2.2.1.

Cloudiness parameter ........................................................................................................ 14

2.2.2.

Precursor vapors proxies ................................................................................................... 15

2.2.3.

Contribution of gaseous precursors to particle formation and growth.............................. 15

2.2.4.

Growth rates from atmospheric observations ................................................................... 16

2.2.5.

Ion formation rates from atmospheric observation ........................................................... 17

2.2.6.

Particle formation rates from CLOUD experiments ......................................................... 17

Classification of new particle formation using characteristic air ions ............................................ 19
3.1.

Development of an automatic event classification method ...................................................... 19

3.2.

Description of automated method ............................................................................................ 20

Long term observations of new particle formation events in the boreal forest............................... 21
4.1.

Start, peak and end times of new particle events ..................................................................... 21

4.2.

Effect of cloudiness on NPF frequency.................................................................................... 22

4.3.

Monthly variations of NPF gaseous precursor proxies ............................................................ 23

4.4.

Probability of NPF events and nonevents ................................................................................ 25

Mechanism of New particle formation in the boreal forest environment ....................................... 26
5.1.

Experimental simulations from the CLOUD chamber ............................................................. 26

5.2.

Daytime ion induced nucleation from field Measurements at SMEAR II ............................... 27

5.3.

Night-time ion induced nucleation from field Measurements at SMEAR II ........................... 29

6.

Review of papers and author’s contribution ................................................................................... 31

7.

Conclusions and outlook ................................................................................................................. 33

8.

References ....................................................................................................................................... 37

List of publications
This thesis consists of an introductory section, followed by five research articles. In the introduction part,
these articles are cited according to their roman numbers. Papers III and V are reprinted with the approval
of all co-authors. Papers I, II and IV are reprinted under the Creative Commons Attribution 4.0
International license.

I

Dada, L., Chellapermal, R., Buenrostro Mazon, S., Paasonen, P., Lampilahti, J., Manninen, H.
E., Junninen, H., Petäjä, T., Kerminen, V. M., and Kulmala, M.: Refined classification and
characterization of atmospheric new-particle formation events using air ions, Atmospheric
Chemistry and Physics, doi: 10.5194/acp-18-17883-2018, 2018.

II

Dada, L., Paasonen, P., Nieminen, T., Mazon, S. B., Kontkanen, J., Perakyla, O., Lehtipalo,
K., Hussein, T., Petaja, T., Kerminen, V. M., Back, J., and Kulmala, M.: Long-term analysis of
clear-sky new particle formation events and nonevents in Hyytiala, Atmospheric Chemistry and
Physics, doi: 10.5194/acp-17-6227-2017, 2017.

III

Lehtipalo, K., Yan, C., Dada, L., Bianchi, F., Xiao, M., Wagner, R., Stolzenburg, D., Ahonen,
L. R., Amorim, A., Baccarini, A., Bauer, P. S., Baumgartner, B., Bergen, A., Bernhammer, A.K., Breitenlechner, M., Brilke, S., Buchholz, A., Mazon, S. B., Chen, D., Chen, X., Dias, A.,
Dommen, J., Draper, D. C., Duplissy, J., Ehn, M., Finkenzeller, H., Fischer, L., Frege, C.,
Fuchs, C., Garmash, O., Gordon, H., Hakala, J., He, X., Heikkinen, L., Heinritzi, M., Helm, J.
C., Hofbauer, V., Hoyle, C. R., Jokinen, T., Kangasluoma, J., Kerminen, V.-M., Kim, C.,
Kirkby, J., Kontkanen, J., Kürten, A., Lawler, M. J., Mai, H., Mathot, S., Mauldin, R. L.,
Molteni, U., Nichman, L., Nie, W., Nieminen, T., Ojdanic, A., Onnela, A., Passananti, M.,
Petäjä, T., Piel, F., Pospisilova, V., Quéléver, L. L. J., Rissanen, M. P., Rose, C., Sarnela, N.,
Schallhart, S., Schuchmann, S., Sengupta, K., Simon, M., Sipilä, M., Tauber, C., Tomé, A.,
Tröstl, J., Väisänen, O., Vogel, A. L., Volkamer, R., Wagner, A. C., Wang, M., Weitz, L.,
Wimmer, D., Ye, P., Ylisirniö, A., Zha, Q., Carslaw, K. S., Curtius, J., Donahue, N. M., Flagan,
R. C., Hansel, A., Riipinen, I., Virtanen, A., Winkler, P. M., Baltensperger, U., Kulmala, M.,
and Worsnop, D. R.: Multicomponent new particle formation from sulfuric acid, ammonia, and
biogenic vapors, Science Advances, doi: 10.1126/sciadv.aau5363, 2018

IV

Yan, C., Dada, L., Rose, C., Jokinen, T., Nie, W., Schobesberger, S., Junninen, H., Lehtipalo,
K., Sarnela, N., Makkonen, U., Garmash, O., Wang, Y., Zha, Q., Paasonen, P., Bianchi, F.,
Sipilä, M., Ehn, M., Petäjä, T., Kerminen, V. M., Worsnop, D. R., and Kulmala, M.: The role
of H2SO4-NH3 anion clusters in ion-induced aerosol nucleation mechanisms in the boreal
forest, Atmospheric Chemistry and Physics, doi: 10.5194/acp-18-13231-2018, 2018.

V

Rose C., Zha Q., Dada L., Yan C., Lehtipalo K., Junninen H., Buenrostro Mazon S., Jokinen
T., Sarnela N., Sipilä M., PetäjäT., KerminenV.-M., Bianchi F., Kulmala M.: Observations of
biogenic ion-induced cluster formation in the atmosphere, Science Advances, doi:
11.1126/sciadv.aar5218, 2018.

1. Introduction
Aerosol particles are solid particles or liquid droplets suspended in a carrier gas. These particles have
diameters ranging between about one nanometer and several tens of micrometers, and they have varying
chemical composition (Putaud et al., 2004) and morphologies (Dada et al., 2013). Scientists associate
elevated particle concentrations with increased death rates (Pope et al., 1995; Apte et al., 2015; Burnett
et al., 2018). However, it is still controversial which specific characteristic of atmospheric particles (mass
or number concentration, or chemical composition) has the strongest impact on human health (Lelieveld
et al., 2015). While it has been thought that the smallest particles do not have a large impact on health,
they have been observed to penetrate the respiratory tract towards the blood circulation and finally
deposit into the brain (Oberdörster et al., 2004; Künzli and Tager, 2005). In addition to their health
effects, aerosol particles affect climate directly by scattering or absorbing incoming solar radiation, and
indirectly by modifying many cloud properties (IPCC, 2013; Murphy and Ravishankara, 2018).
Atmospheric aerosol particles originate from a large variety of different sources and formation pathways.
They can be emitted directly to the atmosphere as primary particles via natural phenomena or because of
anthropogenic activities. The two most important natural primary particle sources in the atmosphere are
sea spray production and wind-blown dust emissions (Huneeus et al., 2011; Grythe et al., 2014), while
globally-important anthropogenic primary particle sources include a variety of biomass burning
activities, traffic and other transportation activities, power generation, various industrial activities, etc.
(Schauer et al., 1996; Andreae and Merlet, 2001; Kumar et al., 2013; Paasonen et al., 2016; Vicente and
Alves, 2018). In addition to primary particle emissions, particulate matter or entirely new aerosol
particles can be formed secondarily in the atmosphere via heterogeneous and homogenous nucleation
pathways, respectively. New particle formation (NPF) is a type of secondary particle formation where
low-volatility gas-phase precursor compounds produce stable clusters and eventually aerosol particles
(Kulmala, 2003). Specifically, a new particle formation event is defined by the appearance of stable
clusters that show signs of growth (Dal Maso et al., 2005). NPF has been observed in different
environments around the world, ranging from relatively pristine environments to heavily-polluted
megacities (Kulmala et al., 2004; Kerminen et al., 2018; Chu et al., 2019). In practice, whether NPF
occurs or not is a result of the competition between the sources and sinks of initially-formed clusters
(about 0.8 nm in diameter), and this phenomenon is typically observed once these clusters start to grow
past a few nanometers to be classified as a NPF event. Depending on the environmental conditions, the
frequency and intensity of such NPF events can vary considerably (Nieminen et al., 2018). While the
frequency of NPF events at a specific location is determined by event classification (Paper I), the
intensity of such events is quantified by determining particle formation and growth rates (Paper II).
Recently, thorough research activities have been carried out in order to understand the drivers of NPF,
as this phenomenon was found to contribute to a large fraction of the global aerosol particle number
budget (Spracklen et al., 2010). Furthermore, particles formed by NPF were found to influence cloud
properties by contributing to the concentration of cloud condensation nuclei (Merikanto et al., 2009;
Pierce and Adams, 2009; Kerminen et al., 2012). Measurement campaigns and continuous measurement
9

