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Data analysis and regional scale modeling of atmospheric aerosols in Europe
Elham Baranizadeh
University of Eastern Finland, 2017
Abstract
Atmospheric aerosols produced from gas-to-particle conversion processes have important impact on
the climate and human health. The initial step of this phase change is called nucleation. Nucleated new
particles that grow further can directly affect climate by absorbing or scattering the incoming solar
radiation, or indirectly by acting as cloud condensation nuclei and thereby changing the lifetime and
optical thickness of clouds. This thesis focuses on better understanding the relationship between newparticle formation (NPF) events and different components such as meteorological, atmospheric gasphase species, and particularly solar radiation and cloudiness.
The solar radiation is an important key to NPF events, which involve photochemistry reactions in the
atmosphere. The UV spectrum in particular is important for the formation of radical species such as
OH∙, which is required to oxidize the atmospheric gas species such as SO2 and biogenic organic vapors
involved in NPF processes. Oxidation of SO2 leads to production of sulfuric acid, which has been
recognized as most important species in NPF events. We showed, however, that the absolute radiation
intensity alone cannot explain all NPF event days or the days when no new particles were formed.
Clouds attenuate the incoming radiation, thus affecting the production of new particles. We observed
that for a quantifiable NPF event to occur, the radiation intensity (I) should be at least about 50% of its
maximum possible value (Imax). In addition, a clear sky day in spring is a better candidate for NPF
event than a cloudy sky day in summer, indicating that relative radiation intensity is a better predictor
than radiation intensity itself. We observed that presence of cloud either interrupts or stops the below
cloud particle formation. The continuation of particle formation also depends on other components,
which favors the NPF events such as lower aerosol surface area (or condensation sink, CS) or high
sulfur dioxide concentration. The cloud adjustment scheme for modifying the photolysis rate profiles
within PMCAMx-UF, a 3D chemical-transport model, was updated with the TUV (Tropospheric
Ultraviolet and Visible) radiative-transfer model. Enhanced new-particle formation is predicted near
cloudy regions due to increase in reflected radiation near cloudy regions leading to increased actinic
flux, which in turn leads to higher sulfuric acid production.
Another focus of this work is the effort towards more accurate predictions of particle formation rates
and their number concentrations. To accurately predict the aerosol number concentrations, the proper
NPF mechanism is required. Over the course of the years and remarkable aerosol research advances,
different NPF mechanisms have been discovered in which the sulfuric acid vapor is mostly present.
Among these, binary mechanism of sulfuric acid-water and ternary sulfuric acid-water-ammonia have
been implemented in different aerosol and climate models. To parametrize these mechanisms, different
approaches are used. Commonly, Classical Nucleation Theory (CNT) is used in large scale models.
4

This approach, however, fails to predict the number concentrations. Thus, a dramatically large tuning
factor (10-5 or 10-6) is usually applied to the model predictions of aerosol number concentrations. In this
work, we replaced the CNT-based NPF scheme of the ternary pathway within PMCAMx-UF, a 3D
chemical-transport model, with particle formation rates simulated by Atmospheric Cluster Dynamics
Code (ACDC), which is based on first-principles calculations. It is shown that that the model using the
ACDC-based formation rates simulates the number concentrations of particles larger than 4 nm within
one order of magnitude of observations without tuning the predictions. This is very promising given the
fact that the CNT-based NPF scheme gives reasonable prediction only after applying dramatic tuning
factor. Last part of the thesis focuses on estimating the formation rates of the 3 nm particles generated
during NPF events at the SMEAR IV station in Kuopio (Finland), where the aerosol measurements
extend only down to 7 nm particles. To do this, an analytical formula based on aerosol dynamics was
used, with which one can extrapolate the formation rates of larger particles to obtain the formation rates
of smaller particles and vice versa. The method was first evaluated on NPF events in Hyytiälä where
the aerosol measurements are available for the particle sizes down to 3 nm. The estimated values are
found to be in good agreement with the observed ones when comparing the daily mean formation rates,
but the detailed time evolution is often poor. The failure to predict the time evolution of particle
formation is caused by the unsatisfactory growth rate estimates which required to calculate the time lag
between the formation of 3 nm and 7 nm particles. This points to the challenges in predicting
atmospheric nucleation rates for locations where the particle growth and loss rates are size and timedependent.
Keywords: atmospheric new-particle formation, solar radiation, cloudiness, nucleation, TUV,
PMCAMx-UF, Atmospheric Cluster Dynamics Code, particle formation rates, particle growth rate
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1 Introduction
An aerosol is defined as a mixture of fine liquid, solid, or mixed-phase particles in a gas. However, the
term aerosol phase is commonly used to refer to the particulate matter component only. Air, for
example, is an aerosol and the particles floating in it are called aerosol particles. The term aerosol can
also refer to technological uses such as aerosol spray, paints, medical treatment by inhalation devices
etc.
This thesis focuses on (secondary) atmospheric aerosols. Aerosols are either directly emitted to the
atmosphere (primary aerosols) or formed in the atmosphere (secondary aerosols) from gas-to-particle
conversion processes. This phase transition is initiated with nucleation of vapor molecules (Seinfeld
and Pandis, 2006). The species (one or more than one) involved in the nucleation process can nucleate
either on a pre-existing foreign surface (heterogeneous nucleation) or on the embryos of vapor
molecules without another foreign surface present (homogeneous nucleation). In this thesis, we are
interested in the nucleation of gas molecules (trace substances) and water in their vapor phase (air) to
the liquid (droplet) or solid phase. In the initial steps of nucleation, nanometer-size clusters of the new
phase are formed. The clusters of new-born particles become stable at a critical size and tend to grow
further. The cluster population changes in size and number by competition of two processes:
condensation/evaporation and coagulation. Through condensation a vapor compound such as sulfuric
acid, ammonia, organic vapors condense on homogenously or heterogeneously nucleated particles and
grow them to larger sizes and form new particles. By coagulation, however, smaller particles can
collide with larger size particles and stick together (coalesce) which results in loss of new-born
particles and thus less new-particle formation (NPF).
Atmospheric aerosols affect our lives in many important ways, depending on their size and
composition. Submicron aerosols can penetrate into the deepest parts of the human lungs and affect our
health. Aerosols can both directly (through absorption and scattering of (shortwave) solar radiation)
and indirectly, by modifying cloud properties, exert a radiative forcing on climate. The climate effects
of aerosol particles can be either warming or cooling. Particles that contain black carbon (soot) absorb
radiation and thus have a warming effect, whereas those particles that contain sulfate, nitrate and
organic carbon are able to efficiently scatter radiation, and thus have a cooling effect. Most aerosol
particles mainly scatter the incoming solar radiation. Thus, on the whole, the direct aerosol effect has a
net cooling effect on the global climate (International Panel on Climate Change, IPCC 2013). The
indirect effects arise from the fact that cloud drops are formed around aerosol particles - meaning that
aerosols act as cloud condensation nuclei (CCN) and hence affect the cloud properties. A higher
concentration of aerosols (e.g., more polluted environment than a clean environment) results in that the
available water vapor is distributed to a larger number of CCN – thus resulting in a higher number
density of cloud droplets thus brighter clouds with a longer lifetime. This is referred to as the indirect
effect of aerosols on climate. However, the magnitude of aerosol indirect effects remains the single
8

