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The effects of atmospheric aerosol particles on Earth’s radiative balance are mainly cooling, which is
mostly due their indirect effects with clouds. In the Arctic more than half of the cloud condensation
nuclei (CCN) production is originated from secondary aerosols, and to further the understanding
of Arctic climate and its changes due to the global warming, it is necessary to better understand
the secondary aerosol processes there.

Highly oxygenated organic molecules (HOM) are known to be important for the formation and
especially for the growth of newly formed secondary aerosols to climate relevant sizes. Because
of the low volatilities of HOM, they can condense onto the smallest particles, which is crucial for
the growth of the new particles. Volatile organic compounds (VOC), especially monoterpenes, are
known to be sources of HOM in boreal forest, but in the Arctic where the vegetation is scarce the
sources of HOM have not yet been identified.

The processes related to secondary aerosol formation in the Arctic are still not fully understood.
Especially the observations of HOM and their sources are lacking. Recent studies in Ny-Ålesund,
Svalbard showed that multiple aerosol precursors are found to be present in the Arctic atmosphere,
as well as contributing to the early stages of the formation of secondary particles. However, more
molecular scale observations of aerosol precursors are still needed to form a full picture of the Arctic
climate processes.

In this thesis, the different aerosol precursors and their contributions to the new particle formations
in high Arctic location Ny-Ålesund, Svalbard were analysed. Chemical compositions of HOM
were identified for the first time from Arctic atmosphere, and their contributions to new particle
formation in high Arctic location were investigated. Because of the high concentrations of HOM
during the observed NPF events, it can be suggested that they were contributing to the nucleation
of aerosol particles. Particle growth rate calculation shows that the HOM present in the study
site were responsible for up to 50% of the total growth of the newly formed particles. VOC flux
measurements done in same location were also analysed, and Arctic tundra in Svalbard was found
out to be a source of at least four different VOC. Furthermore, the identified HOM were linked to
the VOC flux measurements, suggesting a possible link between Arctic VOC and HOM.
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1. Introduction

Atmospheric aerosols are liquid or solid particles suspended in the air and they span
a very broad range of sizes from a few nanometers to hundreds of micrometers. The
lifespan of aerosols in the atmosphere depends on their size and ranges from hours to
a couple of weeks. The concentration and size distribution of aerosol particles varies
greatly in time and location, depending on the sources and sinks of the aerosol particles
(Seinfeld and Pandis, 2008). Aerosols play an important role in the Earth’s climate
system by affecting its radiative budget, especially for the incoming short wave radi-
ation. Aerosols can affect the climate system directly by scattering or absorbing the
incoming radiation as well as outgoing terrestrial radiation, which can either cool or
warm the atmosphere (IPCC, 2013). When growing to larger sizes (20 nm - 100 nm),
aerosol particles can also have influence on the properties of clouds by acting as cloud
condensation nuclei (CCN). The amount and size of the CCN can increase the reflec-
tivity as well as the lifetime of the clouds. This is the so called indirect effect of aerosols
and its effects towards the atmosphere are mostly cooling (Twomey, 1974; Albrecht,
1989). How strong these aerosol-cloud climate effects of are, depends on the size of
the particles as well as their chemical composition. However, the uncertainties in the
indirect effects of aerosols and clouds related to the models and current estimates of
the radiative budget of Earth are still large.

In heavily polluted urban and metropolitan areas where aerosol emissions from
industry and traffic dominate the air, the particle concentrations can be as high as
several hundreds of thousand particles in a cubic centimeter (Mönkkönen et al., 2005).
In such large quantities aerosols begin to affect air quality by reducing visibility, as well
as affecting human health, for example by causing respiratory diseases (Peters et al.,
1997). On the contrary, in remote locations such as polar regions, the aerosol particle
concentration in air can be very sparse, but still have great effects on its local climate
(Seinfeld and Pandis, 2008).

Sources of aerosols can be either natural or anthropogenic, and they can be emit-
ted to the atmosphere as primary particles or secondary particles. Natural sources
of aerosols include forests, oceans, deserts, volcanoes and forest fires, whereas an-
thropogenic sources of aerosols are mainly created by combustion processes. Primary
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particles are emitted to the air directly in a particle phase, such as pollen, dust or
sea spray salt. On a contrary, secondary aerosols are formed in the atmosphere from
different vapors via gas-to-particle conversion, during a phenomenon called new par-
ticle formation (NPF) (Kulmala et al., 2014), which has been recorded to be a world
wide phenomenon (Jokinen et al., 2018; Manninen et al., 2010; McMurry et al., 2005).
For CCN production, secondary aerosols are especially important, since it has been
estimated that a significant part of global CCN originate from NPF (Gordon et al.,
2017; Merikanto et al., 2009).

The vapors participating in the formation of new secondary aerosols via NPF,
can be called aerosol precursor gases, and they can be either natural or anthropogenic.
In the first steps of NPF, molecules of low-volatile vapours will nucleate and form
stable clusters. Identification of all of these vapors is far from finished, but multiple
observations have shown that inorganic species such as sulphuric acid together with
ammonia (Kirkby et al., 2011), as well as iodic acid (Sipilä et al., 2016) could be
one of the most important drivers of these first steps of NPF. After the formation of
these small nanometer size clusters, the next crucial step for the particles is to grow
larger, which mostly happens via condensation (Kulmala et al., 2004). If the growth
is not fast enough, they will be scavenged by other pre-existing particles. Studies
have shown that inorganic compounds alone cannot explain the observed rapid growth
of these newly formed particles, which means that organic compounds are important
contributors to the growth (Riccobono et al., 2012; Nieminen et al., 2010; Paasonen
et al., 2010). These organic compounds with very low volatilities have been found to be
highly oxygenated organic molecules (HOM). Relevance of HOM in a condensational
growth of the smallest particles towards the atmospheric relevant CCN sizes has been
shown (Kerminen et al., 2012; Riipinen et al., 2011), as well as their contribution for
the nucleation (Kirkby et al., 2016; Riccobono et al., 2014). The formation pathways of
HOM in atmospheric conditions are still very uncertain, however it is known that they
can be formed in atmosphere from oxidation of different volatile organic compounds
(VOC) (Ehn et al., 2012). To better understand the interactions between the formation
of secondary aerosols and clouds, better understanding of HOM, their compositions and
sources in different environments are needed.

The Arctic ecosystems are under an enormous change due to the climate change
and global warming. Due to Arctic amplification, polar regions are warming at least
twice as fast as the global average (Blunden and Arndt, 2012). The snow cover is
decreasing (Callaghan et al., 2011), permafrost layers are melting and the sea ice is
declining more and more (Overland and Wang, 2013; Stroeve and Notz, 2018). In very
clean Arctic environments, the aerosol processes including secondary aerosol formation
and growth to CCN are known to be driven mostly by precursor gases from the marine
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biogenic emissions of dimethylsulfide (Levasseur, 2013), iodine emissions from the sea
ice and snowpack (Baccarini et al., 2020; Raso et al., 2017) as well as the ammonia
emissions from bird colonies (Croft et al., 2016). Highly oxygenated organic molecules
have been reported to take part in the aerosol formation and growth to climate rel-
evant sizes in Svalbard (Beck et al., 2021), and the Arctic tundra of Greenland has
been reported to be a source of VOC emissions (Lindwall et al., 2016). With the rapid
warming, the emissions of these aerosol precursor gases are most likely going to increase
in the future: declining and thinning of the sea ice can enhance the biogenic dimethyl-
sulfide emissions from the ocean and the iodine emissions from the ice (Galí et al.,
2019; Cuevas et al., 2018). Decreasing snow cover on land and rising air temperatures
will create favorable conditions for Arctic tundra and the soil which is suggested to
enhance emissions of volatile organic compounds (Lindwall et al., 2016). The future
changes in amounts of the precursor gases will can change the CCN production in the
Arctic, and thus the local climate in Arctic region. Still, observations and thus the
knowledge about the precursor emissions and their contribution for Arctic aerosol for-
mation is lacking, especially regarding HOM, and more research is needed to be done
to be able to understand the overall picture of Arctic aerosol processes now, as well as
in the future.

In this thesis the contribution of different aerosol precursors to new particle for-
mation events in the Arctic were studied at Ny-Ålesund, Svalbard (78◦55’N, 11◦56’E),
during the summer of 2019. This was done by measuring the particle size distributions
simultaneously with the precursor concentrations. Focus was especially on HOM, and
their contribution to NPF events. In addition to this, some HOM compounds were
identified for the first time at such a high latitude in the Arctic. Furthermore, VOC
emissions from different Arctic ecosystems were measured with the aim of linking these
to identified HOM, and in this way to identify a source for Arctic HOM.



2. Theoretical background

The following chapter will introduce the volatile organic compounds more in depth as
well as the their oxidation products, which are known as highly oxygenated organic
molecules. Furthermore, secondary aerosols and their formation is discussed in general,
along with previously studied aerosol formation mechanism in the Arctic regions.

2.1 Volatile organic compounds (VOC)

Volatile organic compounds (VOC) are highly reactive atmospheric compounds which
are highly volatile vapors in all conditions. Due to the reactivity of VOC, their lifetime
is usually less than a day (Laothawornkitkul et al., 2009). VOC can originate from
either biogenic or anthropogenic sources (Kesselmeier and Staudt, 1999; Friedrich and
Obermeier, 1999), but in this study VOC are only used to refer to the biogenic ones.
VOC originate from different plants, trees and soils of multiple ecosystems around the
world, and their emissions are mostly dependent on either temperature or radiation
(Laothawornkitkul et al., 2009; Karl et al., 2003). VOC are emitted to atmosphere in
large amounts, where they can undergo oxidation reactions thus creating compounds
with lower volatility (Hakola et al., 2012; Donahue et al., 2012). In the atmosphere the
main gas-phase oxidants which VOC can react with are ozone (O3), hydroxyl radical
(OH) or nitrate radical (NO3). VOC become significantly relevant to the climate after
their oxidation, when they form condensable compounds with very low volatilities.
These compounds are able to contribute to the early steps of nucleation of secondary
aerosols, as well as the particle growth to CCN sizes, and thus have a affect to the
climate (Riipinen et al., 2011).