stations have thus been established at various locations around the world in order to understand the
mechanisms behind NPF (Kulmala et al., 2004; Kulmala, 2018). Scientists have also studied the impact
of NPF on the pre-industrial aerosol by laboratory experiments using atmospheric simulation chambers
in order to improve future climate predictions of global models (Liao et al., 2006; Dunne et al., 2016;
Gordon et al., 2016; Kirkby et al., 2016). Indeed, with the development of instrumentation, such as
proton-transfer reaction mass spectrometer (PTR-MS, Hansel et al., 1995) and atmospheric-pressureinterface time-of-flight mass spectrometer (APi-TOF, Junninen et al., 2010), it has become possible to
follow the process of NPF even before the actual particle is born. Such instruments measure, for example,
concentrations of available precursor vapors and the chemical composition of freshly formed clusters.
The development of additional instrumentation, such as the Particle Size Magnifier (PSM, Vanhanen et
al., 2011), allows us to follow the size evolution of the newly formed particles starting from about 1 nm
in particle diameter.
Sulfuric acid (H2SO4) has been identified as the major precursor vapor influencing atmospheric NPF
(Weber et al., 1995; Birmili et al., 2003; Kulmala et al., 2006; Sihto et al., 2006; Sipilä et al., 2010;
Riccobono et al., 2012; Kuang et al., 2010; Yao et al., 2018). The main reason for this is the low saturation
vapor pressure of H2SO4, making it capable of forming small clusters and condensing onto them
effectively. When H2SO4 is stabilized by a base, such as ammonia (NH3) or amines, the new particle
formation rate is enhanced (Ortega et al., 2008; Almeida et al., 2013; Jen et al., 2014; Kürten et al., 2016).
Recently, low volatility highly oxygenated molecules (HOMs) (Ehn et al., 2014; Bianchi et al., 2019)
have been discovered as oxidation products of many kinds of volatile organic vapors. Via chamber
experiments, HOMs of biogenic origin were proven to contribute to particle growth and even particle
formation in the absence of sulfuric acid (Riccobono et al., 2012; Riipinen et al., 2012; Schobesberger et
al., 2013; Kirkby et al., 2016). More recently, after being stabilized by ions, HOMs were found to
contribute to the early stages of particle formation in the ambient atmosphere, including the free
troposphere (Bianchi et al., 2016) and boreal forest environment (Papers IV and V). The synergistic
roles of HOMs, H2SO4 and NH3, when present simultaneously in particle formation, have been simulated
in chamber experiments (Paper III) and observed in the field (Paper IV). A schematic summary of the
processes involved in new particle formation from precursors, such as SO2 and biogenic organic
compounds, is demonstrated in Figure 1.
The aims of this thesis are to:
(i)
(ii)
(iii)
(iv)

develop a new method for automatically classifying new particle formation event days using
their characteristic air ion and particle concentrations,
quantify the effect of cloudiness on the frequency of NPF events,
determine the parameters that affect the probability of NPF in the boreal forest environment,
quantify how HOMs, H2SO4 and NH3 affect daytime and night-time NPF in a boreal forest
environment using chamber experiments and field observations.

In the first step of this thesis, a data handling framework is introduced, which allows for classifying NPF
event and non-event days, as well as two other classes: transported NPF events and ion bursts (Paper I).
10

The method relies on the cluster mode ion concentration (initial steps of clustering) and is therefore able
to categorize all measurement days, including those which are usually undefined and are excluded from
further analysis. This procedure is made automatic, which makes it possible to analyze long-term data
sets while minimizing both analysis biases and manpower required (Paper I). After classifying the days,
long-term evidence of the effect of cloudiness on reducing the occurrence of NPF events is presented
(Paper II). Also, upon defining the exact time window during which NPF events in the boreal forest
occur (Paper I), and under clear sky conditions, the impact of several environmental parameters such as
condensation sink and ambient temperature is analyzed (Paper II). Moreover, the participation of several
gaseous precursors (HOMs, H2SO4 and NH3) in nucleation and growth are simulated in laboratory
experiments, each individually and in a mixture (Paper III). Lastly, the impact of these precursors, on
parameters describing NPF, such as NPF event frequency, formation rates, and growth rates are presented
and are quantified in the ambient under different conditions (day-time (Paper IV) vs night-time (Paper
V)).

Figure 1 Pathway from precursor vapor emissions to new particle formation.
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2. Methods

The main conclusions of this thesis cover new particle formation and growth as well as their governing
mechanisms in the boreal forest. The observations reported in Papers I, II, IV and V were made at the
SMEAR II station and the experiments described in Paper III replicated the same environment in terms
of gaseous precursors, temperature and condensation sink. The station provides more than 20 years of
continuous comprehensive measurements of variables describing atmosphere–forest–ecosystem
interactions (Hari and Kulmala, 2005). The station is located in Hyytiälä, southern Finland (61◦510 N,
24◦170 E, 181 m a.s.l.). The largest nearest city, Tampere, is located 60 km SW of Hyytiälä. The station
is insignificantly influenced by direct anthropogenic emissions and could then be considered a rural
background site representative of the northern hemisphere boreal forests (Asmi et al., 2011).
Additionally, the station is surrounded by a homogenous green-belt of Scots pines ideal for studying
biogenic new particle formation under low levels of air pollutants (Papers I, II, III, IV and V).
Since January 1996, the station has provided continuous measurements of parameters including aerosol
particle number size distributions, concentration of the trace gases, and meteorological parameters (solar
radiation, temperature and relative humidity). The aerosol number size distributions were measured with
a twin DMPS (Differential Mobility Particle Sizer) system (Wang et al., 1990; Aalto et al., 2001) over
the size range of 3–500 nm until the year 2004 and over the size range of 3–1000 nm from 2005 onwards.
Additionally, the mobility distributions of neutral and charged aerosol particles and clusters in the size
ranges of 2–42 nm and 0.8–47 nm, respectively, were measured with a Neutral cluster and Air Ion
Spectrometer (NAIS, Airel Ltd., Estonia, Manninen et al. (2009); (2016); Mirme and Mirme (2013))
since 2006. Trace gas concentrations are being measured at six different heights on a 74 m-high mast
(extended to 126 m in summer 2010). Recently, more advanced instruments, such as proton-transfer
reaction mass spectrometer (PTR-MS, Hansel et al., (1995); Jordan et al., (2009); Rantala et al., (2014)),
Aerosol Chemical Speciation Monitor (ACSM, Ng et al., (2011)), and atmospheric-pressure-interface
time-of-flight mass spectrometer with and without a chemical ionization inlet (CI-APi-TOF (Jokinen et
al., (2012); APi-TOF, Junninen et al., (2010); Ehn et al., (2010)) have also been deployed for the
continuous measurement of precursor vapors responsible of clustering.