largest uncertainty in current estimates of anthropogenic radiative forcing (International Panel on
Climate Change, IPCC 2013) and causes large uncertainties in the calculations of future climate
change.
Gas-to-particle conversion (nucleation) as the first step of new-particle formation (NPF), or in other
words secondary aerosols, is known to be a major source of particles in the atmosphere (Seinfeld and
Pandis, 2006). The number concentration of submicron particles is an important quantity when
considering the secondary aerosols’ role in climate and human health. The mass concentration is
usually important when it comes to air quality regulations. In many locations aerosols are regulated by
particle mass concentration (e.g PM2.5; mass concentration of particles with diameter lower than 2.5
µm). However, many studies have shown that ultrafine particles (particle diameter < 100 nm), which in
most cases dominate the particle number concentration but only make a minor contribution to the
particle mass, may be a major cause of several adverse health effects (e.g., Obersdöster et al., 1996;
Peters et al., 1997, Shiraiwa et al., 2012). The aerosol number size distribution is highly relevant also
when estimating the aerosol impacts on climate, because the amount of CNN is determined from the
aerosol number size distribution. Therefore, to resolve the uncertainty of aerosols indirect effect on
climate it is highly necessary to determine the particle size distribution (Ahlm et al., 2013). This is,
however, a challenging task due to the lack of measurements in many places. This has led scientists to
develop aerosol models and aerosol dynamical theories to better understand and predict the aerosol size
distributions also in large scales. This in turn demands a good understanding of aerosol processes as
well as aerosol emissions during pre-industrial and present conditions (Carslaw et al., 2013). There still
remain many uncertainties concerning these emissions and processes, although substantial progress has
been made in understanding aerosol-climate interactions. For example, a global-modelling study by
Carslaw et al. (2013) shows that the contribution of uncertainty in natural emissions to indirect
radiative forcing is larger than the uncertainty in anthropogenic emissions. The natural emissions in
their study included volcanic sulphur dioxide, marine dimethylsulphide, biogenic volatile organic
carbon, biomass burning and sea spray. In addition, an experimental study by Kirkby et al. (2016)
introduced a NPF mechanism, which may dominate the NPF in pristine environments with low sulfuric
acid concentration, since it involves the nucleation of pure organic vapors with ions and oxidized
organic vapors as the stabilizing agents. They suggested that nucleation of pure biogenic species could
have resulted in more aerosols in the pre-industrial climate than thought before and thus also a lower
anthropogenic radiative forcing in the current climate.
More studies are needed to explore the NPF process, to achieve a less uncertain global picture of NPF
and, quantify the indirect aerosol effect on past (pre-industrial), current and future climate.
Atmospheric models are an important tool in pursuing this goal as they are necessary in predicting the
dynamics of the aerosol population. The NPF parametrizations based on Classical Nucleation Theory
(CNT) are commonly used in large scale atmospheric models. Due to the unrealistic assumptions (e.g.,
using bulk properties for nucleated particles), CNT-based NPF schemes have failed to predict the
particle formation rates. Thus, CNT-based predictions need to be scaled dramatically. However,
recently developed computational models (e.g., the Atmospheric Cluster Dynamics Code; ACDC;
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McGrath et al., 2012; Olenius et al., 2013) can now produce the particle formation rates without
applying any scaling factor. The ACDC model simulates the kinetics of molecular clusters population
and the clusters free energies calculated from first-principles methods such as quantum chemistry.
This thesis investigates the new-particle formation (NPF) phenomenon, its characteristics (e.g., particle
formation and growth rates) and the atmospheric parameters, which suppress or cause the NPF events.
Solar radiation, for example, is a key driver for photochemistry to produce condensing and nucleating
vapors. The methods used are data analysis of in-situ and airborne measurements as well as NPF
simulation by a chemical transport model (CTM).
The research questions that were addressed in this thesis are:
1. Can relative solar radiation intensity be used as an indicator of the occurrence of NPF events?
2. how does replacing the radiation scheme within PMCAMx-UF with radiative-transfer module
TUV (Tropospheric Ultraviolet and Visible) affect the predicted particle formation?
3. Are the most recent first-principle-based NPF schemes capable of accurately predicting number
concentrations of aerosols originated from nucleation processes, including their vertical
profiles, without tuning factors (e.g. 10-5) as is needed when using CNT-based NPF schemes?
4. How reliable are the extrapolation methods (based on aerosol dynamics) to estimate the particle
formation rates of 3 nm particles (apparent formation rate) from measured formation rates of
larger particles (e.g., 7 nm) for atmospheric NPF events?

2 Nucleation
Nucleation is defined as the initial step of transformation of one phase to another such as liquid-to-solid
(crystallization), liquid-to-vapor (bubble formation) and, vapor-to-liquid (droplet formation; Seinfeld
and Pandis (2006); Vehkamäki, 2006).
In this thesis, atmospheric particle formation by gas-to-particle conversion is our interest. The initial
step of gas-to-particle conversion starts with transition of atmospheric precursors in their vapor phase
(air) to the liquid (droplet) or solid phase. For this phase transition to happen, an energy barrier, which
originates from creation of an interface between the gas and particle phases, needs to be overcome. The
free energy of the new phase is lower than that of the initial phase. For nucleation to happen, the gas
precursor is required to be supersaturated. The saturation ratio Si describes the saturation degree of a
vapor i in air at temperature T:
10

𝑆𝑖 =

𝑝𝑖,𝑣
𝑁𝑖,𝑣
≈
𝑝𝑖,𝑠𝑎𝑡 (𝑇)
𝑁𝑖,𝑠𝑎𝑡 (𝑇)

(1)

where 𝑝𝑖,𝑣 and 𝑁𝑖,𝑣 are the partial pressure and molecular number concentration of vapor i, respectively,
and 𝑝𝑖,𝑠𝑎𝑡 (𝑇) and 𝑁𝑖,𝑠𝑎𝑡 (𝑇) are saturation vapor pressure and saturation molecular number
concentration of i in equilibrium with its liquid phase at temperature T, respectively. Subsaturated,
saturated and, supersaturated vapor is denoted by S<1, S=1 and, S >1, respectively. At large enough S
values, the cluster of vapor molecules (in air) experiences a competition of condensation and
evaporation of vapor molecules, and, may grow to large enough size, so-called critical size, at which
the monomer addition rate to the cluster is equal to the monomer loss rate. Below the critical size it is
more probable for a cluster to shrink than grow. The clusters which exceed the critical size, however,
most likely tend to grow rapidly and, in a way, complete the phase transition. The net number of
clusters per unit time which grow past the critical size is called nucleation rate.

2.1 Classical Nucleation Theory (CNT)
The key foundations of classical nucleation theory were initiated in the 1930s by pioneers such as
Volmer and Weber (1926), Farkas (1927) and Becker and Döring (1935). In the nucleation process an
energy barrier required for the phase transition needs to be overcome by thermal energy. The
−𝛥𝐺⁄

𝑘𝐵 𝑇
nucleation theory predicts the probability of crossing this energy barrier as a Boltzman factor 𝑒
where 𝛥𝐺 is the change in the Gibbs free energy (i.e. height of the energy barrier), kB is Boltzmann’s
constant and T is the temperature.

𝛥𝐺 includes contribution from the phase interface which is proportional to the surface area of the
nucleus (assuming spherical shape) and bulk which is proportional to the volume of the nucleus:

𝛥𝐺 = 4𝜋𝑟𝑝 2 𝜎𝑝 −

4
𝑅∗𝑇
𝜋𝑟𝑝 3 𝜌𝑝
𝑙𝑛𝑆𝑞
3
𝑀𝑞

(2)

where 𝑟𝑝 is the radius (m), 𝜎𝑝 the surface tension (J m-2) and 𝜌𝑝 the mass density of the condensed
cluster (kg m-3), 𝑅 ∗ is the gas constant (J mol-1 K-1), 𝑀𝑞 is the molecular weight of condensing gas (kg
mol-1), and 𝑆𝑞 is the saturation ratio of the gas. The nucleation rate (particles cm-3 s-1) is:

𝐽𝑛𝑢𝑐 = 𝐶𝑘𝑖𝑛 𝑒
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∗

−𝛥𝐺 ⁄𝐾 𝑇
𝐵

(3)

where 𝛥𝐺 ∗ is the change in the Gibbs free energy to form the critical cluster (the maximum of 𝛥𝐺) and
𝐶𝑘𝑖𝑛 (cm3 s-1) is a kinetic term, accounting for the collisions of vapor molecules with the cluster. CNT
makes some important assumptions when defining 𝛥𝐺. For example, a spherical shape is assumed for
the clusters (which can contain only a few molecules). Another assumption is that CNT applies
macroscopic values for the properties of the microscopic nucleus clusters. Even with its limitations,
CNT has been widely used both to interpret laboratory experiments as well as in large-scale models to
predict nucleation rates due to its convenience and reasonable computational cost. However, CNTbased approaches have failed to reproduce the measured particle formation/nucleation rates (Gaydos et
al., 2005; Yu et al., 2006; Jung et al., 2006; Merikanto et al., 2007b; Zhang et al., 2010) which has
resulted in the need to apply drastic correction factors (of the order of 10-5 to 10-6) to the CNT-based
formation rates to reproduce observed atmospheric number concentration profiles.

2.2 Nucleation mechanisms
Several nucleation mechanisms have been proposed to explain observations of atmospheric NPF:

2.2.1 CNT-based Binary and Ternary nucleation
Sulfuric acid (H2SO4) has a very low saturation vapor pressure in the presence of water vapor and thus
tends to transform to the liquid phase by condensing or co-nucleating e.g. with water vapor which is
abundant in atmosphere. Sulfuric acid is formed when sulfur dioxide (SO2) is oxidized by OH radicals
in the presence of water vapor. H2SO4-H2O nucleation (Doyle, 1961; Weber et al., 1999; Vehkamäki et
al., 2002) is believed to be dominant nucleation mechanism in the upper troposphere. However, within
the boundary layer at least a third species and even different mechanisms, seem to be involved.
Ammonia (NH3) has been recognized as another potentially important nucleation agent together with
H2SO4 and H2O through ternary H2SO4-H2O-NH3 nucleation.
Full simulations of CNT as part of a large scale atmospheric model are computationally too heavy –
thus the approach has been to perform a large set of CNT simulations separately, covering the
atmospherically relevant parameter space, and parameterize the results through multidimensional
curve-fitting. Such parameterizations of binary and ternary nucleation have been proposed e.g. by
Vehkamäki et al. (2002) and Napari et al., (2002), respectively. For the case of ternary H2SO4-H2ONH3 nucleation, the latter parameterization has been found to produce tropospheric nucleation rates,
and consequently particle number concentrations that are dramatically higher than observations. Thus
there has been a need to apply a correction factor (10-5 or 10-6) to the predicted rates.
More recently, amines have been found as another candidate to co-nucleate with H2SO4 and H2O by
both quantum chemical calculations and laboratory works (Kurten et al., 2008; Berndt et al., 2010;
Erupe et al., 2011; Zollner et al., 2010; Almeida et al., 2013). A molecular analysis of the sulfuric acid
12

amine clusters has revealed that the enhancing effect on nucleation is explained by a base-stabilization
mechanism involving acid–amine pairs, which strongly decreases evaporation (Almeida et al., 2013).

