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Abstract
Aerosol particles are important atmospheric constituents. They exist in both polluted and
remote areas but the sizes and concentrations of these particles vary greatly depending on
location. Aerosol particles damage human health via inhalation, reduce visibility with high
mass loadings, and among all, contribute to climate change. Particles directly scatter and
absorb solar radiation. In addition, particles that are large enough can participate in cloud
formation and affect cloud properties by acting as cloud condensation nuclei (CCN).
A notable fraction of submicron atmospheric aerosol mass consists of organic compounds,
and a large fraction of this material has been formed through condensation of organic vapors
onto aerosol particles (secondary organic aerosol, SOA). Most of the global SOA mass is
deemed to be biogenic in origin, but recent studies suggest that a significant fraction of it
may be controlled by anthropogenic pollution. However, due to poor understanding of this
anthropogenic enhancement in biogenic SOA formation, it is not systematically accounted
for in current atmospheric models. Due to these kind of uncertainties in global SOA mass
burden and lack of detailed knowledge of chemical, physical and optical properties of SOA,
estimates of organic aerosol effect on the climate are highly uncertain.
To decrease the uncertainty in the climate effects of the organic aerosol, an improved
understanding of the formation mechanisms and properties of SOA is needed. In addition,
nanoparticle growth to CCN-sizes by condensation of secondary organic matter needs to be
accurately described in atmospheric models. In this thesis the formation of SOA is
investigated in the presence of both biogenic and anthropogenic compounds. The chemical
and physical properties – volatility and hygroscopicity – of SOA are examined via field and
laboratory experiments combined with process modeling. The thesis introduces
improvements for the treatment of SOA related to nanoparticle growth in atmospheric
models and evaluates their performance.
The thesis shows that interactions between atmospheric biogenic and anthropogenic aerosol
components can form aerosol material of low-volatility. For instance organic salt formation
via chemical reactions between organic acids and inorganic salts can lower aerosol
volatility. Particulate-phase processing may also alter aerosol hygroscopic properties.
Description of nanoparticle growth by low-volatility secondary organics is important in
improving the estimates of particle and CCN numbers. The thesis highlights the significance
of biogenic organic matter formed under anthropogenic influence in the nanoparticle
growth. This warrants future studies focusing on the formation mechanisms and properties
of anthropogenically driven biogenic organic aerosol.
Keywords: secondary organic aerosol, anthropogenic influence, particulate-phase
processing, volatility, condensational growth, CCN
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1 Introduction
The Earth’s atmosphere consists of a mixture of gases and small liquid or solid particles.
Both the sizes and concentrations of these aerosol particles vary depending on location.
Particles can be as small as large molecules (~ 1 nm in diameter) or so big that human eye
is able to distinguish a single particle (~ 0.1 mm). In urban polluted environments particle
number concentrations can exceed 1 000 000 cm-3 while in remote clean areas number
concentrations are often 10-100 cm-3 (Seinfeld and Pandis, 2006). Similarly, in polluted
cities, daily average mass concentrations of submicron particles can reach 400 µg m-3,
whereas in remote regions the monitored values are on average below 10 µg m -3 (Zhang et
al., 2007; Jimenez et al., 2009; Huang et al., 2014).
High loadings of atmospheric submicron particles can deteriorate visibility (Cabada et al.,
2004) and cause adverse acute and chronic health effects via inhalation of air (Dockery et
al., 1993; Davidson et al., 2005; Nel, 2005; Mauderly and Chow, 2008). Aerosol particles
also affect regional and global climate (IPCC, 2013). They influence the Earth’s radiative
balance by affecting the fraction of the incoming solar radiation that is radiated back to
space. Depending on aerosol chemical composition, particles can either directly scatter (e.g.
sulfate) or absorb (e.g. soot) solar radiation (Schulz et al., 2006; Stier et al., 2007). In
addition, particles that are large enough – roughly 50 nm in dry diameter or larger – can act
as seeds for cloud droplets (cloud condensation nuclei, CCN, Dusek et al., 2006; Kerminen
et al., 2012). Clouds, in turn, can reflect solar radiation back to space and cool the climate.
Aerosol particles thus indirectly affect the climate by modifying cloud properties and
lifetime (Ramanathan et al., 2001; Lohmann and Feichter, 2005).
Aerosol particles consist of both inorganic and organic species. Volatility is the main
property of an atmospheric compound determining how large fraction of it stays in the
particle-phase under ambient conditions. The lower the volatility of a compound is, the
larger this fraction is. While the sources, chemistry and properties of aerosol inorganic
compounds are relatively well-known, less is known about atmospheric organics.
Thousands of organic compounds are present in both gaseous and particulate phases, and a
large fraction of them remain unidentified (Goldstein and Galbally, 2007). Organic
compounds contribute significantly to particle chemical composition: 20-90% of the total
submicron aerosol mass consists of organics depending on location (Kanakidou et al., 2005;
Zhang et al., 2007; Jimenez et al., 2009).
Organic aerosol (OA) consists of primary and secondary organics. Primary organic aerosol
(POA) is directly emitted from both anthropogenic and biogenic sources, while secondary
organic aerosol (SOA) is formed upon gas-to-particle conversion from condensable vapors.
The dominant fraction of submicron organic aerosol is estimated to be secondary (Zhang et
al., 2007; Hallquist et al., 2009; Jimenez et al., 2009). While most of the global secondary
organic aerosol is expected to be biogenic (BSOA), anthropogenic precursors can be an
equally important source of secondary organic aerosol mass (e.g. fossil fuel SOA, FSOA)
in urban regions of northern mid-latitudes (De Gouw and Jimenez, 2009). Recently,
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enhanced formation of secondary organic aerosol from biogenic precursors in the presence
of anthropogenic pollutants (eBSOA) has drawn attention suggesting that strict separation
of atmospheric SOA to its natural and anthropogenic components solely based on the origin
of the precursor may not be possible (Fig. 1) (Weber et al., 2007; Carlton et al., 2010; Hoyle
et al., 2011; Spracklen et al., 2011). In the Eastern United States, anthropogenic pollution is
likely to explain around half or even more of the present-day biogenic secondary organic
aerosol mass (Carlton et al., 2010; Carlton and Turpin, 2013).
Estimates of total organic aerosol mass budgets – especially for SOA – are highly uncertain
due to poorly constrained sources and sinks of organic aerosol, as well as the relative
contributions of these to organic aerosol mass. Estimates of global SOA source range from
20 to 380 Tg year-1 (Hallquist et al., 2009; Heald et al., 2011; Spracklen et al., 2011).
Currently, many large-scale atmospheric models account for “traditional” SOA – secondary
organic matter formed from natural precursors (monoterpenes and isoprene) via
atmospheric oxidation – while some of them take into account also “non-traditional” SOA
from aqueous-phase oxidation of organics (Tsigaridis et al., 2014). Very few models
account for SOA from anthropogenic precursors even though its contribution is not
insignificant (Volkamer et al., 2006; Farina et al., 2010; Myhre et al., 2013; Tsigaridis et al.,
2014). In addition, anthropogenically enhanced biogenic SOA is not systematically
accounted for in global climate or chemistry models although indications of its importance
exist (Spracklen et al., 2011; Tsigaridis et al., 2014).

Figure 1: Definitions of secondary organic aerosol (SOA) forming from natural or
anthropogenic precursors and in the presence of both natural compounds and anthropogenic
pollutants used in this work. Natural BSOA includes both “traditional” and “nontraditional” secondary organics. Definitions are adapted from Hoyle et al. (2011) and
Tsigaridis et al. (2014).
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Besides affecting the overall mass burden of atmospheric particulate matter, organic
compounds influence CCN numbers by growing freshly formed nanoparticles to larger
sizes. Growth of the smallest particles by condensation of low-volatility secondary organic
matter is a significant source of CCN – linking nanoparticle growth to secondary organic
aerosol formation (Merikanto et al., 2009; Riipinen et al., 2011). Uncertainties in CCN
numbers and properties are rising from both uncertainties in the total SOA burden (Good et
al., 2010) as well as inconsistent treatment of SOA related to nanoparticle growth in largescale models (Pierce et al., 2011; Riipinen et al., 2011). It is known that low-volatility
secondary organic compounds can be formed in both the gaseous and particulate phase via
interactions of aerosol constituents, e.g. in organic-inorganic aerosol. (Kroll and Seinfeld,
2008; Riipinen et al., 2012; Ehn et al., 2014). However, the exact formation mechanisms,
identities and properties of these compounds are not fully constrained.
Currently in atmospheric models, organic condensation onto pre-existing aerosol size
distribution is typically done either proportional to total organic particle mass
(“thermodynamic approach”) or surface area (“kinetic approach”) (see Riipinen et al.,
2011). Both of these condensation schemes have their advantages and disadvantages – the
thermodynamic approach captures particle mass loadings better but fails to represent sizedependent growth of ultrafine (< 100 nm) particles, whereas the kinetic approach captures
the growth of the smallest particles better but does not account for the volatility and reevaporation of the condensable organics. When estimating CCN concentrations, the kinetic
approach is likely to perform better than the thermodynamic one since it enables
nanoparticle growth to CCN sizes. An ideal model would include both of these schemes.
However, complete modeling schemes are often computationally too time consuming to be
applicable in large-scale models and thus simplified parameterizations of the condensation
processes of secondary organics are needed.
According to the most recent report by the Intergovernmental Panel for Climate Change
(IPCC, 2013), the anthropogenic aerosol net effect on climate is cooling: the industrial era
effective radiative forcing is estimated to be around -0.9 W m-2. This is opposite to the effect
of greenhouse gases with an effective radiative forcing of 2.8 W m-2. When the climate
effects of anthropogenic aerosol are assessed component by component, the global climate
impact of anthropogenic secondary organic aerosol (ASOA, Fig. 1) is estimated to be
minimal with large uncertainties, with direct radiative forcing of -0.03 W m-2, estimates
ranging from -0.27 up to 0.20 W m-2 (IPCC, 2013).
However, recent studies suggest that the cooling effect of anthropogenic secondary organic
aerosol may be underestimated in the IPCC models. For instance, Spracklen et al. (2011)
estimated the direct radiative forcing of ASOA to be around -0.26 W m-2 when it is
accounted for to the extent suggested by model-measurement comparisons – being in the
lower end of the estimate by IPCC (2013). Hence, significant differences in the estimated
radiative forcings of organic aerosol are expected with different amounts and formation
mechanisms of anthropogenically controlled organic aerosol in the models (Spracklen et al.,
2011; Myhre et al., 2013; Tsigaridis et al., 2014). Furthermore, estimation on the radiative
forcing of anthropogenically controlled organic aerosol concerning cloud formation was not
9

provided in the IPCC (2013) report, even though it may notably contribute to the cooling of
the climate by aerosols (Spracklen et al., 2011). To decrease the uncertainty in the climate
effects of organic aerosol, more accurate descriptions of anthropogenically driven organic
aerosol formation and properties, and its contribution to particle growth are warranted.
This thesis provides novel insights on the following research topics: gas-particle partitioning
of organic matter and volatilities of aerosol constituents, particulate-phase chemical
reactions, and nanoparticle growth by atmospheric secondary organics. The thesis seeks
answers for the following research questions, with a special focus on the interactions
between organic and inorganic as well as natural and anthropogenic atmospheric
constituents:

1) Which compounds contribute to the extremely low-volatility matter in submicron aerosol
particles? (Q1)
2) How does low-volatility aerosol material form in the particulate phase, and how does it
modify aerosol properties? (Q2)
3) What is the significance of low-volatility secondary organics in the growth of
nanoparticles (< 20 nm in diameter), and how should the growth be described in atmospheric
models to estimate aerosol particle and CCN number concentrations? (Q3)

The research is performed by field and laboratory measurements as well as process
modeling. Paper I focuses on Q1 with a long-term data set measured in a boreal forest
environment in Hyytiälä, Finland, providing indirect input to also Q2 and Q3. Concerning
Q2, organic-inorganic particles mimicking simple atmospheric aerosol are generated in
laboratory conditions, and measurements on aerosol volatility are utilized to obtain
information on particulate-phase processing in Papers II and III. Paper II further
introduces a novel method for quantitative measurements of the volatilities of organic
aerosol constituents, thus also contributing to Q1. Concerning Q3, physically-based semiempirical parameterization capturing sub-20 nm particle growth by atmospheric
condensable vapors is developed in Paper IV, and its performance is assessed in a globalscale atmospheric model in Paper V.
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2

Definitions and theoretical background

The volatility of a compound describes the tendency of a molecule to escape from the
particle surface. For pure components, volatility is quantified by saturation vapor pressure
(psat) and vaporization enthalpy (ΔHvap). psat is the partial pressure of a condensable vapor
in a gas-liquid (or solid) equilibrium in which the rate of molecules entering a flat liquid (or
solid) surface equals the rate at which molecules escape from the surface. For
multicomponent systems and over curved surfaces, the equilibrium vapor pressure (peq)
depends on the mixture composition, curvature and the pure-component psats of the mixture
constituents. ΔHvap describes the temperature-dependency of psat.
Most freshly emitted atmospheric organic compounds are volatile, with Csat of 107 µg m-3
or higher (Table 1). As an example, in boreal forest areas typical maximum concentrations
of monoterpenes are around 10 µg m-3 (Paper IV). The volatile organic compounds (VOCs)
can form compounds with lower volatilities through atmospheric oxidation, resulting in
semivolatile organic compounds (SVOCs), low-volatility organic compounds (LVOCs) and
extremely low-volatility organic compounds (ELVOCs) (Donahue et al., 2013, Murphy,
2014). Organic compounds can be categorized based on their pure-component saturation
vapor pressures (or concentrations) (Table 1).

Table 1: Definitions related to organic compounds of different volatilities following
Donahue et al. (2013) and Murphy et al. (2014). Saturation vapor pressures (psat), and mass
(Csat) and number concentrations (Nsat) in standard conditions are given. The exponents are
given as integers for simplification (to be exact e.g. Csat range of SVOC should be written
as 10-0.5-102.5 µg m-3).
Name

Abbreviation

psat (Pa)

Csat (µg m-3) Nsat, (molec cm-3)

Volatile organic
compounds

VOC

≥ 102

≥ 107

≥ 5∙1016

Intermediate volatility
organic compounds

IVOC

10-2-101

103-106

5∙1012-5∙1015

Semivolatile organic
compounds

SVOC

10-5-10-3

100-102

5∙109-5∙1011

Low-volatility organic
compounds

LVOC

10-8-10-6

10-3-10-1

5∙106-5∙108

Extremely low-volatility
organic compounds

ELVOC

≤ 10-9

≤ 10-4

≤ 5∙105
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Terms “non-volatile” or “effectively non-volatile” are not well defined even though they are
widely used. This is because the volatility depends on ambient conditions such as
temperature. In this thesis “non-volatile” is used to describe aerosol matter that is not
evaporated after spending approximately 1 s at temperatures around 160 ˚C and above.
Hence, the used terminology is, in this context related to the instrumental abilities (Papers
I-III). In this thesis, “non-volatile” aerosol material can be associated with low-volatility
and extremely low-volatility matter (Table 1).

2.1 Low-volatility aerosol constituents
Oxidized organic compounds of different volatilities will contribute to particle chemical
composition depending on particle size. Ehn et al. (2014) reported gas-phase production of
high-molecular mass ELVOCs upon oxidation of monoterpenes which can significantly
contribute to nanoparticle (< 20 nm) growth. Organic material of low-volatility and
extremely low-volatility can be also formed within the particle phase. This enhances organic
aerosol formation by shifting the gas-particle equilibrium and thus enhancing gas-phase
uptake of organics. Possible pathways for the formation of low-volatility matter in the
aerosol are e.g. acid-base neutralizations reactions leading to organic salt formation,
formation of organosulfates (sulfate esters) in the presence of acidified sulfate seed aerosol,
and formation of high molecular-weight polymers from organic monomers (Riipinen et al.,
2012).
Aminium salts formed within reactions between amines and carboxylic acids have been
shown to be of low-volatility (psat of 10-9-10-6 Pa), and a notable contribution to nanoparticle
growth has been reported (Smith et al., 2010; Lavi et al., 2015). Organic salt formation
within weak carboxylic acid-sea salt particles due to chloride depletion from the aerosol
surface (Laskin et al., 2012), and within carboxylic acid-ammonium aerosol mixtures have
also been reported (Dinar et al., 2008; Ortiz-Montalvo et al., 2014). Organic polymerization
has been observed to occur both via acid-catalyzed reactions (Jang et al., 2002; Liggio et
al., 2005; Surratt et al., 2007) and without an acidified seed aerosol (Gao et al., 2004;
Kalberer et al., 2004). Acid-catalyzed reactions and other particle-phase reactions taking
place under anthropogenic influence should be considered as possible contributors to
eBSOA.
Concerning inorganic aerosol species, ammonium sulfate can be considered to be of
extremely low-volatility while ammonium nitrate and sulfuric acid are semivolatile or of
low-volatility: submicron ammonium sulfate aerosol evaporates at around 200 ˚C, sulfuric
acid aerosol at around 100 ˚C and ammonium nitrate at around 50-75 ˚C given enough time
for the evaporation to occur (e.g. O'Dowd et al., 1997; Johnson et al., 2004; An et al., 2007;
Villani et al., 2007; Huffman et al., 2008; Tritscher et al., 2011). Submicron aerosol particles
typically contain also refractory compounds such as soot (defined here as black carbon, BC)
and sea salt, larger particles also crustal material. These compounds will not be evaporated
in the typical aerosol heating units (discussed in Sect. 3.1) with maximum heating
temperatures of around 300 ˚C. Most of atmospheric aerosol non-refractory inorganic and
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organic constituents are volatilized below this temperature (Philippin et al., 2004). However,
there is indirect evidence of organic aerosol components in submicron, even in freshly
formed particles, that are not volatilized upon heating at around 300 ˚C (Paper I; Wehner
et al., 2005; Ehn et al., 2007; Villani et al., 2007; Backman et al., 2010).
In addition to the volatility of the organic compounds, also their hygroscopicities are of
interest. Hygroscopicity describes the ability of a compound to uptake water and is essential
aerosol property when determining CCN formation. Formation of low-volatility organic
matter in the particulate-phase can strongly affect particle hygroscopicity, for example
ammonium and aminium salt formation may enhance aerosol CCN activity (Dinar et al.,
2008; Smith et al., 2010; Lavi et al., 2015). This topic is further discussed in Sect. 4.2.4 in
the light of Paper III.

2.2 Aerosol condensational growth and evaporation
If aerosol particles are not in equilibrium with the gas phase surrounding them, diffusion
mass transfer of vapors to/from the particles occurs. Whether the net mass transfer is
towards aerosol particles or from the particles, i.e. whether particles grow or evaporate,
depends on both the volatility and the concentrations of the condensable vapors. When
particles are larger than the mean free path of the vapors, typically of 10-100 nm
(Vehkamäki and Riipinen, 2012), they “see” the surrounding gas phase as a continuum. In
the continuum regime mass transfer to and from particles of dp in diameter is determined
using the bulk properties of the system. The mass flux of compound i (kg s-1) to/from a
spherical particle can be written as
(

)=

,

ln(

)≈

(

−

,

),

(1)

where Mi (g mol-1) and Di (m2 s-1) are the molar mass and diffusion coefficient of the
compound, p is ambient pressure, T (K) is temperature, R is ideal gas constant, and pa,i and
pi are the partial pressures of i at particle surface and far from the particle, respectively. The
presented approximation can be made if pi << p. This is discussed in more detail below.
Partial pressure of compound i at the particle surface is equal to the equilibrium vapor
pressure, peq,i:
,

( )=

,

( )=

,

( )exp(

,

),

(2)

where Xi is the molar fraction of compound i in the aerosol, γi is the activity coefficient of
compound i (assumed unity in this work), psat,i is the saturation vapor pressure of pure
compound i over flat surface, and the exponential term is the Kelvin effect, where σ
(N m-1) is particle surface tension calculated as mole weighted average over all aerosol
constituents, and vm,i (m3 mol-1) is a partial molar volume of i. Partial pressure of compound
i far from the particle can be written as
( )=

,

(3)
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where Ci (µg m-3) is the gas phase concentration of compound i. In Eq. 1 the logarithmic
pressure-term multiplied by the total pressure includes a description of Stefan flow that is
always present when condensation or evaporation takes place. Stefan flow can be neglected
when the partial vapor pressures of the condensing vapors are much smaller than the total
ambient pressure, as is often the case in the atmosphere. Then, the pressure-term can be
replaced by difference pi – pi,eq. This difference essentially determines the fate of the
particles – with ambient concentration of condensing vapor i higher than the equilibrium
concentration of the particles, condensation occurs, and vice versa.
When particles are notably smaller than the mean free path of the gas molecules, less than
about 10 nm in diameter, approach used for continuum regime conditions is not valid and
mass transport to and from the particles should be determined on a molecular basis, using
kinetic gas theory. In the kinetic regime, mass flux of condensable vapor i can be written
following Lehtinen and Kulmala (2003)
=

(

)(

(

))

