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Abstract

Atmospheric aerosol particles influence the Earth’s climate system, affect air visibility, and

harm human health. Aerosol particles originate from both anthropogenic and biogenic

sources, either from direct emissions or secondary particle formation. Secondary particle

formation from gas phase precursors constitutes the largest fraction of global aerosol budget,

yet large uncertainties remain in its mechanisms. This thesis attempted to study the source,

the formation mechanisms, and the sink of secondary particles based on data analysis of field

measurements and chamber experiments. In addition, numerical simulations were performed

to model the processes of secondary particle formation observed in the chamber experiments.

We summarized our findings into five main conclusions: 1) Monoterpenes originated from

anthropogenic sources (e.g. forest industry) can significantly elevate the local average con-

centrations and result in a corresponding increase in local aerosol loading; 2) Monoterpenes

from biogenic emissions show direct link to secondary particle production: the secondary

aerosol masses correlate well with the accumulated monoterpene emissions; 3) Temperature

influences biogenic monoterpene emissions, resulting in an indirect effect on the biogenic sec-

ondary particle production and corresponding cloud condensation nuclei (CCN) formation; 4)

Both data analysis and numerical simulation suggested that nucleation involving the oxida-

tion products of biogenic volatile organic compounds (VOCs) and H2SO4 better explains the

nucleation mechanism, yet the specific VOCs participating in the nucleation process remains

uncertain; 5) The numerical simulation showed evidence of vapor wall loss effect on the yield

of secondary particles from the chamber experiments; a reversible gas-wall partitioning had

to be considered to properly capture the observed temporal evolution of particle number size

distribution during the chamber experiments.

The results of this thesis contribute to the understanding on the role of monoterpenes to

secondary particle formation. This thesis raises caution on the parameterization of the tem-

perature dependence of biogenic secondary particle formation in predicting the aerosol pro-

duction potential due to rising temperatures in the future. This work also points out a way for

improving the comprehensive numerical models to better understand the secondary particle

formation processes and related climatic effects.

Keywords: BVOC emission, monoterpenes, new particle formation, temperature, SOA
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1 Introduction

Over a thousand years ago, Bai Juyi, one of the most famous Chinese poets from the

Tang Dynasty, wrote a poem called ‘cháng hèn gē’. In the poem, it was written that

“Looking back far from the residential area, you no longer see the city, but only the

dust and haze (translated from the Chinese above)”. The research of this thesis dealt

with even smaller particles than the dust the poet had seen. Indeed, the atmosphere

covering the Earth consists of not only gas molecules, but also particles that human

eyes cannot always see. An aerosol is defined as a suspension of solid or liquid parti-

cles in a gas (Seinfeld and Pandis, 2012). The size range of aerosol particle diameters

spans five orders of magnitude from approximately one nanometer (nm) up to hun-

dreds of micrometers (µm). Aerosol particles are generally discussed in terms of their

number or mass concentration and size distribution, depending on their origins or the

techniques used to measure them. This thesis mostly dealt with the particle num-

ber concentration and corresponding size distribution of submicrometer particles. The

number concentration of aerosol particles, being many orders of magnitude lower than

the atmospheric gas concentration, ranges from several particles per cm3 in clean air in

Antarctica (Järvinen et al., 2013; Kyrö et al., 2013) to up to hundreds of thousands of

particles per cm3 (Shen et al., 2011; O’Dowd et al., 2002). The smallest aerosol clusters

can be formed from the collision and stabilization of the gas molecules in atmosphere

(Kulmala et al., 2007, 2013a, 2014b). This process is called atmospheric nucleation,

and was one of the main research focuses in this thesis.

Atmospheric aerosol particles influence the Earth’s climate system on regional and

global scale, through several mechanisms. First, aerosol particles can directly absorb

and scatter the solar radiation. Second, aerosol particles can absorb, scatter, and

emit thermal radiation (Haywood and Boucher, 2000; Carslaw et al., 2010). Third,

aerosol particles can act as cloud condensation nuclei (CCN) which alter the formation,

precipitation efficiency, and the optical properties of clouds (Anderson et al., 2003;

Stier et al., 2007; Andreae and Rosenfeld, 2008; Kerminen et al., 2012). Overall, the
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radiative forcing caused by aerosol particles and their interactions with clouds is the

largest source of uncertainty which limits the understanding of past and future climate

changes (IPCC 2013, Fig. 1). Thus it is encouraging to carry out intensive studies on

aerosols, in order to narrow down the scientific uncertainties and to better understand

the past, current, and future climate changes.

Figure 1: Radiative forcing estimates in 2011 relative to 1750 and aggregated uncer-

tainties for the main drivers of climate change. Values are global average radiative

forcing, partitioned according to the emitted compounds or processes that result from

a combination of drivers. Total anthropogenic radiative forcing is provided for three

different years relative to 1750 (Reproduced from IPCC, 2013).

From the local to regional scale, aerosol particles may decrease air visibility and impact

air quality. Also, aerosol particles may be harmful to human health (Douwes et al.,

2003). These two effects are usually linked, especially in heavily polluted urban cities

where high levels of particulate matters (PM) are present (PM2.5 and PM10 are particles

less than 2.5 or 10 µm in diameter respectively). The low air visibility is primarily
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caused by the high mass burden of PM2.5 (Han et al., 2013). Many epidemiological

studies have shown the association between the PM exposures and the cardiovascular

and respiratory diseases (Sun et al., 2010, and references therein). The elevation of

the fine PM has also been associated with an increased risk of mortality (Pope et al.,

2004).

The sources of aerosol particles include primary emission (such as mineral dust, pollen,

soot etc.) and secondary particle formation from both anthropogenic and natural

origins. The new particle formation events, i.e. aerosol particles formed from homoge-

neous nucleation and condensational growth with gas precursors, present an important

source of the tropospheric aerosol particle number concentration (Kulmala et al., 2004b,

and references therein). The processes explaining the observed new particle formation

events are one of the greatest unsolved questions in aerosol science. This is, firstly

because several instruments, e.g. Particle Size Magnifier (PSM), Neutral cluster and

Air Ion Spectrometer (NAIS), Balance Scanning Mobility Analyzer (BSMA), and At-

mospheric Pressure Interface Time-Of-Flight mass spectrometer (APi-TOF), are able

to directly measure freshly formed aerosol clusters and their precursors; and secondly

because of the complex gas-phase chemistry with millions of different species, especially

from the biogenic emissions.

