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Abstract

Aerosol particles in the atmosphere are known to significantly influence ecosystems,
to change air quality and to exert negative health effects. Atmospheric aerosols
influence climate through cooling of the atmosphere and the underlying surface by
scattering of sunlight, through warming of the atmosphere by absorbing sun light and
thermal radiation emitted by the Earth surface and through their acting as cloud
condensation nuclei. Aerosols are emitted from both natural and anthropogenic
sources. Depending on their size, they can be transported over significant distances,
while undergoing considerable changes in their composition and physical properties.
Their lifetime in the atmosphere varies from a few hours to a week.

New particle formation is a result of gas-to-particle conversion. Once formed,
atmospheric aerosol particles may grow due to condensation or coagulation, or be
removed by deposition processes. In this thesis we describe analyses of air masses,
meteorological parameters and synoptic situations to reveal conditions favourable for
new particle formation in the atmosphere. We studied the concentration of ultrafine
particles in different types of air masses, and the role of atmospheric fronts and
cloudiness in the formation of atmospheric aerosol particles.

The dominant role of Arctic and Polar air masses causing new particle formation was
clearly observed at Hyytiédla, Southern Finland, during all seasons, as well as at other
measurement stations in Scandinavia. In all seasons and on multi-year average, Arctic
and North Atlantic areas were the sources of nucleation mode particles. In contrast,
concentrations of accumulation mode particles and condensation sink values in
Hyytidla were highest in continental air masses, arriving at Hyytiald from Eastern
Europe and Central Russia.

The most favourable situation for new particle formation during all seasons was cold
air advection after cold-front passages. Such a period could last a few days until the
next front reached Hyytidla. The frequency of aerosol particle formation relates to the
frequency of low-cloud-amount days in Hyytidld. Cloudiness of less than 5 octas is
one of the factors favouring new particle formation. Cloudiness above 4 octas appears
to be an important factor that prevents particle growth, due to the decrease of solar
radiation, which is one of the important meteorological parameters in atmospheric
particle formation and growth.

Keywords: Atmospheric aerosols, particle formation, air mass, atmospheric front,
cloudiness
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1 Introduction

An aerosol can be defined as a dispersion of solid and liquid particles suspended in gas.
Atmospheric aerosol particles affect a great variety of processes. They influence natural
ecosystems (Lickens et al., 1996; Niyogi et al., 2004), human health (Davidson et al.,
2005) and climate (Ramanathan et al., 2001; Lohmann and Feichter, 2005). Aerosol
particles influence climate by two distinct mechanisms: through the direct reflection of
solar radiation, and through the increase in cloud reflectivity, when they act as cloud
condensation and ice nuclei, thereby modifying the microphysics, the radiative properties,
and the lifetime of clouds (Andreae and Rosenfeld, 2008). Particles that do not absorb
light, such as sulfate aerosols, produce a cooling effect, especially in industrial regions
(Charlson et al., 1991). Soot particles and other light-absorbing aerosols have a warming
rather than cooling effect. Even small amounts of absorption may significantly alter the
net radiative forcing by particles (Haywood and Shine, 1995; Baumgardner et al., 2004).
The Intergovernmental Panel of Climate Change (IPCC 2007, http://www.ipcc-wg2.org/)
has reported that, in spite of the increasing knowledge on atmospheric aerosols during the
recent decades, uncertainties in the estimation of direct and indirect aerosol effects on
global climate still exist. It is essential to reduce the uncertainty in the aerosol climate
forcing to make better prognoses of future climate change.

New particle formation (NPF) can be observed as a sudden increase in the number
concentration of particles with a diameter smaller than 25 nm (Dal Maso ef al., 2005).
NPF consists of a complicated set of processes that include the production of nanometer-
size clusters from gaseous vapours, the growth of these clusters to detectable sizes, and
their simultaneous removal by coagulation with the pre-existing aerosol particle
population (Kulmala and Kerminen, 2008).

NPF is a frequently observed phenomenon. Observations made during the last two
decades demonstrate clearly that new aerosol particle formation and growth occur almost
all over the world at varying altitudes (in the free troposphere, close to the tropopause, in
the planetary boundary layer) and environments including, for instance, subarctic Lapland
and boreal forest, urban areas, industrial and agriculture regions, and coastal environments
around the globe (see Kulmala et al., 2004c, and references therein). Measurements are
performed in both relatively clean environments and industrial regions, thus the
anthropogenic influence on environment and climate can be estimated.

The first step of new particle formation, in which substance changes its phase, is
nucleation. Once the initial step has occurred, the nuclei of the new phase tend to grow
rather rapidly (Seinfeld and Pandis, 1998). Because of the physical and chemical
complexity of the atmosphere, it is often a difficult task to identify the most relevant
processes causing nucleation. However, if a wide range of measurements is carried out
for a long period of time in one location, it may be possible to detect subtle, previously
unknown factors contributing to atmospheric particle formation events.



Aitken (1891, 1892, and 1897) first reported evidence for new particle formation in the
atmosphere. During the last two decades the interest for the investigation of different
mechanisms behind the formation of atmospheric aerosols has been increased
considerably. Significant progress has been made in the area of theoretical studies as well
as in producing accurate measurements of atmospheric particles. However, the detailed
mechanisms still remain unknown for different environments. Although sulfuric acid is
one of the most likely candidates thought to be responsible for the formation of the
nanometer-sized particles, sulfur chemistry does not always sustain enough sulfuric acid
in the atmosphere to explain more then a small fraction of the observed particle-size
growth rate.

Many different theories have been proposed to explain nucleation. Hypothetical
nucleation theories work in different environmental conditions (H. Korhonen, personal
communications). Binary nucleation theory (Kulmala and Laaksonen, 1990) explains
particle formation in the free troposphere and in industrial plumes with very high
sulphuric acid concentration. Ternary theory (Korhonen et al., 1999; Napari et al., 2002;
Merikanto et al., 2007) produces too many particles but predicts the new particle
formation correctly in urban environments. Activation (e.g., Kulmala ez al., 2004b, 2006)
and kinetic (McMurry and Friedlander, 1979) theories are based on observations.
Theories involving Creege intermediates (Kurtén et al. 2007, Bonn et al., 2008) are
speculative at this stage as these intermediates cannot be measured. The theoretical
progress includes the quantification of the role of dipole-charge interaction in ion
clustering thermodynamics and development of ion-mediated nucleation models (Yu et
al., 2007, and references therein). Boy et al. (2007) investigated different nucleation
theories to explain new particle formation within the meteorological boundary layer by a
model MALTA and concluded that contribution of ion-induced nucleation contribution is
limited to a few percent in the lower troposphere; ternary and binary nucleation with
present understanding over- and underestimate measured atmospheric nucleation rates.
However, although different nucleation theories exist, the nucleation mechanisms which
lead to NPF are poorly known at present.

Gaydos et al. (2005) successfully explained NPF in Pittsburg using a ternary (ammonia-
sulfuric acid-water) nucleation model. Spracklen et al. (2008) assumed that sulfuric acid
controls the nucleation rate and showed, using a global chemistry transport model, that
particle formation is an important source of cloud condensation nuclei However in
Hyytidld, according to Riipinen et al. (2007), the empirical nucleation coefficients
between the formation rate and sulfuric acid concentration differ by several orders of
magnitude. Formation rate relates to the sulfuric acid concentration through a power-law
relation with exponents typically ranging from 1 to 2. No correlation was observed
between measured ammonia concentration and new particle formation in Hyytidld. To
explain the observed growth, other compounds are required in relatively clean
environments. Oxidation products of volatile organic compounds are one of the
candidates for the growth of freshly formed particles (Bonn and Moortgat, 2002; Bonn et
al., 2008; Laaksonen et al., 2008).