Most prominent groups of natural biogenic VOC are mainly terpenes, as isoprene,
monoterpenes and sesquiterpenes (Guenther et al., 2000; Kesselmeier and Staudt,
1999). In boreal forest the sources of VOC emission are trees as well as other vegeta-
tion, and these emissions are usually dominated by monoterpenes (Kontkanen et al.,
2016; Hakola et al., 2012). The most abundant one of these is α-pinene, as it alone
constitutes nearly 50% of global monoterpene emissions (Pathak et al., 2007). In the
Arctic regions the plant biomass is much lower than in boreal forest, so the contri-
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bution of soils, different tundra vegetation and even thawing permafrost to the VOC
formation is considered to be more important (Li et al., 2020; Kramshøj et al., 2018).
Even though the differences between the two environments are significant, the same
species of terpenes, including isoprene and monoterpenes, have been found emitted
from the Arctic tundra as from southern forests (Rinnan et al., 2020; Lindwall et al.,
2016). Mungall et al. (2017) has also pointed out that the micro layer of the sea surface
can also be one important source for Arctic VOC emissions. However, comprehensive
measurements of VOC in the Arctic have not yet been made on the same scale as in
the boreal regions.

2.2 Highly oxygenated organic molecules (HOM)

Highly oxygenated organic molecules (HOM) are a group of low-volatility compounds
that have shown to contribute to the early stages of secondary aerosol formation (Ehn
et al., 2014). These compounds can be formed in the atmosphere from oxidation of
VOC under relevant atmospheric conditions. It has been suggested that the definitions
of HOM include that the compound is formed in autoxidation of peroxy radicals (RO2)
in the gas-phase at relevant atmospheric conditions, and thus the formed molecules will
contain six or more oxygen atoms (Bianchi et al., 2019). When talking about HOM, this
study refers only to compounds that can be detected with nitrate CI-APi-TOF mass
spectrometer (more details on the instrument in Section 3.2.2). The instrument is very
selective, which is why a large fraction of possible HOM produced from for example
different acids and other organic compounds than terpenes may be left undetected.
Main oxidants to form HOM from VOC are ozone, OH and NO3. Compared to the
other two, ozone is present in the atmosphere around the day in high concentrations,
when OH is mostly a daytime oxidant as NO3 is nighttime oxidant. This is why
oxidation reactions with ozone can be usually most favorable for VOC. One possible
pathway to form HOM from VOC is the ozonolysis of α-pinene monoterpene, which is
as mentioned one of the most abundant VOC in forests.

In addition to α-pinene, other monoterpenes, such as limonene and β-pinene, as
well as isoprene have also been shown to form HOM (Jokinen et al., 2015b; Ehn et al.,
2014). Still, the best molar HOM yields from laboratory studies have been reported
to come from α-pinene, an order of five percent. Yields from limonene are almost as
good as from α-pinene, while yields from β-pinene and isoprene are shown to be in the
order of less than one percent (Jokinen et al., 2015b).

One possible reaction pathway for the ozonolysis of α-pinene will be briefly intro-
duced next (Figure 2.1). The ozonolysis starts by ozone attacking the double carbon
bond of α-pinene, thus forming a primary ozonide. This ozonide will then rapidly
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decompose and form Criegee Intermediate (CI), which will undergo an H-shift leading
to the formation of vinylhydroperoxide (VHP). VHP will decompose and form vinoxy
radical as well as OH. This vinoxy radical is extremely reactive with atmospheric oxy-
gen, and will usually straight away undergo oxygen (O2) addition which leads to the
formation of peroxy radical (RO2) (Kurtén et al., 2015).

Figure 2.1: One possible of α-pinene ozonolysis leading to first generation peroxy radical formation. Reaction
starts with α-pinene molecule and ozone, continues through ozonide to Criegee Intermediate (CI). From that
to vinylhydroperoxide (VHP) which decomposes to vinoxy radical and through oxygen addition forms peroxy
radical (RO2). Figure from Kurtén et al. (2015).

The oxidation will then continue via autoxidation, which contains multiple H-
shifts and O2 additions (Figure 2.2) (Crounse et al., 2013). First the peroxy radical will
take one hydrogen atom from carbon atom in that same molecule, thus a hydroperoxide
and an alkyl radical are formed. Then rapid oxygen addition to the unpaired electron in
the carbon atom takes place, which produces another RO2. Now this formed RO2 can
again go through H-shift and O2 addition, and thus create more and more oxygenated
species, which will be less volatile than the parent molecule. If this autoxidation leads
to molecules with six or more oxygen atoms, HOM is formed.

Figure 2.2: Later steps of α-pinene ozonolysis containing the autoxidation of the molecule. Figure from
Garmash et al. (2020).

Because of the low volatility of HOM, they have an ability to condense onto
pre-existing particles in the atmosphere, and thus have a significant contribution to
secondary aerosol formation. Schobesberger et al. (2013) studied particle nucleation of
HOM and found out that they can participate in the first steps of NPF by stabilizing
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sulfuric acid molecules. Also in a recently made study Kirkby et al. (2016) proved that
in laboratory conditions HOM can even nucleate and form aerosols on their own. HOM
have been observed to participate in particle formation in many different environments
and ecosystems around the world. Finnish boreal forest production of HOM were
studied by Ehn et al. (2012), in high altitude Alpine locations HOM were detected
by Bianchi et al. (2016) and finally (Beck et al., 2021) showed that HOM affect the
atmospheric particle growth in the high Arctic as well.

HOM compounds can have different volatilities, based on the chemical reactions
when they were formed, their functionality and the number of oxygen atoms. Figure
2.3 shows HOM relation to different volatility classes of VOC. According to Bianchi
et al. (2019) HOM can be mainly classified as Extremely Low Volatility Organic Com-
pounds (ELVOC), Low Volatility Organic Compounds (LVOC) and Semi-volatile Or-
ganic Compounds (SVOC). ELVOC have the smallest volatilities, which means that
they can condense onto basically any pre-existing cluster, thus being very important
in particle formations and the growth of the smallest particles. Smaller the particle is,
the more difficult the condensation process is due to the Kelvin effect. When particles
grow in size, LVOC can start condense onto any sufficiently large particle. SVOC are
present in both gas and particle phases in the atmosphere, and can contribute to the
particle growth as well (Bianchi et al., 2019). As Figure 2.3 shows, while most HOM are
recognized to belong to volatility class of ELVOC and LVOC, some HOM have higher
volatility and be classified as SVOC (Yan et al., 2020; Bianchi et al., 2019; Tröstl et al.,
2016). However, as seen in Figure 2.3, compounds that are defined as VOC, do not
belong HOM. The large fraction of HOM with very low volatility explains their high
contribution to the formation of new secondary particles and thus the particle growth
to climate relevant sizes (Riipinen et al., 2011).

Figure 2.3: Euler diagram showing the relationships of HOM and different volatile organic compounds. The
group of HOM is containing ELVOC, LVOC, SVOC, but cannot contain any VOC. Figure modified from
Bianchi et al. (2019).
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2.3 Secondary aerosols

As mentioned before, aerosols can be divided into primary and secondary aerosols
depending on their formation mechanism. Secondary aerosols are formed in the atmo-
sphere by new particle formation (NPF), which can be defined as a abrupt increase of
concentrations of sub 3 nm sized particles, which is followed by the continuous growth
of these particles. Observations of NPF show that they are occurring in various envi-
ronmental circumstances, along with coastal regions, forested areas, urban places, high
altitudes in free troposphere and remote areas including Arctic and Antarctic (Beck
et al., 2021; Jokinen et al., 2018; Kerminen et al., 2018; Bianchi et al., 2016; Manninen
et al., 2010).

In NPF particles will go through a gas-to-particle conversion, which can happen
via different nucleation mechanisms (Kulmala, 2003). In homogeneous nucleation a new
particle is formed from vapor molecules without the presence of a foreign surface. On
the other hand in heterogeneous nucleation a new particle is formed from condensable
vapor molecules onto already pre-existing surface, for example a solid particle or an
ion. Heterogeneous ion-induced nucleation is a special case of heterogeneous nucleation,
where the new cluster or particle is formed around an ion. In this situation the ion
can stabilize the initial clusters by reducing its evaporation rate (Seinfeld and Pandis,
2008). It has been shown that ion-induced nucleation and thus atmospheric ions can
play an important part in atmospheric particle formation (Kirkby et al., 2016, 2011).

In both of these nucleation processes, different condensable gases with low volatil-
ities will cluster together thus forming new stable nanometer sized particles. The pop-
ulation of these small particles is limited by scavenging of the other pre-existing larger
aerosol particles. This restricts the fraction of new particles for ever reaching atmo-
spherically relevant sizes (Hirsikko et al., 2011). The concentrations of the particles will
thus depend on the sources and sinks at present, so essentially the amount of already
existing aerosols and the availability of condensable low volatile gases.

Afterwards some of these newly formed particles will continue their growth to-
wards larger sizes through condensation by the presence of other supersaturated con-
densable gases. However, since the small particles have a large surface curvature, the
condensable vapor molecules tend to evaporate away from the surface more easily than
to stay attached. This phenomenon, where molecules on top of a curved surface have
less interaction with each other than in a flat surface, is known as the Kelvin effect.
The effect specifies that for the same compound the equilibrium vapor pressure over
a curved surface is always higher than over a flat surface (Seinfeld and Pandis, 2008).
This is why for early stages of particle growth, gases with very low volatilities are
important, which makes HOM especially necessary for the growth (Riipinen et al.,
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2011).
The gases taking part in NPF as well as the growth of the particle can be called

aerosol precursor gases. The precursors gases taking part in NPF vary with environ-
mental conditions, and all of them have not yet been identified. From observations in
laboratory conditions and field studies it is known that sulphuric acid can form stable
clusters with water molecules and bases, such as ammonia (NH3) and dimethylamine
(DMA) (Beck et al., 2021; Sipilä et al., 2021; Jokinen et al., 2018; Almeida et al., 2013;
Kirkby et al., 2011). Sulphuric acid is thus known to be one of the key component
in particle formation processes around the world. Sipilä et al. (2016) found that iodic
acid is important for NPF in coastal areas as well as in Polar regions for its ability to
nucleate homogeneously, which is later suggested to happen with iodous acid by He
et al. (2021). As mentioned, most HOM species have very low volatilities, which makes
them necessary for the growth of the new particles to larger sizes (Tröstl et al., 2016).
The role of HOM in growth is crucial because without intense growth, the newly formed
particles will not reach climate relevant sizes and can be scavenged by pre-existing par-
ticles (Riipinen et al., 2011). Apart from the growth, HOM are also able to nucleate
and form stable clusters on their own in the presence of ions, by ion-induced nucleation
(Kirkby et al., 2016), as well as it is shown that they are able to form clusters together
with sulphuric acid (Riccobono et al., 2014).