The CLOUD chamber is a 26.1 m3, well-controlled, stainless-steel cylinder with electro-polished walls
(Kirkby et al., 2011; Duplissy et al., 2016) located at CERN (European Center for Nuclear Research),
Geneva, Switzerland. The chamber has extremely low contamination levels (Kirkby et al., 2016;
Schnitzhofer et al., 2014), suitable for studying atmospheric-relevant mechanisms at molecular levels. In
order to ensure ultra-cleanliness inside the chamber, the walls are occasionally rinsed with ultrapure
water at 373 K, right before the start of a new experiment. The carrier and mixing flow synthetic air, used
12

throughout the experiments, were produced by mixing cryogenic liquid nitrogen and oxygen.
Furthermore, the CLOUD chamber allows for studying both neutral and ion induced/mediated pathways
of NPF by controlling the ion concentration. On one hand, the neutral (N) pathway can be isolated by
operating the high voltage field (20 kV m−1) that removes all charged species. On the other hand,
tropospheric levels of ions are produced when the high voltage is switched off, reproducing nucleation
under atmospherically-relevant galactic cosmic rays (GCR) conditions in the chamber. Additionally,
higher layers of the troposphere can be simulated by generating more ions utilizing CERN’s proton
synchrotron. Moreover, several UV lights were utilized to mimic the photochemistry that occurs during
daytime in the boreal forest environment. The light system includes but is not limited to a KryptonFluoride (KrF) excimer UV-laser (3 W, λ = 248 nm) to produce OH via O3 photolysis, two UV LEDs
(16.5W, λ = 370-390 nm) to photolyze NO2 into NO, and four Hamamatsu Xenon arc lamps (200W, λ =
250-580 nm) to provide a broad range of UV light and make the overall UV spectrum closer to
atmospheric levels.

A Neutral cluster and Air Ion Spectrometer was used to measure the mobility distributions of neutral and
charged aerosol particles and clusters in the size ranges of 2–42 nm and 0.8–47 nm, respectively (NAIS,
Airel Ltd., Estonia, Manninen et al. (2009); Mirme and Mirme (2013); Manninen et al. (2016)). The data
collected at the SMEAR II station between 2006 and 2016 were used for the event classification in Paper
I (Section 3), and for determining atmospheric particle and ion formation and growth rates in Papers IV
and V. The NAIS instrument uses two identical differential mobility analyzers (DMA, Knutson and
Whitby (1975)) for simultaneous measurement of positive and negative ions. The instrument is operated
at a sample flow rate of 30 L.min-1 and at a sheath flow rate of 60 L min-1. In ion mode, only naturallycharged clusters are measured, while in total mode, atmospheric neutral particles are pre-charged by ions
from a corona discharge unit introduced before the DMAs.

For calculating the condensation sink (CS), in Papers I, II, IV and V, which is equal to the rate at which
non-volatile vapors condense onto pre-existing aerosol particles (Kulmala et al., 2012), the particle
number concentration size distributions were measured with a twin-DMPS (Differential Mobility Particle
Sizer) system (Aalto et al., 2001) over the size ranges of 3–500 nm until the year 2004 and over the size
range of 3–1000 nm from 2005 onwards. The data were also used to classify days as NPF events and
non-events following the original method proposed by Dal Maso et al. (2005), for Papers I, II, and IV.

For the determination of sub-3 nm particles concentrations around the sizes at which the particle
formation is measured, as in Paper III, a Particle Size Magnifier (PSM, Vanhanen et al., 2011, Airmodus
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Ltd.) in series with a condensation particle counter (CPC) was utilized. Within the PSM, diethylene
glycol (DEG) is used as working fluid. The sample flow is mixed with a heated, saturated air to ensure
DEG supersaturation, which results in a particle growth due to condensation in the growth tube. The
particles then reach a size of around 90 nm, which allows them to be counted by the CPC. The cut-off
diameter (the smallest diameter at which 50% of particles are detected) of the PSM depends on the
saturation ratio and thus on the flow rate of the saturated air, which can be varied. The PSMs can be
operated in scanning mode (periodically ramping up and down the saturation flow), which allows
determining the particle concentration at several different cut-off sizes for the calculation of particle
formation rates at different sizes, for example at 1.7 nm in Paper III (see section 2.2.5).

An atmospheric-pressure-interface time-of-flight mass spectrometer (APi-TOF, Junninen et al., 2010)
was used to measure the composition of atmospheric ions reported in Papers III and IV. The APi-TOF
measures naturally-charged molecules only. Once drawn into the inlet, the ions are focused and guided
through two quadrupole chambers and one ion lens assembly, and then detected by the time-of-flight
mass analyzer. The data from APi-TOF were used to assess the variability of naturally-charged clusters
(anions), such as H2SO4, H2SO4-NH3, and charged Highly Oxygenated Molecules (HOMs), in chamber
experiments and field measurements as in Papers III and IV, respectively. The extracted data were
processed with the tofTools package (version 6.08) (Junninen et al., 2010). In Paper IV, the
identification of HOM signals was performed using the same ion peak list as reported in Bianchi et al.
(2017), and the total signal of HOM ions is the sum of all high resolution signals of identified HOMs.

In Papers III, IV and V, the concentrations of H2SO4 and HOMs were measured by chemical ionization
atmospheric-pressure-interface time-of-flight mass spectrometer (CI-APi-TOF). Chemical ionization is
the artificial charging of molecular clusters in the sample by nitrate ions (NO3-) (Jokinen et al., 2012).
H2SO4 quantification was performed following the method proposed in Jokinen et al. (2012). HOMs
quantification followed the method in Kirkby et al. (2016).

For isolating clear sky days, the cloudiness parameter (P) was calculated as the ratio of measured global
radiation (Rd) to the theoretical global irradiance (Rg):
R

𝑃 = R𝑑

(1)

𝑔

The theoretical global irradiance or theoretical maximum global radiation (Rg) is calculated using the
latitude and the seasonal solar cycle at a specific location. The days with a daytime median P < 0.3 were
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identified as having a complete cloud cover while those with P > 0.7 were classified as clear sky days
(Perez et al., 1990; Sogacheva et al., 2008; Sánchez et al., 2012).These data were used in Papers I, II
and IV. Although in this thesis work we stick to using Equation 1 for the calculation of cloudiness, we
suggest that in the future the cloudiness parameter will be calculated as P = 1 -

R𝑑
R𝑔

so that it explicitly

represents cloudiness.

The concentrations of biogenic oxidation products, used in Paper II, called oxidized organic compounds
(OxOrg), were estimated using a proxy developed by Kontkanen et al. (2016). This proxy is calculated
by using the concentrations of oxidants such as measured ozone (O3) and proxies for the hydroxyl (OH)
and nitrate radical concentration (NO3), respectively and their reaction rates, ki, with the monoterpenes:
[OxOrg]proxy =

(kOH+MT [OH]+kO3+MT [O3 ]+kNO3+MT [NO3 ])∙MTproxy
CS

.