Secondary organic aerosol (SOA) formed from biogenic volatile organic compounds

(BVOCs) accounts for the most significant part of the global aerosol particle mass

budget (Spracklen et al., 2011; Hallquist et al., 2009). SOA formation has been shown to

increase the regional CCN concentrations (Kerminen et al., 2012). Therefore, the field

of SOA and its anthropogenic and biogenic precursors connect the ‘vegetation, aerosols,

and climate system’ (Andreae and Crutzen, 1997; Kulmala et al., 2004a; Kanakidou

et al., 2005; Kulmala et al., 2013b, 2014a). The boreal forest-emitted terpenes (one class

of BVOCs) has been shown a direct link to the SOA production (Tunved et al., 2006;

Cahill et al., 2006, Paper III). Biogenic terpene emissions are strongly temperature

dependent and dominate the total BVOC emission budget globally (Guenther et al.,

1995; Oderbolz et al., 2013). Therefore, with temperature projected by IPCC (2013)

to rise in the future, the change of the vegetation patterns may cause an even stronger

aerosol effect via changing the BVOC emission patterns (Paasonen et al., 2013). On

the other hand, the uncertainty of the SOA loading may prompt bigger errors on the

projection of the future temperatures (Stevens, 2013; Andreae et al., 2005).

Two hypotheses are the main focus of this study:
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(1) The reactivity of various VOC species from both biogenic emissions and anthro-

pogenic origins, and the relative quantity of different species in the emitted BVOC

mixtures have a strong effect both on the particle number concentration and the SOA

mass formation.

(2) Changes in the BVOC emissions in response to different environmental conditions

(e.g. temperature) lead to changes in the aerosol production potential, which result in

changes in the CCN numbers and eventually in the radiative balance.

These hypotheses will be tested using field measurements, chamber experiments, and a

numerical model, via detailed analysis of the most relevant parameters and processes in

the ‘vegetation-aerosol-climate’ system. The main objectives in this thesis thus include,

- To quantify the anthropogenic source of monoterpenes and its connection with aerosol

particles in a boreal forest environment;

- To determine the linkage between biogenic monoterpene emissions and SOA mass

production during air mass transport over Nordic boreal forest region;

- To investigate the temperature influence on the connection between biogenic monoter-

pene emissions, SOA and CCN production;

- To evaluate the contribution of BVOC emissions to the formation mechanisms of

secondary particles from chamber experiments;

- To examine the influence of vapor wall losses on the SOA yield in a simulation

chamber.

We will discuss these research questions in the introductory part together with the five

articles included in this thesis.

10



2 Atmospheric new particle formation

Atmospheric new particle formation describes the formation and growth of secondary

particles from gas precursors via gas-to-particle conversion. New particle formation

events have been observed globally both in the planetary boundary layer and the free

troposphere (Covert et al., 1992; Hoppel et al., 1994; Kulmala et al., 2004b; Kulmala

and Kerminen, 2008). The traditional interpretation of the new particle formation

process includes three steps: firstly atmospheric chemical oxidation of gas compounds

forming low volatility gas precursors, secondly, the formation of nano-clusters from

the gas precursors (homogeneous nucleation), and thirdly condensational growth of

the formed particles. In addition, Kulmala et al. (2014b) improved this traditional

gas-to-particle conversion scheme in a more detailed five-step process, in which the

gas precursors were classified into several groups for different steps. Specially, the

extremely low-volatile products were introduced in this scheme.

Fig. 2 depicts a typical new particle formation event observed from 3 to 1000 nm

particle number size distributions measured by a DMPS (Differential Mobility Particle

Sizer) system on 10 April 2014 at the SMEAR II station, Hyytiälä, Finland. One

can see that the smallest (3 nm) aerosol particles were substantially formed around

noon on the first day, and continued to grow to larger sizes (about 100 nm) till around

noon on the second day (Case I). In this section, we will introduce both the aerosol

gas precursors and the basic processes which govern the secondary aerosol particle

formation.

In addition, one could clearly distinguish two strong elevations of the aerosol parti-

cle numbers (Case II) before the occurrence of the new particle formation event in

Fig. 2. This elevation of aerosol particle numbers co-occurred with an increase in the

monoterpene concentrations (see the top panel in Fig. 2), which drew our interest, and

we investigated the particular phenomenon in Paper I.

2.1 Gas precursors of the secondary particles

Atmospheric gas compounds which contribute to the formation and growth of the

secondary aerosol particles are named aerosol gas precursors. In addition, atmospheric

ions may also contribute to the aerosol nucleation processes (Hamill et al., 1982; Raes

11



Figure 2: An example case (Case I) of a new particle formation event observed on

10 April 2014 at the SMEAR II station, Hyytiälä, Finland, together with a schematic

picture depicting the main aerosol dynamic processes from nucleation to CCN activa-

tion. In addition, an example case (Case II) of the observed aerosol particle elevation

from anthropogenic origins together with the increased monoterpene concentrations

(red dots). The blue markers are monoterpene concentrations. The sunrise and sunset

time on these two days are illustrated on the topmost panel.
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et al., 1986; Hirsikko et al., 2011; Yu and Turco, 2000). In general, these gas compounds

should either have very low volatility (e.g. low volatile VOCs) or be able to facilitate

the formation of low-volatile complexes (e.g. H2SO4, water, amines, ammonia), in order

to participate in the gas-particle conversion processes (Eisele and Tanner, 1990; Hoppel

et al., 1994; Kulmala et al., 2014b). In the atmosphere, low volatility compounds are

usually products from VOC oxidation with OH, O3 and NO3.

2.1.1 Inorganic gases

H2SO4 has been shown as an important compound explaining the secondary particle

formation. H2SO4 is usually formed via OH oxidation of SO2 in air. The source of

SO2 includes both anthropogenic origins (e.g. industrial processes and combustion) and

natural emissions (e.g. volcanic eruptions (Wallace, 2001), and dimethyl sulfide (DMS)

from marine phytoplankton (Ayers et al., 1997)). SO2 has been recognized as an air

pollutant for decades, mainly because of the formation of acid rain. Thus substantial

reduction on SO2 emission has been made via governmental regulations. For example,

the emission of SO2 in Europe has decreased by 74 % between 1990 and 2011 (EEA,

2014). However, some studies suggested that such pollutant control may accelerate

the climate changes, because of reduction of short-lived pollutants (especially sulfate

aerosols) with negative forcing (Arneth et al., 2009).

Atmospheric H2SO4 concentrations can be measured by CIMS (Chemical Ionization

Mass Spectrometer) (Petäjä et al., 2009, Paper V). The measured H2SO4 concen-

trations vary between the locations, and the average ambient H2SO4 concentration in

continental environments is about 106–107 molecules cm−3 (Petäjä et al., 2009; Zheng

et al., 2011). In addition to OH oxidation, reactions of stabilized Criegee intermediate

(sCI) with SO2 could also contribute to H2SO4 (Mauldin III et al., 2012; Boy et al.,

2013). Many studies have shown that H2SO4 is closely linked to the new particle for-

mation with a consistent correlation between the H2SO4 concentration and the new

particle formation rate (Sipilä et al., 2010; Sihto et al., 2006; Riipinen et al., 2007; Kul-

mala et al., 2000). This empirical parameterization of H2SO4 to explain the nucleation

mechanism will be discussed in the aerosol dynamics section.