When the particles reach larger sizes (20 -100 nm), water can condense onto the
particles, and they can act as cloud condensation nuclei (CCN). The size limit for when
this activation happens is not straightforward, since it depends on the composition of
the particles, prevailing meteorological conditions, amount of supersaturated water and
the environment (Kerminen et al., 2012). As CCN, aerosol particles can initiate the
formation of a cloud, as well as affect its properties including their lifetime and albedo,
and thus affect to the radiation budget of Earth. (Twomey, 1974).

2.4 Aerosols in the Arctic

It is well known that the climate and environment in the Arctic areas are changing fast
due to the warming caused by climate change. Changes in the ecosystems will affect
the atmospheric chemistry, secondary aerosol formation and thus cloud formation.
Although many different aerosol measurements have been made in the Arctic, especially
monitoring the number of NPF events occurring (Lee et al., 2019), there is still absence
of the understanding of the precursor gases and their molecular scale observations.

When talking about aerosols in the Arctic, the Arctic haze is worth mentioning.
In winter and early spring, lower parts of troposphere in the Arctic is filled up of
aerosols, which can form a cloud like phenomenon, called the Arctic haze. Particles in
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the haze are known to be larger than 100 nm in size. The origin of these aerosol particles
is known to be anthropogenic containing among other things sulphate, black carbon
and organic matter (Quinn et al., 2002; Li and Barrie, 1993). These particles are also
mainly primary, since there is no sunlight in the Arctic winter which could start the
oxidation reactions for secondary aerosols. The particles are carried from midlatitudes
by the meridional transport, mostly from Eurasia and trapped in the Arctic air mass.
Wintertime atmosphere in the Arctic is cold and stabilized, which leads to minimal
turbulence between atmospheric layers and reduces the possibility of cloud formation
and thus precipitation. Due to this, particles are not deposited to the ground, but will
stay in the air until spring. The Arctic haze layer can enhance the surface warming by
the radiation absorbing particles, as well as act as a source of contaminants to sensitive
Arctic ecosystems when particles are finally transferred to the ground by deposition
(Quinn et al., 2007).

Figure 2.4: The main observed mechanisms of Arctic secondary aerosol formation. Processes are involv-
ing methanesulfonic acid (MSA), sulfuric acid (SA), ammonia (NH3), highly oxygenated organic molecules
(HOM) and iodic acid (IA). Figure is from Beck et al. (2021).

More than half of Arctic CCN production is suggested to originate from NPF
of secondary aerosols (Gordon et al., 2017; Merikanto et al., 2009). In Ny-Ålesund,
Svalbard, NPF mechanisms have been recently studied by Beck et al. (2021) and NPF
events in spring and summer time have been linked to different biogenic aerosol pre-
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cursors (Sipilä et al., 2019). Some of these precursors are emitted by the open ocean
and melting sea ice regions (Dall’Osto et al., 2017; Levasseur, 2013), as well as others
can be originated from land, either from snow (Raso et al., 2017) or tundra vegetation
(Lindwall et al., 2016). Figure 2.4 shows the known and previously observed mech-
anisms for new particle formation in Ny-Ålesund Svalbard. Most important aerosol
precursor gases in the Arctic are sulphuric acid (SA), methanesulfonic acid (MSA),
ammonia (NH3), iodic acid (IA) as well as different HOM (Figure 2.4).

As said previously, the ocean and especially open water are an important source
of aerosols in the Arctic. Studies have shown that some phytoplankton species in
the ocean produce dimethylsulfoniopropionate (DMSP) during their bloom in spring
and summer (Stefels et al., 2007). After the DMSP is released, different bacteria in the
ocean will degrade it to DMS. DMS can be oxidized in the atmosphere by OH-radicals to
MSA and sulphur dioxide, where the latter can continue reacting with the atmospheric
OH to produce SA (Figure 2.4). SA is highly dependant on the solar radiation since
the atmospheric OH is formed via photolysis of ozone, which is why NFP event driven
by SA are occurring during daytime (Jokinen et al., 2017). SA is considered to be one
of the most general nucleating species responsible for secondary particle formation in
various locations and environments around the world (Lee et al., 2019; Sipilä et al.,
2010). Previous studies have shown that there is an anti correlation between NPF
events in the Arctic and the sea ice extent (Galí et al., 2019; Li et al., 2019). The
decline of the sea ice can also explain the observed increase in DMS emissions in the
past decade, and if the predicted ice-free Arctic summer will take place in the future,
this may greatly influence aerosol formation from SA and MSA in the Arctic (Galí
et al., 2019). As mentioned before, bases such as ammonia and amines are important
for aerosol formation since they are known to be able to stabilize atmospheric sulphuric
acid. Also in Arctic, ammonia has been shown to be able to cluster with sulfuric acid
(Beck et al., 2021). The sources for ammonia in high Arctic have been suggested to be
in local sea bird colonies (Wentworth et al., 2016; Croft et al., 2016).

Other important and rather newly discovered sources of aerosol precursor gases
are iodine emissions (Figure 2.4). Relatively high IA concentrations have been mea-
sured previously in the Arctic by Beck et al. (2021) and Sipilä et al. (2016). However,
at the moment there are only suggestions where the iodine emissions are coming from,
as well as their formation pathways in the atmosphere leading to IA. One possible emis-
sion source of iodine species could be different micro algae growing in the sea ice or at
the bottom of it. These iodine compounds can be emitted to the atmosphere through
the porous sea ice, or released when the ice melts during the summer (Baccarini et al.,
2020; Saiz-Lopez et al., 2015). In the atmosphere these iodine compounds can oxidize
and decompose by photochemical reactions, and thus form IA. Another possible iodine
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source can be the Arctic snowpack (Raso et al., 2017).
As stated before it is know that HOM are strongly affect the formation and growth

of newly formed aerosol clusters, which has been observed also in the Arctic (Beck
et al., 2021). It is also possible that HOM can even nucleate without any inorganic
species present, but there is no clear evidence that this is happening in the Arctic. The
true origins of the HOM in the Arctic are still not known. Even though Svalbard is
in high Arctic, in summer time its tundra flourishes with different plants and moss,
and due to the warming climate and the rising temperatures the vegetation in the
Arctic can be expected to increase. This rich tundra can be the source for the VOC
(Lindwall et al., 2016) which are thus the probable source for HOM. As a result of
global warming, multiple studies suggest that the VOC emission are going to increase
in the future in the Arctic, which might have an effect on HOM formation and thus
contribute more to regional and global climate (Rinnan et al., 2020; Lindwall et al.,
2016). VOC from Arctic tundra have been studied previously: Lindwall et al. (2016)
and Schollert et al. (2014) measured emissions of different VOC from the tundra in two
different locations in Greenland and Li et al. (2020) measured VOC from the thawing
permafrost and active layer in Finnish Lapland. Still, direct experimental evidence of
VOC in Svalbard was highly lacking before the measurements done in 2019 which are
used in this study.



3. Measurements and methodology

This chapter describes the measurements performed and the methods used during a
measurement campaign, conducted in Ny-Ålesund, Svalbard (78◦55’N, 11◦56’E) from
the beginning of May 2019 until the end of August 2019. In this chapter the measure-
ment location and the used instruments are introduced, as well as the analysis that was
done on the gathered data set. This data set consists of measurements of three differ-
ent variables: VOC fluxes from different surfaces measured with VOC flux chambers,
concentrations of aerosol precursor gases such as SA, MSA, IA, HOM, measured with
Chemical Ionization Atmospheric Pressure interface Time-of-Flight mass spectrometer
(CI-APi-TOF) and a size distribution of aerosol particles and ions, measured with a
Neutral cluster and Air Ion Spectrometer (NAIS).

The offline VOC flux chamber measurements were conducted on 25th - 30th June
and on 5th - 11th July. These measurements were done for couple times per day on
different ecosystem surfaces near the other measurement locations. Due to a malfunc-
tioning instrument, the data for the aerosol precursor gases was collected over a period
of 10 days from 28th June to 8th July 2019. Because of this, NAIS data from the same
period was used in the analysis.

The meteorological data was obtained from two different places: from the Climate
tower, located near Gruvebadet laboratory and operated by the CNR Italy and from
Norsk Klimaservicesenter and were measured at the airport of Ny-Ålesund, located
1.2 kilometers northwest from our measurement location. Incoming shortwave radiation
data was from the Climate tower. This had two data breaks during the measurements
period (on 29th June and 7th July) because of the instrument malfunctions. Radiation
data was measured with 1min time resolution. Rest of the meteorological variables
(air temperature, wind speed and wind direction) were measured at the Ny-Ålesund
airport, and had time resolution of 10 minutes. These variables were also available at
a 1 minute resolution, but due to breaks in the data the 10-minute data was used in
the full time series analysis. However, the 1-minute wind parameter data was used to
discuss the characteristics of a NPF event days and its relation to the local meteorology.

14
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3.1 Measurement location

Figure 3.1: Map of Svalbard, where the purple circle shows the location of Ny-Ålesund. The smaller map
is the map of Ny-Ålesund where the red circle shows the location of the Gruvebadet laboratory were the
measurements were conducted.