During the process of nucleation and growth of atmospheric particles, aerosol dynamics,
atmospheric chemistry and meteorology need to be considered (Kulmala et al., 2004c).
The importance of atmospheric chemistry as well as meteorological conditions for
particle formation and growth has been demonstrated in several studies (Weber et al.,
1995; Birmili and Wiedensohler, 2000; O’Dowd et al., 2002a; Bonn and Moortgat, 2002;
Kulmala ef al., 2004b). Nilsson and Kulmala (1998) proposed a parameterization for the
mixing-enhanced nucleation rate. The influence of atmospheric waves, such as Kelvin-
Helmholtz instabilities, on NPF was investigated by Bigg (1997), Nyeki et al. (1999) and
Nilsson et al. (2000a). The effects of synoptic weather and planetary boundary layer
(PBL) evolution, e.g., adiabatic cooling, turbulence, entrainment and convection on
aerosol formation were analyzed in different environments: in the marine boundary layer
by Russell ef al. (1998), Coe et al. (2000), Pirjola et al. (2000) and O’Dowd et al.
(2002b); in the continental boundary layer by Nilsson et al. (2000b), Aalto et al. (2001),
Buzorius et al. (2001), Nilsson et al. (2001a,b), Buzorius et al. (2003), Stratmann et al.
(2003), Uhrner et al. (2003), Boy et al. (2004) and Siebert et al. (2004); in the free and
upper troposphere by Schroder and Strom (1997), Clarke et al. (1999), de Reus et al.
(1999), Hermann et al. (2003) and Khosrawi and Konopka(2003). Boy and Kulmala
(2002) demonstrated that favourable conditions for particle formation include low
atmospheric water content, low pre-existing particle concentration and high solar
radiation. Hellmuth (2004) performed columnar modeling of nucleation burst evolution in
the convective boundary layer, and summarized the main results as follows: NPF was
always connected with Arctic and Polar air advecting over the site, leading to the
formation of a stable nocturnal boundary layer, followed by a rapid formation and growth
of a turbulent convective mixed layer, closely followed by NPF.

Within this multitude of theories for new particle formation, several important factors
affect nucleation, such as the chemical composition of the atmosphere, water content, and
the amount of solar radiation. By investigating these effects we hope to learn more about
the processes that trigger new particle formation in the atmosphere.



2 Aim of the Study

The role of atmospheric air masses and synoptic weather has been considered in previous
studies during field campaigns with limited duration but not for long time series of
measurements. In our studies we tried to answer the following questions: In which types
of air masses does NPF occur most frequently throughout the year? What are the
properties of air masses which favour NPF? Is the presence of small newly formed
particles associated with preferential air mass trajectories, and is the presence of large
aerosol surface area only a result of the advection of anthropogenic pollution? How does
synoptic weather and cloudiness influence aerosol particle formation in the atmosphere?

To answer the questions raised above we investigated

- the main transport directions of air masses to Hyytiéld, Southern Finland

- the most likely origin of air masses favourable for particle formation in Hyytidld
and the source area of particles of different size modes

- the role of air mass origin in aerosol particle formation at four Nordic
measurement stations

- the role of air mass origin in aerosol particle formation at San Pietro Capofiume
(SPC) in the Po Valley, Italy, as well as the main source areas of SO, measured at
SPC

- the meteorological conditions during event and non-event days in Hyytidla,
Southern Finland using the 8-years dataset

- synoptic weather and cloudiness during aerosol particle formation in Hyytidla



3 Background

3.1 Atmospheric aerosols

Atmospheric aerosol particles originate from various sources: for example, resuspended
soil particles, smoke from power plants, sea salt particles from ocean spray, etc. All these
particles vary greatly in their ability to affect visibility, climate and human health.

There are two types of fine particles in the atmosphere: primary and secondary. Both
primary and secondary particles can be from natural and anthropogenic sources. Primary
particulate material derives directly from the entrainment of material from the Earth’s
surface and from the ocean or from volcanic eruptions; it is also produced by house
holds, industrial and traffic emissions. Natural sources of aerosol are, for example, wind
blown desert dust, forest fires, soil erosion, and sea spray. Anthropogenic sources include
the primary emission resulting from combustion processes. The latter also produce gases
that can be converted into particles. The secondary formation of new aerosol particles in
the atmosphere, i.e. from gas phase precursors, is important in terms of controlling the
background aerosol population, which significantly impacts on climate. Secondary
processes leading to the production of ultra-fine particles by nucleation are still poorly
understood. The coastal zone is one of the strongest natural sources of secondary aerosol
particles, driven by the release of biogenic vapours, which, after undergoing
photochemical reactions, lead to the massive production of nucleation mode aerosols
(Flanagan et al., 2005). The secondary particulate material can be produced by gas-phase
oxidation, including ozonolysis (Shilling et al., 2008).

On a global scale, the aerosol can be schematically divided into three main types: marine,
continental background (Patterson et al., 1980), and urban aerosol (Hussein et al., 2004).
By chemical composition, the first two types contain mainly materials from the nearby
surface sources, somewhat modified by the coagulation of particles of different origin and
by condensation products resulting from gas-phase reactions. Urban aerosol is another
type of aerosol, which is formed under the influence of human and industrial activities.
The chemical composition of aerosols varies considerably in time and space, but also
with particle size (e.g. Pugatscheva et al., 2007; Zhang et al., 2005).

The main characterizing parameters of atmospheric particles are their size and
composition. Both of these parameters can vary greatly in different environments (Figure
1). Nucleation mode particles are the smallest, with a diameter less than about 30 nm.
They are produced by gas-to-particle conversion, which occurs in the atmosphere, as well
as by combustion processes (Tobias et al., 2001; Burtscher, 2005). Nucleation mode
particles can be formed by homogeneous nucleation of vapours. They may further grow
when gases with low saturation vapour pressure condense on them. The concentration of
the nucleation mode particles varies strongly with the strengths of sources and sinks. As
observed in Hyytidld, Southern Finland (Nilsson et al., 2001a; Sogacheva et al., 2005),
several stations located in Northern Europe (Tunved et al., 2005; Dal Maso et al., 2007),



and the continental background site Melpitz in Eastern Germany (Engler ef al., 2006)
freshly nucleated particles may rapidly form in clean air masses and grow to larger sizes,
whereas in air masses containing larger pre-existing aerosols coagulation and
condensation remove them.
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Figure 1. Aerosol particle size distribution.

Aitken mode particles (30-100 nm) and accumulation mode particles (100 nm-1 pm) are
an important source for cloud condensation nuclei (CCN) (Anttila and Kerminen, 2007).
Aerosol particles in the accumulation mode are generally produced by primary emissions
and sulfate formation in clouds. The other possible sources are coagulation of smaller
particles and heterogeneous condensation of vapours onto existing aerosol particles. The
accumulation mode particles can be activated to cloud drops and gain considerable mass
due to oxidation of sulphur (Komppula, 2005). For particles that act as cloud
condensation nuclei, scavenging by precipitation is an important removal mechanism. As
a group, fine mode particles (d<lpm) are acidic and contain mostly sulfates, ammonium
compounds, hydrocarbons, elemental carbon (soot), toxic metals, and water in the
atmosphere (Hinds, 1999).

Coarse particles have diameters larger than about 1 um. They have different sources and
chemical composition compared to the fine (<1 um) fraction. Coarse particles are wind
blown dust, sea spray, and mechanically generated anthropogenic particles such as those
from agriculture and surface mining. Coarse particles are basic and contain most of the
crustal materials and their oxides, such as silicon, iron, calcium, and aluminum, as well as



sea salt and vegetation debris (Hinds, 1999). Due to their high deposition rate through
interception, impaction and sedimentation, the concentration of particles in the coarse
fraction varies strongly with the wind speed, the structure of the ground and the distance
to large sources (Warneck, 1988).