Ammonia and amines have been found in the composition of aerosol particles,

whereas the air chemistry leading to the secondary particle formation from reactions

of gaseous ammonia or amines remains uncertain (Eisele and Tanner, 1990; Murphy

13



et al., 2007). Kulmala et al. (2013a) suggested a potential path of ammonia or amines

participating in the initial steps of nucleation. Ammonia has been found to enhance

the nucleation rate by 2–3 orders of magnitude (Kirkby et al., 2011), and amines can

enhance particle formation rates more than 3 orders of magnitude compared with am-

monia (Almeida et al., 2013).

2.1.2 Terpenoids

Terpenoids are the most abundant biogenic VOCs accounting for more than half of

the global BVOC emission (Guenther et al., 2012; Oderbolz et al., 2013). Terpenoids

include compounds consisting of one to several isoprene units, e.g. isoprene (C5H8),

monoterpenes (C10H16), and sesquiterpenes (C15H24). Due to the level of relevant

importance in SOA formation, the focus of this work is on monoterpens and their SOA

production potential.

Biogenic origin of terpenes dominates the total emission budget globally (Guenther

et al., 1995). Biogenic monoterpene emission is strongly temperature and light de-

pendent, with seasonal and diurnal variations (Tarvainen et al., 2005), whereas some

studies suggested that a temperature dependent emission algorithm can well describe

the biogenic monoterpene emission (Bertin et al., 1997; Tarvainen et al., 2005). We

used a simplified monoterpene emission algorithm to estimate the accumulated bio-

genic monoterpene concentrations from the back trajectory study in Paper III. The

total flux of monoterpenes was derived from the following equation (Steinbrecher et al.,

1999):

F = εDγ (1)

where F (µg m−2 h−1) is the total flux of monoterpenes form the boreal forest, ε is the

standard emission potential for the coniferous species (1.5 µg g (dry weight)−1 h−1), and

D is the foliar biomass density. γ is the environmental correction factor of temperature

dependence on monoterpene emission rates, calculated from γ = exp(β(T −Ts)) where

β = 0.09 ◦C−1, and Ts = 303.15 K.

Anthropogenic origin of terpenes due to human activities may also significantly

contribute to the local or regional VOC budgets. Studies have shown that a large

amount of VOC compounds are emitted from wood processing in forestry and the for-

est industry, during the processes of machining, logging, chipping, drying, debarking,

sawing and pulping (Schade and Goldstein, 2003). The drying process dominates the

14



VOC emissions from the sawmill industry, in which terpenes account for the major part

among the total emitted VOC compounds (Englund and Nussbaum, 2000). In Paper

I, we examined the anthropogenic source of monoterpenes measured at one field sta-

tion, and quantified the average anthropogenic contribution to the local monoterpene

concentrations.

BVOC oxidation produces extremely low volatile organic compounds (ELVOCs) essen-

tial to the new particle formation process (Ehn et al., 2014; Kulmala et al., 2014b), and

BVOC oxidation products constitute the largest source of SOA, accounting for the main

composition of SOA condensational growth (VanReken et al., 2006; Hao et al., 2011;

Riipinen et al., 2012). Monoterpene oxidation products have shown substantial contri-

bution to SOA formation (Laaksonen et al., 2008). The ozonolysis of sesquiterpenes

may also initiate new particle formation (Bonn and Moortgat, 2003). Isoprene oxida-

tion has been linked to SOA formation (Surratt et al., 2006), whereas high reactivity of

isoprene with OH may suppress new particle formation process (Kiendler-Scharr et al.,

2009). Nevertheless, the exact contribution of BVOCs to the new particle formation

process still remains uncertain, especially in the first steps of nucleation.

2.2 Aerosol dynamics

Homogeneous nucleation is the initial steps of atmospheric new particle formation.

Previous studies have found that the observed new particle formation rates show good

correlation with the measured H2SO4 concentrations to the power of 1 or 2 (Riipinen

et al., 2007; Weber et al., 1996; Paasonen et al., 2010, Paper IV), although this

correlation cannot fully explain all the observed features of this process (Boy et al.,

2003). Nevertheless, these correlations are the empirical parameterizations which are

most frequently used when modeling new particle formation. The proposed mechanisms

are modeled with following equations (Kulmala et al., 2006):

J = K × [H2SO4], (2)

or

J = K × [H2SO4]
2, (3)

where J is the atmospheric nucleation rate (cm−3 s−1), A is the activation coefficient. K

is termed as ‘kinetic nucleation coefficient’, including both the collision frequency and

the probability of formation of a stable particle after the collision (Paasonen et al., 2010)
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and [H2SO4] is the sulfuric acid concentration. We tested the kinetic H2SO4 nucleation

mechanism using the Jülich Plant Atmosphere Chamber (JPAC) experiments in Paper

IV.

Nucleation involving both organic oxidation products and H2SO4 has also been sug-

gested as a potentially important mechanism, assuming that both H2SO4 and VOC

oxidation products can activate the clusters (Paasonen et al., 2010; Riccobono et al.,

2014). In this study, the organic nucleation is modeled with the following equation:

J = P × [H2SO4] × [VOCs], (4)

where P is coefficient for the organic nucleation (Paasonen et al., 2010). In Paper

IV, we tested the use of ELVOCs as the organic precursors involved in the formation

(Eq. 4) and growth of new particles in the JPAC chamber.

Condensation is the gas-to-particle transfer of gases onto existing aerosol particles.

Condensation is the main process explaining the growth of atmospheric particles, and

it alters the chemical compositions and changes the size distributions of aerosol particle

populations. Condensation is well understood in terms of the basic mechanisms, the

mass flux of the gas vapor i to the particle phase is determined by (Seinfeld and Pandis,

2012):

dm

dt
=

2πMi (dp + di) (Dp +Di) βm (pi − peq,i)

RT
(5)

where Mi is the molecular weight, Dp and Di are diffusion coefficients for the particle

and for the gas compound i in air. dp and di are the diameters of the particle and gas

i. βm is the Fuchs-Sutugin transition-regime correction factor. The difference between

the gas vapor i far from the particle pi and the equilibrium vapor pressure peq,i at the

particle surface determines the condensational growth rate due to the vapor i. This

happens only when the partial pressure of the gas compound pi is higher than the

vapor pressure at the particle surface. Otherwise, evaporation of the gas compounds

occurs from particle phase back to gas phase.

However, information on the properties of the condensing vapors (e.g. their saturation

vapor pressures) is very limited (Topping et al., 2007), which may cause challenge to

determine the particle condensational growth from e.g. the mixtures of biogenic emis-

sions. In paper IV, we used a simplified model with condensable compounds lumped

into two volatility classes (ELVOCs and SVOCs (semi-volatile organic compounds)).
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Coagulation refers to the process when two particles collide, stick together and form

a larger particle. This reduces the total particle number concentrations while keeping

the particle mass concentration intact. Coagulation mostly happens between particles

with large size difference, as the large particles provide big surface area for the small

particles having high diffusion velocity. Therefore, coagulation is often the main sink

process for the freshly formed nucleation-mode particles.