The measurements were conducted in the Gruvebadet atmospheric laboratory, which
is located 2 kilometers southwest from the Ny-Ålesund village central (Figure 3.1).
The VOC flux chamber measurements were done outside the Gruvebadet, as well as
in the harbour of village. Ny-Ålesund is the perfect location to study Arctic aerosol
formation. The measurement site at Gruvebadet is between a fjord, mountains, tundra
and glaciers, as well as far enough from the village that the possible pollutants from
traffic and the harbor do not dominate the signals of the sensitive instruments. In
addition, despite the northern location the Arctic tundra flourishes annually in the
summer, which makes it possible to study possible sources of organic aerosols. Western
Svalbard, including Ny-Ålesund, is usually surrounded by open sea through the year
thanks to advection of warm Atlantic water (Schauer et al., 2008). The vicinity of the
fjord allows the observation of most precursor gases which are suggested to originate
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from the ocean (Section 2.4). Despite climate change having reduced the amount of sea
ice, Svalbard still occasionally experiences sea ice formation in the winter. In the long
run our measurements could detect the effects of climate change in aerosols originating
from the sea, along with the terrain.

3.2 Instruments

3.2.1 VOC flux chamber

(a) (b)

(c) (d)

Figure 3.2: Soil collars with different land surfaces. The vegetation surfaces were measured on tundra, where
the other was coated with a typical tundra flower in Svalbard, Purple saxifrage (Saxifraga oppositifolia) (a) and
the other covered with moss (b). Second measurement surface was plain soil (c) and the third one was on the
surface of the shore water of the fjord (d).
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VOC fluxes from different surfaces were measured with a glass chamber placed on a
stainless steel soil collar (height 7 cm, diameter 21,7 cm). The collars were installed
to previously selected surfaces: over soil and tundra vegetation where they stayed
for the whole measurements period. Flux measurements from the fjord surface were
also conducted in which case the glass chamber was floated on top of the water. In
every measurement, the samples were collected into Tenax TA-Carboback-B absorbent
tubes. The flux chamber was attached to a pump system which produced a steady
state ambient air flow through the chamber (Figure 3.3). This flow was filtered inside
the pump system with an active carbon trap and a manganese dioxide (MnO2) coated
copper net. This exact measurement technique has been used before to measure VOC
fluxes from a boreal forest soil (Mäki et al., 2019b,a, 2017).

Figure 3.3: Schematic of the VOC flux chamber system. The grey line is the filtered ambient air going from
the pump system to the chamber. This flow is also guided for the reference sample, in the blank tube. The
green line is the sample line with the sample air, coming from the chamber to the sample tube. The orange line
is the exhaust flow going from the chamber to outside. The arrows show the directions of the flows.

According to the measurement protocol, the flux chamber, which was placed on a
soil collar, was first flushed with a filtered flow of 2 lpm for 20 minutes to stabilize
the system before the actual measurement. After this, the flows for the two Tenax
absorbent tubes attached to the pump system. The tubes collected the incoming
(blank tube) air to the chamber from the pump, as well as sample air (sample tube)
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from the chamber through the sample line (Figure 3.3). The sampling period lasted
40 minutes, and for both tubes a flow rate of 0.1 lpm was used. The chamber had an
extra exhaust line going outside, to regulate the pressure inside the flux chamber. The
VOC samples in Tenax absorbent tubes were afterwards analysed in laboratory with
a thermal desorption-gas chromatography-mass spectrometer (TD-GC-MS). This was
used to quantify the specific concentrations of the different VOC, of which the most
relevant to this study were α-pinene, β-pinene, limonene and isoprene. The analysis
included also quality checks related to the identification of the VOC compounds.

For every chamber measurement, the flux rates (E, µm−2h−1) of different VOC
were calculated for the specific land surface area inside the soil collar. Fluxes were
obtained from the concentration difference of the air going inside the chamber and the
air coming out from the chamber:

E = (Cout − Cin) FC

1000
60
A

(3.1)

where Cout is the concentration of outgoing air sample (the actual sample), Cin is the
concentration of incoming air sample (the reference sample from the blank tube), FC is
the flow rate (in l/min) of air pumped into the flux chamber and A is the land surface
area inside the soil collar (Mäki et al., 2017).

3.2.2 CI-APi-TOF - Chemical Ionization
Atmospheric Pressure interface Time-of-Flight
mass spectrometer

Aerosol precursors in their gaseous phase were measured with a Chemical Ionization
Atmospheric Pressure interface Time-of-Flight mass spectrometer (CI-APi-TOF). The
instrument is manufactured by Tofwerk AG, and it consists of an atmospheric pressure
interface (APi) and a time-of-flight mass spectrometer (TOF). In this study it was used
together with a chemical ionization inlet (CI), which enabled measurements of neutral
molecules, such as sulphuric acid and organic compounds (Jokinen et al., 2015b).
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3.2.3 Chemical ionization inlet (CI-inlet)

Figure 3.4: Schematic of chemical ionization inlet. Inlet can be placed in front of the critical orifice of the
APi-TOF mass spectrometer. Figure shows the direction of the sample flow in yellow arrow, sheath flow in
blue arrows and the NO−

3 ions carried along the sheath flow in red arrows. Figure adapted from Garmash et al.
(2020) and Jokinen et al. (2015b).

To measure neutral molecules from the atmosphere with the APi-TOF, the molecules
need to be ionized first. This is done with a chemical ionization inlet (CI-inlet) (Fig-
ure 3.4) which uses nitrate ions to ionize the ambient sample. The ambient sample
is brought into the CI-inlet by stainless steel tube with flow of 10 lpm. Nitrate ions
are first produced in a sheath flow (around 20 lpm), which is saturated with nitric
acid (HNO3). Then the flow goes through a x-ray source (Figure 3.4), which ion-
izes the HNO3 molecules, thus forming nitrate ions (NO−

3 ), nitric acid-nitrate-dimers
(HNO3NO−

3 ) and nitric acid-nitrate-trimers ((HNO3)2NO−
3 ). There is electric field

guiding these reagent ions towards the ion reaction tube, created by applying voltages
to the ion source and to the reaction tube (Figure 3.4). Usually these voltages are with
a difference of 10-15V. Inside the reaction tube, the sample is introduced the different
nitrate ions, while guided with the sheath flow. These ions will then interact with the
neutral molecules of the sample flow ionizing them, which will eventually continue their
way to the mass spectrometer (Figure 3.4) (Jokinen et al., 2015b).

There are two mechanisms through which the nitrate ions can ionize the sample
molecule: by proton transfer or by clustering (Jokinen et al., 2012). With a proton
transfer reaction, the nitrate ion is able to catch one proton (H+) from the sample
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molecule (X), ionizing the sample molecule (Equation 3.2).

NO−
3 +XH −→ HNO3 +X− (3.2)

With the clustering reaction, the nitrate ion can ionize the sample molecule by forming
an ion-molecule cluster. These clusters can form through collisions with the sample
molecule and nitrate ions (Equation 3.3), with nitric acid-nitrate-dimers (Equation 3.4)
and with nitric acid-nitrate-trimers (Equation 3.5) (Hyttinen et al., 2018, 2015).

NO−
3 +X 
 NO−

3 ·X (3.3)

HNO3NO
−
3 +X 
 HNO3NO

−
3 ·X 
 HNO3 +NO−

3 ·X (3.4)

(HNO3)2NO
−
3 +X 
 (HNO3)2NO

−
3 ·X 
 2HNO3 +NO−

3 ·X (3.5)

The data of this study period was measured with a switcher installed to the CI-
inlet of the mass spectrometer. The principal of the switcher was to turn on and of
the HNO3 flow, as well as the voltages of ion source and the reaction tube (Figure
3.4). The switcher was switching between two modes in 30minute intervals: ion mode
when the CI-inlet was off and thus only naturally ionized molecules were measured, and
CI-mode when the CI-inlet was on and natural atmospheric molecules were measured.
In this study the interest was especially in the organic compounds, which can be seen
when measuring in CI-mode.

3.2.4 Atmospheric Pressure Interface Time-of-Flight (APi-TOF) mass
spectrometer

After ionization the sample will be introduced to the atmospheric pressure interface
region of the mass spectrometer. Since the final detection of the sampled ions hap-
pens in very low pressures (approximately 10−6 mbar) inside the time-of-flight mass
spectrometer, the atmospheric pressure of the sample flow must be gradually lowered
inside the instrument. Figure 3.5 shows the atmospheric pressure interface with three
chambers, which performs the pressure reduction in steps.
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Figure 3.5: Schematic of APi-TOF mass spectrometer. Dashed black line shows the route of the charged
sample ions trough the pressure interface region. The red boxes represent the quadrupole ion guides in the
first and and second chamber, and the purple boxes represent the ion lens in the third chamber. The red lines
show the route of the sample ions through the time-of-flight chamber, where the flight route of the ions is
adjusted with electric fields of the reflector. In this work the used flight path was not the W-shape as shown
in the schematic, but simpler V-shape. Finally the sample ions are detected with the detector. Figure shows
also the different pressures of the chambers: first chamber having pressure of 2 mbar, second having pressure
of 10−3 mbar, third having pressure of 10−3 mbar and the TOF chamber having pressure of 10−6 mbar. Figure
from (Junninen et al., 2010)

The sample air is sucked through 300µm diameter critical orifice in to the first
chamber, where the pressure is lowered to 2mbar with a scroll pump (Figure 3.5). The
size of the critical orifice sets the sample flow rate to ~0.8mlpm. Then the sample is
transported to the second chamber, where the pressure is lowered to 10−3 mbar with a
3-stage turbo pump (Figure 3.5). In the first and second chamber, the sample beam
is targeted and guided forward with quadrupole ion guides, and in the third chamber
the sample is guided via an ion lens assembly (Junninen et al., 2010). The second
and third stages of the turbo pump are used to lower the pressure to 10−4 mbar in the
following third chamber, and finally to 10−6 mbar in the time-of-flight (TOF) chamber
(Junninen et al., 2010). In the TOF chamber, the sample ions are separated according
to their mass-to-charge ratios (m/z) with an electric field. The field, with a voltage V ,
accelerates the ions entering the TOF the chamber towards the detector (Figure 3.5).
When the separated ions have travelled through the TOF chamber, they will reach the
detector at the other end, where their time of the arrival and the strength of the signal
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intensity are recorded.
For an ideal instrument with a linear flight path for the ions, the ions would travel

a certain constant distance d through the chamber to the detector, and their m/z ratio
would be proportional to the time of flight with Equation 3.6 (Niessen and Falck, 2015)

t = d

√
m

2zeV (3.6)

where t is the flight time of an ion, V is the accelerating voltage of the TOF
chamber, d is the length of the path traveled by the ion, m is the mass of the ion, z is
the charge of the ion and e is the elementary charge. The instrument used in this study
was equipped with a reflector that slows and accelerates the ions again in the opposing
direction with an electric field. The resulting flight path is V shaped as illustrated in
Figure 3.5 and results in a longer flight path, time of flight and as such, a better m/z
resolution. The flight time is still proportional to the m/z ratio, as in Equation 3.6,
but needs to be corrected by multiplying it with an instrument-specific constant factor.

