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Abstract

Aerosol particles are likely important contributors to our future climate. Further, during 
recent years, effects on human health arising from emissions of particulate material have 
gained increasing attention. In order to quantify the effect of aerosols on both climate and 
human health we need to better quantify the interplay between sources and sinks of aerosol 
particle number and mass on large spatial scales. So far long-term, regional observations of 
aerosol properties have been scarce, but argued necessary in order to bring the knowledge of 
regional and global distribution of aerosols further. In this context, regional studies of aerosol 
properties and aerosol dynamics are truly important areas of investigation.

This thesis is devoted to investigations of aerosol number size distribution observations 
performed through the course of one year encompassing observational data from five stations 
covering an area from southern parts of Sweden up to northern parts of Finland.
This thesis tries to give a description of aerosol size distribution dynamics from both a 
quantitative and qualitative point of view. The thesis focuses on properties and changes in 
aerosol size distribution as a function of location, season, source area, transport pathways and 
links to various meteorological conditions.  

The investigations performed in this thesis show that although the basic behaviour of the 
aerosol number size distribution in terms of seasonal and diurnal characteristics is similar at 
all stations in the measurement network, the aerosol over the Nordic countries is 
characterised by a typically sharp gradient in aerosol number and mass. This gradient is 
argued to derive from geographical locations of the stations in relation to the dominant 
sources and transport pathways. It is clear that the source area significantly determine the 
aerosol size distribution properties, but it is obvious that transport condition in terms of 
frequency of precipitation and cloudiness in some cases even more strongly control the 
evolution of the number size distribution. Aerosol dynamic processes under clear sky 
transport are however likewise argued to be highly important. 

Southerly transport of marine air and northerly transport of air from continental sources is 
studied in detail under clear sky conditions by performing a pseudo-Lagrangian box model 
evaluation of the two type cases. Results from both modelling and observations suggest that 
nucleation events contribute to integral number increase during southerly transport of 
comparably clean marine air, while number depletion dominates the evolution of the size 
distribution during northerly transport. This difference is largely explained by different 
concentration of pre-existing aerosol surface associated with the two type cases. Mass is 
found to be accumulated in many of the individual transport cases studied. This mass increase 
was argued to be controlled by emission of organic compounds from the boreal forest. This 
puts the boreal forest in a central position for estimates of aerosol forcing on a regional scale. 
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ON THE LIFECYCLE OF AEROSOL PARTICLES: 

SOURCES AND DISPERSION OVER SCANDINAVIA

Introduction

This thesis deals with aerosols. Tiny particles suspended in air, but still, with an assumed 

to be large impact on climate and human health. The aerosol particles appear in various shape 

and chemical composition. Several different compounds may be found in the particle phase of 

the aerosol: sulphate, soot, different metals, numerous organic compounds, water and nitrate 

to mention a few. These particles may be solid, liquid or a mixture of the both (Warneck, 

1988). The morphology and composition of the aerosol tells us something about the history of 

the air. It contains information of the sources and processes that the air has been exposed to 

during the last couple of days or weeks. The sources of aerosols are both of natural and 

anthropogenic (man-made) origin. Natural sources of aerosols comprise primary emissions of 

sea-salt, re-suspension of windblown dust and gas to particle conversion of natural 

compounds emitted to the atmosphere. In the urban environment, the main source of particle 

number is gas to particle conversion of sulphuric acid and several different organic bi-

products from fossil fuel combustion. In general, virtually all types of combustion processes 

contribute with aerosol emissions or emissions of compounds that participate in gas-to-

particle formation in the atmosphere. Once introduced in the atmosphere, the aerosol particle 

remain there as individual particles on time scales ranging from seconds to weeks depending 

on chemistry, size and dominating meteorological factors (Raes et al., 2000; Nilsson and 

Rannik, 2001; Williams et al., 2002). 

The aerosol is polydisperse and distributed between particles of diameters (Dp) spanning 

several orders of magnitude: from a few nano-meters (nm) up to some 100 micrometers ( m). 

The aerosol size distribution describes how number, surface and mass are distributed with 

respect to size of the aerosol particles. An example of a size distribution is given in Fig. 1. 

 The aerosol size distribution is often described in terms of one or several log normal 

distributed modes (e.g. Whitby et al., 1978). These modes are by convention frequently 

referred to as nuclei mode (Dp <20 nm), Aitken mode (Dp 20-100 nm), accumulation mode 

(Dp= 100 nm-1 m) and coarse mode (Dp >1 m). This terminology is used throughout the 



Summary 

II

thesis. In this thesis, the properties of the aerosol over Scandinavia are in focus and the 

aerosol number size distribution is the tool used to describe and characterise the aerosol.  
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  Figure 1: Typical aerosol number size distribution (dN/dlogDp, Dp= 3-500 nm) observed around noon 

  in the rural boundary layer over Scandinavia. The aerosol is distributed over nuclei, Aitken and  

  accumulation mode size range. The three modes are shown by dashed, dotted and solid lines,   

  respectively. 

Aerosol size distribution measurements from five different stations situated in the Nordic 

countries constitute the basis for the investigations. The aerosol number size distribution is a 

physical quantity, and the aerosol observations described in this thesis are thus predominantly 

of physical nature. Nevertheless chemistry of the aerosol is utterly important in order to 

describe the processes in the atmosphere associated with aerosol particles and this fact is also 

extensively discussed throughout the thesis.

Once a particle is introduced in the atmosphere it is exposed to several processes altering 

the size and chemistry of the particle. Formation of particles with a size of a few nm serves as 

an excellent starting point for discussing general dynamic behaviour of an aerosol population.  