(2)

Here, the monoterpene proxy (MTproxy) is calculated from temperature-driven emissions by taking into
account the effect of the boundary layer and monoterpenes oxidation, and CS is the condensation sink
(Kulmala et al., 2012).
Gas phase sulfuric acid concentration, used in Paper II, was calculated from a pseudo-steady-stateapproximation proxy developed by Petäjä et al. (2009) which includes the sulfuric acid source and sink
terms:
[H2 SO4 ]proxy = 𝑘 ∙

[SO2 ]∙UVB
CS

.

(3)

Here UVB (W m-2) is the fraction of the UV radiation (280 – 320 nm), CS is the condensation sink (s −1)
and the coefficient k (m2 W−1 s −1) has a median value of 9.9×10-7 m2 W−1 s −1 obtained from the
comparison of the proxy concentration to the available measured H2SO4 data at SMEAR II station. Proxy
concentrations were used when the measurements did not cover the whole time period of the analysis (20
years - Paper II).

The estimated value of the formation rates of 1.5 nm particles (J1.5,C) in Paper II was calculated by
assuming heteromolecular nucleation between H2SO4 and OxOrg as follows:
𝐽1.5,C = 𝐾het [H2 SO4 ]proxy [OxOrg]proxy .

(4)

The heterogeneous nucleation coefficient used in Eq. (4) is the median estimated coefficient for Hyytiälä
Khet = 9.2×10-14 cm3 s-1 scaled from Paasonen et al. (2010).
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The formation rate of nucleation mode particles (J3,C, particle diameter > 3 nm) was calculated based on
the inverse of the equation introduced by Kerminen and Kulmala (2002) and by using the calculated
formation rate of 1.5 nm sized particles (J1.5,C) (Kerminen and Kulmala, 2002):
CS′

𝐽3,C = 𝐽1.5,C exp (−𝛾 GR

1.5−3

1

1

(1.5 − 3)).

(5)

Here CS’ (s-1) is the condensation sink calculated as suggested by Kerminen and Kulmala (2002) and
Kulmala et al. (2012) and γ is a coefficient with an approximate value of 0.23 m3 nm2 s-1.The growth rates
(GR) of particles between 1.5 and 3 nm were estimated using the size of the condensing vapor molecules
(H2SO4 and OxOrg) and the thermal speed of the particle (Nieminen et al., 2010). The growth rates were
calculated as the sum of the growth rates of each of the condensing vapors while assuming the density
of the particle to be constant (1440 kg/m3). For H2SO4, the mass of hydrated H2SO4, at the present RH,
and its density (Kurtén et al., 2007) were used to determine the H2SO4 concentration needed to make the
particles grow at the rate of 1 nm/h. Thus, the GR of the particles due to H2SO4 condensation was
calculated by using the H2SO4 proxy concentration. The same method was applied to OxOrg
condensation (using the OxOrg proxy), where the vapor density was assumed to be 1200 kg/m3
(Kannosto et al., 2008; Hallquist et al., 2009).

For the daytime data, the growth rates of ions were calculated using the maximum concentration method
(Lehtinen and Kulmala, 2003). Using the latter method and the NAIS data in ion mode, the peak of the
ion concentration in each size bin was fitted by a Gaussian function, followed by determining the time at
which the maximum concentration is reached within each size bin. The growth rate was then determined
by fitting a linear least square fit through diameters as a function of the ‘maximum concentration’ times.
This method was used for calculating the GR of 1.5–3 nm particles in Paper IV. In addition, the same
method was applied to estimate the growth rate of the H2SO4-NH3 clusters detected with the APi-TOF
during daytime, which was done by converting the cluster masses into diameters in order to get growth
rate values in nm h-1 instead of amu h-1, using a cluster density of 1840 kg m-3 (Ehn et al., 2011).
For the night time data, when the ion concentrations are lower, the growth rates were calculated using
the appearance time method (Lehtipalo et al., 2014; Dal Maso et al., 2016). For this method, the ion
concentration from the NAIS in each size bin was fitted by a sigmoid fit function, followed by
determining the time at which 50% of the maximum concentration is reached within each size bin. The
growth rate was then determined by fitting a linear least square fit through diameters as a function of the
50% appearance times. This method was used for calculating GR of 1.5–6 nm ions in Paper V.
Moreover, the growth rate of charged molecules, measured by the APi-TOF, was determined by
identifying the masses with the highest normalized signal intensity, and then plotting the probability
distribution by fitting a Gaussian function to these masses. After that, the growth rate was determined by
a linear least square fit through the mean of the Gaussians obtained at each hour. In Paper V, the growth
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rate calculation was restricted to a night-time period between 18:00 and 21:00. Particle formation rates
from atmospheric observation
The formation rate of atmospheric particles (Ji) was calculated and used in Paper IV from the following
equation (Kulmala et al., 2012):
𝐽𝑖 =

𝑑𝑁𝑖−𝑗
𝑑𝑡

1

+ 𝐶𝑜𝑎𝑔𝑆𝑖−𝑗 × 𝑁𝑖−𝑗 + 𝛥(𝑖−𝑗) 𝐺𝑅𝑗 × 𝑁𝑖−𝑗 ,

(6)

where Ni-j is the particle concentration between the diameters i and j measured with the NAIS in particle
mode, CoagS is the coagulation sink of particles, which is the rate at which particles in the size bin i-j
are lost to pre-existing particles, and is derived from DMPS measurements (Kulmala et al., 2012). GRj
is the particle growth rate out of the bin calculated from NAIS measurements in ion mode described in
sections 2.2.4.

The formation rate of atmospheric ions (Ji±) was calculated in Papers IV and V from the following
equation:
𝐽𝑖± =

±
𝑑𝑁𝑖−𝑗

𝑑𝑡

1

±
±
±
±
∓
+ 𝐶𝑜𝑎𝑔𝑆𝑖−𝑗 × 𝑁𝑖−𝑗
+ 𝛥(𝑖−𝑗) 𝐺𝑅𝑗 × 𝑁i−j
+ 𝛼 × 𝑁i−j
𝑁<j
− 𝛽 × 𝑁i−j 𝑁<i
.

(7)

Here Ni-j± is the concentration of positive or negative ions between diameters i and j measured with the
NAIS in ion mode, α is the ion-ion recombination coefficient assumed to be equal to 1.6  10-6 cm3 s-1,
N<j± is the concentration of positive or negative ions with diameters smaller than j, β is the ion-neutral
attachment coefficient assumed to be equal to 0.01  10-6 cm3 s-1 and N<i± is the concentration of positive
or negative ions with diameters smaller than i. Assumptions were made considering the ambient
temperature, pressure and relative humidity as well as the sizes of the colliding objects, i.e. ion-ion or
ion-aerosol particle collisions (Hoppel, 1985; Tammet and Kulmala, 2005).

For chamber experiments, as in Paper III, the formation rate of particles was calculated from total
particle concentration measured with PSM (See section 2.1.3.3). The nucleation rates (J) were calculated
by using the time derivative of total particle concentrations above a certain threshold and accounting for
losses in the chamber:
𝐽=

𝑑𝑁
𝑑𝑡

+ 𝑆𝑑𝑖𝑙 + 𝑆𝑤𝑎𝑙𝑙 + 𝑆𝑐𝑜𝑎𝑔 [𝑐𝑚−3 𝑠 −1] .

(8)

17

Here, Sdil was used to describe the dilution of particles due to the synthetic air continuously flowing into
the chamber in order to account for the sample flow of the instruments. The dilution results in a lower
particle concentration and is calculated as follows:
𝑆𝑑𝑖𝑙 = 𝑁𝑡𝑜𝑡 · 𝑘𝑑𝑖𝑙 [𝑐𝑚−3 𝑠 −1 ] .