,

( −

,

),

(4)

where di is the diameter of a vapor molecule, Dp is the diffusion coefficient of a particle with
diameter dp, αm is the mass accommodation coefficient (assumed unity in this work, see
Winkler et al., 2006; Julin et al., 2014) and Kn is the Knudsen number Kn (ratio of the mean
free path of compound i and the sum of particle and vapor molecule radii). Accounting for
the diffusional movement of particles as well as the diameter of the vapor molecules is
important only when the size of the vapor molecule is comparable to that of the particle.
In the atmosphere particle diameter is very often comparable to the mean free path of the
gas molecules. In this case neither of the above presented approaches work well and thus,
semi-empirical modifications to the mass transfer equations are needed in this transition
regime. Most often used correction factor is βm(Kn, αm) by Fuchs and Sutugin (1970) which
is a function of Kn and αm,i. This factor can be multiplied with the mass flux of continuum
regime (Eq. 1) or used to replace

,

-term in the kinetic regime mass flux (Eq. 4) to be

able to capture mass transfer to and from transition regime particles.
When considering nanoparticle growth to larger sizes, diameter growth rate (GR, nm h -1) is
often determined from experimental data such as aerosol size distribution measurements
(see Sect. 3.3 and Weber et al., 1997; Kulmala et al., 2004; Dal Maso et al., 2005; Hirsikko
et al., 2005; Stolzenburg et al., 2005; Manninen et al., 2010; Yli-Juuti et al., 2011; Yu et al.,
2014). If particle concentrations and thus coagulation rates are low enough (Kerminen and
Kulmala, 2002), GR can be linked to the condensational mass flux as follows
=

GR(

),

(5)

where Itot is the total mass flux towards the particle population with diameter of dp
(Vehkamäki and Riipinen, 2012). With the basic mass transfer equations presented above,
particle growth by each species (i) can be determined if the gas-phase concentrations of the
condensing species and their psats are known. In modeling approaches aiming to capture
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nanoparticle growth, psat of the condensing compound is often set to zero and thus, peq
becomes zero. In these kind of models, condensation is treated as irreversible and the mass
transfer depends only on the ambient concentration of the condensing species (Spracklen et
al., 2005a; Spracklen et al., 2005b; Pierce and Adams, 2009; Riipinen et al., 2011). For
atmospheric vapors such as sulfuric acid and ELVOCs, this assumption is valid but since a
large fraction of the condensable organic matter is semivolatile, growth of the smallest
particles, below 20 nm in diameter, may be overestimated with this approach (Papers IV
and V). Riipinen et al. (2011) reported that with around half of the total condensable organic
matter condensing kinetically to nanoparticles – and the other half thermodynamically,
according to particle mass – observed growth of these particles could be reproduced. This
type of semi-empirical approach is used e.g. by Makkonen et al. (2014). A further improved
size-dependent particle growth parameterization is introduced in Paper IV (see Sect. 4.3).
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3 Experimental methods and data analysis
3.1 Volatility measurements
Volatilities of both laboratory-generated and ambient aerosol particles have been widely
studied (Papers I-III; Kalberer et al., 2004; Wehner et al., 2004; Wehner et al., 2005; An
et al., 2007; Ehn et al., 2007; Huffman et al., 2009a; Huffman et al., 2009b; Birmili et al.,
2010; Lee et al., 2010; Hong et al., 2014). These measurements provide indirect information
on the chemical composition and origin of the aerosol. To reproduce the observed
multicomponent aerosol volatility from first principles, the psat values of individual aerosol
constituents as well as the peq of the mixture should be known. Unfortunately, information
of the psat values of low-volatility and extremely low-volatility organic compounds (see
Table 1) is scarce. This is because of experimental limitations due to low gas-phase
concentrations of these compounds. psat and ΔHvap values of dicarboxylic acids, which is a
group of semivolatile and atmospherically relevant compounds, have however been studied
extensively with various techniques (Bilde et al., 2003; Chattopadhyay and Ziemann, 2005;
Saleh et al., 2008; Booth et al., 2009; Saleh et al., 2009; Bilde et al., 2015). Hence,
dicarboxylic acids are suited for evaluating the performance of novel methods developed
for quantification of the volatility of organic species (e.g. in Paper II and III).
In this work we have applied methods that are used to determine aerosol volatility by
probing changes in the particulate phase (Paper I; Wehner et al., 2002; Philippin et al.,
2004; Ehn et al., 2007; Saleh et al., 2008) or in the gaseous phase (Papers II and III;
Chattopadhyay and Ziemann, 2005; Cappa et al., 2007; McNeill et al., 2007; Sareen et al.,
2010) upon heating the aerosol. In the former approach, aerosol particle size/volume is
measured both in ambient conditions and after passing through a heated flow tube (often
referred to as thermodenuder, TD). The latter approach typically uses thermal desorption to
volatilize the aerosol and measures the changes in the aerosol gas-phase composition using
mass spectrometry. Thermal desorption can be done at atmospheric pressure with a heated
flow tube in front of the mass spectrometer as in Papers II and III or using a heated particle
collector or vaporizer within the instrument (Chattopadhyay and Ziemann, 2005; Williams
et al., 2006; Cappa et al., 2007; Holzinger et al., 2010; Lopez-Hilfiker et al., 2014). Both
particle- and gas-phase approaches to determine aerosol volatility have their advantages –
particle-phase based methods obtain the overall volatility of the aerosol while gas-phase
measurements give information on the volatilities of individual compounds. When applied
alone, particle-based methods are missing the information that gas-phase measurements
provide and vice versa. With gas-phase measurements, only compounds that volatilize at
the temperatures used are observed, i.e. non-volatile compounds are not detected unlike with
the particle-phase based methods. With methods using an heated flow tube, aerosol
residence time within the flow tube becomes crucial when interpreting the data, i.e.
determining volatility (An et al., 2007; Riipinen et al., 2010). In Papers I- III, both particle-

16

phase and gas-phase based approaches have been separately applied. The specific
approaches applied in this work are described below.
3.1.1

VDMPS for particle-phase measurements

The schematics of the main instruments, twin-DMPS (Differential Mobility Particle Sizer,
Aalto et al., 2001) and VDMPS (Volatility Differential Mobility Particle Sizer, Ehn et al.,
2007) used in Paper I are presented in Fig. 2. Twin-DMPS determines the number size
distribution of ambient particles from 3 nm up to 1 µm in diameter in dry conditions by
selecting parts of the aerosol size spectrum based on particle electrical mobility with a DMA
(Differential Mobility Analyzer), and optically measuring the concentration of the selected
particles using a CPC (Condensation Particle Counter). The VDMPS consists of a TD that
heats the aerosol flow at a certain temperature and a DMPS system that determines the size
distribution of the particles remaining after heating.

Figure 2: A schematic illustrating the setup for determining aerosol volatility – parallel
measurements of ambient and heated aerosol number size distributions using twin-DMPS
(Differential Mobility Particle Sizer) and VDMPS (Volatility Differential Mobility Particle
Sizer) that combines a thermodenuder and a DMPS. Median ambient and heated (280 ˚C)
particle number size distributions using data collected during winters 2008-2010 (adopted
from Paper I) is presented as an example instrumental output.

The TD of this study was a 50 cm long tube made of stainless steel with an average aerosol
residence time of 1.2 s. In Paper I, the VDMPS covered particle sizes from 20 nm up to
1 µm. Time resolution of both the VDMPS and twin-DMPS was 10 min. Due to issues
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related to the VDMPS measurements – the VDMPS was occasionally affected by partially
evaporated coarse mode particles that were not seen with the twin-DMPS – size range of
20-500 nm was selected for further analysis both for VDMPS and DMPS.
The VDMPS measurements for Paper I were performed from January 2008 to May 2010
at a rural continental background site at SMEAR II (Station for Measuring EcosystemAtmosphere Relations II) located in Hyytiälä in Southern Finland (Hari and Kulmala, 2005).
During the first year and half (01/2008 – 04/2009), the VDMPS was in a temperaturescanning mode heating the aerosol at six different temperatures: 80, 120, 160, 200, 240 and
280 ˚C. From July 2009 onwards the VDMPS was set to heat the aerosol at constant
temperature, 280 ˚C. During the latter measurement period the focus was on the non-volatile
residual of the aerosol. Overall, the long-term data set with data coverage of 75% provided
insights into the seasonal changes in aerosol volatility.
3.1.2

TPD aerosol-CIMS for gaseous-phase measurements

In TPD aerosol-CIMS (Temperature Programmed Desorption Aerosol Chemical Ionization
Mass Spectrometer) aerosol particles are passed through a heated flow tube inlet and the
volatilized chemically ionized organic compounds are detected with a quadrupole mass
spectrometer (McNeill et al., 2007; Sareen et al., 2010). The changes in the gas-phase signal
are then monitored upon heating the aerosol. The experimental setup for the TPD aerosolCIMS experiments used in Papers II and III is illustrated in Fig. 3.
The volatilization flow tube was a stainless steel tube of 23 cm in length (inner diameter of
1.08 cm) with a heating tape wrapped around it. Aerosol flow of 1.8 L min -1 through the
heated inlet lead to an aerosol residence time of around 0.7 s. The temperature in the flow
tube was increased step-wise from room temperature up to around 160 ˚C. At each
temperature, the monitored gas-phase signal of interest was allowed to stabilize prior to
increasing the temperature in the flow tube – stabilization of the signal took around 30-90
minutes.
Volatilized aerosol material was chemically ionized in the CIMS using a negative parent
ion I- (m/z 127.0±0.2). I- ions were produced via methyl iodide (CH3I) passing through a
radioactive alpha source. The formed ion clusters were guided from around 1 mTorr
pressure to ultrahigh vacuum (10 -8 Torr), and their mass-to-charge (m/z) ratios were
detected with a quadrupole mass spectrometer. Peak or peaks in the CIMS-spectra, if
fragmentation or thermal decomposition occurred, related to the studied aerosol organics
were determined by comparing background spectra to the aerosol spectra. The changes in
the signal of the selected peaks were monitored upon heating (see Fig. 3 as an example).
Background signal was removed from the traced signal prior to data analysis.
For the TPD aerosol-CIMS experiments of Paper II submicron aerosol particles were
generated by atomizing aqueous solutions containing organic acid and inorganic salt with
varying organic acid molar fractions in the total solute (Forg = 0.2-0.5). The organic acids –
acetic acid (AA), succinic acid (SA), oxalic acid (OxA) and citric acid (CA) – were mixed
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with sodium chloride (NaCl) and ammonium sulfate (AS). In Paper III OxA-CaCl2 aerosol
was prepared via reactive uptake of oxalic acid to CaCl2 particles in an aerosol flow tube
reactor – oxalic acid molar fraction was estimated to be 0.1-0.2. In addition, pure sodium
oxalate (Na2Ox) aerosol was generated from aqueous solution for comparison purposes
(Paper III). After generation, the aerosol was dried with a diffusion dryer – RH of the flow
was kept below 12%. Number size distributions of the dried particles were determined using
a SMPS (Scanning Mobility Particle Sizer) that has a similar working principle as a DMPS
(see Section 3.1.1). With the organic acid-inorganic salt mixtures, only the organic acid
partitioning to the gas-phase was detected with the TPD aerosol-CIMS. Organic salts (e.g.
Na2Ox) were detected as the corresponding organic acid in the CIMS. The residence time
between the atomizer and the volatilization flow tube was around 5 s. This was the
maximum time for particulate-phase reactions to take place in the aerosol mixtures prior to
entering the TPD aerosol-CIMS.