Formation of new aerosol particles during short episodes called “nucleation events” in the 

rural background environment over Scandinavia has frequently been observed during recent 

years (Mäkelä et al., 1997; Kulmala et al., 2001; Nilsson et al., 2001a, b; Kulmala et al., 

2004). A characteristic nucleation event observed at the Finnish boreal measurement site 

Hyytiälä is displayed in Fig. 2. The figure describes how the aerosol number size distribution 

changes over the course of one day. During these nucleation events several dynamical 

processes are active, affecting both number and size of the aerosol particles. The nucleation 
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events are characterised by a rapid increase of particles <10nm around noon. These particles 

are formed via homogenous nucleation. Particles of such small size (nuclei mode particles) 

are mainly affected by three processes. First, coagulation is a very efficient process in 

reducing the number of small particles, both via coagulation with larger particles and via self-

coagulation within the nuclei mode. Secondly, dry deposition is rather efficient for nuclei 

mode particles. Lastly, condensation of low volatile gases onto the existing nuclei mode 

particles causes them to grow. Since the nucleation occur on large geographical scales, it is 

possible to follow the growth from a few nm into the Aitken mode size range for several 

hours.

 Figure 2: Example of nucleation event observed on 11th May 2001, Hyytiälä (61.51ºN, 24.17ºE). The 

 figure describes the evolution of the size distribution during the course of one day. The colour coding 

 represents number density in terms of dN/dlogDp (cm-3). Small particles appear around noon and growth 

 can be followed for several hours up to some 30 nm. Particle formation rate, condensation growth, 

 coagulation and dry deposition determine the size distribution properties. 

As particles grow from the nuclei size range (>20nm) into the Aitken size range (20-

100nm) coagulation becomes increasingly unimportant. Also, the rate of dry deposition 

becomes smaller and smaller with increasing size in the Aitken mode. As the particles grow 

and enter the accumulation mode size range dry deposition is less efficient (Slinn et al., 1978; 

Zhang et al., 2001) and the rate of changes in the aerosol number size distribution caused by 

condensation and coagulation are slow. Particles in this size range are found to be rather 
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persistent. The only mechanism drastically altering the properties of the accumulation mode 

size range is processing by clouds and/or wet deposition.  

As result of the comparably large size and number concentration, accumulation mode 

particles significantly contribute to formation of clouds. The sub-population of aerosol 

particles participating in cloud formation is generally referred to as cloud condensation nuclei 

(CCN). The capability of aerosols to become CCN depends on their size, chemical 

composition and also on mixing state. Generally, in the current mid-latitude atmosphere, only 

particles larger than approximately 50 nm are likely to form cloud droplets. Both sulphate and 

organic containing particles may contribute to the CCN-population. Sulphate particles, often 

of anthropogenic origin, are known to be good CCN’s due to their excellent capability to take 

up moisture. The role of the organic aerosol particles in cloud formation is nowadays one of 

the major scopes of atmospheric research and due to the complexity of this issue there are still 

large gaps in our understanding of the role of organic aerosols in cloud formation.  

Once a cloud has formed, also interstitial aerosol may be incorporated into cloud droplets 

by scavenging processes. If the cloud rains, a large portion of the CCN is removed. Aerosol-

cloud interactions are however not only restricted to removal of aerosol particles but in-cloud 

aqueous phase chemistry including transformation of SO2 to sulphate also serve as a 

significant source of aerosol mass (e.g. Ayers and Larson, 1990; Hoppel et al., 1994; Bower et 

al., 1999). Large quantities of sulphate may be produced in cloud droplets. If the cloud droplet 

evaporates, the sulphate remains on the particles, often causing a significant mass increase of 

the initial particle. This process is most prominently demonstrated by particles in the ~100 nm 

size range. The processing by non-precipitating clouds moves smaller particles (e.g. upper 

Aitken mode) into the accumulation mode size ranges, creating a typical minimum in the 

~100 nm size range. This local minimum in the aerosol size distribution is often referred to as 

the Hoppel minimum (Hoppel, 1994). 

 Figure 3 presents a summary of the different processes contributing to the evolution of the 

aerosol size distribution. It is clear that the aerosol particles are subjected to several different 

processes altering their number, size and chemistry. Particle number increase is governed by 

nucleation and primary emission and particle number decrease is governed by coagulation and 

wet- and dry deposition. Particle size is determined by condensation and in-cloud reactions. 

The different processes act on the aerosol size distribution on different timescales. These time 

scales in turn are dependent on particle size, particle chemical composition, availability of 

condensable gases and several meteorological parameters.  
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The interest in studying the fate of aerosols, both natural and anthropogenic, is governed 

by two important environmental effects of the aerosol: Effect on climate and effect on human 

health.

 Figure 3: Summary of microphysical processes influencing the atmospheric aerosol over different size 

 ranges. The aerosol is influenced by homogeneous, heterogeneous and in-cloud reactions. Several  

 different compounds participate in condensation growth of particles. From Raes et al., 2000. 

Aerosols and climate 

It is commonly accepted that a global climate change is taking place and will be even 

more pronounced in future. In a historical perspective, however, climate change is not a rarity. 

Historically, the Earth has experienced numerous warmer and colder periods. While there is 

no doubt that previous climate changes have been results of natural climate fluctuations, the 

present situation is special since the assumed future climate change hold man made emissions 

of especially carbon dioxide responsible for increased global temperature. Model predictions 

indicate an increase of global temperature ranging from 1.4 to 5.8ºC within 100 years (IPCC, 

2001). As can be seen, the range of the predicted temperature increase is large, and the 

uncertainty in these estimates is explained by the fact that a large portion of the processes 

controlling the global temperature is poorly quantified. The climate system is very complex 
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and a large number of positive and negative feedbacks need to be better understood in order to 

produce adequate prognosis of the future climate change. One of the major uncertainties 

associated with future climate predictions is the climate forcing caused by aerosols. 

Aerosols and clouds are important components of the Earth climate system. Aerosols have 

impact climate both by scattering and absorbing incoming solar radiation (direct forcing, 

Charlson, 1991) and by changing the radiative properties of clouds (indirect forcing, 

Twomey, 1974).  