Several processes influence the formation and the growth of the particles; the most
common ones are nucleation, condensation and coagulation. Nucleation is considered to
be the first and critical step in NPF. Homogeneous nucleation is one of the possible
candidates leading to the formation of thermodynamically stable clusters (TSC) in the
absence of existing seed nuclei. Depending on the availability of pre-existing particles
and/or condensable vapours, Kulmala et al. (2000) hypothesized two possibilities for the
growth of TSC to detectable size: (a) when the concentration of pre-existing particles is
low, TSCs can effectively grow by self-coagulation when the nucleation rate is >10° cm™
s (Anttila er al, 2004) and (b) in the presence of a large source of available
condensable vapours TSCs can effectively grow to detectable sizes and even to Aitken
mode sizes by condensation. Homogeneous nucleation is typically unable to produce the
nucleation rate needed for new particle formation in atmospheric conditions (Spracklen et
al., 2005a, 2005b), nevertheless sulfuric acid can be used, together with an empirical
activation factor, as an indicator of nucleation rate (Spracklen et al., 2008). In such
conditions, the heterogeneous nucleation, which is a process of particle formation and
growth in the presence of condensation nuclei or ions, is the key process to start the
formation of new clusters (Lazaridis et al., 1992).

Condensation growth and coagulation loss are competing processes for nucleation mode
particles. The more effective the condensation growth, the larger fraction of nucleated
particles can survive to detectable sizes (Kulmala ez al., 2000). Condensation is the main
mechanism that explains the growth of atmospheric aerosol particles. The condensation
sink (CS) is a parameter that indicates how rapidly condensable vapour molecules will
condense on the existing aerosol (Dal Maso ef al., 2002). The coagulation loss is the
removal rate of particles with a certain radius due to the collision and sticking of the
particles of any size, when a particle of bigger size and often of different chemical
properties is formed.

The aerosol particles are subject to various removal mechanisms: among the most
important ones is deposition, which removes the aerosol mass from the atmosphere.
Deposition of the atmospheric particles takes place via both dry and wet processes. Wet
deposition includes precipitation scavenging in which particles are deposited in rain,
snow, fog, cloud water and mist when these intercept the surface (Flossman et al., 1985;
Flossman, 2002; Foret et al., 2006; Tost et al., 2007). According to Loosmore and
Cederwall (2004) wet deposition played an important role in the simulated fate and
transport, removing as much as 70% of the released aerosol. Dry deposition is the direct
transfer of particles to the ground, through sedimentation, impaction or diffusion. Dry
deposition is considered more effective for coarse particles and elements such as iron and
manganese, whereas wet deposition generally is more effective for fine particles and
elements such as cadmium, lead and nickel (Brimblecombe, 1996). Wet deposition is
more effective for sulfate and nitrate (Ro et al., 1988; Furiness et al., 1998).



The residence time, or life time, of atmospheric aerosol particles is a function of various
removal processes, such as dry deposition by impaction, diffusion and sedimentation,
resuspension as well as wet deposition by rain drops. It has important implications with
regard to the transport and distribution of the substances associated with particular matter.
The residence time of aerosols depends on their size (Jaenicke, 2008). The atmospheric
life time of particles varies from hours to several days. Due to their low total deposition
rate, the Aitken and accumulation mode particles have longer residence times in the
atmosphere compared to nucleation mode particles. Because of their large size, the coarse
particles readily settle out from the atmosphere by gravitation or impact on surfaces, so
their lifetime in the atmosphere is only a few hours or days. Recently Tunved et al
(2005) estimated the life- or turnover- time of particles of different sizes analyzing the
particle transport between two Scandinavian measurement stations. They found that
during northerly transport the shortest turnover times are 1.6 - 1.7 days for particles in the
nucleation mode and around 2.4 days for particles in the Aitken mode. Nilsson and
Rannik (2001) observed a turnover time around 3.5 days for the Aitken mode in the
central Arctic on the basis of eddy correlation aerosol deposition. Thus, for the nucleation
mode it is not correct to talk about source regions at distances of several thousands
kilometers from the recipient. However, the air mass origin and trajectory determine the
common properties (temperature, water content, chemical composition, precursor
sources, etc.) of the air that may affect new particle formation.

3.2 Major weather systems

Weather most often results from temperature differences between one place and another.
Surface temperature differences in turn cause pressure differences. The changes of
pressure over continents, and practically the changes of pressure gradients between land
and water, determine the direction of the air currents (Battan, 1978). The mechanism
maintaining the general circulation of the atmosphere is the large scale pattern of wind
and pressure that persists throughout the year or recurs seasonally (Barry and Chorley,
2003). The resulting horizontal pressure gradient accelerates the air from high to low
pressure, creating wind, and Earth's rotation causes curvature of the flow via the Coriolis
effect.

Wind patterns and precipitation in the Arctic are governed by the low-pressure systems
that form over the North Atlantic and the Bering Sea (Figure 2), bringing warm, moist air
northward. These weather systems, the Icelandic and Aleutian lows, gather moisture over
open water and dump it as precipitation when the air is forced to rise. Another important
consequence of the pressure systems location is that after the passage of a low-pressure
system, the Azores High may ride over Western Europe, resulting in transport of polluted
air from Europe along the southern flank of the ridge.
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There is a general consensus that a difference between winter and summer conditions
exists. Air-transport patterns are highly dependent on season and on the position of the
major weather systems (Figure 2).

Figure 2. Major weather systems (Islandic Low, Azores High, Siberian High, Bermuda
High pressure systems are illustrated by isobars and main wind directions are presented
by red arrows) and the intertropical convergence zone (ITCZ) in January (upper panel)
and July (lower panel). (From: Lutgens, Frederick K.; Tarbuck, Edward J. The
Atmosphere: an Introduction to Meteorology, 8th Edition, 2001. Reprinted from
permission of Pearson Education Inc., Upper Saddle River, NJ).

In winter and spring, an intense high-pressure system over Siberia pushes the Arctic front
far to the south, so that important polluted areas of Eurasia are actually within the Arctic
air mass, the lower one-to-two kilometers of which can move contaminants across the
pole. Low wind speeds and temperature inversions caused by the cold winter weather,
allow contaminants to accumulate in the atmosphere (Charlson and Heintzenberg, 1995).
In the warm seasons, the Icelandic and Aleutian lows weaken considerably (Musk, 1988).
The atmospheric removal processes are much more efficient in summer than in winter;
concentrations of anthropogenic pollutants are lower in summer. Summer is also warmer,
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allowing for cloud formation and for drizzling rain that removes contaminants from the
air before they are carried away. Moreover, sunlight during the summer months allows
for photochemical degradation of some contaminants and their conversion into particles.

3.3 Air masses

Several studies have been carried out to investigate whether the origin of the air
influences aerosol particle formation. What is an air mass? Why do air masses differ in
their properties? To answer these questions we go deeper into the air mass definition and
classification.

An air mass is a large body of air of relatively similar temperature and moisture content
characteristics covering thousands of square kilometers (Stull, 1988). Each type of air
mass is associated with typical thermodynamical properties. Three factors determine the
nature and degree of uniformity of air mass characteristics: (1) the nature of the source
area where the air mass obtains its original qualities; (2) the direction of movement and
changes that occur as an air mass moves over long distances; and (3) the age of an air
mass (Barry and Chorley, 2003). An air mass develops its characteristic properties by
remaining over a particular region for period long enough to allow its vertical distribution
of temperature and moisture to reach equilibrium with underlying surface (Battan, 1978).
A source region can have one of four temperature attributes: equatorial, subtropical, polar
or arctic. Air masses are also classified as being either continental (c) or maritime (m) in
terms of moisture characteristics determined from extent of continental/marine influence.
Combining these two categories, several possibilities are commonly found: maritime
Subtropical (mS), continental Subtropical (cS), maritime Polar (mP), continental Polar
(cP), continental Arctic (cA) and marine Arctic (mA). The diagram in Figure 3 describes
the source regions and common patterns of movement for the various types of air masses
associated with Northern Europe. During the period of interest (2003-2005) equatorial air
masses never reached the Hyytidld measurement station.