Figure 3: A schematic presenting the setup for the volatilization of dry aerosol particles and
detection of aerosol gas-phase material using TPD aerosol-CIMS. As an example of typical
output data upon investigation of evaporation of an organic acid aerosol (oxalic acid),
molecular mass spectra and signal-trace during aerosol heating are illustrated. In the analysis
averages of stabilized signals were used.
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3.2 Quantitative assessment of the volatility of aerosol constituents from
measurements
3.2.1 Methods based on experimental data
VFR (volume fraction remaining), i.e. the amount of aerosol material left after heating, is
often used to describe aerosol volatility with measurement methods probing changes in the
particle size or total volume (or mass) upon heating. In Paper I VFR was determined using
both the VDMPS and DMPS data by calculating the total volume of the aerosol before
(Vtot,DMPS) and after (Vtot,VDMPS) heating:
,

VFR =

,

=

,

.

,

(6)

For further analysis it was assumed that VFR corresponds to MFR (mass fraction
remaining), where Mtot,DMPS and Mtot,VDMPS are the total aerosol mass before and after
heating, respectively, by assuming constant aerosol density of 1.6 g cm-3.
For measurements probing changes in the gas-phase equilibrium upon aerosol heating, a
simple way to determine the effective vaporization enthalpy ΔHvap of an aerosol constituent
is to apply Clausius-Clapeyron equation. In this type of approach, ΔHvap is assumed to be
constant in the studied temperature range. Using data from TPD aerosol-CIMS, the equation
can be written as follows
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where signal(T) is the average signal observed at average temperature T in the volatilization
flow tube and corresponds to saturated gas-phase concentration (psat,i via Eq. 3) of the
evaporating aerosol constituent i (Paper III; Ortiz-Montalvo et al., 2014). If the aerosol
constituent, however, does not have enough time to reach gas-particle equilibrium in the
volatilization flow tube, i.e. peq,i(T) ≠ pi(T) (see Riipinen et al., 2010), this approach gives
only a low-end estimate for ΔHvap. Similarly, concerning VFR calculations, if the particles
do not reach equilibrium within the thermodenuder, the obtained VFR values are
overestimations (An et al., 2007; Lee et al., 2010). Hence, the estimated aerosol volatilities
depend on the residence times used and therefore may not describe the actual volatility of
the studied species/aerosol. To account for non-equilibrium conditions within the flow tube
for more accurate estimates of aerosol volatility, evaporation kinetics should generally be
accounted for. In this work, this was done by applying the mass-transfer model by Riipinen
et al. (2010) for data interpretation in Papers I and II.
3.2.2 Methods coupling experimental data with mass-transfer model
The kinetic mass-transfer model determines time-dependent evaporation of aerosol within
a heated flow tube with a given residence time by solving Eq. 1, and accounting for the
transition regime correction. In this work we assumed a monodisperse aerosol population
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with the total particle mass concentration derived from the aerosol size distribution
measurements. psat at 298 K and ΔHvap of the aerosol constituents were then determined by
searching the combination of these values that reproduced the measured thermogram (VFR
as a function of temperature) or the normalized signal of TPD aerosol-CIMS as a function
of temperature. In Paper II this method combining TPD aerosol-CIMS data with the kinetic
evaporation model was introduced for quantifying the volatilities of organic aerosol
constituents. The performance of the method was evaluated with laboratory-generated purecomponent dicarboxylic acid aerosols (example data and model output shown in Fig. 4A).
The results of the evaluation are discussed in detail in Section 4.2.1.
Modeling multicomponent systems, especially ambient aerosol, is challenging due to lack
of information on the properties (e.g. saturation vapor pressure and surface tension) and
amount of individual organic aerosol constituents as well as their aerosol-phase interactions
(Topping et al., 2007). In principle, the volatilities of individual aerosol constituents can be
derived from the TPD aerosol-CIMS data (McNeill et al., 2007; Sareen et al., 2010; OrtizMontalvo et al., 2014) with the restriction that effectively non-volatile aerosol constituents
cannot be directly observed with this instrument. Particle-phase based instruments (e.g.
VDMPS) measures what is left in the aerosol after heating, including the effectively nonvolatile particle fraction, but separation between individual aerosol constituents is
challenging. However, some indications of the composition of the aerosol residual can be
obtained with additional independent data sets as was done in Paper I.
In Papers I-II a two-component approach was applied to estimate the volatilities of
multicomponent systems. It should be noted that especially in the case of ambient aerosol
particles this approach gives only a rough estimation on aerosol volatility. In the twocomponent approach aerosol particles were assumed to be composed of entirely non-volatile
(psat = 0) material and material that evaporates (at least partially) within the temperature
range used. The aim was to determine the volatility of the evaporating aerosol fraction
(Paper I). The two-component approach was also used to quantify the fraction of
evaporating organic matter converted to effectively non-volatile organics upon particulatephase reactions in Paper II. This was done by taking advantage of the fact that the TPD
aerosol-CIMS cannot detect non-volatile aerosol compounds since they prefer to stay in the
particle phase. In this analysis, the inorganic salt and the formed low-volatility organic
material were lumped under “non-volatile aerosol fraction”. The properties of the organic
acid were given to the evaporating aerosol fraction while for the non-volatile aerosol
fraction the properties of the inorganic salt were given, for simplicity.
The molar fraction of the evaporating organic material in the dried aerosol (Forg,model) was
obtained by reproducing the measured organic acid evaporation from the mixture – in more
detail, the difference between the ratio of CIMS-signals (organic acid signal from mixture
aerosol vs. that from pure-component organic aerosol) and the corresponding ratio of
modeled evaporated masses (mixture vs. pure) was minimized (Fig. 4B and C). If Forg,model
was equal to Forg, no aerosol processing upon drying occurred. However, as was often the
case, Forg,model was lower than Forg indicating that part of the initial organic acid amount was
converted to effectively non-volatile organic material. The fraction of the initial organic acid
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molar fraction sequestered as “non-volatile” organics upon drying was defined as NVF
(non-volatile fraction) and estimated as follows
NVF =

,

.

(8)

In Paper II two important assumptions were made concerning the above presented analysis
method (Eq. 8). First of all, it was assumed that the particles, right after generation, have the
same Forg as in the aqueous solution. This assumption has been shown to hold well for
similar systems as the one applied here (Yli-Juuti et al., 2013b). It was also assumed that

Figure 4: A) Measured evaporation of pure organic acid aerosol (oxalic acid as an example
case) reproduced with the kinetic model by searching an optimum combination of psat at
298 K and ΔHvap. B) Oxalic acid signals obtained upon heating pure OxA and OxA-AS
aerosol mixture with initial Forg = 0.2. C) Pie chart describing the molar fractions of OxA,
OxA sequestered as low-volatility organic matter and AS when entering TPD aerosolCIMS. In this example 55% of the initial OxA amount was converted to low-volatility
organics via aerosol processing. To note, pure OxA signal did not show changes above
around 60 ˚C indicating that OxA particles were completely volatilized at those
temperatures.
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the organic acid in the mixtures does not evaporate significantly (maximum ~20% change
in aerosol organic acid mass) upon drying the aerosol prior to TPD aerosol-CIMS. This
assumption can be made if the organic acid is of relatively low-volatility, and with low Forg.
SA and OxA (and CA) were deemed to be low-volatility enough with Forg = 0.5 and below
– only around 10% decrease in NVF was estimated using the kinetic model.

3.3 Experimental data used for nanoparticle growth parameterization
To design the semi-empirical parameterization of nanoparticle growth in Paper IV, the
experimental data on aerosol particle number size distributions from continental
measurement stations was utilized. The data was grouped to three size bins: 1.5-3 nm, 3-7
nm and 7-20 nm, and particle growth rates (GRs) were calculated from the measured
ambient air ion/ particle number size distributions following the method introduced by
Hirsikko et al. (2005) and Yli-Juuti et al. (2011). The observed GR for a given size bin with
dp representing the midpoint of the size bin was converted to the total aerosol mass flux with
Eq. 5, which was then used as the basis of the parameterization (see Sect. 4.3 for details).
GR data used in Paper IV was obtained from Hyytiälä during 2003-2009 (Yli-Juuti et al.,
2011) and from five other European sites – Melpitz and Hohenpeissenberg in Germany,
Vavihill in Sweden, Finokalia in Greece and K-puszta in Hungary – during 2008-2009
(Manninen et al., 2010).
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4 Results and discussion
4.1 Volatility of boreal forest aerosol
Boreal forest particles showed a smooth thermogram as expected for aerosol that consists
of wide range of species with differing volatilities, in qualitative agreement with previous
research (see Fig. 6 in Paper I). On average 19% of the boreal forest aerosol volume (or
mass) was non-volatile at 280 ˚C. This MFR is comparable to a measured MFR of oxidized
organics (15-20% of aerosol organic mass left at around 240 ˚C, Huffman et al., 2009a).
Urban aerosol is likely to be less volatile (22-30% of aerosol mass left at around 300 ˚C,
Backman et al., 2010; Birmili et al., 2010) and freshly formed organics more volatile (only
10% of aerosol mass left at 140 ˚C, Lee et al., 2010) than the boreal forest aerosol. However,
varying residence times and aerosol type between our study and other relevant studies
complicated direct comparisons in this regard. By applying the kinetic evaporation model,
the volatility of the boreal forest aerosol was given a quantitative estimate by assuming twocomponent aerosol. For the evaporating aerosol fraction psat = 10-6 Pa was obtained. This is
a reasonable value in describing the average volatility of the evaporating aerosol material,
organics and inorganics alike, in submicron aerosol (see Sect. 2.1 and e.g. Donahue et al.,
2006).
Seasonal dependency in aerosol volatility was found: the VFR at 80-280 ˚C was the lowest
during summer months and the highest during winter. Number size distributions of ambient
(DMPS) and heated (VDMPS at 280 ˚C) aerosol particles were compared (see Fig. 2 as an
example). The DMPS distributions were bi- or trimodal with one/two Aitken (25-100 nm)
and one accumulation (100-500 nm) modes comparable with Dal Maso et al. (2005), while
the VDMPS distributions were monomodal. This was probably because a large fraction of
the smallest aerosol particles evaporated below the detection limit of VDMPS (20 nm) upon
volatilization.
As mentioned above, significant volume fraction of the aerosol in the boreal environment
was non-volatile in agreement with other studies (Kalberer et al., 2004; Wehner et al., 2004;
Wehner et al., 2005; Ehn et al., 2007; Backman et al., 2010; Birmili et al., 2010; Ehn et al.,
2014). Upper limit estimate for BC contribution to sub-500 nm aerosol mass was determined
from aethalometer (Hansen et al., 1984) measurements by assuming that all BC mass is in
sub-500 nm particles. The highest BCF (black carbon mass fraction) was observed during
winter and fall months (13-15% of the total aerosol mass). At maximum black carbon
explained 55-87% of the non-volatile residual depending on the season: during winter the
contribution of BC was the smallest and during summer the highest. However, for summer
the correlation between BCF and MFR at 280 ˚C was poor (linear correlation coefficient
R = 0.34, p = 10-3) while being notably better for other seasons (R > 0.5, p < 10-5). This
indicates that in the summer larger fraction of BC was in larger particles (> 500 nm) as
compared with the other seasons, suggesting long-range transport as the primary BC source
in the summer vs. fresh emissions of BC from local sources during the colder months.
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Sea salt and crustal material are not considered to have a notable contribution to the nonvolatile residual in sub-500 nm particles in an inland region (Saarikoski et al., 2005). Hence,
the results suggest that organic compounds may be important in explaining the non-BC
fraction of the non-volatile residual. Similar conclusions were made by Backman et al.
(2010) who investigated the volatility and light-scattering properties of the non-volatile
residual in urban aerosols.