The net effect of the aerosol direct climate forcing is believed to produce a negative 

climate forcing, cooling of climate. The indirect aerosol climate effect, resulting from 

interaction between aerosols and clouds, represents nowadays largest uncertainty in 

anthropogenic climate forcing estimates (IPCC, 2001). More particles lead to more cloud 

droplets. More cloud droplets in turn lead to optically denser clouds, increasing the planetary 

albedo accordingly.

There are still big gaps in understanding of aerosol composition and how aerosols are 

dispersed regionally and globally. This significantly hinders the possibility of making 

adequate quantifications of the climate effect arising from aerosol emissions. The negative 

forcing associated with the direct and indirect effect is believed to be of the same order of 

magnitude as the prognosticated positive forcing induced by green house gases, but opposite 

in sign.

In order to produce more accurate predictions of a future climate evolution, special 

attention has to be paid to processes associated with aerosol – cloud interactions and to 

investigations of the aerosol and cloud microphysical and optical properties changes over a 

time under different levels of influence from both anthropogenic and natural aerosol 

emissions.  

Aerosols and human health 

As the concentration of sulphur dioxide has decreased significantly in developed world 

during the recent decades, more attention is now turned to health effects of particulate matter. 

Current levels of urban air pollution do have adverse health effects, and particulates are 

known to exacerbate respiratory and cardiovascular diseases. Epidemiological studies 

performed by e.g. Künzli et al. (2000) in three European countries attribute 6% of total 
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mortality and a significant increase of morbidity to air pollution and especially to the effect of 

aerosols. There is also an increasing concern that a lower threshold for health effects caused 

by particulate air pollution may not be defined (Brunekreef and Holgate, 2002). 

The degree of exposure of the population and thereby the magnitude of the health effects 

from particulate air pollution are, similarly to aerosol effects on climate, uttermost determined 

by how far the aerosol is allowed to travel before deposited, i.e. aerosol lifetimes and by 

aerosol microphysical properties as number density and size distribution. This naturally 

increases the motivation to better describe dispersion of aerosol on larger scales.

Scientific goals 

This thesis is devoted to aerosol size distribution measurements performed in the 

boundary layer over Finland and Sweden. The main scientific goals of this thesis are to 

improve our understanding of the aerosol properties and dynamics as well as aerosol spatial 

distribution and transport pathways over Scandinavia. This work is based on one year aerosol 

size distribution data collected at five measurement stations covering a vast geographical area 

ranging from Söderåsen in Skåne, Sweden, (56ºN) to Finnish Lapland (68ºN).   

The main scientific questions of this thesis can be summarized as follows: 

What can we learn about temporal (diurnal, seasonal) and spatial variability of the 

Scandinavian planetary boundary layer aerosol properties from a net of long-term 

measurement stations? 

How does the interplay between sources, transport and meteorology control the fate of 

aerosols over Scandinavia? Special emphasis is put on the role of new particle 

formation over the boreal forest and different deposition processes. 

How do the aerosol properties change during southerly and northerly transport of 

maritime and continental air, respectively? 

Are we able to reproduce typical aerosol size distribution properties by utilizing 

current knowledge concerning nucleation, condensation, coagulation and dry 

deposition? What parts are missing and what parts need to be improved? 
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The first parts of the thesis, including papers I-III, are based on qualitative descriptive 

analysis of the spatial and temporal variability of aerosol properties and aerosol dynamics 

observed in the boundary layer over Scandinavia. The first three papers present and discuss 

the most prominent features of the Scandinavian planetary boundary layer aerosol properties 

as well as the role of main source areas and meteorology.  

Following papers IV and V are more of a quantitative nature including modelling of 

aerosol dynamic, with respect to transport related changes of the aerosol size distribution 

under clear sky conditions. These two final papers have an ambition to explain some of the 

typical features of the observed aerosol size distribution properties presented in papers I-III

from the quantitative perspective of aerosol processes dynamics.  

Station network and data collection 

 Data discussed and analyzed in this thesis were collected at five stations in Sweden and 

Finland. These five stations (Vavihill, Aspvreten, Hyytiälä, Värriö and Pallas) cover a vast 

geographical area ranging from Skåne in southern Sweden (56ºN) to far north in Finnish 

Lapland (68ºN). All stations utilize the same measurement approach by means of Differential 

Particle Mobility Sizer (DMPS). Observed aerosol size distribution ranges from ~10 nm up to 

450 nm and a single aerosol size distribution is obtained every few minutes. In total, during 

the year of observations used for this study, roughly in-between 200000-300000 size 

distributions were obtained. Such observational approach, including continuous size 

distribution measurements at several stations on a regional scale, offers a unique opportunity 

to study relations among different observations both in space and time. The location of the 

stations offers an excellent possibility to study the transformation of both marine and 

continental air as it is transported over the Nordic countries. The geographical locations of the 

stations are displayed in Fig. 4. The stations in the existing Nordic measurement network are 

representative for a background boreal environment typical for Northern Europe. The 

European boreal region covers more than 2.900.000km2. The type of ecosystem encountered 

in this region find counterparts especially in the north-western parts of USA and western 

Canada as well as in northern parts of Asia. Thus, the European boreal region is 

representative for economically important areas, including both sparsely and highly populated 

regions. A short description of each station is given below.
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Figure 4: Location of the different station included in the measurement network 

 The Matorova station at Pallas (68.00ºN, 24.14ºE, 340 m a.s.l.) is located some 150km 

east of Värriö in the sub-arctic pine forest in the Pallas – Ounastunturi National Park (e.g. 

Laakso et al., 2003). The aerosol measurements are performed by Finnish Meteorological 

Institute (FMI). The station is part of the Global Atmospheric Watch programme (GAW).  