The obtained flight time of an ion from the instrument can be now converted to
the m/z ratio, and thus be used to identify different compounds. The flight path of
the ion inside the chamber can be either V or W shaped (Figure 3.5), depending on
the desired resolution and sensitivity. In this study the used path was V shaped, to
reach higher instrument sensitivity. When the signal intensities of the detected ions are
plotted against their m/z ratio, a mass spectrum of the sample air can be constructed.

3.2.5 NAIS - Neutral cluster and Air Ion Spectrometer

The ion data for this campaign was collected with a Neutral cluster and Air Ion Spec-
trometer (NAIS), which is a two channelled ion spectrometer, able to measure the
electrical mobility of naturally charged ions and particles. NAIS is designed for mea-
suring nanometer sized atmospheric aerosols, which makes it an useful instrument to
study the early stages of atmospheric NPF. More specifically, it measures the size dis-
tribution of 0.8-42 nm for naturally charged ions which corresponds to mobility range
of 3.2-0.0013 cm2V−1s−1 (Manninen et al., 2009). NAIS has two parallel differential
mobility analyzers (DMA), one for each polarity (Figure 3.6). The analyzer has one
central electrode and an outer electrode with 21 electrometers. The electrometers act
as charge collectors and are connected to the data acquisition system. The central
electrode is divided into ion repulsive sections which each are fixed to their own elec-
trical potential. The sample aerosol flow (30 lpm) is guided into the DMA near the
central electrode. A clean sheath flow (60 lpm) is injected above the outer electrode
and it directs the sample flow alongside the central electrode. The charged ions in the
sample flow are immediately classified by the radial electric field and pushed towards
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the electrometers (Manninen et al. (2009), Mirme and Mirme (2013)).

(a) (b)

Figure 3.6: Schematics of NAIS (a) and of the DMA inside NAIS (b). In (a) is seen the preconditioning units
of NAIS, following the two DMAs with opposite polarities. In (b) is seen directions of the sample aerosol flow
and the sheath flow inside the DMA, as well as the the positions of the central electrode (with the ion repulsive
sections) and the outer electrometers. Figures from Mirme and Mirme (2013).

Before the two DMAs, the instrument has its preconditioning units, containing
unipolar corona chargers and electrostatic filters which can modify the aerosol sample
air. The NAIS can measure the aerosol sample air in three modes: particle mode,
offset mode and ion mode. The preconditioning unit determines in which mode the
instrument is measuring. When measuring neutral particles in particle mode, the
main charger and post-filter (Figure 3.6) are powered up. Now the charger polarity
matches the polarity of the mobility analyzer and the artificially charged particles
can be detected. When the discharger and the electrostatic filter are turned on, it
is possible to measure the so called offset mode of the instrument. At this stage no
detectable particles can enter the analyzer. When concentrating on natural ions with
ion mode, all the corona chargers and filters of preconditioning unit are switched off,
so that the aerosol sample is not modified and the mobility analyzer detects only
the natural charges (Mirme and Mirme, 2013; Manninen et al., 2009). NAIS measures
automatically in these three modes, however in this study the objective was to measure
naturally charged ions, and the size distribution data for natural particles was not
analysed.
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3.3 Data analysis

The ion and particle size distribution data from NAIS was analysed with Matlab.
The data of the aerosol precursor gas concentrations, obtained from CI-APi-TOF,
was analyzed with the Matlab based tofTools program, which has been developed
specifically for analysis of mass spectrometer data (Junninen et al., 2010). Because of
the instrument was equipped with a switcher, the first step in this data analysis was
to mask the data, which meant to selecting only those time periods when the CI-inlet
had been on. As mentioned, the data from CI-APi-TOF consists of a mass spectrum of
mass-to-charge rations and their signal intensities at a certain time, and the tofTools
program was used post-processing it.

First the one hour files (which has actually 30minutes of measurements due the
switcher) were averaged for 60minutes spectra, and thus 24 spectra for each day of the
study period were obtained. Each day was analyzed on its own, to increase the precision
of the analysis. The second step was the mass calibration of the mass spectrum,
where the measured data was allocated to the correct masses. This was done by using
peaks of compounds which were known to be present in the mass spectra, for example
in this study with the reagent ions which were NO−

3 , HNO3NO−
3 and (HNO3)2NO−

3 .
After averaging and mass calibration, it was possible to identify compounds from the
mass spectrum using peak lists of already identified chemical compositions of different
molecules. The aim of this study was never to identify all the possible peaks from the
mass spectrum, but to see if it is possible to show that there is really HOM present
in Arctic atmosphere. Figure 3.7 shows an example of identified HOM from already
existing peak lists and fitted in the mass spectrum. These fits were done for the days
when there was clear new particle formation events occurring, since on those days
the signal of the compounds were high which gave the peaks good enough resolution.
After the post-processing, the signal intensities of certain masses were able to convert
to concentrations by using Matlab. Since the signal of the organic compounds was
not the best during the days when there was not NPF event occurring, the time series
of the whole study period containing the HOM concentrations was conducted with
Matlab by having a sum of all the HOM monomer signals (between masses 300-400).
This gives slightly overrated estimation of the total HOM concentration, since it takes
also into account all possible contamination peaks in that mass range. High resolution
peak fitting for identified HOM compounds was made for the days when the signal was
good, so the days when there was an NPF event present.
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(a) (b)

(c) (d)

Figure 3.7: Picture of peak fits done with tofTools of four of the identified HOM from NPF day. Peak location
is at the mass of the compounds and the legend tells the chemical composition of the compound.

In addition to the concentration measurements, a short measurement of the back-
ground concentrations (a zero measurement) was also performed. The zero measure-
ment was performed by placing a HEPA filter on the inlet outside and was used to,
among other things, verify that there are no contaminants or leaks in the instrument.
Zero measurements should be usually done at regular intervals (for example on every
second day for 10-20minutes) to get longer time series of the background, which also
helps identifying a possibly malfunctioning instrument as well as the limit of detection.
However, for this study period zero measurements were made only once for 10minutes.
With this, it was not possible to do long comparison with the zeros and ambient mea-
surements. To be sure that the fitted HOM compounds seen in the spectrum were
actually present in the atmosphere and not some contamination from the instrument,
their signal concentration was compared between the ambient measurement file and
zero measurement file (Figure 3.8). With tofTools it was possible to get the signal for
known mass from a specific spectrum, which is ion count per second. Since the zero
measurement file was so short, it was averaged for one spectrum and the signals for
identified HOM peaks were searched from that spectrum. As Figure 3.8 shows, the
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signals were clearly not there during the zero measurements, since the ion counts were
so low. Thus it is possible to say that the HOM identified in this study were reliable
ambient molecules.

Figure 3.8: Comparison of the signal concentrations of zero measurements (black) and the ambient measure-
ments (green) of the identified HOM compounds.

3.3.1 Determining the concentration of measured compounds

Most of the chemical compounds related to the aerosol precursor gases, including HOM,
do not have relevant calibration standards. Because of this there is no direct calibration
method for CI-APi-TOF for measuring every possible compound. A commonly used
calibration method is executed with sulphuric acid, by applying known concentration of
sulphuric acid to CI-APi-TOF, and afterwards comparing this known concentration to
the measured signals of the instrument (Kurten et al., 2012). The calibration coefficient
obtained with this method is used to determine the concentrations of HOM, as it is
assumed that sulphuric acid and HOM have similar ionization efficiencies. Jokinen et al.
(2012) introduced an approach to calculate the concentration from the signal intensity
of a given compound with the known calibration coefficient Cx, with equation:

[X] = Cx ·
(X)(NO−

3 )∑2
i=0(HNO3)i(NO−

3 )
(3.7)

where Cx is the calibration coefficient, [X] is the concentration of neutral molecule (the
measured compound), the numerator shows the signal of the compound X with the
nitrate ion (NO−

3 ) and the denominator shows the sum of the reagent ions signals.
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Calibrations coefficient determined with the sulphuric acid, has been shown to
vary between 1×109 to 2×1010 cm−3 (Jokinen et al., 2012). In this study, all the
concentrations of measured compounds were calculated by using calibration coefficient
value Cx=6.5×109 cm−3. This was determined specifically for this instrument set up
by carrying out the sulphuric acid calibration to the instrument in laboratory. To the
obtained calibration coefficient was also added a correction of diffusion losses in the
inlet tube.



4. Results and discussion

In this chapter the main results and findings of this study are presented and discussed.
First the ion and particle size distribution and the concentrations of the most abun-
dant precursor gases (SA, MSA, IA) as well the sum of the HOM monomers are shown
for the whole time period. These are discussed together with the meteorological data.
Later, the identified HOM from NPF event and non-event days are shown and dis-
cussed, among with more detailed meteorological data for these days. The final part
of the chapter contains the results from the VOC chamber measurements during the
measurement period, and discusses the connections of the identified HOM compounds
with the measured VOC.