Figure 3. Main types of air masses
observed in Scandinavia (marine Arctic
(mA), continental Arctic (cA), maritime
Polar (mP), continental Polar (cP), maritime
Subtropical (mS), continental Subtropical

(cS))
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As an air mass moves away from its source region, it is affected by different heat and
moisture exchanges with the ground surface and by dynamic processes in the atmosphere
(Stuhl, 1988). Each type of air mass can be regarded as transformable into another,
reflecting the influence from sea or continents on energy content (heat and water vapour),
but also on trace gases and suspended particulate matter. When transformation occurs, the
air mass will gradually adopt typical properties concerning temperature and water content
as well as emissions coming from the underlying surface.

3.4 Atmospheric Fronts

Frequently, two air masses, especially in the mid latitudes, develop a sharp boundary or
interface, where the temperature difference between them becomes intensified. Such an
area of intensification is called a frontal zone or a front (Mcllveen, 1992). The boundary
between the warm and cold air masses always slopes upwards over the cold air. This is
due to the fact that cold air is much denser than warm air. The sloping of warm air over
cold air leads to a forced uplifting (frontal lifting) of the warm air if one air mass is
moving toward the other. In turn, the uplifting causes condensation due to decreasing
temperature; condensation leads to cloud formation and precipitation along the frontal
boundary.

The weather conditions observed at cold fronts (Figure 4, upper panel) are variable,
depending upon stability of the warm sector air and the vertical motion relative to the
frontal zone (Barry and Chorley, 2003). Cold fronts move between 15 to 50 kilometers per
hour, this is more then twice as fast as a warm front, since cold air is denser than warm air
and rapidly replaces the warm air. In the Northern Hemisphere a cold front moves in a
southeast to east direction due to pressure gradients and the Coriolis effect (Stull, 1988).
Before the cold front passage the temperature is relatively high, the pressure falls steadily,
the prevailing wind direction is south (S) to south-west (SW). With the passage of the cold
front, the wind veers sharply, turning to north-west (NW), the pressure begins to rise and
temperature falls. The formation of clouds and precipitation at the frontal zone is caused
by frontal lifting. High altitude Cirrus (Ci) clouds are found well in advance of the front.
Above the surface location of the cold front, high altitude Cirrostratus (Cs) and middle
altitude Altocumulus (4c) are common. Precipitation is normally found just behind the
front where frontal lifting has caused the development of towering Cumulus (Cu) and
Cumulonimbus (Cb) clouds. Cold fronts may feature narrow bands of thunderstorms and
severe weather, and may on occasion be preceded by squall lines. The weather usually
clears quickly after a frontal passage. Symbolically, a cold front is represented by a solid
(blue) line with triangles along the front pointing towards the warmer air and in the
direction of movement (the example of a synoptic map see in section 6.3, Figure 6, left
panel).
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Figure 4. Schematic structure of cold (upper panel) and warm (lower panel) atmospheric
fronts. (From: Lutgens, Frederick K.; Tarbuck, Edward J. The Atmosphere: an
Introduction to Meteorology, 8th Edition, 2001. Reprinted from permission of Pearson
Education Inc., Upper Saddle River, NJ).

A warm front is the transition zone in the atmosphere where an advancing warm, moist air
mass replaces a retreating cold air mass. On a synoptic map (as an example see section
6.3, Figure 6, left panel) a warm front is drawn as a solid (red) line with half-circles. The
position of the half-circles shows the direction of frontal movement. Warm fronts move
about 10 km h™ in a north-east (NE) direction. This is less than half the speed of a cold
front, because cold air is more dense and harder to remove from the earth's surface. The
formation of clouds and precipitation ahead of the frontal zone is caused by gradual frontal
lifting (Figure 4, bottom panel). High altitude Ci, Cs and middle altitude As clouds are
found well in advance of the front. About 600 kilometers ahead of the front, Nimbostratus
(Ns) clouds occur. These clouds produce precipitation in the form of snow or rain.
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Between the Ns clouds and the surface location of the warm front, low altitude Stratus (S7)
clouds are found.

Before the warm front passage the prevailing wind direction is south or south-east. The
temperature is relatively low and the pressure is usually dropping. The frontal boundary
has a very gentle slope of the order or 0.5-1°, so the cloud systems associated with the
upper portion of the front herald its approach some twelve hours or more before the arrival
of the surface front. Different types of Ci and St can be observed. Depending on season
light-to-moderate rain, snow, sleet, or drizzle happen. During the warm front passage,
winds are variable, temperature increases after the frontal passage. Pressure levels off,
then slightly rises, followed by a decrease. Scattered Stratocumulus (Sc) may exist in the
clear sky. Precipitation occurs rarely in the form of light rain or showers. At the passage of
the warm front the wind veers, the temperature rises and a pressure drop is observed.

Being more mobile as compared to a warm front, the cold front rotates around the
intensifying low pressure center and catches the warm front. This forms an occluded front,
which is the boundary that separates the new cold air mass (to the west) from the older
cool air mass already in place north of the warm front. Two types of occluded fronts are
generally recognized (Mcllveen, 1992). A cold type occluded front occurs when the air
behind the front is colder than the air ahead of the front. When the air behind the front is
warmer than the air ahead of the front a warm type occluded front is produced.
Symbolically, an occluded front is represented on a weather map by a solid line with
alternating triangles and circles pointing the direction in which the front is moving (Figure
6, left panel). On colored weather maps, an occluded front is drawn with a solid purple
line.

During an occlusion front passage the prevailing wind direction turns from south-south-
east to west-north-west. The temperature changes are not as noticeable as during the
cold/warm passages. Pressure usually falls before the front and increases after the front
passage. Ci and Cs usually disappear after the occlusion front, whereas Ns still exists. The
intensity of precipitation varies from light to heavy around the frontal area.

While the meteorological conditions along the atmospheric fronts vary significantly, we

expect that they influence aerosol particle formation in different ways. One of the tasks in
our studies was to analyze synoptic situations that favour new particle formation.
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4 Air mass back trajectories

Since the new particle formation process was shown to be influenced by the air mass
properties (Nilsson et al., 2001a), an important issue in understanding the formation of
aerosol particles is to follow the history of the air arriving at the measurement point. Air
mass back trajectory analysis, which has been used during the last few decades, is one of
the methods for source area definition. The evolution of the aerosols in an air mass can be
described as functions of emission sources, time spent over sources, as well as
meteorological parameters controlling the evolution of the aerosols.

4.1 Back trajectories application

The importance of meteorological transport process for the interpretation of
measurements of trace gas concentrations has been the subject of extensive research. The
variation of the concentrations of species in the atmosphere, which is determined by
emission sources, transformation and removal processes, can be attributed to two
different processes: vertical mixing and horizontal, long-range transport. Back trajectory
analysis is instrumental in establishing the spatial domain of sources contributing to the
composition of air parcels arriving at selected receptor sites. In connection with the
measured concentrations, trajectory statistics provide the potential source regions of the
pollutants.

Aerosol data have been analyzed based on air mass trajectories (e.g., Kemp, 1993; Mukai
and Suzuki, 1996). Soluble ion chemistry of atmospheric aerosols and SO, concentrations
over the eastern North Atlantic have been explained by Andreae et al. (2000) by using air
mass trajectory analysis. Using back trajectory data, Birmili et al. (2001) investigated the
role of air masses in determining particle size distributions and showed the significantly
enhanced number concentration of Aitken and accumulation mode particles during
periods of pronounced continentally aged air. Bonasoni et al. (2004) studied aerosol-
ozone correlations during dust-transport episodes using trajectory statistical analysis.

Vasconcelos et al. (1999) described conditional frequency analysis as an investigation of
the spatial distribution of back trajectories segment endpoints on a grid superimposed
over the region containing the receptor. By means of back trajectories, Siebert et al.
(1998) studied long-range transport of pollutants from the Po valley to High-Alpine sites.
Wotava and Kroger (1999) tested the ability of trajectory statistics to reproduce emission
inventories of air pollutants and concluded that general patterns of the spatial emission
density distribution can be correctly reproduced.