(9)

In Paper III, the total flow inside the chamber alternated between 225 and 250 lpm resulting in dilution
coefficients of kdil = 1.437 · 10-4 s-1 and kdil = 1.596 · 10-4 s-1, respectively.
Wall losses due to diffusion (Swall) were determined by observing the decay of sulfuric acid monomer of
diameter (dp,ref = 0.82 nm) concentrations in the chamber. The obtained loss rate coefficient is inversely
proportional to the mobility diameter of the particles (dp), and can therefore be scaled and applied to
correct for the losses of small clusters at chamber temperature using a reference temperature (Tref = 278
K):
𝑆𝑤𝑎𝑙𝑙 (𝑑𝑝 , 𝑇) = 𝑁(𝑑𝑝 ) · 𝑘𝑤𝑎𝑙𝑙 (𝑑𝑝 , 𝑇) [𝑐𝑚−3 𝑠 −1 ]
𝑘𝑤𝑎𝑙𝑙 (𝑑𝑝 , 𝑇) = 2.116 · 10

−3

· (𝑇

𝑇
𝑟𝑒𝑓

0.875

)

·(

𝑑𝑝,𝑟𝑒𝑓
𝑑𝑝

(10)
) [𝑠 −1 ]

(11)

The coagulation sink term, which is the loss of freshly formed particles and clusters to pre-existing
aerosols, (Scoag) was calculated from the measured number size distribution present in the chamber and
the coagulation coefficient K(dp,dp´) is the coagulation coefficient for particles sizes dp and dp´(Seinfeld
and Pandis, 2016):
𝑑′ =𝑚𝑎𝑥

𝑆𝑐𝑜𝑎𝑔 (𝑑𝑝 ) = ∫ 𝐾 (𝑑𝑝 , 𝑑𝑝′ )𝑛(𝑑𝑝′ )𝑑𝑑𝑝′ ≅ ∑𝑑𝑝′ =𝑑
𝑝

𝑝

𝐾(𝑑𝑝 , 𝑑𝑝′ )𝑁𝑑𝑝′ 𝑁 𝑑𝑝 [𝑐𝑚−3 𝑠 −1 ]
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(12)

3. Classification of new particle formation using characteristic air ions
New particle formation events have been observed all over the world (Kulmala et al., 2004; Kerminen et
al., 2018; Chu et al., 2019), and their analyses requires intensive labor, especially with the increased
number of measurement stations (Kulmala, 2018). Originally, days were classified as NPF events or nonevents following the method proposed by Dal Maso et al. (2005), in which days are visually inspected
for the appearance of a new mode in the size distribution within the nucleation mode size range (3–25
nm), and whether this new mode prevails for several hours while showing signs of further growth.
Although this method has been widely used, it still has some limitations. Apart from the fact that it is
labor intensive and requires long hours, it leaves a large group of days undefined due to incomprehensive
characteristics. In fact, the fraction of undefined days classified at SMEAR II station was around 50%
between the years 1996 and 2016 (Buenrostro Mazon et al., 2009). The latter limitation is mainly the
result of the instrumentation used in this kind of analyses, the DMPS (section 2.1.3.2), which does not
measure completely below 3 nm and effectively below 6 nm, and thus misses the initial steps of NPF and
clustering. Moreover, a visual classification method is subject to errors and human biases. Accordingly,
we developed, in Paper I, an automatic method which classifies days into NPF events, non-events and
two classes in between by extending the observation to sub-3 nm charged clusters (See NAIS, section
2.1.3.1). Our method, therefore, minimizes the number of undefined days which are usually excluded
from further analyses.

In order to validate our automated classification method, described in Paper I, we used 10 years of data
collected at the SMEAR II station, see section 2.1.1. Using the 2–4 nm ion concentration and their
subsequent growth, we were able to access the initial steps of clustering and thus estimate whether a
regional NPF event has occurred within the air mass during which the observation was made (regional
event, RE) or was carried to our measurement location (transported event, TE). In addition, some days
were classified as ion bursts (IB), where an increase of ion concentration (2–4 nm) was observed but was
not followed by growth. Days with none of the aforementioned criteria were classified as non-event days
(NE). The decision pathway of the event classification is shown in Figure 2.
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Figure 2. A flow chart for the decision pathway for event classification using the new classification
method. The figure is adopted from Paper I.

First, the method searches for a notable increase in the 2–4 nm ion concentration lasting for at least 1
hour above the threshold value detected from early morning observations. The ion concentration is
considered significant in case it exceeds 20 cm-3 (Leino et al., 2016). Next, the method searches for an
increase in 7–25 nm particle concentration that should persists for at least 1.5 hours and reach a value
higher than 3000 cm-3. So, if the ion concentration increases and is followed by an increase in the particle
concentration, a regional event (RE) is identified. However, if the ion concentration increases with no
subsequent increase in the particle concentration, the time period is classified as an ion burst. In parallel,
if the particle concentration increases without a prior increase in the ion concentration, the period is
defined as a transported event (TE), previously identified as a tail event (Buenrostro Mazon et al., 2009).
If neither 2–4 nm ions nor 7–25 nm particles are present in sufficient intensities, the period is then
classified as a non-event (NE).
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4. Long term observations of new particle formation events in the boreal
forest
Using 20 years of data measured at the SMEAR II station, we investigated the parameters affecting NPF
formation events during daytime, which is the time period during which growing NPF events have been
observed in Hyytiälä (Lehtipalo et al., 2011; Buenrostro Mazon et al., 2016; and Paper V). After
determining the start, peak and end times of NPF event days in Paper I using the presence of ions (2 –
4 nm), (See section 4.1), we restricted our further analyses to the NPF occurrence time of 9:00–12:00
local time and narrowed it down further to the time of most intense NPF (11:00–12:00 local time).
Within the specified time window, we studied the effect of cloudiness on the NPF frequency and found
that most RE occur under a clear sky conditions (Paper I). However, under clear-sky conditions, NPF
events were not always detected. We therefore investigated what parameters inhibit the occurrence of
NPF under clear-sky conditions in Paper II.

We applied the automated method, described in Paper I and Section 4, to 10 years of data measured with
the NAIS (Section 2.1.3.1) in order to identify the start, peak and end times of regional NPF events
observed at the SMEAR II station. During spring, most events started concurrent with the sunrise, peaked
before the noon and lasted for 9 to 11 hours before they completely diminished, as shown in Figure 3. In
comparison, during summer, RE started, peaked and ended later than events in spring, which could be
attributed to longer daylight hours and fewer clouds. However, during autumn and winter, the events
started earlier than the ones in spring or summer. The importance of identifying the exact time window
during which NPF events occurs enhances our understanding of the characteristic variables governing
the occurrence of an event by focusing on a specific time frame. For instance, the studies on NPF in the
boreal forest at SMEAR II station were restricted to daylight hours, specifically those during which the
events are occurring as in Papers II and IV.
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Figure 3. Frequency of days during spring at which regional events start, peak and end past sunrise. For
example, most events start within 3 hours from sunrise. Figure is adopted from Paper I.