Figure 5: Non-volatile (not evaporating at 280 ˚C) aerosol mass fraction excluding the
contribution of BC is presented against concentrations of anthropogenic pollutants CO (left
panel) and PAH (right panel) during different seasons and years. There are less data points
in the PAH analysis since monthly PAH concentrations (converted to mass fractions with
the help of DMPS data) were determined only from year 2009 filter samples. Pearson
correlation coefficients (R) and the significance of the correlation (p) are also given.

The maximum mass contribution of BC was removed from the aerosol residual
(MFRnon-BC), and the obtained MFRnon-BC was correlated with meteorological parameters,
concentrations of anthropogenic trace gases, mass concentrations of particulate pollutants
(polycyclic aromatic hydrocarbons, PAHs) and aerosol constituents obtained from aerosol
mass spectrometer (AMS, Jayne et al., 2000). Aerosol mass spectra were measured at two
campaigns in late spring and early fall of 2008.
Negative correlation between MFRnon-BC and ambient temperature was found (R = -0.5,
p < 10-5) whereas the correlation between MFRnon-BC and solar radiation was not as clear
(R = -0.3, p < 10-5). This suggests that high MFRnon-BC at low temperatures compared to
lower MFRnon-BC at higher temperatures is not solely explained by the changes in the
boundary layer height but rather due to different particle and vapor sources between warm
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and cold seasons. For example, pollutant concentrations, e.g. of CO and PAHs, were
observed to be higher during cold months than during summer likely due to higher
anthropogenic emissions from e.g. residential heating. Overall, strong positive correlation
between MFRnon-BC and these anthropogenic pollutant markers was observed (Fig. 5).
However, the correlations were not as clear for each season separately. This suggests that
while anthropogenic organic compounds can have an important contribution to the nonvolatile non-BC aerosol residual, organic compounds of natural origin should also be
considered.
The AMS data provided further insight into the potential origin of the MFR non-BC. For
analysis purposes, aerosol nitrate mass fraction was divided to inorganic nitrate (bound to
ammonia) and organic nitrate. During the fall campaign around half of the aerosol nitrate
was estimated to be organic. The correlation of MFR non-BC with the organonitrate mass
fraction was 0.55 (p = 2∙10-4) and with aerosol organic mass fraction 0.29 (p = 2∙10-3). High
organonitrate mass fractions (and high MFRnon-BC) were associated with both clean and more
polluted air masses indicating both natural and anthropogenic influence. To note,
organonitrates determined from the mass spectrometer data should be rather called organic
nitrogen-containing compounds. Therefore, e.g. amines/aminium salts (Smith et al., 2010),
if present, are likely part of the “organonitrate” aerosol fraction.
Important pathway for organonitrate formation in the atmosphere is nighttime chemistry
between BVOCs and anthropogenic oxidants (Fry et al., 2009; Hao et al., 2014). The
contribution of organonitrates in the aerosol particles depends on the location – in some
regions organonitrates can explain only a small fraction of the total nitrate mass while in
other regions it can exceed the amount of inorganic nitrate (Hao et al., 2014). In Paper I the
estimated organonitrate mass fraction was 3-5% which is comparable to the inorganic nitrate
mass fraction. Fry et al. (2009) estimated saturation vapor pressure of around 7∙10 -4 Pa for
condensing organonitrate species formed upon β-pinene oxidation with nitrate radical in
chamber experiments. Hao et al. (2014) reported that while most of the aerosol phase
organonitrate is associated with SV-OOA (semivolatile oxidized organic aerosol, cf.
Table 1) via ambient measurements, a notable fraction, around 20%, can be linked to LVOOA (low-volatility oxidized organic aerosol, cf. Table 1). However, whether these lowvolatility organonitrates or fraction of them can survive in the particulate phase after heating
to 280 ˚C or not is still an open question.
The chemical composition of the non-volatile aerosol residual depends on ambient
conditions, aerosol and vapor sources, and hence, the time of year. The residual can contain
both anthropogenic and biogenic organics in addition to BC. Some organic compounds of
biogenic origin, e.g. organonitrates, are formed under anthropogenic influence meaning that
they cannot be completely separated from human activities. As indicated in Paper I, these
compounds may contribute to the observed non-volatile aerosol residual in Hyytiälä.
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4.2 Volatility of organic acid - inorganic salt aerosol mixtures
4.2.1 Evaluating TPD aerosol-CIMS performance with pure organic acids
In Paper III, the volatility of pure oxalic acid was determined using Eq. 7, yielding an
effective ΔHvap = (85±12) kJ mol-1. With the same data set, data analysis with the kinetic
model (see Sect. 3.2.2) yielded oxalic acid psat = 9∙10-4 Pa (uncertainty range from 4∙10-4 to
2∙10-3 Pa) at 298K with ΔHvap = 104 kJ mol-1 (from 88 to 146 kJ mol-1) (Paper II). These
results, together with the model calculations suggest that oxalic acid aerosol (volumetric
mean diameter of 106 nm and an average aerosol mass concentration of 4.3 µg m-3) did not
reach equilibrium in the system upon heating within residence time of around 1 s. If given
enough time (around 40 s), these particles would completely evaporate already at room
temperature.
The volatility estimates of organic acids vary considerably between studies. Two orders of
magnitude differences in psat and 50 kJ mol-1 differences in ΔHvap exist between the reported
values (Bilde et al., 2015, and references therein). The discrepancies have been associated
with e.g. differences in the particle phase state due to differences in the sample generation
and preparation techniques, as well as due to the measurement methods themselves (Bilde
et al., 2003; Soonsin et al., 2010). The phase state of the dried aerosol is likely to play a role
also in our study, as the determined psat and ΔHvap varied between individual experiments.
Less than an order of magnitude differences in psat and 20-40 kJ mol-1 differences in ΔHvap
were observed (Paper II). Since the same instrumental setup was in use throughout the
experiments, changes in the generated aerosol are likely to explain the observed differences.
Residual water in the aerosol after drying may affect the measured thermodynamic
properties of the organic acid, and result in lower ΔHvap and higher psat values (Cappa et al.,
2007). However, it should be noted that also opposing results exist (Saleh et al., 2010). In
general, the estimated volatilities of the studied organic acids (OxA, SA and CA) were in
the range of literature values demonstrating that the instrument and analysis method alike
perform well.
4.2.2 Organic salt formation
Partitioning of organic acids in the presence of inorganic salts was investigated by
comparing organic acid evaporation from the mixtures containing inorganic salts to that
from pure-component aerosol. Pure vs. mixture evaporation is illustrated for oxalic acid in
Fig. 4B. SA, OA and CA continued to evaporate from the mixtures beyond temperatures
where the pure organic acid aerosol reached complete evaporation. This suggests that
organic acid partitioning is enhanced in the presence of inorganic salts.
Raoult’s law states that the equilibrium vapor pressure of an organic acid is lowered over a
mixture (see Eq. 2). To determine whether the observed enhancement in the organic acid
partitioning in the organic-inorganic aerosol (Papers II and III) was due to aerosol
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processing or simply due to low molar fraction of the organic acid in the aerosol, the kinetic
model was applied.

Figure 6: The fraction of the initial organic acid amount converted to effectively non-volatile
organic salts (NVF) upon particle drying with different initial Forg as a function of the
saturation vapor pressure of pure organic acid. Marker sizes depict Forg – smaller marker
with lower Forg in the organic acid-inorganic salt aerosol. Dashed black line represents
NVF = 0, i.e. the limit where no organic salt formation occurs. Figure is adopted from Paper
II and data set from Paper III (OxA/CaCl2 aerosol) is applied. SA: succinic acid, OxA:
oxalic acid, AA: acetic acid, CA: citric acid and AS: ammonium sulfate.