Deposition is the mechanism of atmospheric particle removal from air, including

both wet and dry depositions. Wet deposition describes particles removed by in-clouds

scavenging or by precipitation (e.g. rain, snow). Dry deposition is the other particle

loss process without the influence of clouds and precipitation. The dry deposition

depends mostly on the sizes of particles and the surface structures. In this thesis, we

adapted a simplified deposition mechanism to calculate the particle loss along air mass

transport, in which the aerosol particle loss as a function of particle size was derived

from the discrete deposition equation (Paper III),

dNi,loss(t)

dt
= γNi(t) (6)

where γ is the size-dependent particle deposition rate (h−1), dNi,loss is the number

of deposited particles at size bin Dpi, and dt is the time derivative. This approach

takes into account particle dry deposition inside the boundary layer, including their

impaction and diffusion losses on the surfaces.

In addition, one should pay special attention to the wall depositions of both aerosol

particles and gas compounds in the chamber experiments (Paper IV). The calculation

of chamber wall losses is discussed in Section 3.3.

2.2.1 Cloud condensation nuclei activation

Secondary particles formed from gas precursors can act as the seeds of cloud droplets

or cloud ice particles, when particles are larger than the critical diameters for super-

saturated water vapor condensing on them. These particles are named cloud conden-

sation nuclei (CCN). CCN are critical for the cloud formation, as water vapor cannot

form droplets homogenously in the atmosphere, thus each cloud droplet is formed from

at least one aerosol particle. The critical diameter for aerosol particles to be activated

as CCN is generally in the size range of 50–100 nm (Kerminen et al., 2012), depending
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on the surrounding vapor pressure and hygroscopic properties of the particles (Virkkula

et al., 1999). The water uptake by the aerosol particles can be described by the Köhler

equation (Köhler, 1936):

S = awexp

(
4Mwσ

RTρdwet

)
(7)

where S is the water saturation ratio, aw is the water activity, Mw is the molar mass

of water, σ is the surface tension of the solution, R is the universal gas constant, T

is temperature, ρ is density of the solution and dwet is diameter of the wet particle.

This equation connects the particle properties (size, surface tension, density and water

activity) with the thermodynamic state of the surroundings (temperature, saturation

ratio) (Paper II).
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3 Measurement and methods

This thesis included data analysis from two field measurement stations in Finland,

and one chamber experiment conducted in Germany, see the locations of the sites in

Fig. 3. In addition, numerical modeling was also used for the simulation of the chamber

experiments. In the following, we will introduce these measurement and methods in

this section.

Figure 3: A map (Google map) illustrating locations of the field measurement stations

and the chamber experiment.

3.1 Atmospheric field measurements

A large part of the dataset in this thesis is based on the continuous measurements at

two Finnish SMEAR stations (Station for Measuring Ecosystem-Atmosphere Relations

(Hari and Kulmala, 2005)): SMEAR I (67◦46’N, 29◦35’E, 400 m a.s.l.) in Värriö

(Paper III), and SMEAR II (61◦51’N, 24◦17’E, 170 m a.s.l.) in Hyytiälä (Paper

I–III), Finland.
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The SMEAR I station is located inside the Arctic Circle, emphasizing research on

interactions between trees and atmosphere, air quality and aerosols, and is less than 200

km from the Russian emission sources of Kola Peninsula. The station has been operated

since 1991, offering long time-series of gas and aerosol parameters, and meteorological

parameters. We used a 13-year dataset from 1998 to 2010 in Paper III.

The SMEAR II station is the most comprehensively equipped SMEAR station, to study

the material and energy flows in the atmosphere-vegetation-soil continuum at different

temporal and spatial scales. The terrain of the site represents the boreal coniferous

forest, which covers about 17 % of the Earth’s land surface. The over 40-year old Scots

pines (Pinus sylvestris) dominated the vegetation layer with some Norway spruces

(Picea abies) and Silver birches (Betula pendula) around the station, and the average

tree height is around 16 meters. The operation of the SMEAR II station has been

ongoing since 1995. Long time-series for gas and aerosol parameters, meteorological

parameters (temperature, RH, O3, SO2 etc.) are readily accessible. Measurements on

BVOC fluxes and concentrations were also performed. We used a 4-year dataset in

Paper I, a one-year dataset from mid-2008 to mid-2009 in Paper II, and a 15-year

dataset between 1996 and 2010 in Paper III.

3.1.1 Instruments

Many instruments, used over long time spans at both SMEAR stations, have proven

to be well suited for the research carried out in this study. With the large amount of

data obtained from these measurements in this study, we were able to investigate some

key parameters and potential mechanisms in the ‘vegetation-aerosol-climate’ system.

The main instruments used in this work are listed as following:

Differential Mobility Particle Sizer (DMPS) measures the aerosol particle num-

ber size distribution (Aalto et al., 2001). The setup of the DMPS system combines a

Differential Mobility Analyzer (DMA) and a Condensation Particle Counter (CPC),

see the schematic picture of one DMPS system illustrated in Fig. 4. The DMA sizes

aerosol particles based on their electrical mobility. The CPC detects the total num-

ber concentration of aerosol particles larger than a certain cut-off size. This cut-off

size depends on the instrumental design combining the condensation and optical tech-

niques. The particles are firstly charged by a radioactive neutralizer, in order to gain

a well-defined Boltzmann charge distribution, and then they are sized by the DMA.
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After that the selected particles are detected by the CPC.

The DMPS system measured the number concentrations of particles with diameter

from 3 nm to 1 µm at the SMEAR II station since the operation of the station (Aalto

et al., 2001), whereas particles in size range 8–460 nm were measured before April 2003

at the SMEAR I station, and then was extended to the same particle size range as in

the SMEAR II station (Dal Maso et al., 2007). The dataset of the particle number

size distributions measured at the SMEAR II station were used in Paper I–III with

several different selected time periods. The DMPS data measured at the SMEAR I

station were used in Paper I.

Figure 4: A schematic picture of the DMPS (Differential Mobility Particle Sizer) sys-

tem, including a DMA (Differential Mobility Analyzer) connected with a CPC (Con-

densation Particle Counter).

Proton Transfer Reaction Mass Spectrometry (PTR-MS) is an online instru-

ment which measures the concentrations of volatile organic compounds in ambient air

(Lindinger et al., 1998). The PTR-MS was used to study the long-term VOC measure-

ment at the SMEAR II station. The technical calibration and stability of the PTR-MS

together with the equations to derive the VOC concentrations were described in de-

tail by Taipale et al. (2008). The detection limit of PTR-MS for monoterpenes was

0.01 ppbv. We used the PTR-MS dataset from 2006 to 2009 in Paper I. In addition,

the PTR-MS was used to measure the VOC concentrations from the JPAC chamber
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experiment, and its data were analyzed in Paper V.

Aerosol Mass Spectrometer (AMS) detects the mass concentrations of species

including sulfate, nitrite, chloride, ammonium and organic compounds in the submicron

aerosol particles (Canagaratna et al., 2007). One Aerodyne Time-of-Flight AMS was

used in campaign-wise measurements at the SMEAR II station, and the AMS data

were used in a case study in Paper I.