In Paper II, we calculated the cloudiness parameter (P), described in section 2.2.1, during the 20 years
of measurements at the SMEAR II station. On one hand, our results show that 75% of the NPF events
had at least a semi clear sky (P > 0.5) (Figure 4b). Moreover, on cloudy days (P< 0.3) NPF events
occurred on less than 10% of the days (Figure 4a). On the other hand, NPF non-events were characterized
by lower values of P (Figure 4b). In specific, the median P value on non-event days was 0.25, in
comparison to median P value of 0.75 on event days. Thus, we conclude that clear sky conditions favor
the occurrence of NPF events. Furthermore, we found that P values were lower for TE than for RE, which
indicates that a semi-cloudy day is unfavorable for NPF within the measured air mass or inside the
boundary layer, which resulted in the occurrence of a NPF in another location where the conditions are
more favorable as shown in Paper I. The same conclusion also applies to more clouds (demonstrated by
a lower P value in Paper I) during ion bursts, classified using the automated method and NAIS ion data
in section 3. Indeed, ion bursts are attempts of a NPF event, which could have been interrupted due to
the appearance of a cloud during the formation or growth process. Under clear sky conditions, more
radiation necessary for photochemistry is available, resulting in more H2SO4 and HOMs leading to higher
frequency and intensity of NPF as discussed later in section 5, and Papers II, IV and V.
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Figure 4. (a) The fraction of days which are classified as NPF events, non-events, and undefined days
during different sky cloudiness conditions. (b) Cloudiness daytime (9:00–12:00) medians and
percentiles during NPF event, undefined and non-event days. The red line represents the median of the
data and the lower and upper edges of the box represent 25th and 75th percentiles of the data
respectively. The length of the whiskers represents 1.5 times the interquartile range which includes
99.3% of the data. Data outside the whiskers are considered outliers and are marked with red pluses.
Figure adopted from Paper II.

Under clear-sky conditions, when most NPF events take place, we found that sulfuric acid proxy (SA
proxy) had the highest concentration during February (Figure 5a). The higher concentration of SA proxy
during winter can be attributed to higher SO2 concentrations and lower boundary height. In contrast,
biogenic oxidized organics proxy (OxOrg proxy) concentrations followed the temperature profiles in the
boreal forest environment, with the maximum in July (Figure 5b). Thus, neither precursor vapor
concentrations coincided with the highest frequency of NPF events, i.e. during spring as shown in Paper
II. Accordingly, we hypothesize that neither of these two precursors is the limiting factor in the NPF
process at the SMEAR II station, and that instead they play a synergistic role resulting in the observed
NPF, described in Papers III and IV.
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(a)

(b)

Figure 5. Monthly variation of medians and percentiles of daytime (9:00–12:00) concentrations of (a)
SA proxy and (b) OxOrg proxy under clear sky conditions (P>0.7) during NPF events (E, white) and
non-events (N, blue). Figure is adopted from Paper II.
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Cloudiness affects the frequency of NPF as it obscures radiation and thus decreases the photochemistry
needed for providing the precursors for NPF. Therefore, in order to study the effect of other variables on
NPF at SMEAR II station, we concentrated on clear-sky conditions, particularly to understand the
absence of events during some clear-sky days (Paper II). For that purpose, we focused on the peak time
of NPF found in Paper I (11:00–12:00), and found out that temperature (T) and condensation sink (CS)
both play a role in determining NPF probability. In specific, we came to an equation (Equation 13)
relating T and CS above which no NPF events could occur, in Paper II.
CS (in the unit s-1) > -3.091×10−5 × T (in K) + 0.0120

(13)

Finally, we found that the highest probability of occurrence of NPF events corresponded to moderate T
and low CS (Figure 6). At low T, less biogenic volatile organic compounds are emitted, reducing the
precursor concentrations. However, at high T, HOMs are less likely to condense onto clusters, hindering
stabilization and further growth of freshly formed particles (Stolzenburg et al., 2018). However, when
CS is high, precursor vapors are lost much faster, thus decreasing their efficiency in participating in the
clustering process.

Figure 6. NPF probability distribution based on the CS and T during clear-sky days at NPF peak time
(11:00 -12:00). Marker size indicates number of days included in the probability calculation within every
cell. Figure is adopted from Paper II.
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5. Mechanism of New particle formation in the boreal forest environment

Using a well-controlled simulation chamber (Paper III), we simulated the possible mechanisms of NPF
in the boreal forest environment, in an attempt to mimic the mechanisms occurring at SMEAR II station
(e.g. Papers IV and V). First, we injected a mixture of pure biogenic monoterpenes α-pinene and 𝛥-3carene, which are the most abundant monoterpenes measured at SMEAR II station (Hakola et al., 2003;
Jokinen et al., 2016). The formation rates of these particles, during neutral (N) and galactic cosmic rays
(GCR) conditions, were similar in magnitude to those in a pure α-pinene systems conducted in earlier
experiments at CLOUD (Kirkby et al., 2016). However, although the SMEAR II station is relatively
clean, it is still affected by anthropogenic pollutants, including SO2, NH3 and NOx (Paper II).
Accordingly, we studied the impact of these vapors on biogenic NPF using experiments done within the
CLOUD chamber (Figure 7). SO2 is the precursor of H2SO4, which is a low-volatility vapor that governs
NPF in many environments (Weber et al., 1995; Birmili et al., 2003; Kulmala et al., 2006; Sihto et al.,
2006; Sipilä et al., 2010; Riccobono et al., 2012; Kuang et al., 2010; Yao et al., 2018). Interestingly,
under GCR conditions, the addition of SO2, and thus H2SO4, was found to enhance particle formation
only slightly in the absence of ammonia (NH3) and immensely in the presence of few 100 ppts of NH3.
Furthermore, no ion effect was seen under these conditions, proving that the quaternary mechanism of
NPF (H2O, HOMs, H2SO4 and NH3) proceeds through a neutral dominated pathway, while the ion
induced nucleation (IIN) pathway is rather minor. At the same time, NOx, which is mainly emitted from
traffic-related activities, was found to suppress new particle formation. In general, we hypothesize that
NOx interferes with the biogenic particle formation pathway by altering the chemistry of HOMs. Indeed,
not all HOMs contributed to the particle formation, in specific, non-nitrate HOM dimers correlated the
best with J1.7, which lead to our conclusion that the latter (non-nitrate HOM dimers) govern the nucleation
pathway. In the presence of NOx, the auto-oxidation pathway of HOM formation is inhibited and more
nitrate-containing HOMs were measured. Nitrate-containing HOMs were found to be more volatile, and
therefore less efficient in participating in clustering, slowing down the total particle formation rates.
Regardless of their higher volatility, these nitrate-containing HOMs still contributed to particle growth
rates. In addition, the particle growth was found to be independent of the ammonia concentration but was
mainly dependent on the HOM concentration, and mainly enhanced with an increasing non-nitrate HOM
dimer concentration. We therefore concluded that in the boreal forest environment, a synergistic role of
HOMs, H2SO4 and NH3 is present. The highest rate of particle formation was observed in the presence
of all the three components together, without the need of ions for stabilization. In the absence of NH 3,
the ion effect was enhanced, and HOM concentrations mediate the particle formation, through an IIN
pathway, which was confirmed through atmospheric observations in Paper IV.
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Figure 7. The effect of adding different vapors on biogenic nucleation rates (J1.7). All points have similar
monoterpene (about 550 pptv) and ozone (40 ppbv) mixing ratios. The leftmost points were measured
with only monoterpenes added to the chamber, and each step to the right represents addition of one more
component to the system. Solid, dashed and dotted arrows describe the addition of about 1 ppbv of SO2,
0.7 ppbv of NOx and 180 pptv of NH3, respectively. Circles are experiments at neutral (N) and diamonds
at GCR conditions. Colors of the symbols indicate the measured sulfuric acid concentration. The error
bars describe the uncertainty in the nucleation rates, which was calculated similar to earlier CLOUD
publications, taking into account both the systematic and statistical errors and run-to-run repeatability.
Figure is adopted from Paper III.