2.2.2 Semi-empirical approach
McMurry and Friedlander (1979) and McMurry (1980) proposed a kinetic nucleation mechanism
indicating that collisions of sulfuric acid monomers produce stable dimers and thus there is no
thermodynamic energy barrier for nucleation.
Several observations have revealed that the nucleation rates correlate with sulfuric acid concentration
(e.g. Weber et al., 1996; Birmili et al., 2000; Fiedler et al., 2005; Kulmala et al., 2006; Sihto et al.,
2006; Riipinen et al., 2007). The dependence of the atmospheric nucleation rate on sulfuric acid can be
typically approximated by a power-law:
𝐽𝑛𝑢𝑐 𝛼 [𝐻2 𝑆𝑂4 ]𝑛

(4)

where the power-law exponent 1 ≤ n ≤ 2. The CNT-based binary and ternary nucleation predict that n
>10 and 5< n <10 (e.g. Bernd et al., 2005), respectively. The kinetic type nucleation, originating from
the ideas of McMurry and Friedlander (1979) with n = 2, is based on kinetic gas theory, assuming that
collisions between sulfuric acid molecules or molecule clusters containing sulfuric acid lead to new
stable clusters. Kinetic nucleation rate is thus given by 𝐽𝑛𝑢𝑐 = 𝐾 [𝐻2 𝑆𝑂4 ]2 where the coefficient K then
includes e.g. molecular properties, possible effect on conditions and the probability that a monomer
collision results in forming a stable cluster.
Ion-mediated nucleation has been proposed (Yu and Turco, 2000) as another mechanism of
atmospheric nucleation. Ions are continuously added to atmosphere through ionization by Galactic
Cosmic Rays (GCR) or other localized sources such as combustion, lightning, corona discharge, etc.
Stable clusters can be formed for example by ion-ion recombination or ion-neutral reaction. Ions are
considered to have a relatively small overall role in the atmospheric nucleation process (e.g. Bianchi et
al., 2016). Very recently, however, Kirkby et al., (2016) set up an experiment in which Highly
Oxygenated Molecules (HOMs; produced by ozonolysis of 𝛼-pinene) were exposed to ions generated
by GCR. They observed nucleation without the presence of sulfuric acid and, furthermore, found out
that ions can increase the nucleation rates of these biogenic HOM-clusters by one to two orders of
magnitudes compare to neutral nucleation (ion-free). Therefore, if these observations in a wellcontrolled chamber represent also real atmospheric conditions, tropospheric nucleation could be
described by two major distinct mechanisms. First, the ternary H2SO4-H2O-x which correlates with the
H2SO4 concentration. The stabilizing species x can be e.g. ammonia, amines or HOMs or a
combination of these. The second mechanism, suggested by Kirkby et al. (2016), could only be
dominant in pristine environments with very low sulfuric acid concentration and involves the
nucleation of pure organic vapors with ions and oxidized organic vapors as the stabilizing agents. In a
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very recent paper, Gordon et al. (2016) found that by implementing the parameterized HOM nucleation
mechanism of Kirkby et al (2016) the baseline preindustrial aerosol concentration is higher than
thought before and could lead to a reduction of 27% in estimates of anthropogenic aerosol radiative
forcing.

2.3 Dynamical processes of nuclei
2.3.1 Condensation
Diffusion of a vapor to the surface of nucleated particles which involves a gas phase change of the
diffusing gas is called condensation. The vapors condensing on the clusters need to have a low enough
equilibrium vapor pressure (with respect to the condensed phase) so that they stay in their condensed
phase. The vapors responsible for condensational growth can be either species involved in the
nucleation itself (e.g. sulfuric acid, ammonia, amines, water vapor) or different from those. Organic
vapors like Volatile Organic Compounds (VOC) mostly emitted from trees and vegetation can also
grow the nuclei after they have been oxidized (by OH, O3 and NO3) and thus become of low volatile
enough. Isoprene, monoterpenes and sesquiterpenes are the main biogenic VOCs. In situ measurements
have shown that organic compounds are a major fraction of atmospheric aerosols (Jimenez et al., 2009;
Zhang et al., 2011).
The driving force behind condensation is the difference between the vapor pressure (or concentration)
of the condensing vapor at the particle surface (denoted by peq (Pa) and Ceq (cm-3)) and far from particle
surface (pvapor (Pa) and Cvapor (cm-3); Seinfeld and Pandis, 2006). Therefore, the direction and
magnitude of the flux of condensing vapor towards/from the particle surface is proportional to
(𝑝𝑣𝑎𝑝𝑜𝑟 − 𝑝𝑒𝑞 ) or (𝐶𝑣𝑎𝑝𝑜𝑟 − 𝐶𝑒𝑞 ).
As mentioned earlier, sulfuric acid has a very low vapor pressure in the presence of water vapor thus
tends to participate in nucleation and condensational growth. The rate of change in the sulfuric acid
concentration in the atmosphere (Pierce and Adams, 2009) can be estimated from:

𝑑[𝐻2 𝑆𝑂4 ]
= 𝑃𝐻2 𝑆𝑂4 − 𝐶𝑆. [𝐻2 𝑆𝑂4 ] − 𝐽𝑛𝑢𝑐 . 𝑀𝑛𝑢𝑐
𝑑𝑡

(5)

where [𝐻2 𝑆𝑂4 ] is the concentration (cm-3) of gas-phase sulfuric acid, 𝑃𝐻2 𝑆𝑂4 (cm-3 s-1) is the chemical
production rate of sulfuric acid vapor via reaction of sulfur dioxide 𝑆𝑂2 and OH radicals, CS is the
condensation sink that accounts for the loss rate of sulfuric acid vapor to pre-existing aerosols with the
unit s-1, 𝐽𝑛𝑢𝑐 (cm-3 s-1) is the nucleation rate and 𝑀𝑛𝑢𝑐 is the amount of the sulfuric acid consumed in
one single nucleation process.
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The condensation sink CS is an important parameter that indicates how rapidly the condensing vapor
molecules with diffusion coefficient 𝐷𝑣𝑎𝑝𝑜𝑟 (cm2 s-1) and mean free path 𝜆𝑣𝑎𝑝𝑜𝑟 (cm) condense onto
pre-existing particles with number distribution 𝑛(𝑑𝑝 ) (Kulmala et al., 2001):
∞

𝑛

(6)

𝐶𝑆 = 2𝜋𝐷𝑣𝑎𝑝𝑜𝑟 ∫ 𝑑𝑝 𝛽(𝑑𝑝 , 𝛼) 𝑛(𝑑𝑝 )𝑑𝑑𝑝 = 2𝜋𝐷𝑣𝑎𝑝𝑜𝑟 ∑ 𝛽𝑀𝑖 𝑑𝑝,𝑖 𝑁𝑖
𝑖

0

The transitional correction factor 𝛽 extrapolates the continuum regime (𝐾𝑛 =
theory to the transition and free molecular regimes (𝐾𝑛 =

2𝜆𝑣
𝑑𝑝

2𝜆𝑣
𝑑𝑝

< 1) condensation

> 1). A widely used equation for 𝛽 is the

one derived by Fuchs and Sutugin (1970):

𝛽=

𝐾𝑛 + 1
4
4
0.377𝐾𝑛 + 1 + 3 𝐾𝑛2 𝛼 −1 + 3 𝐾𝑛 𝛼 −1

(7)

where 𝛼 is the sticking coefficient or the mass accommodation coefficient which is usually assumed to
be unity (Winkler et al., 2004). To take into consideration the hygroscopic growth of particles due to
uptake of water vapor, a growth factor (GF) which is RH and particle-size dependent is applied to the
particles size bins. In our study, we adopted the GF function from Laakso et al., (2004).

2.3.2 Coagulation
Coagulation of aerosol particles is defined as a collision of particles which make them sticking
together. The collisions can be induced by Brownian diffusion, electrostatic forces, gravitational
settling. In this thesis the focus is on Brownian coagulation as it is the most dominant coagulation
process for sub-micron particles in the atmosphere.
When new particles have formed and start to grow, they may collide with existing larger particles and
are thus removed from the gas. The coagulation sink (CoagS) gives the rate by which the nm-sized
particles are lost to the existing larger particles and is calculated as follows (Kulmala et al., 2001;
Seinfeld and Pandis, 2006):

𝐶𝑜𝑎𝑔𝑆(𝑑𝑝,𝑖 ) = ∑ 𝐾𝑖,𝑗 (𝑑𝑝,𝑖 , 𝑑𝑝,𝑗 ) 𝑁𝑗
𝑗
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(8)

where 𝐾𝑖,𝑗 is the coagulation coefficient of particles in ith and jth size classes. The coagulation
coefficient 𝐾𝑖,𝑗 of two colliding particles in size classes i and j with diameter 𝑑𝑝,𝑖 and 𝑑𝑝,𝑗 , diffusion
coefficients 𝐷𝑖 and 𝐷𝑖 , and the mean thermal velocities 𝑐̅𝑖 and 𝑐̅𝑗 is given by:

𝐾𝑖,𝑗 =

2𝜋(𝑑𝑝,𝑖 + 𝑑𝑝,𝑗 )(𝐷𝑖 + 𝐷𝑗 )
𝑑𝑝,𝑖 + 𝑑𝑝,𝑗
4(𝐷𝑖 + 𝐷𝑗 )
+
𝑑𝑝,𝑖 + 𝑑𝑝,𝑗 + 2𝜎𝑖,𝑗 (𝑑𝑝,𝑖 + 𝑑𝑝,𝑗 )𝑐̅̅̅̅
𝑖,𝑗

(9)

where 𝑐𝑖,𝑗 is the relative thermal velocity of two coagulating particles.