Cloud Condensation Nuclei Counter (CCNC) measures the concentrations of

the cloud condensation nuclei (Roberts and Nenes, 2005). One CCNC was installed at

ground level at the SMEAR II station, and it was operated at water super-saturations of

0.1–1.0 %. Together with CCNC, a Hygroscopicity Tandem Differential Mobility

Analyzer (HTDMA) (Ehn et al., 2007) was used to detect the hygroscopicity of

aerosol particles in Paper II.

3.1.2 Backward trajectories

In addition to the measurements, backward trajectories were used in one of the studies

in the “averaged air parcel history” method (Paper III). The hourly 96-hour backward

trajectories arriving at the SMEAR I and the SMEAR II stations were calculated with

the HYSPLIT4 model (Draxler and Hess, 1998). Each individual travel point of the

backward trajectory includes the air temperature at the traveling height, mixing layer

height, solar flux, precipitation, pressure and relative humidity. The meteorological

data in the trajectory calculations was from a global data assimilation system (GDAS)

reanalysis archive for data sets after 2004, and from an final (FNL) archive for data sets

before 2004, provided by the NCEP (National Centre of Environmental Predictions).

Previous studies have shown uncertainty of the trajectory calculations to be 10–30 %

of the travel distance (Draxler and Hess, 1998). The uncertainty of the meteorological

data has been minimized in the GDAS and FNL reanalysis archives.

3.2 Jülich Plant Atmosphere Chamber

We used the dataset from one chamber experiment campaign conducted at the Jülich

Plant Atmosphere Chamber (JPAC) located in Forschungszentrum Jülich, Germany

(Papers IV–V). Compared with the field observations, one main advantage of this
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chamber experiment is that the climatic parameters can be artificially controlled, which

provides an ideal near-ambient atmosphere environment for the purpose of investigating

the potential mechanisms of secondary particle formation from biogenic tree emissions.

For example, changing temperature and photosynthetic photon flux density in the

plant chamber could cause change in the tree emission strengths and thus change the

BVOC source strengths in the reaction chamber. The JPAC chamber setup utilized

several cutting-edge instruments which can directly measure freshly formed aerosol

clusters, thus it may allow us to determine the mechanisms of nucleation and growth

of aerosol particles from tree emitted BVOCs. However, such ‘ideal’ system has its

natural drawbacks, i.e. the chamber is isolated with glass walls, and such artificially

introduced chamber wall effects may result in a different aerosol formation mechanism

(Paper IV), compared to the ambient field measurements.

The details related to the JPAC chamber facility can be found from e.g. Mentel et al.

(2009), Schimang et al. (2006), and Paper V. Fig. 5 describes the basic setup of the

JPAC facility. In brief, the JPAC system consists of two borosilicate glass chambers

with Tefon floors. A small chamber (1150 L) was used as the plant chamber, in which

three small trees including pine, Norway spruce, and Silver birch were planted. The

small chamber was connected to the larger chamber that worked as reaction chamber

(1450 L, surface to volume ratio of 4.87 m−1), which allowed the loading of tree emis-

sions into the reaction chamber, where O3 was directly loaded and OH was generated

by periodically activated UV light. Discharge lamps were used for the illumination to

simulate the solar light spectrum in both chambers.

Several instruments were connected to the plant chamber and reaction chamber to

measure both gas- and particle-phase components. Temperature, relative humidity

(RH), concentrations of O3, CO2 and H2O were measured by commercial analytical

instruments. The VOC concentrations from C5 to C20 in the outflow air from the

plant chamber were measured by one Gas Chromatography Mass Spectrometers (GC-

MS) (Heiden et al., 2003), another GC-MS was used to identify the OH concentration

by determining the decrease in the concentration of a tracer compound in the reac-

tion chamber (Kiendler-Scharr et al., 2009). In addition, VOC concentrations in both

chambers were continuously measured by an on-line Proton Transfer Reaction Mass

Spectrometer (PTR-MS). The gas phase H2SO4 concentration in the reaction chamber

was measured by a CIMS (Petäjä et al., 2009). Similar to the DMPS, a Scanning

Mobility Particle Sizer (SMPS) was used to measure particle number size distributions
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Figure 5: A schematic picture of the setup of the Jülich Plant Atmosphere Chamber

(JPAC). The JPAC consists of two glass chambers with Teflon floors: the small one

served as the plant chamber, and the larger one served as the reaction chamber.

in size range between 14 and 600 nm. The total number of particles larger than 7 nm

were measured by a condensation particle counter (CPC). The total number of parti-

cles larger than 1.6 nm in diameter was measured by a Particle Size Magnifier (PSM,

Airmodus A09 prototype) with cut-off size being around 1.6 nm.

3.3 MALTE-BOX model (Atmospheric simulation/modeling)

Numerical model was used in this study to investigate some potential processes behind

the secondary particle formation. The main model used was the MALTE ((Model to

predict new Aerosol formation in the Lower TropospherE) model, developed by Boy

et al. (2006). MALTE is a one-dimensional model, and we used several modules from

the original code as the MALTE-BOX model, which consisted of main modules for air

chemistry, aerosol dynamics, and chamber wall losses. The structure of the MALTE-

BOX model is illustrated in Fig. 6.
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Figure 6: A schematic figure of the structure of the MALTE-BOX model, the struc-

ture of the aerosol dynamics module (UHMA, University of Helsinki Multicomponent

Aerosol model) is illustrated in the right blue panel.

The chemical reaction equations were selected from the Master Chemical Mechanism

(MCM) v3.2 (Jenkin et al., 1997, 2012), and calculations of the air chemistry were

solved via Kinetic Pre-Processor (KPP) version 2.1 (Damian et al., 2002).

The aerosol dynamic processes including nucleation, condensation, evaporation and

coagulation were calculated using the size-segregated UHMA model (University of

Helsinki Multicomponent Aerosol model (Korhonen et al., 2004)), implemented in the

MALTE-BOX model as a module. The original UHMA code included both activation

nucleation and kinetic H2SO4 nucleation mechanisms (Eq. 2 and 3). We updated the

UHMA code to include the organic nucleation (Eq. 4) with the purpose of testing the

differences in particle formation rates after the introduction of VOCs.

The original MATLTE-BOX model included two parameterizations for particle wall

losses: one from Crump and Seinfeld (1981) for mono-dispersed particles, and another

from Park et al. (2001) for poly-dispersed particles. The wall deposition for gas com-
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pounds was also calculated from Park et al. (2001).

Studies suggested that some VOC gas losses on chamber surfaces are reversible during

the chamber experiments (Zhang et al., 2014; Kokkola et al., 2014; Roldin et al., 2014).