Analysis combining the TPD aerosol-CIMS data with the kinetic model indicated that the
observed enhancement in SA and OxA partitioning in the presence of monovalent inorganic
salts was indeed due to particulate-phase processing, as nonzero NVF was obtained (see
Sect. 3.2.2 and Paper II). We suggest that the formed low-volatility organic matter is
organic salt (see discussion in Sect. 4.2.3). Due to limitations in AA and CA data, the
magnitude of organic salt formation within mixtures of NaCl with these organic acids was
only qualitatively estimated. Acetic acid evaporated from the AA-NaCl aerosol as much as
from the pure AA aerosol indicating no organic salt formation (NVF = 0). Minimal
evaporation of citric acid from CA-NaCl aerosol was observed only at temperatures above
100 ˚C while CA started evaporating from pure-component organic aerosol at around 60 ˚C.
Hence, complete organic acid conversion was assumed for CA-NaCl aerosol (NVF = 1) in
accordance with Laskin et al. (2012). In Fig. 6 the average fraction of the organic acid
sequestered as low-volatility organic matter (NVF) with different initial Forg is presented
against psat of the pure-component organic acid. NVFs obtained both from the quantitative
and qualitative analysis are illustrated. According to our study, aerosol processing took place
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within mixtures of monovalent inorganic salts and organic acids with psat ≤ 10-3. More
processing occurred with lower Forg in accordance with Zardini et al. (2010) and Yli-Juuti
et al. (2013b).
In Paper III, the formation of low-volatility oxalates within oxalic acid-divalent inorganic
salt (CaCl2, ZnCl2 and MgCl2) mixtures was demonstrated by measuring the evaporation of
oxalic acid from OxA-CaCl2 aerosol – the onset temperature for oxalic acid evaporation was
as high as 100 ˚C. In the case of OxA-CaCl2 aerosol, kinetic model calculations suggest that
over 90% of the oxalic acid was converted to calcium oxalate (not presented in the papers).
For comparison, within oxalic acid-monovalent inorganic salt mixtures of similar initial
Forg, around 55-75% of the oxalic acid was converted. Hence, organic salt formation within
organic acid-divalent inorganic salt aerosol may be enhanced over that within monovalent
inorganic mixtures. Monovalent cations – especially Na + from NaCl and NH4+ from
(NH4)2SO4 – are considered to be important aerosol inorganic constituents globally while
the contribution of divalent cations – for example Mg2+ and Ca2+ – is significant in sea salt,
in a form of CaCl2 and MgCl2, and in mineral dust (CaCO3).
The effect of aerosol acidity – typical aerosol pH of around 2-5 – on the aerosol processing
within the aerosol mixtures was investigated (Paper II). Aerosol acidity plays a role in the
aerosol processing especially when semivolatile organic acids are mixed with inorganic
salts. Suppressed formation of organic salts under low pH for OxA and SA mixtures was
observed.
4.2.3

Discussion on volatility of organic salts

Interactions between particulate inorganic salts and organic acids and further, enhanced
partitioning of the organic acid is evident (Papers II and III; Zardini et al., 2010; Laskin et
al., 2012; Yli-Juuti et al., 2013b). Laskin et al. (2012) provided first direct observations of
sodium organic salt formation within submicron organic acid-NaCl aerosol. Prior to this,
aerosol processing within succinic acid-NaCl and -AS mixtures has been indirectly observed
with low relative amounts of succinic acid (Zardini et al., 2010; Yli-Juuti et al., 2013b).
Laskin et al. (2012) reported organic salt formation in organic acid-NaCl mixtures as a result
of chloride depletion by the evaporation of hydrochloric acid (HCl) from the aerosol surface
upon drying. They observed complete chloride depletion within CA-NaCl aerosol with
initial molar ratio of 1:1 while within AA-NaCl aerosol mixtures no organic salt formation
took place. In the case of acetic acid-NaCl aerosol, highly volatile acetic acid
(psat,AA ~103 Pa, Yaws, 2003) evaporated from the particles faster than HCl.
Evaporation of HCl is not necessarily expected in bulk – no sodium salt formation has been
observed in supermicron succinic acid- or malonic acid-NaCl mixtures upon drying (Ma et
al., 2013). Also, fast drying process can inhibit the depletion of chloride especially from
large particles. However, in the case of oxalic acid, formation of sodium oxalate can occur
even when the particles are supermicron sized (Ma et al., 2013). Formation of lowhygroscopicity sodium oxalate will lead to lowering of particle water content and further
promote the volatilization of HCl from the surface of OxA-NaCl particles. To compare,
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sodium succinate and malonate have been reported to be hygroscopic. The results of Ma et
al. (2013) are in agreement with the E-AIM (Extended Aerosol Inorganic Model, Clegg and
Seinfeld, 2006b, a) calculations performed in Paper II for bulk SA- and OxA-NaCl
mixtures – significant chloride depletion was predicted for OxA-NaCl mixtures with
atmospherically relevant NaCl concentrations (1-1000 µg m-3, when also supermicron sea
salt particles are accounted for) but not for SA-NaCl mixtures.
Organic salt formation can partly explain why oxalic acid is highly abundant in the
atmospheric organic aerosol despite of its relatively high pure-component volatility
(see Fig. 4 and e.g. Bilde et al., 2015) – even the most abundant individual identified organic
compound (Neusüss et al., 2000; Ervens et al., 2011 and references therein). Also, high mass
concentrations of succinic acid and malonic acid in submicron atmospheric aerosol (Saxena
and Hildemann, 1996; Kawamura et al., 2003; Narukawa et al., 2003; Fu et al., 2013)
indicate that aerosol processing enhances the partitioning of these small-molecular weight
organic acids. Typical contribution of dicarboxylic acids to the total OA mass in continental
regions is few percents (Kawamura et al., 2003) while in marine environments their
contribution can be as high as 20% (Fu et al., 2013). It should be noted that with analysis
methods using thermal desorption, organic acids of higher volatility may be present because
of thermal decomposition of larger organic molecules (Lopez-Hilfiker et al., 2015).
Concerning the volatility of sodium salts, onset temperature of evaporation of sodium
oxalate was as high as 100 ˚C (Paper III) suggesting that at least sodium oxalate is of very
low-volatility. By applying the kinetic model, rough estimate of 10 -13 Pa at 298 K for psat of
sodium oxalate was obtained (not presented in the papers).
Recent studies report that the saturation vapor pressure of ammonium oxalate is significantly
lower than that of pure oxalic acid – psat of around 10-6 Pa for ammonium oxalate (OrtizMontalvo et al., 2014; Paciga et al., 2014). However, this has not shown to be the case for
adipic acid vs. ammonium adipate, indicating that not all dicarboxylic acids react with
ammonium to form low-volatility organic salts (Paciga et al., 2014). These observations
have been associated with acid strength – stronger acid forms less volatile salt. However, as
our results show, when succinic acid, which has similar volatility and acidity
(Ka1(aq) around 10-5, Haynes, 2011) as adipic acid, is mixed with AS, succinic acid
partitioning is significantly enhanced.
Formation of nitrogen-containing organic compounds and organosulfates has been observed
in aerosol particles containing organics (from photooxidation of terpenes, aromatics and
isoprene and from reactive uptake of aldehydes, e.g. glyoxal) and ammonium sulfate
(Nguyen et al., 2012; Liggio et al., 2005; Surratt et al., 2007; Lim et al., 2010). However,
no direct evidence of the presence of these compounds in dicarboxylic acid-AS aerosols has
been found (Yli-Juuti et al., 2013b). In the light of the recent literature, organic salt
formation seems the most plausible explanation for the observed enhancement in organic
acid partitioning not only in NaCl aerosol mixtures but also within the AS aerosol in this
study. In the presence of water molecules, organic acid can combine with an ammonium ion
and ammonium salt is formed, leaving ammonium bisulfate and hydrogen ions left
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(Salorinne et al., 2014). Particulate-phase processing within organic acid-AS mixtures
lowering aerosol volatility may help explaining the observed anthropogenic enhancement
in SOA formation from biogenic precursors. Aminium salts have also been observed to be
stable in atmospheric conditions with similar or lower volatilities than ammonium sulfate,
(Barsanti et al., 2009; Smith et al., 2010), giving rise to speculations on the possible
interactions between dicarboxylic acids and amines as well (Yli-Juuti et al., 2013a).
4.2.4

Discussion on hygroscopicity of organic salts

While interactions between monovalent cations and organic acids, and divalent cations and
organic acids can lead to formation of low-volatility organic salts, the changes in aerosol
hygroscopicity are mainly determined by the metal valency (Paper III). Divalent cations
can react with organic acids (oxalic acid, Paper III) to form very low-hygroscopicity
material likely due to formation of insoluble organic salt coating on the particle. Even small
amounts of the insoluble material on the particle surface can significantly alter the properties
of the particle (Paper III; Schwier et al., 2011). An insoluble surface coating may make the
particles appear highly viscous or glassy, hinder aerosol evaporation and affect the uptake
of atmospheric vapors (Paper III; Virtanen et al., 2010). On the contrary, acid-base
neutralization reactions between monovalent cations and organic acids (oxalic acid-NaCl as
an example, Paper III) are not likely to affect aerosol hygroscopicity, at least when the
inorganic salt dominates the aerosol mass. If the aerosol is dominated by the organic salt,
depending on the salt, aerosol can be either hygroscopic or not – for example, sodium
succinate has been reported to be hygroscopic while sodium oxalate and ammonium oxalate
have been deemed low-/non-hygroscopic (Peng and Chan, 2001; Ma et al., 2013).
Hence, aerosol-phase reactions between organic and inorganic species can lead to drastic
changes in particle chemical properties, morphology and mass-transfer. In order to
accurately describe the partitioning of organic compounds between gaseous and particulate
phases, organic-inorganic reactions, e.g. organic salt formation as discussed here, may be
an important addition to atmospheric models.

4.3 Semi-empirical size-dependent parameterization for nanoparticle
growth
Size-dependency in the growth of sub-20 nm particles has been observed in the field – larger
particles grow faster than the smaller ones (Paper IV; Hirsikko et al., 2005; Manninen et
al., 2010; Yli-Juuti et al., 2011; Kuang et al., 2012). The size-dependency probably results
from different volatilities of the condensing species as well as the effect of particle curvature
on the equilibrium vapor pressure. However, the ambient concentrations of the condensing
vapors may vary during new particle formation affecting the observed growth rates (YliJuuti et al., 2009). The growth of 3-20 nm particles shows a clear seasonal pattern while the
growth of 1.5-3 nm particles is observed to be relatively constant throughout the year. The
discussed features related to sub-20 nm particle growth are illustrated in Fig. 7 for Hyytiälä.
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In Paper IV a semi-empirical parameterization was developed to capture the observed sizedependency and seasonality in sub-20 nm particle growth during new particle formation. As
an improvement for the simple estimates Riipinen et al. (2011) presented (namely, that
around 50% of organics condense as non-volatile), the parameterization assumes that all the
condensing organic material is non-volatile but corrects for the overestimation in sub-20 nm
particle growth with size-specific scaling factors. Above 20 nm sizes, kinetic organic
condensation is assumed. This type of parameterization is easily applicable to atmospheric
models currently treating organic condensation kinetically (Spracklen et al., 2005a;
Spracklen et al., 2005b; Pierce and Adams, 2009; Makkonen et al., 2012).
Sulfuric acid plays an important role in the first steps of new particle formation (Sipilä et
al., 2010; Kulmala et al., 2013) while atmospheric condensable organic compounds
typically dominate particle growth, especially in rural environments (Pierce et al., 2011;
Yli-Juuti et al., 2011; Riipinen et al., 2012). The developed parameterization includes
particle condensational growth by sulfuric acid, biogenic organic compounds from firstorder oxidation of monoterpenes (traditional BSOA-precursor) and extra-SOA (in
Paper IV called “background”). Total condensational mass flux, Itot, onto a nanoparticle
with diameter of dp is written as follows
=