 The SMEAR I station (67.46ºN 29.35ºE, 400 m a.s.l.) in Värriö is also a background 

station situated inside the same vegetation cover as Hyytiälä (see below), in this case a 40 

year old Scots Pine forest. The station itself is located at a hill top. The station is far from any 

local pollution sources (Ahonen et al., 1997), although emissions from the Kola Peninsula 

give rather strong signal during favourable transport conditions (Kulmala et al., 2000). The 

closest large emitters of SO2 and particulate matter are Monchegorsk, located some 150km 

east of the station and Nikel, located 190km to the north. Moreover, air masses coming from 

the St. Petersburg area as well as central Russia can, in general, bring elevated concentrations 

of acidifying gases and aerosols. The station is operated by University of Helsinki 

 The station, SMEAR II (Station for Measuring forest Ecosystem-Atmosphere Relations) 

in Hyytiälä (61.51ºN, 24.17ºE, 180 m a.s.l.) have been a base for a large number of aerosol 

studies and projects with a strong aerosol component (e.g.  Mäkelä et al., 1997; Mäkelä et al., 

2000; Nilsson et al., 2001a, b; Kulmala et al., 1998; Kulmala et al., 2001, Kulmala et al., 

2004). The station is characterized as a boreal forest site, with surroundings dominated by a 
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flora of Scots Pine of about 30 years old. The station is located fairly far from urban pollution 

sites (Tampere is ~50 km SW and Jyväskylä ~100 km NE). The station has facilitated particle 

size distribution measurements since 1996, which have resulted in an extensive database of 

continuous measurement for over eight years. The station is operated by University of 

Helsinki.

 The background station Aspvreten (58.80ºN, 17.40ºE, 25 m a.s.l.) is located in Sörmland 

approximately 70 km south-west of Stockholm and about 2 km from the coast of the Baltic 

Sea. The station is surrounded by mixed coniferous and deciduous forest. The area close to 

the station is sparsely populated. The station is operated by the Institute of Applied 

Environmental Research, Air Pollution Laboratory, and is a part of the European Monitoring 

and Evaluation Programme network (EMEP).  

 Vavihill (56.01ºN, 13.09ºE, 172 m a.s.l.) is located at the top of Söderåsen, Skåne, 

Sweden. The surroundings are dominated by deciduous forest.  The nearest populated site is 

some 10km away. The area of Malmö and Copenhagen, with about 2 million inhabitants, is 

situated about 60-70 km to the SSW. Size distribution measurements were initialized in early 

2001. Department of Nuclear Physics, Lund University, is responsible for the size distribution 

measurements performed at Vavihill

Paper I 
One year boundary layer aerosol size distribution data from five Nordic background 

stations

 The purpose with this paper was to investigate how the aerosol size distribution properties 

behave at the different stations with respect to seasonal, diurnal and geographical 

characteristics. Of special interest is how different source regions affect different stations 

based on their location in the measurement network.  

 Size distribution data covering a period from 1-Jun 2001 to 31-May 2001 was utilized in 

the study. Trajectory clustering was used in order to identify importance of different source 

regions. Four trajectories per day were calculated and clustered according to their horizontal 

distribution. An individual set of clusters was calculated for every season. The trajectory 

clustering analysis was also used to investigate transport related changes of the aerosol size 

distribution during events when the different stations experienced similar transport conditions.  
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 In general, apart from days with nucleation events, the diurnal variation in integral 

particle number density was found to be small. Nucleation events were however observed at 

all stations with similar frequency. Often, the growth of freshly formed particles could be 

followed for several hours. This indicates that the nucleation events occur simultaneously 

over large scales. The largest fraction of nucleation events was observed during spring and 

autumn. The estimated growth rate of the freshly formed particles varied between the stations 

with highest observed growth rate at Aspvreten (2.3nm/h) and lowest growth rate at Värriö 

and Pallas (1.7nm/h). The nucleation events were almost always observed in air transported 

from N-NW.  

 Observations of aerosol integral number were typically associated with a large seasonal 

variability. Maximum was observed during the late spring-summer months. Minimum number 

concentration was observed during the darker winter period.

 Observations at the northerly located stations Pallas and Värriö were associated with 

lower aerosol number and mass compared with the southerly located stations. This gradient 

was present regardless direction of transport. Situations associated with southerly transport 

were nearly always associated with an increase in particle number and mass. The increase in 

number was most pronounced in the Aitken size range. In contrary, northerly transport was 

almost always associated with a reduction of particle number density and mass when 

comparing northerly and southerly located stations. It is clear that strong deposition/dilution 

occurs when transport from the south applies. In turn, the anthropogenic and natural aerosol 

sources manifest their strength when we follow the transition from marine to continental air 

masses. 

 The main conclusions that can be drawn from this investigation are that the aerosol size 

distribution properties at the different stations are determined by seasonal variation in source 

areas, meteorology and distance from the sources. The processes acting on the aerosol are 

rapid, both concerning effect of sources as in the case of southerly transport and concerning 

the effect from sinks as concerning northerly transport. The results presented in this paper 

calls for a quantification of the importance of nucleation and direct aerosol emissions as well 

as the influence from deposition and dilution under different transport conditions. 
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Paper II 
Aerosol characteristics of air masses in Northern Europe – influence of location, 

transport, sinks and sources 

The goal of this study was to investigate how aerosol properties vary between air masses of 

different origin and character and to examine how conservative the aerosol size distribution 

properties are in relation to the thermodynamic characteristics defining the different air 

masses. 

 Aerosol size distribution data from the stations Aspvreten, Hyytiälä, Pallas and Värriö 

was utilized in this study. A thermodynamical approach was used to distinguish various air 

masses. The classification (Berliner Wetterkarten, Institute für Meteorologie, 1997) describes 

both origin and character of different air masses. The air mass classification is defined from 

formation areas as well as degree of continental influence. Air masses may be of marine, 

mixed or continental character.   