Therefore, we coupled a gas-wall partitioning mechanism in the original MALTE-BOX

code in this study, which calculates the adsorption and desorption of SVOCs on the

chamber surfaces. This reversible process of SVOCs was modeled by the following

equation (Matsunaga and Ziemann, 2010):

kw,g,i =
kg,w

(RT/p0,iCw/ (Mwγw,i)
(8)

where kg,w (s−1) is the first order loss rate from the gas phase to the chamber walls,

kw,g (s−1) is the desorption rate of SVOCs from the chamber surfaces out to the gas

phase, Cw is an effective wall equivalent mass concentration of solvent which the organic

compounds can dissolve into, Mw is the average molar mass of the solvent on the walls,

and γw,i is the activity coefficient of compound i in the solvent.
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4 Results and discussions

4.1 Connection between monoterpenes and aerosol particles

from anthropogenic origin

Monoterpene emission measured at the SMEAR II station is temperature dependent,

with diurnal and seasonal variations (Hakola et al., 2003; Lappalainen et al., 2009).

However, visual inspection on the time-series of the monoterpene concentrations mea-

sured at the SMEAR II station revealed peaks of extremely high levels. Fig. 7 il-

lustrates an example of the monoterpene concentrations measured on 8 March 2007

together with the particle size distribution observations (a similar case is also depicted

in Fig. 2). These extremely high monoterpene concentrations were considered as the

monoterpene pollution episodes, and were examined in details in Paper I. We found

that the origin of these monoterpene episodes was mainly the Korkeakoski sawmill, ca.

6 km from the SMEAR II station. Overall, this origin resulted in over 30 % increase

in the local average monoterpene concentrations.

Figure 7: A schematic picture of the monoterpene pollution episodes in association

with elevated aerosol particle number concentrations observed on 8 March 2007 at the

SMEAR II station, Hyytiälä, Finland. The Korkeakoski sawmill is located ca. 6 km

away from the SMEAR II station towards 130◦ Northwest.
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Co-occurred with the increase in anthropogenic originated monoterpenes, a large

amount of aerosol particles were observed simultaneously (see in Fig. 7), resulted in

a noticeable local aerosol loading. The composition of these particles were examined,

and there was no clear difference compared with the local background particles, where

the background aerosol particle masses were mostly dominated by the secondary or-

ganic aerosol contributed from regional sources, e.g. biogenic SOA from tree emissions

(Raatikainen et al., 2010). Therefore, monoterpenes, regardless their biogenic or an-

thropogenic origins, contributes to the production of secondary organic particles after

atmospheric oxidations. The aerosol particles formed during anthropogenic monoter-

pene episodes were large enough to act as CCN. Paper II presented the seasonal

variation of the CCN concentrations measured at the SMEAR II station.

In addition to our finding, Hakola et al. (2012) presented the distribution of BVOCs

from the species-speciated BVOC measurement by GC-MS at the SMEAR II station,

and found that the concentrations of camphene and p-cymene have shown particular

high levels during the monoterpene pollution episodes. Also, Vestenius et al. (2014)

suggested possible increase in associated acidic reaction products of monoterpenes dur-

ing these episodes at the SMEAR II station.

4.2 Linking the biogenic monoterpene emissions and natural

aerosol production

The anthropogenic origin largely contributes to the local monoterpene budget and

the corresponding SOA production. However, SOA formation from biogenic emissions

dominates the global aerosol budget. We investigated the natural aerosol evolution

as function of biogenic monoterpene emissions in Paper III, using the “averaged air

parcel history” method, developed by Tunved et al. (2006, 2008). Fig. 8 illustrates

the concept of this method. We chose trajectories from clean area with minimum

anthropogenic influence, and confined the estimated biogenic monoterpene emissions

in the boundary layer during the air mass transport.

We found that secondary aerosol particles were freshly formed via nucleation when clean

air originally from the ocean entered the land, after which these particles continuously

grew to larger sizes during the air mass transport. The observed aerosol masses at the

receptor stations have shown linear correlation with the travelling time-over-land of the
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Figure 8: A conceptual figure of the observed aerosol particle size evolution along

the back trajectories. For detailed information about calculation and selection of the

backward trajectories, see Paper III.

air parcels, similar to the findings by Tunved et al. (2006) and Väänänen et al. (2013).

The average particle mass gain per hour were 0.02 µg m−3 at the SMEAR I station,

and 0.04 µg m−3 at the SMEAR II station. We discussed the connection between the

accumulated biogenic monoterpene emissions and the number concentrations of parti-

cles in three size-modes. The total particle number concentration at the accumulation

mode showed positive correlation with the accumulated biogenic monoterpene emis-

sions. However, the nucleation mode particle number concentrations did not positively

correlate with the monoterpene emissions, indicating that nucleation was suppressed

by the large condensation sink of accumulation mode particles resulted from the higher

monoterpene emissions.
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4.3 Temperature response of the natural aerosol production

potential

Temperature plays a double role in the ‘vegetation-aerosol-climate’ system first by act-

ing as a determining factor involved in the system, and secondly as a result of the

feedback of the system. Higher temperature enhances the BSOA formation (Day and

Pandis, 2011; Leaitch et al., 2011; Paasonen et al., 2013), whereas the exact relation

between the temperature, BSOA production and natural CCN concentration levels re-

mains uncertain. Temperature influences not only the precursor emissions of BSOA,

but also the atmospheric oxidation reaction rates, resulting in gas-particle partitioning

and potential heterogeneous reaction in the particle phase (Kroll and Seinfeld, 2008;

Hallquist et al., 2009; Riipinen et al., 2012). With the help of the back trajectory

method, we studied the potential temperature influence on the natural aerosol budget

from estimated biogenic monoterpene emissions during air mass transport in Paper

III. Overall, temperature showed an indirect effect when we studied the particle con-

centrations with respect to both biogenic monoterpene emissions and temperature, i.e.

the observed particle concentrations in larger sizes were determined by the amount of

monoterpenes emitted in the air mass, which is dependent on temperature.

We obtained the apparent aerosol yield from the linear fittings between the observed

aerosol mass at the receptor sites and the cumulative monoterpene emissions. Fig. 9

illustrates the apparent aerosol yield as a function of the temperature in five ranges.

The apparent aerosol yield decreased with an increasing temperature at the SMEAR

II station. However, the average aerosol yield at the SMEAR I station was different, in

which it was smaller in the first two temperature bins than in the next two temperature

bins. The variation in the estimated apparent aerosol yields was quite large as a func-

tion of the temperature parameter and the site. Nevertheless, two features are evident

in the aerosol yield estimation: firstly aerosol mass production in cooler temperatures

is more efficient for the SMEAR II station, and the efficiency of VOC transformation

is higher at this more southern station. Secondly, at higher average temperatures, the

apparent aerosol yield from monoterpenes at both stations started to approach values

close to each other.

Overall, results in Paper III suggest that the temperature dependence of BSOA pro-

duction should be treated with caution. One should avoid using a simple parame-

terization in predicting the aerosol production potential from rising temperatures in
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Figure 9: Estimated apparent aerosol yield (i.e. the direct fitting slope between aerosol

mass and total monoterpene emission) in five temperature bins both at the SMEAR I

station (blue bars) and the SMEAR II station (red bars). The black bars indicate 95

% confidence intervals from the fitting slopes at both stations.

future. Further investigation on the detailed processes of BSOA yield as a function

of temperature is necessary to discuss the actual aerosol distribution and its climate

effects.