3 After nucleation: New-Particle Formation (NPF) process
After the stable molecule clusters have been formed with a size of around 1 nm in diameter, they may
start to grow by condensation to larger sizes. However, they can also be lost by coagulation with preexisting particles or by other removal processes such as wet and dry deposition. Some of these growing
particles survive these scavenging processes and grow to sizes where they can be detected e.g. by
Differential Mobility Particle Sizer (DMPS) or Scanning Mobility Particle Sizer (SMPS). This process
of nucleation and subsequent growth is known as new-particle formation (NPF). The scavenging rate
by coagulation onto larger particles is decreasing with increasing particle size and a significant fraction
of those particles that grow to detectable sizes (typically 3 nm) grow further past 50 nm where they can
serve as cloud condensation nuclei (CCN).

3.1 Aerosol size distribution
Atmospheric aerosols are characterized by their concentration (typically number, mass and/or surface
area), size distribution, and chemical composition. In this thesis, the number distribution of submicron
particles is especially important because of its important role both in climate and human health (Ahlm
et al., 2013). The number of cloud condensation nuclei (CCN) and furthermore cloud activation as well
as the fraction of particle pollution penetrating the human lung are estimated primarily from the aerosol
number size distribution.
The size distribution of submicron particles can be typically quite well described by a sum of several
log-normal distributions (Whitby 1978, 1987, 1991; Mäkelä et al. 2000; Birmili et al. 2001; Hussein et
al., 2004, 2005). In the case of discrete distributions, the particle size distribution is represented as
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discrete bin concentrations (in particles cm-3). The total number concentration is then obtained by
summing the concentrations in all size bins.
Dynamical processes change the aerosol size and chemical composition distribution. These processes
include nucleation, condensation, coagulation, evaporation, wet and dry deposition, aqueous chemistry,
and aerosol-cloud interactions. An integro-differential equation describing the rate of change of the
particle size distribution function 𝑛(𝑣, 𝑡) (μm−3 cm−3) due to these aerosol dynamical processes can be
derived. This equation is called the General Dynamical Equation (GDE), here expressed in terms of
particle volume 𝑣 (μm−3) (Gelbard and Seinfeld, 1979; Seinfeld and Pandis, 2006):
∞
𝜕𝑛(𝑣, 𝑡) 1 𝑣
= ∫ 𝐾(𝑣 − 𝑞, 𝑞)𝑛(𝑣 − 𝑞, 𝑡)𝑛(𝑞, 𝑡) 𝑑𝑞 − 𝑛(𝑣, 𝑡) ∫ 𝐾(𝑞, 𝑣)𝑛(𝑞, 𝑡) 𝑑𝑞
𝜕𝑡
2 0
0
𝜕
− [𝐼(𝑣)𝑛(𝑣, 𝑡)] + 𝐽𝑛𝑢𝑐 𝛿(𝑣 − 𝑣𝑛𝑢𝑐 ) + 𝑆(𝑣) − 𝑅(𝑣),
𝜕𝑣

(10)

where t (s) is time, K(q,v) (cm3 s-1) is the coagulation coefficient between particles of volume q and v,
𝐼(𝑣) (μm3 s−1 ) is the condensational volume flux, 𝐽𝑛𝑢𝑐 (cm-3 s-1) is nucleation rate, 𝛿(𝑣 − 𝑣𝑛𝑢𝑐 ) is the
Dirac delta function which is equal to infinity if 𝑣 = 𝑣𝑛𝑢𝑐 , with 𝑣𝑛𝑢𝑐 being the volume of nucleus, and
zero elsewhere, 𝑆(𝑣) and R(v) are other possible source and sink terms. The first two terms on the right
hand side represent the formation and loss of particles by coagulation (as the dominant loss process for
atmospheric particles), the third condensation/evaporation and the fourth nucleation.

3.1.1 Techniques to measure the aerosol number concentration
Optical and electrostatic methods are commonly used for sizing the aerosol particles and measuring
their number concentration. DMPS has been long used to measure the size distribution. Until very
recently the measurement range of DMPS has been limited to particle size above 3 nm in diameter. In
DMPS, particles are first artificially neutralized (in order to reach a well-defined charge distribution)
and then exposed to an electric field within a Differential Mobility Analyzer (DMA) for size
classification based on their electrical mobility. The electrical mobility (𝐵𝑒 ) of a particle with electrical
charge q is given by (Seinfeld and Pandis, 2006):
𝑞𝐶

𝐵𝑒 = 3𝜋𝜇𝐷𝑐 ,

(11)

𝑝

where 𝐷𝑝 is the particle mobility diameter, 𝐶𝑐 is the Cunningham slip correction factor, which depends
on particle diameter, and 𝜇 is air viscosity. After sizing by DMA, the concentration of particles is
measured by Condensation Particle Counter (CPC). CPC enlarges particles by condensation of
supersaturated vapor (most often butanol, sometimes water), to sizes where they can be optically
detected. In Paper I and III, we use the particle number size distributions measured by twin-DMPS
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systems at Hyytiälä (Finland), Puijo (Finland) and San Pietro Capofiume (SPC, Italy). A twin-DMPS
consists of two DMAs covering two different size ranges and two CPCs. In Paper II, we again make
use of the ground-level particle number size distributions measured by DMPS at several different
European sites including Hyytiälä. We also use the vertical profiles of particle number concentration
measured by PCASP-100X (Passive Cavity Aerosol Spectrometer Probe; Liu et al., 1992) and CPSA
(Condensation Particle Size Analyzer; Fiebig et al., 2005; Feldpausch et al., 2006). PCASP-100X is an
airborne optical spectrometer which measures the number concentration of accumulation-sized
particles, and sizes the particles based on the intensity of the light scattered by the particles. CPSA
consists of four CPCs which count the number of particles at different cut-off diameters (the values of
which depend on the supersaturation reached in the instrument). We used the measurements covering
the size range 160-1040 nm from the channels 3 to 10) of PCASP and two channels of CPSA with
lower cut-off diameters 4 and 10 nm (Paper II).

3.2 Characteristics of NPF events
NPF events are commonly detected from the evolution of measured particle number size distributions
in terms of their number concentration. Figure 1 shows three examples of NPF event days observed in
Hyytiälä, Finland (Figure 2 in Paper III). As can be seen from the figure, a burst in number
concentration of small particles (nucleation mode) appears around noon, which further grow, to larger
sizes (Aitken and Accumulation modes) where they become climatologically important.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1: Examples of Hyytiälä NPF events. Figures (a, b, and c) present the evolution of the particle
number size distributions measured by DMPS. White dots represent the geometric mean diameters that
corresponds to the peak value of the individual fitted lognormal functions, and the solid black line
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shows the first-order polynomial fit. Figures (d, e, and f) show the corresponding evolution of 3 nm
particle formation rates obtained from Eq. (4) in Paper III (red), observed 𝐽3,𝑜𝑏𝑠 (black) and observed
formation rates of 7 nm particles 𝐽7,𝑜𝑏𝑠 (cyan).
The basic characteristics of NPF events are their nucleation rate, particle formation rate and growth rate
(𝐺𝑅 =

𝑑𝑑𝑝
𝑑𝑡

). Nucleation rate or “actual” formation rate refers to the formation rate of sub-2-nm nuclei

and is typically a challenging task to measure. The “particle-formation rate” or so-called “apparent”
formation rate of NPF events (see the curves in Figure 1-d-e-f) describes the formation rate of nuclei at
a larger, or measurable, size (typically at 3 nm or above) for which there exists established
measurement techniques. Several studies have suggested extrapolation methods to determine the actual
nucleation rates from measured formation rates (McMurry and Friedlander (1979); McMurry (1982;
1983); Weber et al. (1996); Kerminen and Kulmala (2002); Kerminen et al. (2003); Lehtinen et al.
(2007); Kürten et al. (2015)). In Paper III, we used the method by Lehtinen et al. (2007), which is a
follow up study of Kerminen and Kulmala (2002), to extrapolate the formation rates of 7-nm particles
down to formation rate of 3-nm particles in Puijo (Finland). Particle number size distributions
measurements extend only down to 7 nm in Puijo. To validate the method, we applied it first on NPF
events observed and quantified in Hyytiälä (see examples in Figure 1). The key assumptions in the
method by Lehtinen et al. (2002) are that 1) nuclei are lost only by coagulation onto larger particles,
with a coagulation sink that has a power-law dependence on nuclei diameter, 2) nuclei grow by
condensation with a constant GR, 3) the background particle population remains unchanged during
growth (Figure 2).