Moody and Galloway (1988) were the first to consider trajectory coordinates as the
clustering variables. Cluster analysis is a multivariate statistical technique increasingly
used in air pollution research (Abdalmogith and Harrison, 2005). This method involves
splitting the data set into a number of groups which need to be homogeneous and as
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distinctly different from each other as possible. Brankov et al. (1998) presented a
trajectory clustering methodology for interpreting a 5-year time-series of ozone
concentrations at Whiteface Mountain, United States. Cape et al. (2000) used cluster
analysis to interpret ozone concentrations measured at Mace Head, Ireland, and found
clear differences among the trajectories for the measured ozone concentration. Buchanan
et al. (2002) applied the cluster analysis technique to investigate long-range transport of
airborne particle concentrations in Edinburgh, Scotland. Tunved ez al. (2003, 2004) used
cluster trajectory analysis of one-year aerosol size distribution data to explain changes in
aerosol properties.

In the present study we used trajectory statistics to determine the main transport direction
of air masses, calculated probability of new particle formation as a function of air mass
history, studied the long-range transport to explain the concentration of nanoparticles at
the measurement station, and used the source-receptor technique to reveal the main
sources of SO, measured concentration.

4.2 Back trajectories accuracy and limitation for use

The accuracy and limitations of trajectory calculations have been investigated by several
researchers (Stohl, 1998; Stunder, 1996; Kahl, 1996). These authors concluded that the
accuracy of an individual air mass trajectory is ultimately limited by temporal and spatial
resolution of meteorological observations, by measurement and analysis errors and by
any simplifying assumptions used in the trajectory model. Despite the fact that trajectory
models have been employed successfully to investigate complex transport processes such
as recirculation of pollutants (Tyson et al, 1996), it is virtually impossible to describe
transport phenomena in turbulent flows by calculating single trajectories. Errors
associated with a single trajectory are reduced when daily trajectories (Stohl, 1998;
Brankov et al., 1998) or ensemble trajectories (Scheele and Siegmund, 2001) are
considered to characterize the air parcel path.
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5 Site description and measurements

Most of the studies presented in thesis have been done using the measurements at the
SMEAR 1II station, which is located in the Hyytidld Forestry Field Station of the
University of Helsinki in Southern Finland (61°51' N, 24°17' E, 180 m a.s.L.). The station
was designed to study mass and energy flows in atmosphere-vegetation-soil continuum
(Hari and Kulmala, 2005). Around the station, which is located in boreal forest, there is a
homogeneous 45-years-old Scots pine stand. The dominant stand height is about 14 m.
Rannik (1998) describes the micrometeorology of the site.

Besides the Smear I station, we used in our studies the aerosol size distribution data from
Nordic field stations, all situated inside boreal forest. The SMEAR 1 station at Vérrio
(67°46' N, 29°35"' E, 180 m a.s.l.), situated in a rural area of Lapland. The Aspvreten
measurement station(58°46' N, 17°24' E, 25 m a.s.1.) is located near the Swedish coastline
in Sormland, where the anthropogenic influence is considered small (Tunved et al.,
2003). The Sammaltunturi Global AtmosphericWatch station Palas (67°58"' N 24°07' E,
565 m a.s.l.), operated by the Finnish Meteorological Institute, is situated on top of a field
in western Lapland. The Pallas area is in the sub-Arctic region near the northern limit of
the boreal forest zone.

The boreal forests play an important role in both climatic regulation and carbon cycling
and are characterized by large volatile organic compound (VOC) emissions (Hakola et
al., 2003). Organic compounds comprise a large fraction of the global aerosol burden and
there is growing evidence that naturally emitted terpenes contribute notably to gas-to-
particle conversion (Bonn and Moortgat, 2002; Bonn et al., 2007). In the boreal region of
Northern Europe, monoterpenes are abundant (Tarvainen et al., 2007) with
concentrations depending on season, boundary layer conditions and temperature.

The San Pietro Capofiume (SPC) measurement station (44°39' N, 11°37'E, 11 m a.s.L) is
located at about 30 km northeast from the city of Bologna, in the Po Valley, Italy. The Po
Valley is densely populated, highly industrialized and known to have a relatively high
level of anthropogenic pollution. The local atmospheric circulation features, determined
by the dynamic effect of the Alps, often favour the development of critical pollution
episodes (Finardi and Pellegrini, 2004).

At all these sites aerosol size distribution are measured using a Differential Mobility
Particle Sizer (DMPS), an instrument consisting of a bipolar charger, one or two
Differential Mobility Analyzers (DMA) to separate aerosol particles with different sizes
and one or two Condensation Particle Counters (CPC) to detect the particles (Aalto et al.,
2001). Depending on the setup, the DMPS can measure particle size distributions with a
high size resolution from sizes as low as 3 nm. The sampling time per distribution is
usually ca. 10 min.
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6 Methods

6.1 Classification of new particle formation

A particle formation event is registered when a mode of fresh particles appears,
manifested as a sudden increase in the number concentrations in the nucleation mode,
with sizes less than 25 nm in diameter. The classification method used in the creation of
the database is based on the flowchart published by Dal Maso ef al. (2005), which
classifies a day into one of three main groups: event (classes Ia, Ib or II), non-event, and
undefined. In this study we applied these rules as follows. To classify as an event a day
the following criteria had to be fulfilled: a) particles smaller than 25 nm had to be
present; b) these particles had to form a mode that had not existed before; c¢) this mode
had to persist at least 1 hour; d) the particles in the new mode had to grow in size with
time. A failure to fulfil the criteria a), b) and c) resulted in a classification to the non-
event class and a failure to fulfil criterion a) or d) resulted in a classification to the
undefined class. The classification was performed so that the probability of false positives
for events was minimized, even if this meant an increased amount of false negatives for
events.
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Figure 5. New particle formation event measured in Hyytidld with a DMPS system on
the 24™ of April, 2006, at the SMEAR II station at Hyytidld, Southern Finland (dashed
line — median size of the mode formed by the newly formed particles; by fitting that line
the approximate growth rate of the particles can be estimated). (Figure by courtesy of M.
Dal Maso).
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When a day was classified as an event day (Figure 5), it was subsequently classified
according to the possibility of further analysis. If it was possible to obtain the formation
and growth rate of new particles, the day was classified as a class I event. For some days,
while it was clear that the day was an event day, it was not possible to obtain these
characteristics, due to, for example, strong fluctuations in the particle concentration. Such
days were classified as class II events. Class la events are event days during which the
new mode is clearly distinguishable from the pre-existing particle population for the whole
duration of the event, making these days good candidates for modeling case studies
(Korhonen et al., 2004, Boy et al., 2006). On these days, the total number concentration is
dominated by the new particles. The rest of the class I events were classified as class Ib; it
contains events during which the growing mode of new particles is at some time obscured
by or superimposed to the pre-existing distribution.

6.2 Back trajectories calculation

To analyze the source and transport pathways of air masses, a trajectory analysis was
made. The back trajectories were calculated using the HYSPLIT 4 model, developed by
NOAA/ARL (Draxler and Hess 1998). HYSPLIT 4 is a single particle Lagrangian
trajectory dispersion model. The model runs were made using the Global FNL
meteorological archive with a spatial resolution of 191x191km. The FNL meteorological
dataset was produced by the US National Center for Environment Prediction (NCEP). Air
parcel back trajectories were calculated typically 96 hours backwards in time. However,
some trajectories were missing or shorter than 96 hours in duration, since the FNL archive
data has some gaps when output meteorological data are not available. Current literature
suggest that the error accompanying HY SPLIT-generated trajectories can be estimated to
be anywhere from 15% to 30% of the travel distance (Stohl 1998; Draxler and Hess 2004).
In our studies we consider the sources of aerosol particles on a regional scale, so the
accuracy of trajectory calculations is sufficient to reveal differences in the particle
concentration for different types of air masses. The second benefit was the long time series
of the measurements and hence the high number of the trajectories used in calculations.