4.4 Simulation of the new particle formation from tree emis-

sions in JPAC chamber

Paper I and Paper III showed clear connection between monoterpenes and secondary

particle formation based on the field observations. To closer look at the mechanisms

behind the relation of these two aspects, we performed numerical simulation on the

new particle formation events observed in the JPAC chamber experiments (Paper

IV), aiming to firstly identify the potential participation of BVOCs in the new par-

ticle formation process; and secondly to quantify the relative contribution of terpene
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oxidation products to the SOA production. Fig. 10 illustrates the occurrences of the

main processes in the JPAC reaction chamber, including gas phase chemistry, aerosol

dynamics, and gas-wall-partitioning of SVOCs, which have been simulated using the

MALTE-BOX model.

Figure 10: A conceptual figure summarizing the series of gaseous chemical reactions

and aerosol dynamics of observed new particle formation events in the JPAC reaction

chamber.

The concentrations of gas compounds modeled have shown good agreements with the

measurements. OH was formed once the UV light was turned on in the JPAC reaction

chamber, OH concentration modeled and measured agreed within a factor of two,

which was ca. 7×107 cm−3 on average. Then H2SO4 was substantially formed from

OH oxidation with SO2. We found two increase peaks of H2SO4 concentration from the

measurement, whereas the model was not able to fully predict the second increase with

Criegee intermediate included chemistry. The modeled O3 concentration was within

10–20 % from the measurement. Monoterpene concentrations predicted from the model
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correlated well with the total monoterpene concentrations detected by PTR-MS. Thus

it is reasonable to use the modeled monoterpene concentrations and their oxidation

products for the particle phase simulation.

We used two nucleation mechanisms for the particle phase simulation including both

kinetic H2SO4 nucleation and organic nucleation. The nucleation coefficient used for ki-

netic H2SO4 nucleation was 2.1×10−11 cm3 s−1, and the organic nucleation coefficient

was 9.0×10−14 cm3 s−1. In addition, we used a simplified gas-particle partitioning

method which classifies the terpene oxidation products into either ELVOCs or SVOCs

for particle condensational growth, and the gas-wall-partitioning of SVOCs was cal-

culated by Eq. 8. The resulting particle size distributions from the aerosol dynamics

simulation are illustrated in Fig. 11. One can see that the particle number concen-

trations modeled by the organic nucleation gradually decreased from Day-1 to Day-4

during the UV-on periods, similar to the SMPS measurements, whereas an opposite

relation was seen from the particle number size distributions modeled by the H2SO4

nucleation. Also, the modeled particle size distributions by the organic nucleation

showed better agreement with the measurements during the UV-off periods, as the

particle number concentration was over-predicted by the kinetic H2SO4 nucleation.

The modeled results in Paper IV showed that a substantial amount of SVOCs ad-

sorbed on the JPAC reaction chamber walls during the measurement campaign, and

the desorption of SVOCs became substantial after Day-1. Comparing with the modeled

particle number size distributions without considering the SVOC gas-wall-partitioning

(Fig. 11b, d), it is conclusive that the desorption of SVOCs from the walls signifi-

cantly contributed to growth of the freshly formed particles to larger sizes (Fig. 11c,

e). We further looked at the composition of the aerosol particles, results showed that

ELVOCs and SVOCs approximately equally contributed to particle volume production,

but ELVOC exclusively grew the smallest particles.

The MALTE-BOX model was capable of predicting the average concentrations of both

gas and particle phase components as the measurements within a factor of 1–2, yet

the whole distribution did not show full agreement between modeled results and the

measurements. Therefore, to better understand the processes in the JPAC chamber,

it is important to include explicit description of air chemistry calculations and gas-

wall-partitioning. We simplified the calculations of particle condensational growth

using representative model compounds. To better recognize the actual gas-particle

partitioning, it is necessary to include all condensable vapor precursors with their
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saturation vapor pressure information in future studies.
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Figure 11: Contour plots of aerosol particle number size distributions as function of

time from the SMPS measurements (a), from the MALTE-BOX model predicted by

kinetic H2SO4 nucleation without SVOC gas-wall-partitioning (b) and with SVOC

gas-wall-partitioning walls (c); from the model by organic nucleation without SVOC

gas-wall-partitioning (d) and with SVOC gas-wall-partitioning (e). The black lines

indicate the smallest particle size measured by SMPS.

34



5 Review of papers and the author’s contribution

The author is solely responsible for the introduction of this thesis.

Paper I studied the anthropogenic origin of monoterpenes observed at the SMEAR

II station. We quantitatively examined the anthropogenic contributions to the mea-

sured monoterpene concentrations. We discussed the correlation between the increased

monoterpene concentrations and co-occurring aerosol particles in terms of both num-

ber and volume concentrations, and we also analyzed the chemical compositions of

these co-occurred particles through case studies. I was responsible for the whole data

analysis and I wrote most of the paper.

Paper II investigated the seasonal distribution of cloud condensation nuclei (CCN)

concentrations in a boreal forest environment, using a one-year CCN measurements

together with the hygroscopicity measurements. We also analyzed the effect of new

particle formation events on the CCN production. In this paper, I participated in data

analysis, produced four figures for the paper, and contributed commenting the paper.

Paper III presented the temperature influence on the natural aerosol formation and

mass yield over boreal forest, using an “averaged air parcel history” method. We

discussed the correlation between the estimated biogenic monoterpene emissions and

particle number concentrations, we estimated the particle losses during air mass trans-

port, and we discussed the apparent aerosol yield as a function of temperature. In this

paper, I made all the data analysis and wrote most of the paper.

Paper IV investigated the mechanisms of new particle formation observed in the

Jülich Plant Atmosphere Chamber (JPAC) experiments, through measurements and

simulations of the MALTE-BOX model with near-explicit air chemistry and aerosol

dynamics. We performed simulations on both gas- and particle-phase components. We

compared results modeled by two nucleation mechanisms (kinetic H2SO4 nucleation

and organic nucleation), and discussed the importance of SVOC gas-wall-partitioning

in chamber experiments. I was responsible for modification and implementation of the

MALTE-BOX model, performing the model simulations, and analyzing all the data. I

wrote most of the manuscript.

Paper V presented data analysis of the JPAC experiments to study the influence

of boreal tree-emitted BVOCs and sulfuric acid on nanoparticle formation rates at
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ambient concentration levels. The particle formation rates were derived separately

from particle growth rates, and the formation mechanism of nano-CN was discussed.

In this paper, I was responsible for a large part of the data analysis. I made most of

the figures, and commented on the manuscript.