4.1 Time series of aerosol precursors and particle concen-
trations

From the first three plots of Figure 4.1 it can be observed that during the measurement
period there has been larger (>10 nm in diameter) particles and ions present at the
study site over many days. These together with simultaneous increase of smaller par-
ticles (sub 3 nm) indicate that there has been present some local NPF events. These
events were observed on 3rd, 4th and 7th July. The concentrations for >10 nm sized
particles and ions were increasing during these NPF days, which together with the
presence of sub 3 nm ions possibly indicates particle growth to CCN sizes. On 30th

June, 1st July as well as on 8th July particles and ions larger than 10 nm can be ob-
served, but with absence of sub 3 nm ions. These larger particles and ions were not
probably grown at the measurement site, but carried there with changing air masses.
In both ion size distributions there are small (< 1.5 nm) ions seen to be present at all
times. These small ions do not indicate NPF events, but are continuously produced
by the terrestrial gamma radiation, galactic cosmic rays and gas phase radon decay, as
well as charged ions coming from the corona charger of the instrument (Section 3.2.5).

28
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Figure 4.1: Size distribution time series of negative and positive ions (first and second plot), size distribution
of particles (third plot) and concentration time series of aerosol precursors (fourth) during the measurement
period from 28th June to 8th July 2019. Concentrations of aerosol precursors contains MSA (blue), SA (red),
IA (yellow) as well as the sum of the HOM monomers (purple) from the range of 300-400 Th.

The bottom plot of Figure 4.1 shows the time series of the aerosol precursors.
The multiple breaks in the concentration are due to unfortunate power cuts at the
measurement station. Concentration of the HOM monomers is the sum of all the
peaks in the size range of 300-400Th. High resolution fits for some of the HOM was
done only on NPF event days, and it is discussed further in the next chapter. It can
be seen that the concentration of the sum of the HOM monomers was relatively high,
between 107 and 108 molec/cm3, during the whole measurement period. Beck et al.
(2021) showed a clear seasonality of the HOM concentrations for the same study site
in 2017, where concentrations were low in the spring, but increased steeply for the
summer, which was suggested to be related to snow melt and vegetation growth. The
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HOM concentrations observed then in summertime were similar to the concentrations
measured in this study. Figure 4.1 also shows that MSA concentrations decreased from
>10e7 molec/cm3 to < 106 molec/cm3 from end of June (28th June) to Early July (6th

to 7th July). This might be related to the phytoplankton blooming in the close by
fjord. As said in Section 2.4, MSA is influenced by the DMS production of the marine
planktons, and the concentrations are the highest in the spring to the early summer
(Sipilä et al., 2019). Previous studies of phytoplankton activity in the Arctic Ocean
also can explain why SA and MSA concentrations can dominate in June (Assmy et al.,
2017).

During the measurement period SA had concentrations varying between 10 6 and
107 molec/cm3, but staying almost constantly lower than the concentration of MSA,
which was also observed earlier by Beck et al. (2021). Figure 4.1 shows that in some of
the measurement days (29th June, 30th June, 3rd of July and 4th July) SA concentration
had really clear diurnal cycle. IA on the other hand did not show any significant
temporal variation and the concentration stayed around 106 molec/cm3 throughout the
whole study period, except on the 3rd and 4th July when the concentration increased
by one order of magnitude.

At the time of the three NPF events the increase of the concentrations ions were
seen on both positive and negative polarity, as well as in the particle spectra (Figure
4.1). During these days, the precursor concentrations were acting slightly differently.
On 3rd July, concentrations of IA and SA were increasing during the morning reaching
the highest values of almost 107 molec/cm3 around the noon. At the same time,
MSA had a decreasing trend on its concentration. Sum of the HOM monomer sum
concentration was as well increasing during the whole day. On 4th July SA, MSA and
HOM sum had very clear diurnal variation, HOM sum reaching its maximum at noon
(over 108 molec/cm3), slightly later than SA and MSA. IA stayed constant during the
morning and the day, around 107 molec/cm3, and in the evening decreasing by almost
one order of magnitude. On 7th July HOM again showed some diurnal behavior, when
their concentrations reached above 107 molec/cm3. IA and SA show quite low and
constant concentrations though out the day, when in the same time MSA has a clear
peak at noon.
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Figure 4.2: Meteorological data of incoming shortwave radiation and air temperature (top plot), wind direction
and wind speed (middle plot) as well as concentration time series of aerosol precursors during the measurement
period from 28th June to 8th July 2019. There was two data breaks in the shortwave radiation data, on 29th June
and 7th July. Shortwave radiation was measured with 1 minute resolution, and air temperature, wind direction
and wind speed were measured with 10 minute resolution. Concentrations of aerosol precursors contains MSA
(blue), SA (red), IA (yellow) as well as the sum of the HOM monomers (purple) from the range of 300-400 Th.

Figure 4.2 shows the time series of the main meteorological variables during the
study period. Air temperature varied between 0-16 ◦C, reaching the minimum on the
28th June and the maximum on the 6th July. Incoming shortwave radiation (Figure
4.2) generally had a clear diurnal pattern peaking always around noon during the
measurement period. Incoming radiation is an important factor for NPF events, and
during the measurement period it had one of its highest values (over 600Wm−2) on
the days when NPF was observed (on 3rd and 4th July). As mentioned earlier, SA
concentration followed diurnal variation on 29th June, 30th June, 3rd July and 4th
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July, and during these days the incoming radiation was at its highest and showed also
diurnal patterns. This clear diurnal behavior of radiation was most likely related to a
clear sky on those days. As mentioned before, radiation is important for SA since it
is mainly a product of sulphuric dioxide and atmospheric OH, which needs radiation
to be formed. Jokinen et al. (2017) showed how during a partial solar eclipse SA
concentration collapsed with decreased radiation levels, which weakened the ongoing
NPF event. Cloudy weather on the 1st, 2nd, 5th and 8th July probably caused lower
radiation levels, which can also explain the observed lower SA concentrations and thus
absence of NPF.

During the measurement period, wind was blowing mostly from the southeast,
where the mountains, the bottom of the fjord and the surging glaciers lie (Figure 3.1).
However on 3rd, 4th, and 7th July, which were the NPF event days, the wind direction
changed as the wind was blowing from north and northeast, and thus it was coming
more from the fjord as well as from the village. The change of the direction might
have an effect on the increased concentrations of SA, MSA and IA on the event days,
since the sources of these compounds are at the fjord and the ocean. Another unifying
factor with the NPF event days and the meteorological parameters was found to be
the wind speed (Figure 4.2). On all of the three NPF event days the wind speed was
relatively low, between 0 to 5m/s. One possible reason for this could be that higher
wind speed removes condensable gases from the atmosphere, and thus prevent them
from nucleating and forming new particles. Similar phenomenon has been recorded
happening in coastal regions, where the concentration of the smallest ions and wind
speed were anticorrelating (Vana et al., 2007).

4.2 HOM and their impact on the NPF events

High resolution fitting for identified HOM were done for the three NPF event days
from the study period (3rd, 4th and 7th July). For comparison, the same was done
also for the day without NPF event (referred to as non-event day), for which 5th July
was selected. Table 4.1 contains a list of all identified HOM during the three NPF
event days, and the star symbol shows which HOM was detected on which of the days.
All the identified HOM compounds were in the mass ranges of 300-400Th, which can
be defined as HOM monomers (Ehn et al., 2012). The compounds were detected
with the reagent ion NO3-. In previous studies chemical compositions of these organic
compounds have been identified in laboratory experiments as oxidation products of
α-pinene (Jokinen et al., 2015a). Some part of these HOM have been also detected
in laboratory conditions in studies of ozonolysis of α-pinene by Ehn et al. (2014) and
Quéléver et al. (2019), as well as in ambient measurements by Ehn et al. (2012).
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Table 4.1: A list of the chemical compounds as well as the masses of the identified HOM monomers on NPF
event days.

Identified HOM 3.7.2019 4.7.2019 7.7.2019

C9H15O8 · NO3- ∗ ∗ ∗
313.07

C9H15O8N · NO3- ∗ ∗
327.07

C9H15O9 · NO3- ∗ ∗
329.06

C10H15O8N · NO3- ∗ ∗ ∗
339.07

C10H14O9 · NO3- ∗
340.05

C10H15O9 · NO3- ∗ ∗
341.06

C10H16O9 · NO3- ∗ ∗ ∗
342.07

C10H15O9N · NO3- ∗ ∗ ∗
355.06

C10H14O10 · NO3- ∗ ∗
356.05

C10H15O10 · NO3- ∗
357.05

C10H16O10 · NO3- ∗ ∗
358.06

C10H15O10 · NO3- ∗ ∗ ∗
371.06

Figure 4.3 shows the size distributions of negative and positive ions on 3rd July,
showing the cluster formation at the smallest sizes, 0.8 nm-2 nm onwards. The NPF
event started around 10:00, which can be seen as a small increase in small ion sizes, so
just above the omnipresent sub 1.5 nm ions in negative polarity. This increase was more
prominent in negative ions compared to positive ions. However, these ion clusters did
not continue to grow, although a new and stronger increase in concentration started
a little bit after 12:00. This was now seen in both negative and positive polarities.
Here the ions grew from 2 nm to 10 nm in one hour, and the growth continued a couple
of hours. However, the growth discontinued between 14:30-17:00, after which it kept
going and the ions grew in size from 10 nm to 20 nm and larger. In Figure 4.3 a band
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of ions of 20 nm can also be seen in the negative side throughout the day, which is
probably caused by impurities in the instrument.

Figure 4.3: Size distributions of negative ions (top plot), positive ions (middle plot) and concentrations of
aerosol precursors (bottom plot) during NPF event on 3rd July. Concentrations of aerosol precursors contains
MSA (blue), SA (red), IA (yellow) and identified HOM on this day, as well as the sum of the identified HOM
(green). Identified HOM compounds are named after their masses, and their chemical composition can be seen
in Table 4.1.