Figure 2: Nucleation, growth, and coagulational scavenging of atmospheric nuclei.
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Therefore, the change in number concentration of nuclei within size range [𝑑1 , 𝑑2 ] is determined by
those dynamic processes which result in loss or production of new particles:
𝑑𝑁[𝑑1 ,𝑑2 ]
= 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 − 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 = 𝐽𝑑1 − 𝐽𝑑2 − 𝑁[𝑑1 ,𝑑2 ] ∙ 𝐶𝑜𝑎𝑔𝑆
𝑑𝑡

(12)

where 𝐽𝑑1 and 𝐽𝑑1 can be interpreted as apparent formation rates of particles at the lower and upper
limits of the size range, respectively. Actually, 𝐽𝑑1 is the flux of growing particles into the size range at
the lower limit while 𝐽𝑑2 is the flux of particles that grow out of the size range. The term
𝑁[𝑑1 ,𝑑2 ] . 𝐶𝑜𝑎𝑔𝑆 describes the loss of particles within the size range due to their coagulation with larger
background particles.
In a continuous description of aerosol dynamics the formation rate 𝐽 can be written as
𝐽=

𝑑𝑑𝑝
𝑑𝑡

𝑑𝑁

∙ 𝑛(𝑑𝑝 ) = 𝐺𝑅 ∙ 𝑛(𝑑𝑝 ) where n is the aerosol size distribution 𝑛 = 𝑑𝑑 . Using equation (10)
𝑝

and the assumptions mentioned earlier, Lehtinen et al. (2007) derived an expression by which the
formation rate of the particles at lower limit of the size range [𝑑1 , 𝑑2 ] can be estimated from the
formation rate of particles of the upper limit (𝐽𝑑2 ), and vice versa, from:
(13)
𝐶𝑜𝑎𝑔𝑆(𝑑1 )
𝐽𝑑1 = 𝐽𝑑2 ∙ exp (𝛾 ∙ 𝑑1 ∙
),
𝐺𝑅
1

𝑑

with 𝛾 = 𝑚+1 ((𝑑2 )𝑚+1 − 1) and 𝑚 =
1

log[𝐶𝑜𝑎𝑔𝑆 (𝑑2 )⁄𝐶𝑜𝑎𝑔𝑆(𝑑1 )]
𝑙𝑜𝑔[𝑑2 ⁄𝑑1 ]

,

To obtain the equation it is assumed that the growth rate of particles is size and time independent
(GR=constant), and that the coagulation sink is time independent but power-law size dependent:
𝑑

𝐶𝑜𝑎𝑔𝑆(𝑑2 ) = 𝐶𝑜𝑎𝑔𝑆(𝑑1 )(𝑑2 )𝑚 ,
1

where m is obtained directly from the background particle number size distributions, and is typically in
the range [−2, −1.5].
To determine the growth rate, two methods have commonly been used. In the so-called maximumconcentration method (Lehtinen and Kulmala, 2002); at a given diameter the maximum particle
concentration during the time of measurement is determined and a growth rate is then determined by
linear fit to the peak times and corresponding diameters. Other approach is through mode-fitting; at a
given measurement scan (usually by DMPS) a log-normal mode is fitted to the nucleation mode and
then the growth rate is determined by a linear fit to the time evolution of the geometric-mean diameter.
In Paper III, we have used the latter method, with the automated algorithm developed by Hussein et al.
(2005) for fitting log-normal modes to the measured size distributions (black dots and white fitted line
in Figure 1).
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3.3 Simulation of NPF process
3.3.1 3-D regional-scale chemical-transport model PMCAMx-UF description
The three-dimensional regional chemical transport model (CTM) PMCAMx-UF, an extension of the air
quality model PMCAMx (Gaydos et al., 2007, Karydis et al., 2007), simulates both the size-dependent
particle number and chemically resolved mass concentrations (Jung et al. 2010). Comprehensive Air
Quality Model with Extensions (CAMx) is the framework of PMCAMx (thus PMCAMx-UF), which
describes the vertical and horizontal advection and dispersion, wet and dry deposition, and gas-phase
chemistry. The main difference in PMCAMx-UF as compared with PMCAMx, is in treating the aerosol
microphysics, including NPF, condensation and coagulation done by Dynamic Model for Aerosol
Nucleation (DMAN) module by Jung et al. (2006; see also Figure 3). DMAN uses the Two-Moment
Aerosol Sectional (TOMAS) algorithm (Adams and Seinfeld, 2002) to track the aerosol number and
mass distributions. DMAN divides the aerosol particles into 41 logarithmically-spaced size bins
between 0.8 nm and 10 μm. Paper II and papers cited in this section, describe the PMCAMx-UF
model in more detail.

Figure 3: Schematic description of PMCAMx-UF. Note that NPF process is only one of the many other
processes implemented in PMCAMx-UF (inspired by CAMx’s user guide, version 6.40;
http://www.camx.com/files/camxusersguide_v6-40.pdf).
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3.3.2 NPF schemes in PMCAMx-UF
The balance equation of the aerosol number and mass concentrations (𝐶𝑗 ) is generally described as
follows (Jung et al., 2006):
𝑑𝐶𝑗
= 𝑅𝑛𝑢𝑐 + 𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑐𝑜𝑎𝑔
𝑑𝑡

(14)

where 𝑅𝑛𝑢𝑐 , 𝑅𝑐𝑜𝑛𝑑 , 𝑅𝑐𝑜𝑎𝑔 (units are particles cm-3 s-1 and µg cm-3 s-1 for number and mass
concentrations, respectively) are the nucleation, condensation and coagulation rates.
Nucleation rates are calculated within the DMAN module using the ternary nucleation (H2SO4-H2ONH3) parameterization by Napari et al. (2002) and the binary nucleation (H2SO4-H2O) parameterization
by Vehkamäki et al. (2002), which both are CNT-based schemes. In DMAN, ternary nucleation is on
when the sulfuric acid and ammonia concentrations exceed 104 molec cm-3 and 1ppt, respectively.
Otherwise, the binary pathway is on (as long as sulfuric acid concentration exceed 104 molec cm-3). In
Paper II, we updated the ternary nucleation pathway with the nucleation rates simulated by the
Atmospheric Cluster Dynamics Code (ACDC, McGrath et al., 2012; Olenius et al., 2013; Almeida et
al., 2013; Henschel et al., 2015) which is based on first-principle calculations of nucleation.
ACDC simulates the kinetic of the molecular cluster population by numerically solving the birth-death
equations of clusters (McGrath et al., 2012; Olenius et al., 2013). The main processes that result in
generation of a given cluster is collision of smaller clusters and fragmentation of larger clusters, while
destruction of the clusters takes place due to the fragmentation of the given cluster and coagulation
with other larger clusters. One of the benefits of the ACDC code is its flexibility to calculate or input
the Gibbs free energies values of clusters formation (to calculate the evaporation rates) from any
method. Quantum chemical input data used in ACDC has been proven as a suitable method to calculate
the free energies (Almeida et al., 2013) instead of the liquid droplet model used in the CNT approach
(Merikanto et al., 2007a). Another strength of ACDC is that, unlike in CNT, collisions and evaporation
of di- and higher mers are taken into account. The clusters (approximately 1.3 nm in mobility diameter)
simulated by ACDC in Paper II contain up to three sulfuric acid and three ammonia molecules which
are hydrated by up to five water molecules. The flux of clusters growing out of the tracked system
determines particle formation rates in steady-state (Henschel et al., 2015).

3.4 Solar radiation and cloudiness effects on NPF events
The precursor gases involved in nucleation and subsequent growth of nuclei undergo photochemical
reactions and become oxidized with radical species in the atmosphere. The radical production rate in
turn is strongly correlated with the solar radiation intensity, in particular the UV light intensity. The
hydroxyl radicals (OH∙) are responsible for oxidation of most atmospheric compounds and pollutants
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(Bonn et al., 2014; Gligorovski et al., 2015) such as sulfur dioxide SO2 which results in sulfuric acid
production. Therefore, the sulfuric acid concentration is strongly correlated with the OH concentration
and with the solar radiation intensity. Thus, any change in radiation intensity will affect the newparticle formation process. Clouds, for example, affect the photolysis rates of photochemical reactions
by influencing the incoming solar radiation. Clouds can both attenuate and enhance the solar radiation,
in particular the actinic flux of ultraviolet (UV) and visible radiation, which are responsible for
photolysis. The enhancement of actinic flux above cloud is due to the increased reflection (from
clouds) of solar radiation. In addition, clouds in clean environments affect NPF, because of their
cleansing effect, which leads to lowering the condensation sink (or aerosol surface concentration)
(Shaw 1989; Wehner et al., 2015). Most recently, Wehner et al., (2015) observed NPF enhancement
near the cloudy regions due to increased irradiance (Paper II) in the UV spectrum. They concluded
that, this (i.e. enhancement of NPF in the vicinity of clouds with increased irradiance) could be
intensified by increased turbulence in the cloud edges as well as mixing with cleaner air leading to to a
lower condensation sink. In addition, dimethyl sulfide can be brought up with cloud updrafts to the
cleaner cloud layer where it becomes oxidized to 𝑆𝑂2 and 𝐻2 𝑆𝑂4. This, requires enhanced radiation to
produce precursors for NPF (Wehner et al., 2015).

3.4.1 Cloud-adjustment to photolysis rates in PMCAMx-UF
The Regional Acid Deposition Model (RADM; Chang et al., 1987) is used in PMCAMx-UF to treat the
effect of cloudiness on photolysis rates. RADM uses the cloud optical depth from the meteorological
input data and the solar zenith angle to estimate the time- and layer-dependent adjustment factors (Aadj)
for the photolysis rates (Japparent= Aadj Jclear). In Paper II, we replaced RADM with TUV (Tropospheric
Ultraviolet and Visible radiative-transfer model; Madronich, 2002). In contrast to RADM approach, the
TUV model accounts for the direct effect of aerosols and particulate water. TUV also represents the
scattering of shortwave radiation that could happen between cloudy layers and between the cloud and
ground.