 Investigations showed that aerosol size distribution properties observed at the individual 

stations were relatable to character and origin of different air masses. This was especially 

obvious comparing marine and continental character air masses. Transition of an air mass 

from marine to mixed and to continental was generally associated with an increase in both 

Aitken and accumulation mode number concentrations. Mid-latitude air masses were 

associated with overall largest aerosol concentration.   

 Even if an obvious connection between air mass properties and aerosol characteristics 

was present at the individual stations, the aerosol properties were found to resolve completely 

different at different stations, although measurements were performed in equivalent air 

masses. For instance, marine Arctic air masses were associated with far higher aerosol 

number and mass concentration at Aspvreten and Hyytiälä compared with Pallas and Värriö. 

Similarly, aerosol observations associated with mixed polar air masses likewise showed a 

gradient in aerosol number and mass comparing northerly and southerly located stations.

 The major conclusion from this paper was that the aerosol properties including the aerosol 

number distribution are less conservative than the thermodynamic properties (temperature and 

humidity profiles) that characterise the different air masses. Obviously, both aerosol sink and 

source processes are more efficient in transforming the aerosol than the processes acting to 

transform the air masses (mainly surface heat and moisture exchange,  radiation, subsidence, 

and latent heat release due to cloud formation). Air masses are not enough to characterise the 
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aerosol at stations with a different position in the transport patterns. Therefore, average 

aerosol characteristics based on air mass properties cannot be used to e.g. initialise the aerosol 

in a large-scale model.  

Paper III 
An investigation of processes controlling the evolution of the boundary layer aerosol size 

distribution properties at the Swedish background station Aspvreten 

 The goal with this paper was to determine different states of the aerosol size distribution 

and to relate typical aerosol size distribution properties to source areas, transport pathways 

and meteorological characteristics.   

 One year of aerosol size distribution observations from the Swedish research station 

Aspvreten were used in this study. The data was clustered into eight different clusters 

according to the shape of the size distributions. Each cluster was assumed to be representative 

for different stages in the aerosol life cycle. The role of different source areas and 

meteorological history was investigated using trajectory analysis. The evolution of the aerosol 

size distribution was discussed on basis of aerosol dynamics. 

 Three different stages of the aerosol size distribution were identified: fresh, intermediate 

and aged. Based on investigation of observational data and history of the air in terms of 

relative humidity, processing by non-precipitating clouds was argued to be one of the most 

important processes controlling the fate of the aerosol size distribution during transport. 

Precipitation was assumed to be an efficient mechanism in removing aerosol surface. A major 

part of the measured size distributions bear obvious signs of in-cloud processes and wet-

deposition, both regarding overall appearance of the size distribution as well as 

meteorological history. The aerosol processing by non-precipitating clouds is likely to affect 

the number size distribution most effectively in the 100 nm size range as indicated by analysis 

of the measurement variability. This further indicates that the lowest limit of activation of 

aerosols in clouds is confined to the proximate diameter of 100nm in this type of 

environment. Based on the division of aerosols into the three different stages as much as 30% 

of the observed size distributions are regarded fresh. Assuming nucleation to control the 

amount of small particles in remote areas more frequent nucleation events than observed at 

single stations are required to sustain the aerosol number concentration observed.  
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 Based on these investigation performed in this paper, an aerosol life cycle was suggested. 

Nucleation events represent the initial stage in the evolution of the aerosol size distribution. 

From this point coagulation rapidly reduces the number concentration and condensation 

growth move particles to larger sizes. Condensation growth and processing by non-

precipitating clouds accumulates aerosol mass. The main mechanism in removing aerosol 

mass is likely wet deposition. Evidence of recent nucleation is nearly always associated with a 

low-mass aerosol and corresponding low surface area. It is therefore suggested that 

precipitation may constitute an efficient way of removing sufficiently large portion of the pre-

existing aerosol surface to reach a state where nucleation may occur. 

Paper IV 
A pseudo-Lagrangian model study of the size distribution properties over Scandinavia: 

Transport from Aspvreten to Värriö 

 This paper investigates the changes of the aerosol size distribution properties as transport 

from a southerly station (Aspvreten) to a northerly station (Värriö) occurs. The purpose with 

this paper was to investigate the importance of different aerosol dynamic processes. The 

investigation explored the possibilities of using rather a simple approach in order to perform a 

pseudo- Lagrangian investigation of a data set comprising size distribution measurements 

from stations distributed over Finland and Sweden. 

 The study focused on aerosol transformation processes active under clear sky conditions. 

Favourable transport occasions were isolated using trajectory analysis. The role of processes 

controlling the dynamic behaviour of aerosol populations was evaluated using a state of the 

art aerosol dynamic model as described in Korhonen et al. (2004). The model incorporates the 

major microphysical processes that affect the aerosol under clear sky conditions, namely 

nucleation, coagulation, multicomponent condensation and dry deposition. Besides sulphate, 

water and ammonia, condensation growth is assumed to be controlled by some low volatile 

product from terpene oxidation. Major oxidants (OH, O3 and NO3) were modelled assuming 

steady-state. A simplified two layer structure of the lowermost troposphere was adopted 

(mixed layer and residual layer). Size distribution measurements from Aspvreten were used to 

initialize the model and size distribution observations from Värriö were used to compare with 

model output.  Twelve well-defined transport cases were selected from a one year data set. 



On the lifecycle of aerosol particles 

XV

 Transport time was on average 85 h in the modelled cases. Simulated number 

concentration and mass concentration was overestimated by 10% on average. Dry deposition 

is the only removal mechanism of aerosol mass during clear sky conditions; however, the 

effect of dry deposition on the evolution of aerosol size distribution is small. Nucleation was 

modelled to occur continuously, but the extent of nucleation was small except during midday 

when availability of oxidants was high enough. Nucleation was found necessary to explain the 

presence of small particles in the resulting size distribution during transport, but did not 

contribute to an increase in integral number concentration. The reduction in number 

concentration during transport was found to be mainly governed by coagulation. Growth by 

condensation was found to be an important contributor to the evolution of the aerosol size 

distribution. In order to reproduce the observational features of the size distribution data a 

yield in the order of 10-15% of condensable products from terpene oxidation was found 

necessary.