36



6 Conclusions

The work of this thesis attempts to analyze the source, the formation and growth

mechanisms, and the sink of secondary particle formation from the contribution of tree

emitted VOCs, and to test the overall temperature response in the ‘vegetation-aerosol-

climate’ system. This work utilized both long-term field observations and campaign-

wise chamber experiments, as well as numerical model. In conclusion, we found that:

1. Monoterpenes, considered as one of the main precursors of SOA production, origi-

nate not only from biogenic emissions, but also from anthropogenic sources (e.g. forest

industry). The anthropogenic origin can significantly elevate the local or regional

monoterpene concentrations. The oxidation products of monoterpenes contribute to

the secondary organic particles formation, regardless of the origins of monoterpenes,

since aerosol particles co-occurred with anthropogenic monoterpenes had similar chemi-

cal compositions as the background particles in a boreal forest environment. With large

contribution from monoterpene oxidation products, secondary particles usually grew

large enough to act as CCN, which could contribute to the local or regional cloud

production.

2. Monoterpenes from biogenic emissions showed direct link to the secondary organic

particle production. With the help of an “averaged air parcel history” method, we

found that secondary aerosol particles were freshly formed via nucleation when clean

air from the ocean entered the land. Then the nucleated particles continuously grew

to larger sizes due to condensation of the oxidation products of biogenic emissions

accumulated along air mass transport. The observed aerosol mass at the receptor

stations has shown linear correlation with the air parcel travelling time-over-land, i.e.

secondary aerosol mass correlates with the accumulated monoterpene emission along

the air mass transport.

3. The ‘vegetation-aerosol-climate’ system is very complicated. We tested the tem-

perature response by linking vegetation (monoterpene emission), aerosol (aerosol mass

production), and climate system (CCN), using an “averaged air parcel history” method.

We showed that both the travelling time-over-land and air temperature affect the evolu-

tion of the natural aerosol production. Although the nucleation mode particle number

concentrations were higher at lower temperatures, particle number concentrations at

accumulation mode showed positive relation to the temperature, suggesting that more

efficient CCN production was associated with the BSOA production at higher tem-
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perature. Our results suggested that direct temperature effect on particle formation

process is minor, but temperature effect on the biogenic emissions resulted in an indi-

rect influence on the BSOA production and corresponding CCN formation.

4. The analysis of the new particle formation from a JPAC chamber experiment showed

that the particle formation rate was proportional to the H2SO4 and biogenic VOC emis-

sion, in relation to a mechanism that nucleating BVOC oxidation products are rapidly

formed and activated with H2SO4. A numerical simulation was performed with the

same experiments, which further confirmed that H2SO4 is a critical compound in the

nucleation process, however nucleation involving the oxidation products of BVOC and

H2SO4 better explains the nucleation mechanism (i.e. the organic nucleation). Both

findings are in line with the latest results from e.g. Schobesberger et al. (2013), Ehn

et al. (2014), Kulmala et al. (2014b), and Riccobono et al. (2014), in which several

instruments can directly detect the size and composition of freshly formed aerosol clus-

ters and their precursors. However, all these findings were from the well-controlled

chamber experiments with limited chemical complexity. Even thought our results were

based on the near ambient levels of atmospheric concentration and mixtures, the simu-

lation could not identify any specific VOC compounds participating in the initial steps

of nucleation. Therefore, the actual nucleation mechanism in the ambient environment

remains uncertain.

5. Atmospheric chamber experiments are very useful to investigate some specific mech-

anisms related to the ‘vegetation-aerosol-climate’ system, as one can carefully control

the climatic parameters, and target specific questions of interest. However, one should

pay special attention to the wall effects during the chamber experiment, as we have

found that the chamber surfaces constitute the major net sink of semi-volatile organic

compounds at the start of the experiment, but this wall uptake gradually reduced

because of desorption of the compounds. Thus, in order to capture the observed tem-

poral evolution of the particle number size distribution, we had to consider a reversible

gas-wall partitioning for the model simulation.

The process of secondary particle formation is complicated, firstly because the mecha-

nism is not well understood, and secondly because such process is linked to the Earth

system. In this study, we tested both the mechanism of homogeneous nucleation, and

the feedback to the ‘vegetation-aerosol-climate’ system, also we showed changes of sec-

ondary particle formation due to human activity. Although we have used analysis from

comprehensive long-term field measurements and chamber experiments, as well as up-
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to-date numerical model, we are still not able to conclude the mechanisms behind the

phenomena we observed. Therefore, to be able to fully reveal the secondary particle

formation process and its linkage to the climate system, it is encouraging to continue

the aerosol research by developing more cutting-edge instruments, and advancing com-

prehensive numerical models.
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Praplan, A. P., Adamov, A., Amorim, A., Bianchi, F., Breitenlechner, M., David,

A., Dommen, J., Donahue, N. M., Downard, A., Dunne, E., Duplissy, J., Ehrhart,

S., Flagan, R. C., Franchin, A., Guida, R., Hakala, J., Hansel, A., Heinritzi, M.,

Henschel, H., Jokinen, T., Junninen, H., Kajos, M., Kangasluoma, J., Keskinen, H.,

Kupc, A., Kurten, T., Kvashin, A. N., Laaksonen, A., Lehtipalo, K., Leiminger, M.,

Leppa, J., Loukonen, V., Makhmutov, V., Mathot, S., McGrath, M. J., Nieminen,
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Petäjä, T., Mauldin III, R., Kosciuch, E., McGrath, J., Nieminen, T., Paasonen, P.,

Boy, M., Adamov, A., Kotiaho, T., and Kulmala, M. (2009). Sulfuric acid and OH

concentrations in a boreal forest site. Atmos. Chem. Phys., 9(19):7435–7448.

Pope, C. A., Burnett, R. T., Thurston, G. D., Thun, M. J., Calle, E. E., Krewski,

D., and Godleski, J. J. (2004). Cardiovascular mortality and long-term exposure

to particulate air pollution epidemiological evidence of general pathophysiological

pathways of disease. Circulation, 109(1):71–77.

Raatikainen, T., Vaattovaara, P., Tiitta, P., Miettinen, P., Rautiainen, J., Ehn, M.,

Kulmala, M., Laaksonen, A., and Worsnop, D. R. (2010). Physicochemical prop-

erties and origin of organic groups detected in boreal forest using an aerosol mass

spectrometer. Atmos. Chem. Phys., 10(4):2063–2077.

Raes, F., Janssens, A., and Van Dingenen, R. (1986). The role of ion-induced aerosol

formation in the lower atmosphere. J. Aerosol Sci., 17(3):466–470.

49



Riccobono, F., Schobesberger, S., Scott, C. E., Dommen, J., Ortega, I. K., Rondo, L.,

Almeida, J. a., Amorim, A., Bianchi, F., Breitenlechner, M., David, A., Downard,

A., Dunne, E. M., Duplissy, J., Ehrhart, S., Flagan, R. C., Franchin, A., Hansel,

A., Junninen, H., Kajos, M., Keskinen, H., Kupc, A., Kürten, A., Kvashin, A. N.,
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Korhonen, H., Arnold, F., Janson, R., Boy, M., Laaksonen, A., and Lehtinen, K.

E. J. (2006). Atmospheric sulphuric acid and aerosol formation: implications from

atmospheric measurements for nucleation and early growth mechanisms. Atmos.

Chem. Phys., 6:4079–4091.
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