Provided that pure biogenic NPF is possible under atmospherically relevant conditions with the aid of
ions (Kirkby et al., 2016), we studied in Paper IV the possible mechanisms of IIN measured at the
SMEAR II station. Our focus was on the H2SO4-NH3 clusters and the factors that govern their clustering
and participation in IIN in the boreal forest. Indeed, we found that clusters of combined H2SO4-NH3 were
present when the ratio between the concentrations of biogenic HOMs and H2SO4 was less than 30 and
that NH3 is not the limiting factor. NH3-free clusters were visible up to 6 H2SO4 molecules. However, in
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the presence of NH3, the cluster could contain up to 13 H2SO4 molecules. On ~50% of the measurement
days, when IIN was observed in the NAIS, H2SO4-NH3 clusters were observed (H2SO4 -Ev). Therefore,
we deduce that an NH3-free mechanism governs the IIN during the other 50% portion of the days (OtherEv). Interestingly, the intensity of IIN increased with an increasing HOM concentration which in turn
increased with an increasing temperature (Figure 8). While H2SO4–Ev contributed to higher total particle
formation (IIN + neutral, JTOT), Other-Ev show higher JION/JTOT, which indicated the role of ions in
governing HOM driven IIN. We conclude that at higher H2SO4 concentrations, NH3 contributes to the
stabilization of the H2SO4 clusters, leading to a H2SO4-NH3 mediated IIN pathway. Conversely, when the
HOM concentration was dominant ([HOM]/[H2SO4] > 30), NH3 played no role and ions stabilized the
HOM clusters, leading to a pure biogenic IIN pathway. Finally, we found that the probability of ion
induced nucleation increased with an increasing size of the H2SO4-NH3 cluster, reaching the 100%
probability of IIN when the cluster contained at 6 or more H2SO4 molecules.

Figure 8. Formation rate of 2.5 nm ions and total particles (both ions and neutral clusters) under different
nucleation mechanisms. A) Charged fraction of the formation rate of 2.5 nm particles as a function of
the total signal of HOM ions color-coded by the H2SO4 concentration, and (B, C and D) the differences
in JION, JTOT, and JION/JTOT between the H2SO4–NH3-involved events (H2SO4-Ev) and other events
(Other-Ev). Figure is adopted from Paper IV.
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In Paper V, we show clear evidence of pure biogenic NPF in the boreal forest environment within few
hours around sunset. Under low H2SO4 conditions, biogenic HOMs originating from monoterpene
oxidation are able to form stable clusters, consistent with Paper IV. However, these clusters do not grow
past 6 nm, due to the lack of precursor vapors essential for their further growth. The latter is due to lack
of photochemistry during dark hours. These clusters were able to grow at a rate of 181.1 amu h-1, which
is equivalent to 0.14 nm h-1 in mobility diameter of clusters. In this study, we defined the products from
monoterpene oxidation as naturally-charged monomers (number of carbons = 9–10), dimers (number of
carbons = 16–20) and trimers (number of carbons = 27–30) in the ranges of m/z=300–400Th, 500–650Th
and 75–850Th, respectively. Naturally-charged dimers and trimers were found to increase ion
concentrations detected by the NAIS in the size bins centred at 1.44 nm and 1.66 nm, respectively (Figure
9). Regardless of the GR and the H2SO4 concentration, the slope between the concentrations of abovementioned HOMs and ions was approximately constant. At the same time, a clear relation was visible
between charged HOM dimers and formation rate of 1.5 nm ions, consistent with observations in Paper
III. Furthermore, we investigated the chemical speciation of the HOM dimers involved in the process of
ion formation. Indeed, we found a strong correlation between the number concentration of 1.44 nm ion
clusters and non-nitrate dimers. However, no correlation was observed with nitrate-containing dimers,
indicating weak condensation of nitrate containing HOMs, dominant during night-time (Bianchi et al.,
2017), onto small clusters. Our findings are consistent with Paper III, during which we found that NOx
supresses NPF by forming nitrate HOMs that do not contribute as much to vapor condensation, and
therefore to the particle growth, as non-nitrate HOMs.