3.4.2 Determination of cloudiness from measured solar radiation
In Paper I, we calculated the relative solar radiation intensity (𝐼 ⁄𝐼𝑚𝑎𝑥 ), in which I is the measured
global radiation intensity (W m-2) and 𝐼𝑚𝑎𝑥 the maximum possible radiation intensity corresponding to
cloud- and aerosol-free conditions. 𝐼 ⁄𝐼𝑚𝑎𝑥 , therefore, indicates the fraction of incoming radiation
reached to ground after being attenuated by clouds and aerosols and is therefore also a measure of
cloudiness. The motivation behind our interest in the ratio 𝐼 ⁄𝐼𝑚𝑎𝑥 was that we first tried to
unsuccessfully correlate I with NPF, but quickly found out that the absolute radiation intensity I alone
cannot explain the occurrence of NPF days because of the natural annual variation in 𝐼𝑚𝑎𝑥 . Especially,
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there are several non-event days in the summer when the daily mean radiation intensity I is higher than
on the event days occurring during the other seasons (Figure 3 in Paper I).

4 Main Results and Conclusions
The main findings of this thesis are summarized below in chronological order and as responses to the
scientific questions mentioned in the introduction section (see the Introduction section).
Response to Question 1 (Paper I)
Analysis of relative radiation intensity (Paper I) showed that NPF was more probable on days with
clear sky conditions than on days with cloudy skies. This was the case even if the absolute radiation
intensity on cloudy days (usually in summer) would be higher than on some of the clear sky days
(usually in winter or spring). This is possibly because clouds block UV radiation more efficiently than
visible light - thus the UV intensity on e.g. a clear winter/spring day may be higher than on a cloudy
summer day even if the intensity of visible light is lower. Thus, radiation intensity alone is not a good
enough predictor for NPF. Instead, the relative global radiation intensity, i.e. the ratio of the radiation
intensity to the maximum possible radiation intensity during that day was shown to be a somewhat
better variable. This became clear after analyzing the arithmetic daily-mean values of global radiation
intensity (measured) and maximum possible radiation intensity (modeled) of NPF events and nonevents (Figure 3 in Paper I) in Hyytiälä (Finland) and San Pietro Capofiume (SPC, Italy). Further
analysis showed that most of the NPF events are associated with high relative radiation intensity values
and thus clear sky conditions. Approximately, 60 % of the days with high relative radiation intensity
(0.9-1) in Hyytiälä (2002-2012) were NPF event days, while most days with lower relative radiation
intensity were non-event days. A low condensation sink and a high sulfur dioxide concentration explain
the anomalous NPF days (mostly weak NPF events) taking place at cloudy conditions. Opposite
conditions are characteristic for the anomalous non-events at clear sky conditions. The ‘normal’ NPF
event days (at clear sky conditions) are characterized with a low relative humidity and a high SO2
concentration.
Response to Question 2 (Paper II)
Changing the cloud-adjustment scheme from RADM parametrization to radiative transfer module TUV
revealed enhancement of new particle formation near cloudy regions, which, however, had only a
small effect on predicted total particle number concentrations (Paper II). We depicted (Paper II,
Figure 5) the absolute difference between predictions using both the base model (i.e. PMCAMx-UF
with RADM as radiation scheme) and the model with the TUV radiation scheme of sulfuric acid and
particle number concentrations along with cloud optical depth. The sulfuric acid concentration is
increased near cloudy regions due to enhanced photolysis rates driven by enhanced UV radiation,
which thus results in increased new particle formation. Below cloud, however, the particle number and
sulfuric acid concentrations are decreased due to attenuation of UV radiation.
Response to Question 3 (Paper II)
24

The first principles-based NPF scheme using ACDC, is a promising tool to predict atmospheric aerosol
number concentrations with reasonable accuracy without using any empirical correction factor.
Findings of Paper II suggest that reliance on parameterizations of inaccurate classical nucleation
theories (CNT), which for a long time have been used in large-scale aerosol-climate models (due to low
computational cost) can gradually come to an end. The number concentrations of particles larger than 4
nm (N4) and 10 nm (N10) and within the size range 160-1040 nm (N160-1040), predicted by PMCAMx-UF
with the ACDC-based NPF scheme, were validated against aircraft measurements. The predicted
vertical profile of N4 is within one order of magnitude of observations. This is encouraging considering
the fact that, in comparison, a correction factor of 10-6 has been widely used together with the ternary
CNT scheme in order to obtain reasonable results. Predictions of number concentrations of larger
particles including Aitken and accumulation modes by the PMCAMx-UF with ACDC-based NPF
scheme, are generally in good agreement with the observations (see Paper II for details). The N160-1040
vertical profile is underpredicted by about a factor of five regardless of the NPF scheme (i.e., CNTbased or ACDC-based). We believe that including organic condensation, which is not included in the
current version of the model, can improve the predictions of the number concentration of small
particles even further. The same holds also for ground-based predictions of particle number
concentrations; the ground-based hourly-averaged N10, N50, and N100 predictions were compared to the
measurements collected during the EUCAARI campaign over various European countries. It is shown
that while the predictions are generally in good agreement with observations the N10 and N100 are
slightly over- and under-predicted, respectively.
Response to Question 4 (Paper III)
Extrapolating particle formation rates from one measured larger size (e.g. 7 nm) to smaller sizes (e.g. 3
nm) based on simplified growth-scavenging dynamics works fairly well to estimate mean daily particle
formation rates, but fails to predict the time evolution of the particle population (Paper III). Using the
analytical formula by Lehtinen et al. (2007), formation rates of 3 nm particles (J3) for the NPF events at
SMEAR IV station in Kuopio, Finland, were estimated. This was done by scaling the measured
formation rates of 7 nm particles (i.e. cut-off size of DMPS in Puijo). The method was first evaluated
using NPF events at SMEAR II station in Hyytiälä, Finland, where the estimated formation rates can be
compared to directly measured 3 nm particle formation rates. Testing the analytical method of Lehtinen
et al. (2007) using atmospheric measured data, for the first time, reveals the strength of the method in
estimation of event mean values of 3-nm particle formation rates (J3) from scaling the measured J7.
This is reflected from scatter plots of the mean values of estimated J3 (J3,est) versus measured J3 (J3,obs).
The 10-minute J3,obs and J3,est values, however, are poorly correlated indicating the failure of the
formula of simulating the daily evaluation of particle formation rates. The reason for this is due to the
fact that there is a time lag between J3 and J7, and failure to predict this time lag through estimating the
growth rate is to blame. This points to the challenges in predicting atmospheric nucleation rates for
locations where the particle growth and loss rates are size and time-dependent.
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5 The author’s contribution in papers
Paper I The author took the lead of the research and carried out the data analysis, interpreting the
results, and wrote the paper. Prof. Ari Laaksonen and Dr. Antti Arola provided frequent advice and
regular meetings and commented on the paper.
Paper II This work involved collaboration with the Stockholm University, with supervision of Assoc.
Prof. Ilona Riipinen and the postdoc fellows at her group Dr. Benjamin Murphy and Dr. Jan Julin.
Aforementioned colleagues at Stockholm University as well as Prof. Kari Lehtinen from University of
Eastern Finland provided frequent advice and regular meetings. The author wrote the results and
method section of the paper. The paper includes two phases:
Phase (1) the author contributed in implementing the new radiation scheme within the PMCAMx-UF
model, performed the model simulations, and post-processed and analyzed the model outputs.
Phase (2) the new NPF scheme was implemented by Dr. Jan Julin and Dr. Benjamin Murphy. The
author carried out post-processing and analyzing the model outputs.
Paper III The author analyzed the data and wrote the paper. Prof. Kari Lehtinen and Dr. Tuomo
Nieminen provided frequent advice and regular meetings.