6.3 Air mass analysis

To classify the type of the air masses arriving at Hyytidld and the passages of the
atmospheric fronts over Southern Finland, synoptic maps of the surface (Figure 6, left)
and 850-hPa levels from the Berliner Wetterkarte maps (http://www.berliner-
wetterkarte.de/) from the German Weather Service (Deutscher Wetterdienst, DWD) were
examined together with the satellite images (Figure 6, right) from the Advanced Very
High  Resolution Radiometer (AVHRR). The AVHRR is an imager
(http://www2.ncdc.noaa.gov/docs/klm/html/c3/sec3-1.htm) that can be wused for
determining cloud cover.
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Figure 6. Example for Berliner Wetterkarte (synoptic map, left) and AVHRR satellite
image (right) over Central Europe and Scandinavia, for 29" of July, 2004.

Synoptic weather maps with a time resolution of 12 h were examined for the occurrence of
fronts and for air mass classification in the lower troposphere (Bissolli and Dittmann,
2001). We used the air mass classification made daily at Berliner Wetterkarte for 0000
UTC (local time at Hyytiédld is UTC plus 2 h, but 3 h during daylight savings time in the
summer). The air mass classification recognizes Arctic, Polar and Subtropical air masses,
each divided into marine, continental, and transition from marine to continental (those
which lose moisture while traveling over the continent.) (Beilage zur Berliner Wetterkarte,
http://www.met.fu-berlin-de/~manfred/luftmassen.html).
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6.4 Cloudiness

Cloudiness over Southern Finland was analyzed from the AVHRR imagery in one of two
time intervals. On event days, cloudiness was estimated for approximately 4 h around the
event starting time, whereas on non-event days cloudiness was estimated in a time
window 0800-1400 Local Time, which covers most of the starting times of particle
formation events at Hyytidld (Dal Maso et al., 2005). Thus, the days were classified
according to the sky cover (in octas) into the following groups: clear sky (0 octas), near-
clear sky (1-2 octas), isolated clouds (3—4 octas), broken clouds (5—6 octas), nearly
unbroken cloudiness (7-8 octas), and overcast (8 octas, unbroken cloudiness).
Hereinafter, we call days with cloudiness higher than 4 octas as ‘high-cloud-amount’
days and cloudiness less than 5 octas ‘low-cloud-amount’ days.
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7 Review of Papers and Author’s Contribution

The motivation and approach of each article as well as the author’s contribution are
described below. Sections 7 and 8 detail the main results and conclusions from these
articles.

Paper 1

In Paper I we investigated the probability of new ultrafine particle formation as well as
the spatial sources of the nucleation, Aitken and accumulation mode particles in Hyytiéla,
Southern Finland, by means of air mass back trajectories analysis.

In this paper I calculated and analyzed the back trajectories and wrote most of the text.

Paper 11

In paper II we analyzed aerosol size distributions measured at the Hyytidld, Varrié and
Pallas stations in Finland and at the Swedish station Aspvreten, over a period of several
years. We identified occurrences of new particle formation events and obtained
characteristics for the events from the size distribution data and analyzed the directions
from which air masses leading to new particle formation arrived.

In this paper I carried out the back trajectories calculation as well as analysis, and
contributed to part of writing.

Paper 111

In Paper III we studied the transport of air masses to San Pietro Capofiume (SPC) in the
Po Valley, Italy, by means of back trajectory analysis. Our main aim was to investigate
whether air masses originate from different regions on days with and without new particle
formation events, using three years of continuously recorded data at SPC. We analyzed
meteorological conditions along the back trajectories of air parcels for event and non-
event days. By means of source-receptor analysis we investigated the influence of distant
sources of SO, to SO, concentrations measured at SPC.

In this paper I calculated the back trajectories, analyzed them and wrote most of the

paper.
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Paper IV

In Paper IV we analyzed aerosol particle number concentration and size distribution data
together with meteorological and gas concentrations data recorded at Hyytidld to
investigate the possible links between physical, chemical, and meteorological parameters
for event and non-event days for different seasons. The seasonal patterns of average trace
gas concentrations (O3, H,O, NOy, SO,), UVA radiation, temperature, relative humidity
and condensation sinks were established and their influence on the seasonal dependence
of the formation and growth rates of nucleation mode particles was evaluated.

I did most of calculations (except for the effect of ozone on chemical lifetime) and
contributed to part of writing.

Paper V

In Paper V we examined the meteorological and synoptic conditions favourable for new
particle formation in Hyytidld. Synoptic weather maps and satellite images over Southern
Finland were analyzed for the period 2003-2005, focusing mainly on air mass types,
atmospheric frontal passages, and cloudiness.

I did most of the analysis of synoptic weather maps and satellite images, all the
calculations, and also wrote most of the paper.
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8 Main Results

8.1 Air mass transport directions favourable for new particle formation

8.1.1 Hyytiilé, Southern Finland

Several previous studies have investigated the effects of air masses and synoptic weather
on aerosol particle formation at Hyytidld, Southern Finland. During the BIOFOR 3
campaign (11 March-30 April 1999), Nilsson et al. (2001a) reported that nucleation was
favored in Arctic, and, to some extent, Polar air masses. The aim of our study was to use
back trajectory analysis to investigate the main air mass transport direction to Hyytiéld
and to indentify source areas of air masses which bring to Hyytidld conditions during
which new particle formation occurred most often during the period 1997-2003.

Prevailing air mass transport directions for Hyytidld, Southern Finland, are from south-
west (SW) to north-west (NW), whereas transport from north (N) and north-east (NE) is
of secondary importance (Paper I). Seasonal differences in prevailing flow directions
exist but they are minor. In spring, the frequency of SW to NW directions increases. In
summer, western flows prevail. In autumn, the frequency distribution of flow directions is
smoother compared to other seasons. Since the horizontal pressure gradient is smaller in
summer, the speed of air flows is lower and air masses travel shorter distances. Hence the
influence of the local sources increases.
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The dominant role of Arctic and Polar air masses causing new-particle formation is
clearly seen during all seasons (Paper I). On average nucleation events occur more often
in clean marine air originating from North Atlantic and Arctic areas (Figure 7).

1] 0.1 nz 03 04 08 06 07 08 : 1

Figure 7. Distribution of nucleation event probabilities during the years 1997-2003. The
color in a grid cell describes the probability of a nucleation event at the receptor location
(*, Hyytidld) for corresponding trajectory direction.

In typically more polluted continental air masses, originating over Central and Eastern
Europe, new-particle formation was very rarely observed. More explicitly, the role of
Arctic and Polar air masses in the nucleation processes was more clearly observed in
spring when the frequency of new particle formation reached its maximum. The results
allow us to conclude that a lower temperature, low amount of anthropogenic pollution,
and in some cases lower humidity, are the necessary factors associated with new particle
formation events in Southern Finland.
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Clear differences were observed in sources of particles of different sizes (Paper I). In all
seasons (Figure 8) Arctic and North Atlantic areas were the sources of nucleation mode
particles. The influence of that region on new particle formation reached a maximum in
spring (Paper I) when highest concentrations for all modes are observed in Hyytiéla.
Being an industrial region, the south-west of Russia and central Europe were the main
sources of accumulation mode particles during all seasons. The formation and/or
production of accumulation mode particles over those regions may be connected with
high concentrations of anthropogenic combustion products, including those from fossil
fuel combustion.

Nucleation mode, whole year

s ,__

Figure 8. Multi-year  (1997-2003)
distributions of spatial sources of particles
in the nucleation (upper left), Aitken (upper
right) and accumulation (lower left) mode.
The color in a grid cell represents the mean
concentration of the particles observed at
Hyytidld at corresponding air parcel back
location.
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Air masses with high concentrations of Aitken and accumulation mode particles are
characterized by high condensation and coagulation sinks, which decrease the lifetime of
vapours participating in the new particle formation process and remove newly formed
ultrafine particles (Kulmala ez al., 2004a, Kulmala et al., 2005). Our analysis shows that
the highest condensation sinks measured in Hyytidld are observed in the continental air
masses arriving at Hyytidld from Eastern Europe and Central Russia (Figure 9). The
lowest condensation sinks correspond to the NW air mass transport direction (Paper I).
This may be a key factor in the observed tendency of northerly, cleaner air masses
favouring new particle formation events.