29

Figure 9. Relationship between ion and mass spectrometers observations. (A) Normalized HOM dimers
signal as a function of the NAIS negative ion number concentration in the size bin centred at 1.44 nm.
Concentrations and signal intensities are one-hour averages from all event evenings between 16:00 and
00:00. (B) Normalized HOM trimers as a function of NAIS negative ion number concentration in the
size bin centred at 1.66 nm negative ion number concentration. (C) Averaged time series of the HOM
dimers signal normalized by total ion count (TIC) and formation rate of 1.5-nm negatively charged
clusters on event evenings. Black circles represent the median of the normalized HOM dimers signal,
while lower and upper limits of the error bars represent 25th and 75th percentiles, respectively. Figure is
adopted from Paper V.
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6. Review of papers and author’s contribution
Paper I is the first step of analyzing atmospherically observed new particle formation events in the boreal
forest environment and elsewhere in the world. Paper I explains how days can be automatically classified
into NPF events or non-events using characteristic air ions. Accordingly, 10 years of days measured in
the boreal forest at the SMEAR II station were classified into NPF events, non-events and two classes in
between: ‘transported events’ and ion bursts. The importance of this method lies in its ability to minimize
the errors created by human biases during the manual classification process, as well as in minimizing the
number of undefined days usually excluded from further analysis. Furthermore, the study identifies the
exact start, peak and end times of NPF events observed at SMEAR II station. For Paper I, I elaborated
the original idea, evaluated the automatic code, analyzed the data output and wrote the manuscript.
In Paper II, 20 years of data collected at the SMEAR II station were analyzed for the effect of clouds on
the occurrence of NPF events. Together with Paper I, the results show that clouds interrupt, if not
completely inhibit, the formation of particles. After considering only the days with clear sky conditions,
both condensation sink and temperature were found to govern the probability of NPF events. The study
was a continuation from the work that started, back when I was a student at Hyytiälä winter school, on
advanced data analyses in March 2015, where I contributed to most of the data analyses and wrote most
of the text.
Paper III explains how NPF and growth, under boreal forest daytime conditions, were simulated via
experiments in the CLOUD chamber at CERN. Within this paper, the roles of anthropogenic pollutants
(SO2, NOx and NH3) on biogenic NPF and growth were studied individually and in a mixture. While SO2
was found out to enhance NPF together with NH3, NOx was found to attenuate particle formation and
early growth. Accordingly, human activities interchangeably enhance and suppress NPF, depending on
the available conditions. I participated in the coordination of the campaigns, participated in the
experiment, prepared the particle data and the corresponding formation rates, and commented on the
manuscript.
In Paper IV, the synergistic effects of biogenic HOMs, H2SO4 and NH3 during daytime ion induced NPF
observed at SMEAR II station were studied. During daytime, H2SO4-NH3 clusters were found to be
important for both ion induced new particle formation and cluster growth rate. In fact, when clusters
contained 6 or more H2SO4 molecules, IIN was observed at almost 100% probability. In addition to
H2SO4-NH3 clusters, another pathway of IIN is proposed, with evidence of HOM-driven IIN. They could
well be HOM dimers, as suggested by Paper III and other complementary studies. I interpreted the IIN
growth and formation rates, contributed to the scientific discussions and wrote a portion of the text.
Paper V elucidates the night-time atmospheric observation of IIN at the SMEAR II station. While the
daytime pathway was found to involve HOMs and H2SO4-NH3 clusters, as found in Paper IV,
observations during the night-time at Hyytiälä were the first atmospheric evidence of a pure HOM driven
nucleation pathway. As HOMs include a wide range of molecules, a detailed analyses of the chemical
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specificities showed that only the HOM non-nitrate dimers were the ones most likely contributing to
nucleation. However, these freshly formed clusters did not show evidence of further growth, partly
explained by the lack of photochemistry responsible for forming H2SO4 and higher concentrations of
HOMs required for keeping the mechanism going. I interpreted the IIN growth and formation rates,
contributed to the scientific discussions and wrote part of the paper.
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7. Conclusions and outlook
New particle formation is an atmospheric phenomenon, observed in many environments (Kulmala et al.,
2004; Kerminen et al., 2018; Chu et al., 2019), and contributes to a major fraction of the global aerosol
number budget (Spracklen et al., 2010). The formed particles affect the climate by interfering with the
incoming solar radiation and by altering cloud properties (IPCC, 2013; Murphy and Ravishankara, 2018).
Besides, by forming high loading of nano-particles, NPF could be directly associated with deteriorating
human health (Oberdörster et al., 2004; Künzli and Tager, 2005; Apte et al., 2015; Burnett et al., 2018).
In this thesis, we investigate the driver behind NPF in a boreal forest environment and analyze the
atmospheric parameters that enhance or attenuate this phenomenon.
As a starting point of any atmospherically observed NPF-related analysis, and in order to quantify this
phenomenon, days are classified according to whether a NPF event had occurred or not. Originally, event
classification was done manually. Events were identified visually by the appearance of a persistent
nucleation particle mode followed by continuous growth (Dal Maso et al., 2005). However, such
procedure is labor intensive and is subject to human biases, especially when considering the increasing
number of measurement campaigns and stations. In addition, the visual method leaves a large fraction of
the days undefined, and such days are usually excluded from further analyses. In this thesis, as stated in
objective i, we made use of the development of particle instruments, such as the NAIS which accesses
the initial steps of NPF, in order to automatically classify NPF events based on their characteristic air ion
concentrations (Paper I). As a result of this framework, all days at the SMEAR II station were classified
into NPF events, nonevents and two classes in between. The automatic method also determined the start,
peak and end times of NPF regional events, and thus generated a time series during which an NPF event
had occurred at the SMEAR II station.
Using the defined time periods, we concentrated on the times during which an event had occurred in
order to understand which parameters affect the long-term behavior of the occurrence of NPF in the
boreal forest environment (Paper II). For example, clouds are known to attenuate the incoming solar
radiation and thus to prevent the photochemistry needed for producing precursors for NPF. Our results
showed that NPF events tend to occur under clear sky conditions, while cloudy days were mostly
nonevents (objective ii). However, on some clear sky days NPF did not occur. We therefore investigated
other meteorological parameters that define the NPF probability. In this thesis, we showed that NPF
events require a clear-sky environment with low condensation sink and a moderate temperature (objective
iii). Under these conditions, we observed that neither H2SO4 nor oxidized organics are the limiting factor
in the NPF process.
After considering the general environment necessary for NPF events to occur in the boreal forest, we
went into molecular level analyses in an attempt to understand the pathway from gaseous precursors to
stable clusters. H2SO4, supported by its very low saturation vapor pressure, has been identified as the
precursor vapor responsible for NPF in many environments globally (Sihto et al., 2006; Sipilä et al.,
2010). H2SO4 mediated nucleation and particle formation involved the stabilization of H2SO4 by
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ammonia or amines (Ortega et al., 2008; Kirkby et al., 2011; Almeida et al., 2013). Recently, highly
oxygenated molecules were found to contribute to the formation and growth of clusters, even in the
absence of sulfuric acid (Kirkby et al., 2016). Therefore, in order to understand the contribution of each
of H2SO4, NH3 and HOMs to NPF, we simulated the boreal forest environment in the CLOUD chamber
(Paper III).
In Paper III, a mixture of monoterpenes (α-pinene and 𝛥-3-carene) was first injected into the chamber
and, in the presence of O3, particle formation was observed. SO2 was then injected and, in the absence
of NH3, only slight enhancement in the formation rate of particles was observed. However, with the
addition of only few 100 ppts of NH3, the particle formation rate was intensely enhanced. The results
also showed that biogenic non-nitrate HOM dimers are the major contributor to particle formation and
growth. The experiment was indicative of an interplay between all three components (biogenic HOMs,
H2SO4 and NH3) and the importance of their simultaneous presence for the formation and survival of
particles (objective iv). In Paper III, besides SO2, the effect of other anthropogenic vapors, such as NOx,
on biogenic NPF was examined. Our results showed that NOx attenuates the particle formation and
growth by interfering with the chemical composition of HOMs and by reducing the concentration of nonnitrate dimers necessary for nucleation and growth.
Chamber studies, however, do not fully replicate our atmospheric conditions because of the missing
micrometeorology and unmeasurable and unidentified species. We therefore revisited the IIN at SMEAR
II in order to verify the particle formation mechanism in the daytime atmosphere (Paper IV). Our results
showed that NH3 is needed for the stabilization of H2SO4 clusters in order to ensure a sulfuric acidmediated pathway of NPF (objective iv). However, H2SO4-NH3 clusters were not observed when the ratio
of biogenic HOMs to H2SO4 exceeded 30, indicating another IIN mechanism which we hypothesized to
be HOM-mediated. In a cluster, up to 6 H2SO4 molecules were observed in the absence of NH3 and are
sought to be big enough to ensure a 100% probability of IIN.
In order to isolate the effect of biogenic HOMs on clustering in the atmosphere, we studied the chemical
composition of clusters accompanying nocturnal nucleation. In the boreal forest, post sunset H2SO4
concentrations are usually low, which explains the absence of night-time NPF (objective iv). However,
in Paper V we still observed ion induced clustering molecules incapable of growing past 6 nm. The
formation of these clusters was found to be driven by pure biogenic HOM dimers and trimers, confirming
our chamber observations in Paper III. The lack of growth of these clusters was tentatively attributed to
the lack of solar radiation needed for photochemistry, consistent with our observations in Paper II.
All papers verified that a sufficient intensity of solar radiation is crucial for providing the photochemistry
needed for the survival of freshly formed particles. In addition, the papers indicate a synergistic role of
all quaternary components (H2O, H2SO4, NH3 and HOMs) of NPF in the boreal forest environment. In
particular, biogenic non-nitrate dimers are found to be the most relevant HOMs for participating in
particle formation.
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With the establishment of long term stations (Kulmala, 2018), the effects of pollution mitigation policies,
such as the SO2 directive, on the concentration of precursor vapors will become more visible in our
measurements (Glachant, 2001). This leaves room for investigating long-term trends in new particle
formation frequencies and mechanisms and raises the question: will we go back to pre-industrial, lowH2SO4 character of new particle formation? Similarly, using long-term data, we could examine the effects
of radiation intensity attenuation by clouds on the chemical composition of precursor vapors and their
mechanisms of oxidation.
Moreover, the experiments in Paper III were done at a temperature of 5 degrees Celsius, mimicking
the spring-time boreal forest environment. This leaves room for similar experiments simulating
conditions typical for other seasons. Furthermore, with the development of recent trace-gas-measuring
instrumentation, biogenic vapors other than monoterpenes, such as sesquiterpenes and isoprenes, have
been measured in the boreal forest (Jokinen et al., 2016; Hellén et al., 2018). These could be simulated
in the chamber experiments for their role in NPF individually and in a biogenic mixture. Moreover,
similar experiments could be carried out in the presence of both amines and ammonia. Using such
chamber experiments combined with atmospheric observations, we could further investigate the
mechanisms of HOM formation and their relative volatilities in an attempt to answer: why HOM nonnitrate dimers?!
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