Paper V 
Is nucleation capable of explaining observed aerosol integral number increase during 

southerly transport over Scandinavia? 

 The main question raised in this paper was whether large scale nucleation events during 

transport under clear sky conditions are sufficient to reproduce the observed change of aerosol 

size distribution properties when transport from north to south occurs.  

 The modelling approach is similar to the one presented in paper IV, although the 

direction of transport is reversed. The investigation is limited to modelling under clear sky 

conditions. Transport from a source region, characterised by aerosol and gas measurements 

performed at Pallas and Värriö, down to Hyytiälä station was studied in detail. The southerly 

receptor station is located some 700km south of the source region.

 Observational data from a total of 79 transport cases indicated on average a sevenfold 

increase in Aitken mode number concentration during southward transport from Finnish 

Lapland (~68ºN) to Hyytiälä (~61ºN). This increase in number density occurred over sparsely 

populated areas during an average transport time of 66 h. Increase of particle number in the 

accumulation mode size range was modest. On average, observational data indicate a mass 

increased of 0.8 g*m-3 during transport. Transport occasions with large increase in mass 
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were often associated with a history of high relative humidity, indicating possible influence of 

aerosol processing by clouds.

 Six cases were found feasible to model under clear sky conditions and were investigated 

in detail. Well defined nucleation events were modelled to occur frequently during transport 

associated with the six cases. The model overestimated the aerosol number density by a factor 

of 2.7 and the mass by a factor of 1.3. Modelled growth rates of freshly nucleated particles 

were in the order of 1-2 nm*h-1. This is in agreement with previous observations (Paper I). 

Sulphuric acid alone was not sufficient to make the particles grow fast enough. Some 

unidentified products from degradation of terpenes, naturally emitted from the forest, were 

argued both necessary and enough to support the growth rates observed.  The saturation 

vapour pressure of this or these terpene oxidation products was set to 3*106 molecules*cm-3.

The average concentration of this compound was modelled to be 1.5*107 molecules*cm-3.

 It was shown that a single nucleation event just prior arrival of the air to Hyytiälä not 

could account for the observed aerosol properties. Instead, it is likely that series of nucleation 

events are taking place during southerly transport. In this context, interplay between mixing 

and residual layers plays a crucial role. Although very simplified assumptions concerning the 

boundary layer dynamics were implemented in the investigation, typical features associated 

with observations of subsequent nucleation events were clearly resolved by the model. 

Especially, the often observed decrease in pre-existing aerosol number concentration prior 

nucleation was clearly reproduced during simulations. 

 The result from this investigation implies that nucleation as observed in the boreal regions 

is sufficient to produce a large number of aerosols of CCN size over large areas on time scales 

of a couple of days. Based on the assumption that emissions and subsequent oxidation of 

terpenes provide the low-volatile species necessary to support observed particle growth rates, 

the natural production of aerosols over the forest is in a central position in order for future 

estimates of aerosol forcing over the boreal forest. 

Discussion and synthesis 

 All papers included in this thesis are devoted to investigations of boundary layer aerosol 

properties observed over Scandinavia. As discussed in the introduction, aerosol particles are 

likely to significantly contribute to the fate of our future climate. Based on the previous 
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deficiency of long term and large scale aerosol observations, regional studies of aerosol 

properties and aerosol dynamics are truly an important area of investigation. Besides an 

important regional focus of this study, large effort has been put down also to provide a 

qualitatively and a quantitatively description of the aerosol size distribution properties on 

temporal scales ranging from seasonal variation down to intermittent phenomenon such as 

nucleation events. Important aerosol dynamic processes have been discussed and the proposed 

controlling mechanisms have been evaluated with data analysis and aerosol dynamic 

modelling.

 It has been shown that the aerosol number mainly distribute between Aitken and 

accumulation mode in the boundary layer over Scandinavia. Occasionally, a third mode in the 

nucleation size range was present. The presence of this third mode was often associated with 

new particle formation events as described by Mäkelä et al. (1997) and Mäkelä et al. (2001). 

Nucleation events were shown to occur at all stations during the year of study, with highest 

frequency occurrence during spring. In total, some 20 well defined nucleation events were 

observed at each station. These features were common for all stations included in the study. 
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Figure 5: Median aerosol number size distribution observed at Värriö, Hyytiälä and Pallas during the year of 

study. Quartile ranges given by error bars. 

 However, considering the integral mass and number concentration observed at the 

different stations the picture was found to be different. Investigations shown in paper I and 
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paper II indicate a rather sharp gradient aerosol number and mass concentrations. Lowest 

number and mass concentration is found at the two stations located in Finnish Lapland and 

highest at Aspvreten and Vavihill located in southern part of Sweden. These differences were 

present regardless of season and are exemplified in Fig. 5 by observed annual average of the 

aerosol size distributions.

The differences were shown to be largest in the Aitken mode size range, although a 

similar gradient was found for accumulation mode particles. As described in paper II, the

gradient was found to exist even if measurements at different stations were performed in 

equivalent thermodynamically defined air masses. This indicates that the processes 

controlling aerosol properties are less conservative than thermodynamical properties, such as 

temperature and humidity. Thus, parameterisations of aerosol properties based on air mass 

characteristics may not be used to define the aerosol on a regional scale.