Figure 4.3 shows also time series of MSA, SA and IA, and the concentration of
the identified HOM, as well as their sum on the first NPF event day. MSA had its
concentration around 106 molec/cm3 and over until noon, and afterwards decreased
under 106 molec/cm3. SA showed slightly higher values than MSA from 7:00 onwards
(around 5×106 molec/cm3), as it increased until the noon, and similarly as MSA the
concentration started to decrease after that towards the evening. IA on the other hand
had a clear peak in its concentration (107 molec/cm3) at the same time as the stronger
nucleation started after 12:00. This similar pattern could be also seen in all of the HOM
monomer concentrations, the sum of which peaked at a little over 107 molec/cm3 after
12:00 and at 17:00. HOM concentrations were also very high during the clear growth
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of the ions after 17:00, the sum staying constantly over 107 molec/cm3. When looking
more closely at the meteorological parameters of this day, especially wind direction
and wind speed (Figure 4.4), the possible reason for the gap in the particle growth
can be found. When the first small increase of ion concentrations in the negative side
was starting around 10:00 the wind speed began to decrease, and the wind direction
changed, now blowing from northwest and north which is the direction of the fjord
(Figure 3.1). The wind direction changed again drastically around 13:00, and was then
from southeast, which is the direction of the mountains and inland glaciers (Figure
3.1). This lasted until 17:00, after which the wind changed again, now coming from the
north. This wind pattern matches quite well with the ion concentrations on the same
time period. Wind direction is also a match with the aerosol precursor concentrations,
which seemed to decrease at the same time (after 12:00) with the wind changing to
blow from a southeastern direction. Since the ocean has been suggested as the major
origin of the precursor gases, including HOM for which one of the sources has been
proposed to be in the sea surface (Mungall et al., 2017), the wind direction from the
fjord can explain the increase the particle growth quite well.

Figure 4.4: Meteorological data of wind direction (beige) and wind speed (green) on 3rd July. Resolution of
the measurements were 1 minute.

The first small ion concentration growth in the morning around 10:00 was prob-
ably initiated by negative ion-induced nucleation with SA and ammonia, which has
shown to be a prominent way for aerosol formation in the Arctic (Beck et al., 2021).
However, the HOM concentration was quite high around that time, and thus they may
have also affected the nucleation. Previous studies have shown that SA and HOM can
also promote nucleation together, if HOM concentration is above few 106 molec/cm3

(Riccobono et al., 2014), which in fact was the case. Lehtipalo et al. (2018) also showed
before that SA and HOM with the presence of ammonia can nucleate together, so the
more significant nucleation later on the same day was probably as well a result of SA
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and ammonia, or SA and HOM, or even SA and HOM and ammonia. Since the con-
centration of IA was also high at the time of the nucleation, it is possible that it also
had a role in the initial stages of the particle formation, being part of some previously
unrecognised mixture of the precursor gases and more complex nucleation mechanisms.
Previous chamber studies also have shown that MSA can form particles with mixtures
of amines and water (Dawson et al., 2012), and Beck et al. (2021) suggested that
presence of MSA is important for secondary aerosol formation in Arctic. Thus it can
be possible that MSA with concentrations around 106 molec/cm3, was contributing to
the particle formation on 3rd July. The particle growth on the other hand was most
definitely dominated by HOM, since their concentration stayed high during the whole
of the day, which is similar to what Beck et al. (2021) reported.

Figure 4.5: Size distributions of negative ions (top plot), positive ions (middle plot) and concentrations of
aerosol precursors (bottom plot) during NPF event on 4th July. Concentrations of aerosol precursors contains
MSA (blue), SA (red), IA (yellow) and identified HOM on this day, as well as the sum of the identified HOM
(green). Identified HOM compounds are named after their masses, and their chemical composition can be seen
in Table 4.1.

Figure 4.5 shows the size distributions of negative and positive ions, as well as concen-
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trations precursor gases and identified HOM and their sum on 4th July during a very
strong NPF event. From the Figure 4.5 it is possible to see that the nucleation event
starts in the early morning (around 4:00), little bit earlier in the negative side than
in the positive. There are multiple burst events during the morning and before 9:00
the ions nucleating start to grow rapidly to larger sizes (from 10 nm to 30 nm). The
formation of the ions in smallest sizes was seen slightly more prominent on negative
than on positive side. In Figure 4.5 a clear band of higher concentration of ions of
20 nm can again be seen in the negative side throughout the day, which is probably
caused by impurities in the instrument.

Simultaneously with the start of the NPF event, SA concentration started to in-
crease, and it was peaking at 9:00 with concentration of 107 molec/cm3. After that the
concentrations began to decrease, which continued for rest of the day, and finally the
concentration dropped by one order of magnitude. IA concentration stayed quite con-
stant (around 107 molec/cm3) during the early morning and the mid day until 15:00,
after which it began to decrease. MSA concentrations varied a bit over 106 molec/cm3

during the whole day, not showing any clear peaks. On this day, HOM concentra-
tions reached their maximum from the whole study period, as some of the identified
compounds had concentration values a little over 107 molec/cm3 and the sum of HOM
reaching for 4×107 molec/cm3. All the identified HOM also showed a clear pattern
following the nucleation event: starting to increase their concentrations before 6:00
and peaking around 12:00 when particle growth was at its most intense.

Because of the very high HOM and relatively high SA concentrations on 4th July,
the nucleation event was most probably initiated by ion-induced nucleation of SA and
ammonia (Schobesberger et al., 2015), ion-induced nucleation of SA and HOM (Ric-
cobono et al., 2014), and/or multicomponent nucleation of SA, HOM and ammonia
(Lehtipalo et al., 2018). Also IA and MSA could have had a small role in the first steps
of the particle formation. As well, as Kirkby et al. (2016) showed with laboratory
chamber experiments in CLOUD, HOM with concentrations of 107-108 molec/cm3 can
nucleate by themselves and create particles in low temperatures (the study was made
at a temperature of 4.85◦C). When carefully analyzing the meteorological parameters
and especially the temperature on 4th July, it can be noticed that the temperature
was relatively low, varying between 5-10◦C (Figure 4.2). Because of the high concen-
tration of HOM, this pure biogenic ion-induced nucleation of HOM was probably also
contributing to the formation of new particles on 4th July. It could be possible that
particle formation on this day could have been initiated even without the other precur-
sor gases being present. However, to prove this hypothesis more ambient measurements
on the same study site as well as perfect atmospheric conditions would be needed.

The particle growth rates for the two best NPF days (3rd and 4th July) (Figure
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4.6) were calculated from the particle measurements from NAIS, as well as from the
concentrations of the studied precursor gases. Calculation were made with the same
principles as in the similar study from Beck et al. (2021): the growth rate for SA was
obtained by taking into account the dipole-dipole enhancement (Halonen et al., 2019),
and because of lack of knowledge about the collision rates of the other precursor gas
molecules (MSA, IA, HOM), their growth rates were calculated similarly as Nieminen
et al. (2010). The total growth for both of these days obtained from NAIS (Figure 4.6).
This total growth was larger than can be explained with the measured condensable
gases (Figure 4.6). One reason for this is that the gas measurements for this study
only measured negative molecules. Due to this, all the possible compounds affecting
the particle growth in the positive polarity are missing and not taken into account. Also
this study takes only SA, MSA, IA and HOM into account for the particle growth, and
thus many other molecules which possibly can have an effect on the particle growth
have not been considered at all.

(a) (b)

Figure 4.6: Particle growth rates on 3rd July (a) and 4th July (b). Growth rates were calculated from particle
measurements of NAIS and from the concentrations of SA, MSA, IA and HOM.

From Figure 4.6 it can be seen that the total particle growth of both of these NPF
days was significant, as they grew up to 35-40 nm. On both event days, all precursor
gases (SA, MSA, IA and HOM) participated in the growth of the particles. Especially
SA and IA concentration were high on both days (Figures 4.3 and 4.5) reaching up to
106-107 molec/cm3, which is in line with earlier measurements from the same location
(Beck et al., 2021). However, the concentrations of these compounds alone cannot
explain the rapid and prominent growth of the particles. Consequently it is possible to
say that HOM must be taken into account for the particle growth. Especially on 4th

July HOM concentration were very high, over 107 molec/cm3 (Figure 4.5), and they
were responsible over 50% of the total particle growth on that day (Figure 4.6).

Figure 4.7 shows the size distributions of negative and positive ions, concentra-
tions of precursor gases and identified HOM as well as their sum on 7th July. Again,
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a clear band of higher concentration of ions of 20 nm in negative side can be seen
throughout the day, which is probably caused by impurities in the instrument. On this
day, the nucleation in the smallest sizes of ions cannot be seen. However ion growth can
still be found from 9:00 onwards. This is probably because the particles were formed
at an other location and then transported to the measurement location by an airmass.
In both polarities ions grew from around 4 nm at 9:00, reaching larger size up to 30 nm
just after 12:00. In positive polarity some ion nucleation can be seen in sub 3 nm sizes
12:00, but in such intensity as in the negative polarity.

Figure 4.7: Size distributions of negative ions (top plot), positive ions (middle plot) and concentrations of
aerosol precursors (bottom plot) during NPF event on 7th July. Concentrations of aerosol precursors contains
MSA (blue), SA (red), IA (yellow) and identified HOM on this day, as well as the sum of the identified HOM
(green). Identified HOM compounds are named after their masses, and their chemical composition can be seen
in Table 4.1.

From the Figure 4.7 can be seen that IA and SA concentrations stayed constant
around 106 molec/cm3 during the whole measurement period on that day. MSA had
a clear increase from 106 molec/cm3 to 107 molec/cm3 at 13:00. Concentrations of
different HOM varied between 105-106 molec/cm3. Sum of HOM stayed more or less in
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107 molec/cm3, and had a small increase around 13:00. When comparing this days NPF
event to the two other events (Figure 4.3 and Figure 4.5) the most notable difference
in precursors is the SA concentration, which is almost one order of magnitude smaller
here. This can be the reason for why there was no clear particle nucleation occurring on
7th July. The growth of the particles was most probably due the high concentrations of
HOM. However, like previously mentioned, MSA can affect the nucleation of particles
(Dawson et al., 2012), and in addition to that MSA may also have taken part in particle
growth together with HOM, which has been previously observed by (Beck et al., 2021).