Condensation sink

1 1
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Figure 9. Spatial dependence of the condensation sink observed in Hyytidld on the air
mass history (colour represents the condensation sink, s™).

8.1.2 Scandinavia

Being a large-scale phenomenon, air masses determine, according to their origin, the air
quality and conditions over large areas. However the properties of air masses are
changing continuously according to the properties of the underlying surface. Strong
surface sources (both natural and anthropogenic) may change its properties considerably.

To confirm or to reject the conclusion about the key role of the air mass originating over
the North Atlantic and the Arctic in new particle formation over Scandinavia, Dal Maso
et al. (2005) carried out an analysis of air mass back trajectories with respect to new
particle formation at four Nordic stations, Hyytidla (61051'N, 24017'E), Virrio (67046'N,
29°35'E), Pallas (67 58N, 24 07'E), and Aspvreten (58 26'N, 16 24'E), all situated
within the boreal forest.
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To investigate the area from which the air leading to new particle formation originates,
the calculated back trajectories were analyzed with respect to NPF days. As the analyses
of each trajectory individually was impractical for the large number of days, we used the
azimuth of the air parcel 24 hours before the arrival at the measuring site as a parameter
describing the air mass source direction (Paper II).

Figure 10 shows the relative distribution of air mass azimuths on event and non-event
days for all four stations. From these it is clearly visible that air masses on event days are
predominantly arriving from northwestly directions. If we draw an axis from northwest—
southeast, almost all event day trajectories arrived from the NW side of this axis. The
source of the air masses leading to new particle formation was established to be towards
the North Atlantic area for all stations. Southern air transport rarely leads to new particle
formation at any of the stations.
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Figure 10. The azimuth of the air masses 24 h prior to arriving at the measurement
stations on event (left) and non-event (right) days.

Undefined days showed most variation in air mass transport direction between the
stations (Paper II). In Pallas and Virrio, the distribution of the transport direction of
undefined days was quite uniform, with no direction standing out. In contrast, the
distribution at Hyytidld is dominated by trajectories arriving from directions between
west and south.

Air mass back trajectory analysis also allowed to explain the changes in condensation
sink observed at the Nordic stations (Paper II) with respect to the locations of the main
pollution sources. The clear difference in the condensation sink (CS) averages between
the north-west sector and the southeast-southwest sector was that the CS in air arriving

29



from north-west, which on average is much less polluted compared to Central and
Eastern Europe, is lower by factor of 2.5-3 at all stations.

Summarizing, using long-term measurements over a geographically large arca we were
able to establish that new atmospheric particle formation in Scandinavia, presented in our
study by four measurement stations, takes place preferably during air mass transport from
the north-west direction.

8.1.3 Po Valley, Italy

Having investigated the role of air masses in a clean area of boreal forest in Scandinavia,
where biogenic VOC emissions are involved in new particle formation during the
growing season (Laaksonen et al, 2008), we aimed to investigate the role of the air
masses at the San Pietro Capofiume (44 39'N, 11°37'E) measurement station in Italy.

The station is located in the Po Valley, the largest industrial, trading and agricultural area
in Italy with a high population density (for more details see Hamed et al., 2005). Hamed
et al. (2005) found that new particle formation events happen more often at higher SO,
concentration, compared to non-event days. To investigate the origin and history of air
masses during the particle formation process and to identify the main sources of SO,
transported to the SPC, we performed air mass back trajectories analysis.

The Po Valley axis is prevalently oriented west-east: this maximizes the shading effect of
the mountains on the bottom of the valley, enhancing differences in radiation, flow and
turbulence over mountain slopes. The atmospheric circulation of the Po Valley is
characterized by the strong modification of air flow due to high mountains (Alps and
Apennines) that surround the valley on three sides. The dynamic effects of mountains
also have a major impact on regional and local airflow patterns that impact the climate of
adjacent regions.

Air mass transport from westerly to north-easterly directions dominates in all seasons
(Paper III). Due to low pressure zone activity, horizontal transport is much stronger in
winter compared to summer. The velocity of air parcels decreases towards the arrival
point due to the increasing influence of the surface roughness.

Nucleation events at SPC occur more frequently in air masses arriving form Central
Europe, whereas event frequency is much lower in the air transported from both southern
directions and the Atlantic Ocean (Figure 11a). Trajectories often pass over the polluted
(SO,) Slovenia region and over the Veneto emission sources, east from the station,
whereas in Scandinavia aerosol particle formation happens mostly in clean Arctic air
masses (Paper I, Paper II).
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Figure 11. Frequency (%, see color scale) of the location of an air parcel in different
direction sectors between the reference back time steps (contour lines for —12, —24, —48,
=72, =96 hours back from the arrival time of the air parcel) for (a) event and (b) non-
event for the whole period of measurements.

Meteorological parameters along the back trajectories differ considerably for event and
non-event days (Paper III). With rare exceptions, mixed layer depth is higher along the
event trajectories. However, such parameters as temperature and relative humidity, which
along with origin are determined by the elevation of the air parcel, have opposite
differences between event and non-event trajectories. We found that, on average, event
trajectories undergo stronger subsidence than non-event trajectories during the last 12 h
before the arrival at SPC; the amplitude of the increase in the vertical velocity for event
class 1 trajectories is highest. This behavior of air parcel trajectories for event days is
similar to the one observed at Hyytidld by Sogacheva ef al. (2004). Lower precipitation
and lower relative and absolute humidity are also typical for event days, as was found for
Hyytiéld, Southern Finland (Paper IV). However the temperature on NPF event days was
higher than on non-event days.

Source regions in the Po Valley seem to be more important in their contribution to the
SO, concentrations at SPC than the emission sources in Central Europe. The contribution
of strong emission sources over Central and Eastern Europe is non-negligible (Paper
II0).
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8.2. Meteorological conditions during new particle formation at
Hyytiéla

Air masses, along with atmospheric circulation and synoptic processes, determine the
meteorological conditions. Meteorological conditions during new particle formation at
Hyytidld have been analyzed in several studies but in most cases for short periods of
interest (Mikeld et al, 2000, Nilsson et al., 2001a, 2001b, Buzorious et al., 2001, 2003,
Boy and Kulmala, 2002, Suni et al., 2003). In Paper IV we analyzed observations at the
Hyytidld background station during 1997-2003 to investigate the possible links between
physical, chemical, and meteorological parameters for event and non-event days for
different seasons.

In winter, all events were observed at low temperatures (-5°C>T>-20°C), high RH
(RH>80%) and maximal observed annual concentrations of SO, and NOy. The
probability for the nucleation mode in winter to appear is closely related to the substantial
increase in O3 (up to 30%) and UVA radiation, providing an increase in production of
OH, which is one of the possible candidates involved in the formation of nonvolatile
vapours (Kroll and Seinfeld, 2008). The CS in winter is minimal and the trends of RH
and CS are uncorrelated.

In spring, which is the season of the highest frequency of the particle formation process
(Dal Maso et al, 2005), new particle formation was observed in conditions of maximum
temperature at day time, high ozone and UVA levels, and very low relative humidity
(RH<40%) and low values of CS (2-4x107 s™) (Paper IV). Diurnal behavior of CS and
RH are shown to be well correlated. High correlation in daily patterns of CS and RH
means that changing the surface area of the preexisting aerosol (CS) can be connected
mainly with changes to RH.

In summer, VOC:s start to trigger the formation of the particles. Maximal growth rate of
nucleation mode was observed in summer at high temperature, high UVA radiation,
maximum concentrations of monoterpenes, hydroxyl and water vapour, and with
minimum concentrations of NOy and SO, (Paper IV). The CS is maximum in summer.
The daily patterns of CS and RH are well correlated. The daily dynamics of Os is
determined by its production in the boundary layer.