 Trajectory analysis did further demonstrate that a gradient in aerosol number and mass 

was present regardless of the directions of transport. Southerly transport is associated with 

transport of clean maritime air-masses over rather sparsely populated areas dominated by 

coniferous forest, while northerly transport is associated with advection of more or less 

polluted air-masses originating from highly populated areas in central Europe. 

 Southerly transport was found to be associated with aerosol number density increase, 

mainly observed in Aitken and nuclei mode size ranges. Northerly transport almost always 

indicated a decrease in number concentration, especially in the Aitken mode size range. This 

implies that sources dominate the evolution of aerosol number during southerly transport; and 

on the other hand, sinks must exceed the sources during northerly transport. This behaviour 

may only be consistent with either typically different meteorological characteristic or with 

typical aerosol properties and typical prerequisites concerning aerosol precursors associated 

with different types of transport.

 The meteorological characteristics associated with different types of transport were 

investigated. Making use of trajectory analysis, transport from south to north was found to be 

associated with approximately twice the amount of accumulated precipitation compared with 

southerly transport. As shown in paper III, influence from non-precipitating clouds on the 

aerosol size distribution was obvious. Based on investigations of the history of relative 

humidity during northerly and southerly transport, using RH > 94% as proxy for clouds, it 

was found that clouds are present during 34% of the time during northerly inter-station 

transport cases. Corresponding fraction of cloudiness during southerly transport was found to 

be 4%. In conjunction with the results derived from paper III this clearly highlights the 
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influence of clouds and wet deposition on aerosol properties and suggests wet deposition and 

processing by clouds to be of major importance for the fate of aerosols during transport. 

Northerly and southerly transport patterns were investigated in detail in paper IV and 

paper V. A pseudo-Lagrangian box model approach was utilized and aerosol dynamics were 

evaluated using University of Helsinki Multicomponent Aerosol model (UHMA, Korhonen et 

al., 2004). Since the means to perform a detailed model investigation of aerosol-cloud 

interactions not were available, clear sky conditions were assumed.   

 As previously mentioned, the average effect from northerly transport on the aerosol size 

distribution was found to be number and mass decrease. Southerly transport was shown to be 

dominated by number and mass increase. By filtering out cases that describe transport under 

clear sky conditions this picture was somewhat modified. Without the influence of clouds and 

precipitation, aerosol number density decrease during northward transport was still present, 

but many of the studied cases were now associated with an actual increase in aerosol mass. 

Southerly transport under clear sky conditions was shown to be associated with number and 

mass increase. The increase of aerosol mass was similar for both types of transport.   

 This indirectly suggests wet deposition to be the major sink of aerosol mass during 

transport. Similar geographical areas are traversed during both types of transport. Since both 

transport cases share a common history, i.e. absence of cloudiness and precipitation, we are 

required to assume the both types of transport cases to be affected by same sources. In this 

perspective, it is reasonable to introduce nucleation and growth by condensation as the 

controlling factor during different types of transport. This assumption may be justified since 

the extent of nucleation is highly dependent on pre-existing concentrations of aerosols and 

availability of nucleating gases. Southerly transport is associated with low pre-existing 

aerosol number and surface, while northerly transport initially is associated with higher 

aerosol loadings. Therefore the sink for small particles (coagulation) as well as for gaseous 

precursors (condensation) is larger during northerly transport. Extent of nucleation would 

therefore be smaller during northerly transport. 

 By running the UHMA model along trajectories in the two transport cases it is shown that 

this assumption holds. The dominating processes affecting the aerosol size distribution during 

northerly transport were found to be deposition, condensation growth and coagulation. These 

processes combined were shown to be sufficient to explain the observed number decrease. 

Nucleation does occur during northerly transport, but the extent of nucleation is to a large 

degree quenched by the high concentrations of aerosol present. This means that nucleation is 

not sufficient to produce enough particles to cause an increase in integral number during 
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northerly transport. The condensable gases present contribute to mass increase rather than 

number increase, which in many cases also agree with observational data. During southerly 

transport however, the most prominent mechanism shown to control the number evolution of 

the aerosol size distribution was series of nucleation events and subsequent condensational 

growth of the freshly formed particles. In this context, changes of bulk properties such as 

mass and average chemical composition are likely to be similar during both types of transport.  

The typical features observed at northerly located and southerly located stations assuming 

pseudo-Lagrangian conditions and average results from aerosol dynamic simulations are 

displayed in Fig. 6. 

   

10 100 1000
10

1

10
2

10
3

10
4

dN
/d

lo
gD

p (
cm

−
3 )

Northerly transport

10 100 1000
10

1

10
2

10
3

10
4

Southerly transport

D
p
 nm

dN
/d

lo
gD

p (
cm

−
3 )

Southerly
Northerly
Model

Southerly
Northerly
Model

 Figure 6: Simulated and observed changes of aerosol size distribution properties during southerly and 

 northerly transport under clear sky conditions. Aspvreten size distribution data represent the initial 

 conditions in the case of northerly transport and Värriö the final aerosol properties. Transport time during 

 northerly transport was on average 85 h. During southerly transport, Värriö and Pallas represent the initial 

 aerosol properties and observations at Hyytiälä represent final size distribution. Transport time was on 

 average 66 h. 

  Since aerosol surface area, and to some degree number concentration, is crucial for 

extent of nucleation, the importance of dilution due to vertical mixing was clearly highlighted. 