26

References
Adams, P. J., and Seinfeld, J. H. (2002). Predicting global aerosol size distributions in general
circulation models. J. Geophys. Res., 107(D19): 4370, doi:10.1029/2001JD001010.
Ahlm, L., Julin, J., Fountoukis, C., Pandis, S. N., and Riipinen, I. (2013). Particle number
concentrations over Europe in 2030: the role of emissions and new particle formation. Atmos. Chem.
Phys., 13: 10271-10283, doi:10.5194/acp-13-10271-2013.
Almeida, J., Schobesberger, S., Kürten, A., Ortega, I. K., Kupiainen-Määttä, O., Praplan, A. P.,
Adamov, A., Amorim, A., Bianchi, F., Breitenlechner, M., David, A., Dommen, J., Donahue, N. M.,
Downard, A., Dunne, E., Duplissy, J., Ehrhart, S., Flagan, R. C., Franchin, A., Guida, R., Hakala, J.,
Hansel, A., Heinritzi, M., Henschel, H., Jokinen, T., Junninen, H., Kajos, M., Kangasluoma, J.,
Keskinen, H., Kupc, A., Kurtén, T., Kvashin, A. N., Laaksonen, A., Lehtipalo, K., Leiminger, M.,
Leppä, J., Loukonen, V., Makhmutov, V., Mathot, S., McGrath, M. J., Nieminen, T., Olenius, T.,
Onnela, A., Petäjä, T., Riccobono, F., Riipinen, I., Rissanen, M., Rondo, L., Ruuskanen, T., Santos, F.
D., Sarnela, N., Schallhart, S., Schnitzhofer, R., Seinfeld, J. H., Simon, M., Sipilä, M., Stozhkov, Y.,
Stratmann, F., Tomé, A., Tröstl, J., Tsagkogeorgas, G., Vaattovaara, P., Viisanen, Y., Virtanen, A.,
Vrtala, A., Wagner, P. E., Weingartner, E., Wex, H., Williamson, C., Wimmer, D., Ye, P., Yli-Juuti, T.,
Carslaw, K. S., Kulmala, M., Curtius, J., Baltensperger, U., Worsnop, D. R., Vehkamäki, H., and
Kirkby, J. (2013). Molecular understanding of sulphuric acid-amine particle nucleation in the
atmosphere. Nature, 502: 359-363, doi:10.1038/nature12663.
Birmili, W., Wiedensohler, A., Heintzenberg, J., and Lehmann, K. (2001). Atmospheric particle
number size distribution in central Europe: Statistical relations to air masses and meteorology. J.
Geophys. Res., 106: 32005–32018.
Birmili, W., Wiedensohler, A., Plass-Dulmer, C., and Berresheim, H. (2000). Evolution of newly
formed aerosol particles in the continental boundary layer: A case study including OH and H2SO4
measurements, Geophys. Res. Lett., 27: 2205 – 2208.
Becker, R., and Döring, W. (1935). Kinetische behandlung der keimbildung in übersättigten dampfen.
Ann. Phys. (Leipzig), 24: 719-752.
Berndt, T., Böge, O., Stratmann, F., Heintzenberg, J., and Kulmala, M. (2005). Rapid formation of new
sulfuric acid particles at near atmospheric conditions. Science, 307(5710): 698–700.
Berndt, T., Stratmann, F., Sipilä, M., Vanhanen, J., Petäjä, T., Mikkilä, J., Grüner, A., Spindler, G., Lee
Mauldin III, R., Curtius, J., Kulmala, M., and Heintzenberg, J. (2010). Laboratory study on new
particle formation from the reaction OH + SO2: influence of experimental conditions, H2O vapour,
NH3 and the amine tert-butylamine on the overall process, Atmos. Chem. Phys., 10: 7101-7116,
doi:10.5194/acp-10-7101-2010.
27

Bonn, B., Bourtsoukidis, E., Sun, T. S., Bingemer, H., Rondo, L., Javed, U., Li, J., Axinte, R., Li, X.,
Brauers, T., Sonderfeld, H., Koppmann, R., Sogachev, A., Jacobi, S., and Spracklen, D. V. (2014). The
link between atmospheric radicals and newly formed particles at a spruce forest site in Germany.
Atmos. Chem. Phys., 14: 10823-10843, doi:10.5194/acp-14-10823-2014.
Carslaw, K. S., Lee, L. A., Reddington, C. L., Pringle, K. J., Rap, A., Forster, P. M., Mann, G. W.,
Spracklen, D. V., Woodhouse, M. T., Regayre, L. A., and Pierce, J. R. (2013). Large contribution of
natural aerosols to uncertainty in indirect forcing. Nature, 503(7474): 67-71, doi:10.1038/nature12674.
Chang, J. S., Brost, R. A., Isaksen, I. S. A., Madronich, S., Middleton, P., Stockwell, W. R.,
and Walcek, C. J. (1987). A three-dimensional Eulerian acid deposition model: Physical concepts and
formulation. J. Geophys. Res., 92(D12): 14681–14700, doi:10.1029/JD092iD12p14681.
Ehn, M., Junninen, H., Schobesberger, S., Manninen, H. E., Franchin, A., Sipilä, M., Petäjä, T.,
Kerminen, V.-M., Tammet, H., Mirme, A., Mirme, S., Hõrrak, U., Kulmala, M., and Worsnop, D. R.
(2011). Comparing mobility and mass measurements of atmospheric small ions. Aerosol Sci. Technol.,
45: 522–532.
Feldpausch, P., Fiebig, M., Fritzsche, L., and Petzold, A. (2006). Measurement of ultrafine aerosol size
distributions by a combination of diffusion screen separators and condensation particle counters. J.
Aerosol Sci., 37: 577–597, doi:10.1016/j.jaerosci.2005.04.009.
Fiebig, M., Stein, C., Schroder, F., Feldpausch, P., and Petzold, A. (2005). Inversion of data containing
information on the aerosol particle size distribution using multiple instruments. J. Aerosol Sci., 36:
1353–1372, doi:10.1016/j.jaerosci.2005.01.004.
Gaydos, T. M., Stanier, C. O., and Pandis, S. N. (2005). Modelling of in situ ultrafine atmospheric
particle formation in the eastern United States, J. Geophys. Res., 110, D07S12,
doi:10.1029/2004JD004683.
Gelbard, F., and Seinfeld, J. H. (1979). The General Dynamic Equation for aerosols. Theory and
application to aerosol formation and growth. J. Colloid Interface Sci., 68: 363-382,
https://doi.org/10.1016/0021-9797(79)90289-3.
Gordon, H., Sengupta, K., Rap, A., Duplissy, J., Frege, C., Williamson, C., Heinritzi, M., Simon, M.,
Yan, C., Almeida, J., Tröstl, J., Nieminen, T., Ortega, I. K., Wagner, R., Dunne, E. M., Adamov, A.,
Amorim, A., Bernhammer, A.-K., Bianchi, F., Breitenlechner, M., Brilke, S., Chen, X., Craven, J. S.,
Dias, A., Ehrhart, S., Fischer, L., Flagan, R. C.,Franchin, A., Fuchs, C., Guida, R., Hakala, J., Hoyle ,
C. R., Jokinen, T., Junninen, H., Kangasluoma, J., Kim, J., Kirkby, J., Krapf, M., Kürten, A.,
Laaksonen, A., Lehtipalo, K., Makhmutov, V., Mathot, S., Molteni, U., Monks, S. A., Onnela,
A., Peräkylä, O., Piel, F., Petäjä, T., Praplan, A. P., Pringle, K. J., Richards, N. A. D., Rissanen, M. P.,
Rondo, L., Sarnela, N., Schobesberger, S., Scott, C. E., Seinfeld, J. H., Sharma, S., Sipilä, M.,
Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, A., Virtanen, A., Vogel, A. L., Wagner, A. C.,
Wagner, P. E., Weingartner, E., Wimmer, D., Winkler, P. M., Ye, P., Zhang, X., Hansel, A.,
28

Dommen, J., Donahue, N. M., Worsnop, D. R., Baltensperger, U., Kulmala, M., Curtius, J., and
Carslaw, K. S. (2016). Reduced anthropogenic aerosol radiative forcing caused by biogenic new
particle formation. Proc. Natl. Acad. Sci. USA(PNAS), 113(43): 12053–12058, doi:
10.1073/pnas.1602360113.
Gligorovski, S., Strekowski, R., Barbati, S., and Vione, D. (2015). Environmental Implications of
Hydroxyl Radicals (•OH). Chemical Reviews, 115 (24): 13051-13092, DOI: 10.1021/cr500310b.
Henschel, H., Kurtén, T., and Vehkamäki, H. (2016). A computational study on the effect of hydration
on new particle formation in the sulfuric acid/ammonia and sulfuric acid/dimethylamine systems. J.
Phys. Chem. A, 120 (11): 1886–1896, DOI: 10.1021/acs.jpca.5b11366.
Hussein, T., Puustinen, A., Aalto, P.P., Mäkelä, J.M., Hämeri, K., and Kulmala M. (2004). Urban
aerosol number size distributions. Atmos. Chem. Phys., 4: 391–411.
Hussein T. (2005). Indoor and outdoor aerosol particle size characterization in Helsinki. Report Series
in Aerosol Science, Finnish Association for Aerosol Research, 74: 1–53.
Hussein, T., Hämeri, K., Aalto, P. P., and Kulmala, M. (2005). Modal structure and spatial–temporal
variations of urban and suburban aerosols in Helsinki–Finland. Atmos. Environ., 39: 1655–1668.
Jung, J., Adams, P. J., and Pandis, S. N. (2006). Simulating the size distribution and chemical
composition of ultrafine particles during nucleation events. Atmospheric Environment, 40(13): 22482259, doi:2248-2259,doi:10.1016/j.atmosenv.2005.09.082.
Karydis, V. A., Tsimpidi, A. P., and Pandis, S. N. (2007). Evaluation of a three-dimensional chemical
transport model (PMCAMx) in the eastern United States for all four seasons. J. Geophys. Res., 112,
D14211, doi:10.1029/2006JD007890.
Kirkby, J., Duplissy, J., Sengupta, K., Frege, C., Gordon, H., Williamson, C., Heinritzi, M., Simon, M.,
Yan, C., Almeida, J., Tröstl, J., Nieminen, T., Ortega, I. K., Wagner, R., Adamov, A., Amorim, A.,
Bernhammer, A., Bianchi, F., Breitenlechner, M., Brilke, S., Chen, X., Craven, J., Dias, A., Ehrhart, S.,
Flagan, R. C., Franchin, A., Fuchs, C., Guida, R., Hakala, J., Hoyle, C. R., Jokinen, T., Junninen, H.,
Kangasluoma, J., Kim, J., Krapf, M., Kürten, A., Laaksonen, A., Lehtipalo, K., Makhmutov, V.,
Mathot, S., Molteni, U., Onnela, A., Peräkylä, O., Piel, F., Petäjä, T., Praplan, A. P., Pringle, K., Rap,
A., Richards, N. A. D., Riipinen, I., Rissanen, M. P., Rondo, L., Sarnela, N., Schobesberger, S., Scott,
C. E., Seinfeld, J. H., Sipilä, M., Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, A., Virtanen, A.,
Vogel, A. L., Wagner, A. C., Wagner, P. E., Weingartner, E., Wimmer, D., Winkler, P. M., Ye, P.,
Zhang, X., Hansel, A., Dommen, J., Donahue, N. M., Worsnop, D. R., Baltensperger, U., Kulmala, M.,
Carslaw, K. S., and Curtius, J. (2016). Ion-induced nucleation of pure biogenic particles. Nature, 533:
521-526, doi:10.1038/nature17953.