+

∙

+

∙

,

(9)

where ISA is the mass flux of sulfuric acid, IBSOA is the mass flux of traditional BSOA and
IextraSOA is the mass flux of additional biogenic organic species associated with human
activities. IextraSOA was assumed not to have a seasonal pattern, for simplicity (cf. IBSOA peaks
during summer). Scaling factors kBSOA and kextraSOA describe the fractions of traditional
BSOA and extra-SOA precursors that condense onto a nanoparticle of dp in diameter, i.e.
indirectly taking into account non-zero saturation vapor pressure of the condensing species.
Estimates for both the scaling factors (values from 0 to 1) and the amount (molecular
concentration) of extra-SOA were obtained by least-square fitting Eq. 9 to ambient data
separately for the three size bins. Values for kextraSOA were estimated by assuming that
particles of 7-20 nm are at the kinetic limit, i.e. kextraSOA was set to unity for 7-20 nm
particles. ISA and IBSOA were obtained from the corresponding molecular concentrations of
sulfuric acid and the oxidation products of biogenic monoterpenes using Eq. 4 with the
transition regime correction. The kinetic regime mass transfer equation was applied to the
analysis since growth of particles even as small as 1.5-3 nm was investigated. From the most
part, ISA and IBSOA were obtained from simulated concentrations of sulfuric acid and
monoterpene oxidation products from GLOMAP (Global Model of Aerosol Processes,
Spracklen et al., 2005a; Spracklen et al., 2005b) for the year 2008. Monthly median daytime
data was used in the analysis.
Performance of the parameterization was first evaluated with Hyytiälä long-term data set.
Even though the parameterization is a simplified description of reality, it was able to
reproduce the observed size-dependency and seasonal behavior in sub-20 nm particle
growth (Fig. 7) within a factor of 2. The variation between the GRs from the observations
and from the parameterization is comparable to or smaller than the uncertainty in the
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observed GRs arising from the method used for GR calculation and from the experimental
uncertainties (Leppä et al., 2013).

Figure 7: Growth rates of particles 1.5-3 nm, 3-7 nm and 7-20 nm obtained from
observations (dashed lines with dots) and from fitting the parameterization function to
ambient data, 7-year data set from Hyytiälä (solid lines). Parameters, i.e. fitting results, for
the parameterization of sub-20 nm particle growth – scaling factors to slow down kinetic
condensation of biogenic organics for 1.5-3 nm, 3-7 nm and 7-20 nm particles and the
ambient concentration of extra-SOA – both for Hyytiälä conditions and more generally for
European continental regions are presented. The figure is adapted from Paper IV.

Notably, sulfuric acid and traditional BSOA precursors were not able to explain alone the
observed growth in any of the particle sizes. The ambient daytime concentration of the extraSOA was estimated to be 2-4∙107 cm-3, which is comparable to that of traditional BSOA
precursor (106-108 cm-3 depending on season). It was shown that the extra-SOA in the
parameterization is comparable to an additional SOA mass source (globally 100 Tg year -1)
correlated with anthropogenic CO emissions, required to reproduce observed global OA
concentrations (Paper IV; Spracklen et al., 2011). This extra-SOA would correspond to
ASOA as defined in Table 1 with a global source of FSOA 10 Tg year -1 and eBSOA around
90 Tg year -1 (cf. typical global source of traditional BSOA is 10-30 Tg year -1). Hence, also
in a relatively clean background site like Hyytiälä, low-volatility organics related to human
activities are likely be in an important role, in agreement with Paper I.
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Scaling factors for traditional BSOA (kBSOA) precursors were 0 for 1.5-3 nm, 0.3 for 3-7 nm
and 0.8 for 7-20 nm. For extra-SOA precursors the scaling factors (kextraSOA) were 0.4 for
1.5-3 nm, 0.8 for 3-7 nm and 1.0 for 7-20 nm. The results would suggest that 1.5-3 nm
particles do not grow only by the condensation of traditional BSOA precursors but would
require also other low-volatility organic compounds present in the winter as well. This is
not in agreement with Ehn et al. (2014) who reported that ELVOCs from the oxidation of
monoterpenes dominate the growth of freshly nucleated particles. The disagreement likely
arises from the rough assumption made concerning the extra-SOA precursors with a
constant concentration throughout the year. The concentrations of extra-SOA may be lower
during summer compared to winter as shown in Paper IV. This type of seasonal behavior
of extra-SOA would result in nonzero kBSOA for particles of 1.5-3 nm. It should be also noted
that the growth rates of 1-3 nm particles are difficult to determine accurately due to
measurement uncertainties (Leppä et al., 2013).
GR data from five other European sites were relatively scarce. There were 17-68 data points
for the other stations as compared with the 421 points for Hyytiälä. Therefore, instead of
fitting the parameterization individually for each site, monthly medians GRs averaged over
all the stations were used in the analysis. The scaling factors kBSOA were 0 for 1.5-3 nm, 0.7
for 3-7 nm and 1.0 for 7-20 nm, and the concentration of extra-SOA precursors was
estimated to be around 6∙107 cm-3 (kextraSOA of 0.3, 0.8 and 1.0 for 1.5-3 nm, 3-7 nm and
7-20 nm, respectively). While the correlation between the observed and parameterized GRs
was poorer with the combined data set from six sites (R = 0.45, p < 10-5) than with Hyytiälä
data alone (R = 0.80, p < 10-5), the observed growth rates were typically captured within a
factor of 2. The scaling factors were qualitatively comparable to those obtained with
Hyytiälä data with k values increasing with particle size and approaching 1 for the largest
particles. The required concentration of the extra-SOA precursors was slightly higher with
the combined European data set, which may point to the fact that some of the sites are more
affected by anthropogenic pollution than Hyytiälä. With more data per site, the
parameterization could be used to assess the importance of the extra-SOA and its connection
to human activities in different environments.
The relevance of the presented parameterization for particle and CCN numbers was
evaluated using a global aerosol model, GEOS-Chem-TOMAS (as in Pierce et al., 2013) in
Paper V. In addition, another size-dependent growth rate parameterization for sub-3 nm
particles (Kuang et al., 2012) was separately applied to the model. To understand the
importance of the organic condensation scheme on simulated CCN-sized particle numbers,
both kinetic and thermodynamic approaches were tested. In addition to a global SOA source
strength of 19 Tg year -1 (traditional BSOA from the oxidation products of terrestrial
biogenic monoterpenes), extra-SOA of 100 Tg year -1 was applied to the model to test the
significance of total organic aerosol mass burden on CCN-sized particle numbers
(Paper V; Spracklen et al., 2011). The extra-SOA was applied to the model by spatially
correlating it with the emissions of anthropogenic CO, as was also done by Spracklen et al.
(2011).
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Three pairs of simulations are discussed in more detail (Fig. 8). First, the condensation of
traditional BSOA onto the aerosol size distribution using the ”kinetic approach” vs. the
“thermodynamic approach” (defined as SURF-BASE vs. MASS-BASE, see Riipinen et al.,
2011) was tested. Then, the kinetic condensation of organic matter was run with and without
the extra-SOA (SURF-XSOA vs. SURF-BASE), and with and without a size-dependent
particle growth parameterization (SURF-XSOA-H for sub-20 nm and SURF-XSOA-K for
sub-3 nm particle growth vs. SURF-XSOA). Further, the simulation results were compared
with ground-based measurements of submicron aerosol size distributions from 21 sites with
varying characteristics around Europe and North-America.

Figure 8: Illustration of three simulation pairs (cf. Table 2) from Paper V: 1. Traditional
biogenic organic matter condensed onto particle size distribution according to particle
surface area (kinetic approach) vs. mass (thermodynamic approach), 2. Kinetic
condensation of organic matter with and without extra-SOA and 3. Kinetic organic
condensation with extra-SOA, with and without the size-dependent growth parameterization
of sub-20 nm particles (k is a size-dependent scaling factor to slow down the kinetic organic
condensation illustrated in the figure with different sized and colored arrows).
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The change in the annual mean particle number concentration between the two simulations
was determined – ΔN40 was selected as a proxy for small CCN-sized particles, > 40 nm in
diameter (Table 2). There was a global increase of around 11% in N40 when organic matter
(traditional BSOA) was condensed relative to particle surface area compared to the massbased condensation simulation. In biogenically active areas near the equator the increase
typically exceeded 50%. When comparing the simulated aerosol number size distributions
with the measured ones, both condensation schemes typically lead to overestimation in
sub-10 nm particle numbers and underestimation in CCN-sized particle numbers.

Table 2: Annual global mean and maximum absolute local change in the number
concentration of small CCN-sized particles (> 40 nm in diameter) in the boundary layer with
different simulation pairs using a chemical transport model combined with an aerosol
microphysics module, GEOS-Chem-TOMAS. Acronyms used for the simulations are
adapted from Paper V.

a

Simulation pair

MEAN ΔN40 (%)

MAX |ΔN40| (%)

1. SURF-BASE vs. MASSBASE

10.8

> 100 a

2. SURF-XSOA vs. SURFBASE

13.7

> 100 b

3. SURF-XSOA-H vs. SURFXSOA

-1.0

10 b

4. SURF-XSOA-K vs. SURFXSOA

-0.03

<1

Over biogenically active areas (continental tropics). b Over anthropogenic source regions.