In autumn a second maximum in the frequency of formation events was often observed.
For the event days UVA and temperature were higher as compared to non-event days
(Paper 1V) . The ozone concentration increased by 40% during new particle formation.
CS had two minimas in event days, one was around 3a.m., another more pronounced
minimum was observed around the mean starting time of NPF event (9 a.m. for Hyyti4l4,
see Dal Maso et al., 2005). It is important to note that the diurnal pattern of CS did not
coincide with the daily pattern of RH. Maximum decrease of CS was observed at 5 — 9
a.m. when RH remained constant. It is worth to note that in autumn during event days
SO, concentration reached a maximum during the morning hours indicating a downward
transport from the free troposphere, followed by a decrease during the day.
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8.3. Synoptic situation and cloudiness conditions at Hyytiili during the
new particle formation episodes

The role of atmospheric air masses and synoptic weather on NPF in Hyytidld has been
considered in previous studies for periods of field campaigns but not for the long time
series of measurements. We investigated the connections between synoptic weather
conditions, cloudiness and new particle formation events for a 3-years period. We paid
special attention to the analysis of cloudiness aiming to explain the frequency of new
particle formation by the frequency of the days with different cloud cover.

The occurrence of Arctic, Polar and Subtropical air masses at Hyytidl4 has a clear annual
cycle (Paper V). Arctic air masses are observed at Hyytidld more often in winter,
reaching a maximum in December, but sustaining high frequency well into the spring.
This might be one of the explanations (together with increasing solar radiation) of the
well pronounced peak in the frequency of nucleation events observed at Hyytiéld in late
spring. The occurrence of Arctic air masses at Hyytidld decreases strongly toward the
summer and reaches its minimum in July.

During about half of the days, Polar air masses prevail at Hyytidld, with a maximum
occurrence in summer, when the Icelandic and Aleutian Lows weaken considerably
(Figure 2), the Azores High is getting stronger and shifted slightly to the north, and Arctic
air seldom reaches Hyytidld. Subtropical air has its highest frequency in midsummer.
Marine air masses prevail at Hyytidld throughout the year, except for April (Paper V).
Continental air is distributed evenly throughout the year. Transition air masses are more
frequent in winter and are not observed in June and July.
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Figure 12. Fraction of the different types of the air masses (Arctic, Polar, Subtropical)
during event days (subclasses Ia, Ib, II), undefined and non-event days.

The strongest new particle formation (event class Ia) occurs most often in Arctic air
(Figure 12). The fractions of Arctic and Polar air in class Ib and class II events are
comparable with a small dominance of Polar air masses; in a few cases, event classes Ib
and II have occurred in Subtropical air masses. The distribution of air mass frequency is
similar for undefined and non-event days and occurs in the ratio 6:3:1 for Arctic, Polar
and Subtropical air, respectively. No significant differences have been revealed in the
character of the air mass (marine, continental, transition) with respect to new particle
formation except for class Ia, for which the fraction of transition air masses is higher
compared to other days.
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Figure 13. Fraction of the different types of the synoptic situations classified according
to atmospheric frontal passages for event days (class Ia, class Ib, class II), undefined and
non-event days.

Frontal passages have been observed more frequently in January, gradually decreasing in
spring (Paper V). The most favourable situation for new particle formation is after cold-
frontal passages, and the following days until the next front reaches Hyytidld (Figure 13).
New particle formation event classes Ib and II occur before fronts as well; however, in
these cases, the growth of the particles slows down as the frontal cloudiness develops and
particle growth is smaller comparing to that during class Ia events. Several frontal
passages and slow-moving fronts are observed at Hyytidld often during undefined and
non-event days.

35



100

80

g0

70

B0

%

&0

40

30

20

10

Figure 14. Cloudiness (color, in octas) for event days (class Ia, class Ib, class II),
undefined and non-event days. Blue star is a border between 3—4 octas (isolated clouds)

|:||:Iear sky
-
e

ok
[ 7
-nvercast

class la

class |b

class Il undefined nonevent

and 5-6 octas (broken clouds) cloudiness.

92% of class Ia events are registered at Hyytidld under clear skies or near clear sky (1-2
octas) conditions (Figure 14); cloudiness of 3-4 octas is observed during the remainder
(8%) of class Ia events. The fraction of days with 3—4 octas cloudiness becomes rather
significant in class Ib events (32 %); class II events rarely occur at 7-8 octas cloudiness.
We consider cloudiness less than 5 octas as one of the preferable conditions for new
particle formation; however, at higher cloud amounts, class Ib and class II events may
occur. Cloudiness above 4 octas appears to be an important factor for slowing down an

aerosol formation event.
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event (green line) days at Hyytidld. Blue star is a border between 3—4 octas (isolated
clouds) and 5-6 octas (broken clouds) cloudiness.

The monthly cumulative number of nucleation events for 2003—2005 corresponds well to
the cumulative number of days with cloudiness 3—4 octas and lower for the same period
apart from July (Figure 15). As mentioned above, the concentration of VOC in summer
plays a significant role in NPF. March—April and September maxima in new particle
formation coincide with the high number of days with low cloud fraction in the
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Figure 16. Yearly number of event days and number of low-cloud-amount days for years
2003, 2004 and 2005 (a), and the same for months March—May (b).

Year-to-year differences in the frequency of new particle formation have a trend similar
to that for the number of low-cloud-amount days. The smaller number of nucleation
events in year 2005 with respect to year 2003 can be explained by the lower occurrence
of the clear sky and low-cloud-amount days (Figure 16a). The high number of low-cloud-
amount days in the winter, when particle formation occurrence is low, for the year 2004
explains the discrepancy in our assumption on the yearly correspondence of the number
of nucleation days to the number of low cloudiness days. During the period of the most
frequent new particle formation (March—May), the peak in the number of nucleation days
in year 2004 corresponds well to the peak in the number of low-cloud-amount days
(Figure 16b).

38



9 Conclusions

In this thesis we describe the analyses of air masses and meteorological parameters at
four Nordic stations (Hyytidld, Vérrio, Pallas and Aspvreten) located in boreal forest, and
at San Pietro Capofiume station located in the Po Valley, Italy, as well as synoptic
situations and cloudiness at Hyytiéld, Southern Finland, to identify conditions which are
favourable for new particle formation in atmosphere.

Using back trajectory analysis, we show that the prevailing air mass transport directions
for Hyytidld, Southern Finland, are from south-west to north-west, whereas north and
north-east transport is less frequent. Seasonal differences in prevailing flow directions
have been identified, but they are minor. In winter, long-range transport of air mass to
Hyytidld takes place more often than in summer.

The dominant role of Arctic and Polar air masses facilitating the formation of new
particle is clearly seen during all seasons and on multi-year average at Hyytidld, as well
as at other Nordic stations. Air masses transported from Central Europe and Russia rarely
lead to new particle formation at any of the stations. The highest number concentrations
of accumulation mode particles and highest condensation sink values measured in
Hyytidld are observed in continental air masses arriving at Hyytidld from Eastern Europe
and Central Russia.

Contrary to Scandinavia, presented in our studies by four Nordic stations, nucleation
events in Po Valley, at San Pietro Capofiume, occur more frequently in air masses
arriving form Central Europe, than in air transported from either the Atlantic Ocean or
southern directions. Meteorological parameters along back trajectories arriving at SPC
differ considerably for event and non-event days. With rare exceptions, mixed layer depth
is higher along the event trajectories.

The most favourable situation for new particle formation during all seasons is cold air
advection after cold-frontal passages, and the days following it until the next front
reaches Hyytidld. We demonstrated that in Hyytidld cloudiness less than 5 octas is one of
the favourable conditions for class Ia event of new particle formation; however, at higher
cloud amounts, NPF may occur as well. Cloudiness above 4 octas appears to be an
important factor for turning an aerosol formation event into class Ib and class II, and
preventing Ia class events. The frequency of new particle formation is related to the
frequency of low-cloud-amount days in Hyytidla.
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