29

Kerminen, V.-M., and Kulmala, M. (2002). Analytical formulae connecting the “real” and the
“apparent” 25 nucleation rate and the nuclei number concentration for atmospheric nucleation events.
Journal of Aerosol Science, 33: 609–622, doi: http://dx.doi.org/10.1016/S0021-8502(01)00194-X.
Kerminen, V.-M., Lehtinen, K. E. J., Anttila, T., and Kulmala, M. (2003). Dynamics of atmospheric
nucleation mode particles: a timescale analysis. Tellus B, 56: 135-146, doi: 10.1111/j.16000889.2004.00095.x.
Kulmala, M., Dal Maso, M., Mäkelä, J., Pirjola, L., Väkevä, M., Aalto, P., Miikkulainen, P., Hämeri,
K., and O'dowd, C. (2001). On the formation, growth and composition of nucleation mode
particles. Tellus B, 53 (4): 1600-0889, doi:http://dx.doi.org/10.3402/tellusb.v53i4.16622.
Kulmala, M., Petäjä, T., Nieminen, T., Sipilä, M., Manninen, H. E, Lehtipalo, K., Dal Maso, M., Aalto,
P. P, Junninen, H., Paasonen, P., Riipinen, I., Lehtinen, K. E. J., Laaksonen, A., and Kerminen, V.-M.
(2012). Measurement of the nucleation of atmospheric aerosol particles. Nature Protocols, 7: 1651–
1667, doi:10.1038/nprot.2012.091.
Ku, B.K., and de la Mora, J. F. (2009). Relation between electrical mobility, mass, and size for
nanodrops 1–6.5 nm in diameter in air. Aerosol Sci. Technol., 43: 241–249.
Kurtén, T., Loukonen, V., Vehkamäki, H., and Kulmala, M. (2008). Amines are likely to enhance
neutral and ion-induced sulfuric acid-water nucleation in the atmosphere more effectively than
ammonia. Atmos. Chem. Phys., 8: 4095-4103, doi:10.5194/acp-8-4095-2008.
Kürten, A., Williamson, C., Almeida, J., Kirkby, J., and Curtius, J. (2015). On the derivation of particle
nucleation rates from experimental formation rates. Atmos. Chem. Phys., 15: 4063-4075,
doi:10.5194/acp-15-4063-2015.
Laakso, L., Petäjä, T., Lehtinen, K. E. J., Kulmala, M., Paatero, J., Hõrrak, U., Tammet, H., and
Joutsensaari, J. (2004). Ion production rate in a boreal forest based on ion, particle and radiation
measurements. Atmos. Chem. Phys., 4: 1933-1943, doi:10.5194/acp-4-1933-2004.
Lehtinen, K. E. J. and Kulmala, M.: A model for particle formation and growth in the atmosphere with
molecular resolution in size. Atmospheric Chemistry and Physics, 3, 251-257, 2002.
Lehtinen, K. E. J., Dal Maso, M., Kulmala, M., and Kerminen, V.- M. (2007). Estimating nucleation
rates from apparent particle formation rates and vice versa: Revised formulation of the Kerminen–
Kulmala equation. J. Aerosol Sci., 38: 988–994.
Liu , P. S. K., Leaitch , W. R. , Strapp, J. W., and Wasey, M. A. (1992). Response of Particle
Measuring Systems Airborne ASASP and PCASP to NaCl and Latex Particles. Aerosol Sci. Technol.,
16: 83-95, doi:0.1080/02786829208959539.
Makkonen, R., Asmi, A., Korhonen, H., Kokkola, H., Järvenoja, S., Räisänen, P., Lehtinen, K. E. J.,
Laaksonen, A., Kerminen, V.-M., Järvinen, H., Lohmann, U., Bennartz, R., Feichter, J., and Kulmala,
30

M. (2009). Sensitivity of aerosol concentrations and cloud properties to nucleation and secondary
organic distribution in ECHAM5-HAM global circulation model. Atmos. Chem. Phys., 9: 1747-1766,
doi:10.5194/acp-9-1747-2009.
McMurry, P. (1980). Photochemical aerosol formation from SO2: A theoretical analysis of smog
chamber data. J. Colloid Interface Sci., 78(2): 513–527, doi:10.1016/0021-9797(80)90589-5.
McMurry, P. H., and Friedlander, S. K. (1979). New particle formation in the presence of an aerosol,
Atmos. Environ., 13: 1635 – 1651.
Merikanto J., Zapadinsky E., Lauri A., and Vehkamäki, H. (2007a). Origin of the Failure of Classical
Nucleation Theory: Incorrect Description of the Smallest Clusters. Phys. Rev. Lett., 98, 145702,
doi:10.1103/PhysRevLett.98.145702.
Merikanto, J., Napari, I., Vehkamäki, H., Anttila, T., and Kulmala, M. (2007b). New parameterization
of sulfuric acid-ammonia-water ternary nucleation rates at tropospheric conditions. J. Geophys.
Res., 112, D15207, doi:10.1029/2006JD007977.
McGrath, M. J., Olenius, T., Ortega, I. K., Loukonen, V., Paasonen, P., Kurtén, T., Kulmala, M., and
Vehkamäki, H.: Atmospheric Cluster Dynamics Code: a flexible method for solution of the birth-death
equations, Atmos. Chem. Phys., 12, 2345-2355, doi:10.5194/acp-12-2345-2012, 2012.
Mäkelä, J. M., Koponen, I. K., Aalto, P., and Kulmala, M. (2000). One-year data of sub-micron size
modes of tropospheric background aerosol in Southern Finland. J. Aerosol Sci., 31: 595–611.
Napari, I., Noppel, M., Vehkamäki, H., and Kulmala, M. (2002). Parametrization of ternary nucleation
rates for H2SO4-NH3-H2O vapors. J. Geophys. Res., 107(D19), 4381, doi:10.1029/2002JD002132.
Oberdörster, G., Gelein, R., Ferin, J., and Weiss, B. (1995). Association of Particulate Air Pollution
and Acute Mortality: Involvement of Ultrafine Particles. Inhal. Toxicol., 71: 111–124.
Olenius, T., Kupiainen-Määttä, O., Ortega, I. K., Kurtén, T., and Vehkamäki, H. (2013). Free energy
barrier in the growth of sulfuric acid–ammonia and sulfuric acid–dimethylamine clusters. J. Chem.
Phys., 139: 084312, doi:10.1063/1.4819024.
Pierce, J. R., and Adams, P. J. (2009). A computationally efficient aerosol nucleation/ condensation
method: pseudo-steady-state sulfuric acid. Aerosol Sci. Technol., 43:3, 216-226, doi:
10.1080/02786820802587896.
Peters, A., Wichmann, E., Tuch, T., Heinrich, J., and Heyder, J. (1997). Respiratory effects are
associated with the number of ultrafine particles. Am. J. of Resp. and Crit. Care, 155, 1376-83.
Riipinen, I., Sihto, S.-L., Kulmala, M., Arnold, F., Dal Maso, M., Birmili, W., Saarnio, K., Teinilä, K.,
Kerminen, V.-M., Laaksonen, A., and Lehtinen, K. E. J. (2007). Connections between atmospheric
sulphuric acid and new particle formation during QUEST III–IV campaigns in Heidelberg and
Hyytiälä. Atmos. Chem. Phys., 7: 1899-1914, doi:10.5194/acp-7-1899-2007.
31

Shaw, G. E. (1989). Production of condensation nuclei in clean air by nucleation of H2SO4, Atmos.
Environ., 23: 2841–2846.
Shiraiwa, M., Selzle, K., and Pöschl, U. (2012). Hazardous components and health effects of
atmospheric aerosol particles: reactive oxygen species, soot, polycyclic aromatic compounds and
allergenic proteins. Free Radical Research, 46,927-939, doi: 10.3109/10715762.2012.663084.
Seinfeld, J. H., and Pandis, S. N. (2006). Atmospheric Chemistry and Physics: From air pollution to
climate change, John Wiley & Sons, Inc., USA.
Sihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., Petäjä, T., Riipinen, I., Korhonen, H.,
Arnold, F., Janson, R., Boy, M., Laaksonen, A., and Lehtinen, K. E. J. (2006). Atmospheric sulphuric
acid and aerosol formation: implications from atmospheric measurements for nucleation and early
growth mechanisms. Atmos. Chem. Phys., 6: 4079–4091, doi:10.5194/acp-6-4079-2006.
Tammet, H. (1995). Size and mobility of nanometer particles, clusters and ions. J. Aerosol Sci., 26:
459–475.
Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M. P., and Mann, G. W. (2005). A global
off-line model of size-resolved aerosol microphysics: II. Identification of key uncertainties. Atmos.
Chem. Phys., 5: 3233-3250, doi:10.5194/acp-5-3233-2005.
Vehkamäki, H. (2006). Classical Nucleation Theory in Multicomponent Systems. Springer, SpringerVerlag, Berlin Heidelberg, Germany.
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