Using a simplified two layer structure of the lowermost atmosphere (mixing layer and 
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residual layer) several observational features of the aerosol size distribution properties were 

reproduced.  In the conceptual model of the exchange between mixing layer and residual 

layer, the initial residual layer aerosol concentration is set to roughly approximate the mixing 

layer aerosol concentration. In cases with southerly transport, based on the fact that the air has 

only spent a small portion of time over land before it reaches the northernmost stations, it is 

reasonable to assume that the aerosol in the residual layer roughly corresponds to the aerosol 

observed in the mixing layer. This means that the residual layer initially will represent rather 

aerosol depleted air, which in turn makes the dilution effect from vertical mixing strongest 

during the first couple of days. It was shown that if the vertical exchange was dismissed from 

the box-model, particles formed during initial nucleation events in the beginning of transport 

often significantly quenched following nucleation. In the investigation addressing northerly 

transport this diluting effect is smaller. In these modelled cases, the residual layer represents 

rather polluted conditions and vertical mixing will dilute the mixing layer aerosol to a small 

extent only. As shown in Paper III, wet deposition of pre-existing aerosol particles may also 

serve as an efficient mechanism to reduce aerosol surface to a level where significant 

nucleation is feasible to occur. 

 Considering condensational growth of the aerosol it is rather clear that oxidation of 

sulphur dioxide alone not is sufficient to reproduce the observed aerosol features. This fact 

has been displayed in several publications during recent years. Of major interest is to what 

extent the forest may contribute to the overall aerosol burden over the Nordic countries.  In

paper IV-V, production of low volatile species from terpene oxidation with a yield of 10-

15% is argued sufficient to describe the observed growth rates. 

 As indicated in paper V, nucleation as observed in the boreal regions is sufficient to 

produce a large number of aerosols of CCN size over large areas on transport time scales of a 

couple of days. Based on the assumption that emissions and subsequent oxidation of terpenes 

provide the low-volatile species necessary to support observed growth rates, the natural 

production of aerosols over the boreal forest is in a central position in order to provide 

accurate estimates the forcing caused by aerosols in this region. 
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Major conclusions 

The most important results from the investigations performed in this thesis are summarised 

below:

Some properties, such as frequency of nucleation events, diurnal and seasonal 

variation of the aerosol, were common for all stations. However, properties such as 

absolute number and mass were shown to be strongly determined by the geographical 

position of the stations. The observed gradient in aerosol number and mass was 

concluded to be the result of the location of the individual stations in relations to the 

different sources as well as slightly different transport patterns associated with 

stations located at different latitudes. The gradient in aerosol number was present even 

if observations at different stations were performed in equivalent air masses. This 

indicates that the aerosol transformation processes are rapid and the aerosol properties 

less conservative than thermodynamical properties defining the air mass. Air mass 

classification may for that reason not be used to parameterise aerosol properties on 

large geographical scales. The difference in number and mass concentration was 

further shown to persist whether southerly or northerly transport takes place.

The appearance of the aerosol number size distribution is strongly determined by both 

sources and meteorological history of the air measured in. Aerosol mass was found to 

predominantly be long range transported from continental sources. Processing by non-

precipitating clouds and wet deposition were found to strongly influence the evolution 

of the size distribution. The importance of aerosol-water interplay was demonstrated 

using both a non-Lagrangian approach and a pseudo-Lagrangian approach 

investigating the frequency of clouds and precipitation during different types of 

transport. The investigations performed in this thesis suggest aerosol-water interplay 

to contribute to the aerosol number size distribution properties associated with a 

majority of observations. The dependence of size distribution properties on clouds and 

precipitation highlights the need of future efforts to accurately describe aerosol-water-

vapour interplay on regional scales.

Changes of aerosol properties during northerly transport under clear sky conditions 

were characterised by number reduction determined by coagulation and mass 

accumulation by condensation growth. Changes in aerosol properties during southerly 

transport were dominated by increase in aerosol number concentration due to series of 
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nucleation bursts. The role of vertical mixing during southerly transport was 

demonstrated. New particle formation is considered to be a continuous process, 

reaching maximum amplitude around noon during sunny days when small populations 

of pre-existing aerosols are present. Nucleation does occur during northerly transport 

as well, but was shown not to contribute to integral particle number increase. The 

extent of nucleation is dependent on especially pre-existing aerosol surface and this 

reflects the balance between the generation and removal of nucleating and 

condensable vapours.

Typically encountered sulphur dioxide mixing ratios were found not to be sufficient to 

explain the observed growth of aerosols. Additional condensable vapours are required. 

Formation of low volatile products from oxidation of terpenes was argued sufficient to 

reproduce the observed growth rates. Based on these results, the boreal forest is 

argued to be a source of mass during northerly transport and source of both number 

and mass during southerly transport.  

By adopting current knowledge concerning important aerosol dynamic processes 

under clear sky conditions perfect agreement between simulations and observations is 

not achieved. Aerosol number and mass are generally overestimated during both 

southerly and northerly transport. This calls for better quantification of determining 

aerosol dynamic processes such as nucleation as well as availability of condensable 

vapours.  On major shortcoming of the presented investigations was that the current 

data set did not provide the information necessary to quantify the important in-cloud 

processing and wet deposition 

Outlook 

 The main purpose with this thesis was to improve our present understanding of the spatial 

and temporal distribution of aerosol on a regional scale. It is obvious from previous and 

current investigations that clouds and precipitation are utterly important determinants of 

aerosol properties and lifetimes (e.g. Seinfeldt and Pandis, 1996; Raes et al., 2000).

 In order to understand the regional distribution of aerosols and achieve a closure between 

models and observations we must first evaluate what portion of the aerosol is able to interact 

with clouds. The availability of aerosols serving as cloud condensation nuclei (CCN) is 
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crucially dependent on size and chemistry of the particles. In fact, the lack of regional long 

term measurements of hygroscopic properties and size segregated chemical composition of 

aerosols even today present a substantial gap in the body of data required for an improved 

understanding of aerosol-water vapour interactions.

 In order to increase our knowledge we must complement the existing measurement 

network by performing combined long-term measurements of aerosol chemistry and 

hygroscopic properties at a minimum of two stations. The stations selected should reflect 

conditions at the northern and southern rim of the measurement network. In combination with 

ongoing measurements the suggested approach would constitute the measures necessary to 

address the role of cloud processing and wet deposition in determining aerosol lifetimes over 

the Nordic countries.
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