Significant increase of around 14% in the number concentrations of CCN-sized particles
was observed when extra-SOA was applied to the kinetic simulation compared to the case
where only traditional BSOA was accounted for. In anthropogenically active areas, e.g.
Western North America and Western Europe, the increase was even higher, exceeding 50%.
However, with the high additional organic mass load, even 70% decreases in concentrations
of small (< 10 nm) particles were obtained. Even though extra-SOA is associated with
enhanced nanoparticle growth, it also increases the coagulation sink for freshly nucleated
particles. Also, when more sulfuric acid, among organic matter, condenses onto larger
particles nucleation potential is suppressed. Thus, with extra-SOA in the model, simulated
particle size distributions matched better with the measured ones – less particles in the
nucleation mode and more in the CCN-sizes. To note, uncertainties in the other aerosol
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dynamic processes, e.g. nucleation, dry deposition and emissions of primary aerosols, cause
uncertainty to the simulated aerosol size distributions and hence, to the estimation of CCNsized particle numbers (Lee et al., 2013).
Parameterization of sub-20 nm particle growth was implemented in the model with a kinetic
scheme and extra-SOA. The semi-empirical scaling factors obtained using the European
data set for traditional BSOA were used for all SOA, for simplicity (Paper V). The
parameterization resulted in a global decrease of 4-6% in sub-10 nm particle concentrations,
even exceeding 50% on a regional scale, due to suppressed particle growth leading to
increase in coagulational scavenging of these small particles. Global decrease of 1% in N40
was observed. This decrease is within the uncertainties associated with the model and hence,
cannot be considered significant. Regionally the decrease in the number concentration of
CCN-sized particles was up to 10%. Growth parameterization of sub-3 nm particles had
insignificant effect on particle numbers – even the decreases in sub-10 nm particle
concentrations were less than 1%. These results indicate that the overall SOA production is
a larger source of uncertainty in CCN numbers than the size-dependency of the growth.
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5 Review of papers and the author’s contribution
This thesis contains five papers. I am solely responsible for the introduction of this thesis.
Paper I reports long-term analysis of field measurements on aerosol volatility in a boreal
forest site in Hyytiälä, Finland. To understand the observed aerosol volatility and its
seasonal behavior, additional independent data sets, e.g. of black carbon and aerosol
chemical composition, were applied to the analysis. Significant amount of effectively nonvolatile (not evaporating at 280 ˚C) aerosol material was found in submicron particles. Part
of this non-volatile residual mass was explained by black carbon. The rest of the non-volatile
residual was related to both biogenic and anthropogenic compounds, likely organics. I
performed the data analysis and wrote most of the paper.
Paper II investigates the effect of monovalent inorganic salts (sodium chloride and
ammonium sulfate) on the volatility of weak organic acids (acetic, oxalic, succinic and citric
acid) by combining laboratory experiments using TPD aerosol-CIMS with a process model
of aerosol evaporation. Inorganic salts were observed to lower the volatility of organic acids
with low-enough pure-component volatility. The modeled organic acid evaporation from
the dried aerosol mixtures matched with the experimental results only when a fraction of
the initial organic acid amount was assumed to be converted to effectively non-volatile
organic material upon drying. I did the experimental work and model analysis, and wrote
most of the article.
In Paper III organic acid-inorganic salt interactions and their effect on aerosol volatility
and hygroscopicity were investigated. Oxalic acid was chosen to represent atmospherically
relevant dicarboxylic acid and it was mixed with both monovalent and divalent inorganic
salts, sodium chloride and several metal chloride salts, respectively. The results on aerosol
volatility suggested enhanced partitioning of oxalic acid due to oxalate formation. Addition
of oxalic acid to divalent salt aerosol lead to formation of particles with very low
hygroscopicity, likely due to formation of insoluble metal-oxalate particle coating. With
sodium salt dominated particles, similar effect on particle hygroscopicity was not observed.
I did the experimental work and data analysis related to the TPD aerosol-CIMS and aerosol
volatility, and contributed to writing the article.
Paper IV introduces a semi-empirical size-dependent parameterization of sub-20 nm
particle growth developed for the purposes of large-scale atmospheric models. It was
assumed that nanoparticle growth can be explained solely by condensation of sulfuric acid,
first-order products from monoterpene oxidation and some additional organic material
(extra-SOA precursor). Distribution of the organic material onto the nanoparticles according
to their size – 1.5-3 nm, 3-7 nm and 7-20 nm – was done by using scaling factors. The
parameters (scaling factors and the amount of extra-SOA) were determined empirically
using long-term particle growth rate data and other relevant data from Hyytiälä and five
other continental European sites. The parameterization was able to capture the observed
size-dependent growth of nanoparticles well on a seasonal scale. Extra-SOA precursors
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were related to biogenic organic matter formed under anthropogenic influence. In this paper,
I did most part of the data analysis and modeling, and wrote most of the article.
Paper V investigates the sensitivity of simulated number concentrations of CCN-sized
particles to organic condensation, including the size-dependent parameterization developed
in Paper IV in an atmospheric model. The size-dependency of the nanoparticle growth did
not have a significant effect on global number concentrations of CCN-sized particles but
sub-20 nm particle numbers were affected notably on a regional scale. In this paper, I
advised in applying the size-dependent sub-20 nm particle growth parameterization (Paper
IV) to global aerosol microphysics model and contributed to writing the article.
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6 Conclusions
Knowing the amount, formation mechanisms and properties of atmospheric secondary
organics is crucial for predicting the number concentrations of CCN-sized particles and their
climate impacts. This thesis concludes that the interactions between natural and
anthropogenic atmospheric compounds can enhance the formation of secondary organic
aerosol leading to formation of organic material of low-volatility. The low-volatility
material is of special importance when nanoparticles are growing in the atmosphere
eventually reaching climate-relevant sizes. An overview of the results and methods used in
this thesis and the global relevance of the presented work are illustrated in Fig. 9. Below,
answers to the research questions Q1-Q3 defined in Sect. 1 will be given and future
directions are discussed.
1) Effectively non-volatile organic compounds exist in submicron atmospheric aerosol in
a boreal forest environment. The findings of Paper I suggest that the fraction of the
non-volatile aerosol residual, not consisting of black carbon, is related to organics,
both biogenic and anthropogenic in origin. Biogenic organics, possibly organic
nitrogen-containing compounds including aminium salts and organonitrates, may
contribute significantly to the non-volatile aerosol residual. In addition, especially
during winter, non-volatile anthropogenic organic compounds emitted from local
combustion processes are likely to play an important role. The results indicate that the
organic aerosol in areas with high biogenic activity is not solely natural but human
activity can notably affect the aerosol chemical composition and thus, volatility.
Therefore, the presence of effectively non-volatile secondary biogenic organic aerosol
formed under anthropogenic influence should also be considered. In the future,
measurements with high-resolution aerosol mass spectrometer (as in Huffman et al.,
2009a; Huffman et al., 2009b) can shed light into the actual composition of the
observed non-volatile aerosol residual in the boreal forest and the observed seasonal
changes in it.
2) Organic salt formation within organic acid-inorganic salt mixtures modifies aerosol
volatility and hygroscopicity. The results in Papers II and III show that interactions
between organic and inorganic aerosol constituents can effectively modify aerosol
chemical properties and further affect the CCN activity of the particles in both natural
and anthropogenically influenced areas. Organic salt formation was observed to lead
to less volatile particles in organic acid-inorganic salt aerosol upon drying. Depending
on the inorganic salt, particle hygroscopicity was observed to either drop (divalent
inorganic salt mixtures) or remain similar (monovalent inorganic salt mixtures) when
small amount of organic acid was added to the inorganic salt aerosol. Significant
lowering of the particle hygroscopicity may be related to formation of insoluble
organic salt coating suggesting that particle morphology can strongly influence the
observed aerosol properties. The studies highlight the importance of understanding the
reactions occurring between aerosol organic and inorganic constituents, as well as the
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need for taking the reactions into account in atmospheric models that currently treat
aerosol organic and inorganic fractions independently. Particulate-phase processing in
organic acid-ammonium sulfate mixtures may also provide one plausible explanation
for the observed anthropogenic enhancement in the formation of biogenic organic
aerosol.
3) Size-dependent nanoparticle growth is mainly explained by condensation of secondary
organic compounds. In addition to monoterpene oxidation products, contribution of
biogenic organic material formed under anthropogenic influence is probably
important in particle growth and should be accounted for in atmospheric models for
more accurate assessment of climate-relevant particle numbers. With the developed
parameterization of sub-20 nm particle growth in Paper IV, the observed sizedependency in particle growth was captured well on a seasonal scale using data from
six continental European measurement sites. The majority of particle growth was
explained by atmospheric organics – oxidation products of monoterpenes and other
organic matter referred to as extra-SOA. The extra-SOA was related to
anthropogenically controlled organic compounds, e.g. biogenic organics formed under
anthropogenic influence. The simplicity and low computational cost ensure that the
developed parameterization is easy to apply in atmospheric models. Paper V
concluded that the size-dependent parameterization of sub-20 nm particle growth does
not have a drastic effect on the predicted number concentrations of small CCN-sized
particles globally, while regionally the effect may be important. The growth
parameterization led to significant global decreases in the modeled number
concentrations of sub-10 nm particles but the effect was dampened upon further
particle growth in the model due to other microphysical processes. However,
accounting for the extra-SOA can significantly increase climate-relevant particle
numbers globally.
This thesis supports the previous studies suggesting that anthropogenic pollution is of
importance in biogenic organic aerosol formation, by providing evidence from field and
laboratory measurements and by assessing its significance in nanoparticle growth and the
estimation of climate relevant particle numbers (Fig. 9). However, there are still gaps in the
knowledge of the amount and properties of atmospheric condensable organic matter. Even
though constraining the global SOA amount may be easier than resolving various aerosol
properties, large uncertainties still exist in the estimation of global SOA mass budget. In
addition, further studies are needed to improve the mechanistic understanding of the
formation of eBSOA, and the influence of the anthropogenic enhancement on the properties
of biogenic organic aerosol.
Both gaseous- and particulate-phase formation of low-volatility eBSOA can take place as
suggested in Papers I and II, highlighting the need to quantify the relevance of the
formation mechanisms in different environments through e.g. combinations of field
campaigns and controlled laboratory experiments. Formation of low-volatility organic salts
within laboratory-generated particles was discussed as one possible pathway to form low41

volatility eBSOA via organic acid-inorganic salt interactions (Paper II). The contribution
of these organic-inorganic reactions for the growth of nanoparticles in atmospheric
conditions is left for future studies. Organic salt formation can explain a significant fraction
of atmospheric sub-20 nm particle growth but is more likely to involve aminium-organic
acid neutralization than ammonium-organic acid reactions (Smith et al., 2010; Riipinen et
al., 2012). In the atmosphere, the contribution of ammonium to particle mass typically
becomes more significant when particles get larger (> 100 nm) indicating that organic acidammonium sulfate interactions may be important in these sizes.
Eventually, the increased understanding will lead to process parameterization of organic
aerosol formation under different conditions accounting for the influence of human activity.
These parameterizations are needed to improve separation between anthropogenic and
natural organic aerosol in atmospheric models for more accurate predictions on the effect of
anthropogenically controlled organic aerosol on climate change. If accounted for, eBSOA
will certainly affect the predictions of organic aerosol climate effects (Paper V; Spracklen
et al., 2011). In addition, the fact that a notable fraction of SOA is controllable – larger
fraction than previously thought – is expected to lead to more effective air quality
regulations and management in the future (Carlton et al., 2010).
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Figure 9: A schematic bringing together all the main results of the thesis – formation of
biogenic secondary organic aerosol under anthropogenic influence (eBSOA) and its
importance in predicting the effect of organic aerosol on climate change. Radiative forcing
(direct effect) of ASOA is likely to be in the lower range of values proposed by IPCC (2013)
since mass loadings of ASOA are currently underestimated in many IPCC models
(Spracklen et al., 2011; Tsigaridis et al., 2014). Presented SOA source strengths are from
Spracklen et al. (2011).
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