Figure 4.8 shows the size distributions of negative and positive ions as well as
concentrations precursor gases and some of the identified HOM on 5th July. This was
one of the days when there was no NPF event occurring. The size distribution shows
some ions present in higher diameters (>10 nm) after midnight and on early morning
in both polarities. These ions were probably the result of the major NPF event from
the day before (Figure 4.5) which were still continuing to grow. The band of impurities
is again there in the higher diameters at the negative side. Around 15:00 a small spike
can be seen in both polarities, even though at this moment all the precursor gases had
quite low concentrations. Hence the increase in the ion concentrations was probably
not natural, but could be due to some pollution at the measurements site, for example
a vehicle driving past by, which was detected by the instrument as a increase in particle
concentration.

MSA, SA and IA had almost constant concentrations around and below of
106 molec/cm3 during the whole day, MSA being slightly higher than other two at
all times. Sum of the couple identified HOM was following the other precursor gases
with concentration of 106 molec/cm3. The lack of identified HOM on this day was due
the low signals of the compounds and the quality of the data. Lower concentration of
SA might be a reason to the eventless day, as it was much higher on the two strong
NPF event days (Figure 4.3 and Figure 4.5). The low SA concentration was probably
related to the lower shortwave radiation level during the day (Figure 4.2). Wind speed
on 7th July was also higher (varying between 5 and 12m/s) (Figure 4.2) than in the
days when there was new particle formation present. As discussed earlier, this can be
another reason besides the low precursor concentration that there was no NPF event
on this day.
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Figure 4.8: Size distributions of negative ions (top plot), positive ions (middle plot) and concentrations of
aerosol precursors (bottom plot) during NPF event on 5th July. Concentrations of aerosol precursors contains
MSA (blue), SA (red), IA (yellow) and identified HOM on this day, as well as the sum of the identified HOM
(green). Identified HOM compounds are named after their masses, and their chemical composition can be seen
in Table 4.1.

4.3 Arctic VOC as source of HOM

The offline VOC flux measurement which were conducted for a couple of days show
only a snapshot of the probable fluxes coming from the ecosystems surfaces. Table
4.2 shows the average fluxes from vegetation and soil during the whole whole study
period, (25th-30th June and 5th-11th July). The same average fluxes from all three
different surfaces is seen in Figure 4.9. Since the flux measurements were taken at
different locations (soil surface, vegetation surface and shore water) on different days,
there were no data which could cover all three surfaces from the same day. Besides that
there was no measurements done on 3rd or 4th July which would be the most prominent
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NPF event days. However, there was VOC flux measurement done on 7th July which
also had an NPF event occurring, even though it was the weakest event of all three.
Based on this, it can be suggested that the same VOC compounds were present during
the particle formations on 3rd and 4th July as on 7th July.

(a) (b)

(c)

Figure 4.9: Average VOC fluxes from the measurement period from soil surface (a), shore water (b) and
vegetation cover (c).

From the measurements the four most abundant VOC were found to be isoprene,
α-pinene, β-pinene and limonene. Highest VOC fluxes from vegetation cover and from
the soil were observed to be α-pinene and isoprene. α-pinene had a flux of 0.55µg/m2h
from soil surface and 1.74µg/m2h from vegetation surface, isoprene on the other hand
had a flux of 1.22µg/m2h from soil surface and 1.3µg/m2h from vegetation surface.
Previous studies from Mäki et al. (2019b) and Mäki et al. (2017) have been conducted
in Finnish boreal forest with similar flux measurement technique as in this study.
These measurements from the forest floor and forest soil show a similar pattern, where
α-pinene and isoprene are the most abundant VOC fluxes as well as β-pinene and
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limonene having much smaller fluxes. Figure 4.9 shows that fluxes from the shore
water showed that limonene was one of the highest VOC flux with isoprene and a-
pinene. The emission from the shore water are most probably from different algae,
which can emit many different VOC, and thus also containing plenty of limonene (Zuo,
2019).

This study is the first to report any VOC fluxes from Ny-Ålesund Svalbard, and
these flux measurements indicate that there were various VOC compounds present
during the measurement campaign. The detection of one of the most abundant VOCs
found in boreal forest in high Arctic was some what surprising, since it is a place devoid
of forests and much of other vegetation. But since the VOCs were detected there, it
indicates a high probability that the source of now and previously detected HOM there
could be traced to the VOCs emitted from the tundra. It can be assumed, that in the
Arctic tundra exists a significant local source of VOC, including α-pinene. Since all
the HOM identified in this study can be a result of oxidation processes of α-pinene,
it can be assumed that the most probable source of these HOM were the tundra and
water ecosystems nearby. Since the same set of HOM were observed during all the
NPF event days, it is very likely that they originate from the same source. Since the
number of measurement samples collected in each location was relatively small, the
results obtained are above all indicative. However, there is now evidence that there are
VOC emissions in this part of Arctic as well.

Previous studies have shown that these four compounds (especially α-pinene)
are capable to form HOM in suitable conditions (Ehn et al., 2014; Jokinen et al.,
2015a). Isoprene is known to form HOM with reactions with atmospheric NO3 as well
as by ozonolysis (Zhao et al., 2021; Jokinen et al., 2015a). Thus, they can also be the
origin of some of the HOM seen in the Arctic. Since the VOC to HOM pathway is
not all in all too well known, the exact formation mechanism of HOM in the Arctic
atmosphere needs more research. For the future studies ozone measurements from the
same locations would be preferable, as then the α-pinene ozonolysis could be studied
more. Future studies should also include permafrost sampling, since it is suggested that
thawing permafrost can be a probable VOC emission source in Arctic sites (Kramshøj
et al., 2018; Li et al., 2020).

Table 4.2 shows results of three VOC flux measurements in three different loca-
tions: in Hyytiälä Finland (Mäki et al., 2019b), Ny-ålesund Svalbard and Disko Island
Greenland (Lindwall et al., 2016). Measurements from Finland and Svalbard were
done using the same chamber technique, described in Section 3.2.1. Measurements
from Greenland were also collected with flux chambers, though with slightly different
details (Lindwall et al., 2016). The results from both Arctic sites show VOC fluxes
from a similar magnitude range, Svalbard having slightly higher fluxes of isoprene and
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α-pinene, and Greenland having a higher flux of limonene. Compared to measure-
ments from Finland, the most significant difference is α-pinene flux, being two orders
of magnitude higher than the fluxes from the Arctic. Isoprene fluxes were the most
similar between these three location. However the results in the Table 4.2 are not fully
comparable, since the measurements made in Finland and Greenland were done during
several of months in different seasons and the results are averaged from these, unlike
measurements from this study which were collected only during a couple of days dur-
ing Arctic summer. To make an accurate comparison of fluxes from different regions,
more long term measurements of VOC fluxes from Svalbard would be needed. Still,
indicative conclusions of Arctic tundra with soil and vegetation cover being a source of
VOC compounds can be drawn by comparing these results from different locations. In
the future, as the warming of Arctic areas intensifies, the increasing air temperature
will probably boost VOC emission, which can have positive effects for NPF events in
the Arctic.

Table 4.2: VOC fluxes (isoprene, α-pinene, β-pinene and limonene) from boreal forest soil and vegetation
from Finland (Mäki et al., 2019b), tundra soil and vegetation from Svalbard as well as tundra vegetation from
Greenland (Lindwall et al., 2016).

Finland Svalbard Greenland
Flux (µg/m2h) soil vegetation soil vegetation vegetation

Isoprene 0.98 1.60 1.22 1.52 0.58

α-pinene 31.35 14.68 0.56 1.74 0.05

β-pinene 0.70 0.30 0.01 0.02 0.03

limonene 0.49 0.29 0.03 0.03 0.36



5. Conclusions

The main goal of this thesis was to study how different aerosol precursors affect new
particle formation in a high Arctic location, focusing mainly on organic molecules,
HOM. Particle and ion concentrations were measured for ten days simultaneously with
aerosol precursor measurements. Over this time period off-line samples of VOC were
also collected at different ecosystems near the study location.

The results obtained from the ion size distribution and aerosol precursor concen-
trations support previous findings that during the Arctic summer in Svalbard there
is a prominent source of important inorganic condensable gases, SA, MSA and IA,
judging by their relatively high concentrations during the measurement period. Highly
oxygenated organic molecules, HOM, were also observed to have high concentrations
during the measurement period, which suggested a probable source of organics in this
location which is mostly devoid of forests and large vegetation. With the three NPF
event days which occurred during the measurement period, all the studied gases in-
creased in concentration during the events, suggesting that they play an important role
in the NPF events, forming new particles by nucleation and later growing them larger
in size by condensation. Especially HOM were found to play a significant role in the
growth of the newly formed particles due to their high concentration on NPF days.
The number of NPF events was probably restricted by the concentrations of the avail-
able precursor gases, which can be again limited by some meteorological parameters.
Like previous studies have shown, concentration of SA was dependent on the amount
of incoming solar radiation, thus all the NPF events happened during days when both
the SA concentration and solar radiation were high. The suggested sources of SA, MSA
and IA are in the ocean, which is why when the wind conditions were favorable and
the wind blew from the fjord, the concentrations of the gases were increased. Still,
when talking about ambient conditions, all of these parameters (the mixture of the
right amount of each condensable gas present at the right time as well as proper atmo-
spheric conditions) partially affect the creation of favorable or unfavorable conditions
for new particles to form. To get a clearer correlation between NPF days and precursor
gases, a longer data set would be definitely necessary.

During the NPF events, there was a high concentration of different HOMs present,

45
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which some of them were identified now for the first time in the Arctic. Some of these
HOM were noticed to be a possible product of α-pinene ozonolysis, which is one of
the main HOM formation pathways in boreal forests. With the conducted VOC flux
measurements, relatively large amounts of different VOC were found to be emitted
from the tundra vegetation, as well as from the soil and the ocean shore water. The
tundra emitted high amounts of α-pinene followed by isoprene, which suggests that
the source of the high concentration of HOM in the high Arctic summer can be in the
barren tundra terrain.

The main result of this thesis is now the suggested link between the VOC emis-
sions from the Arctic tundra and water as source of HOM measured in the same
location. This was first time ever when HOM compounds measured at such high lati-
tudes were identified, and linked to direct VOC emissions. Based on these interesting
links and findings of the thesis, more intensive VOC and HOM studies in the same
location are already planned in the coming years. This will help to gain more accurate
understanding of the reaction pathways of VOC to HOM conversion in the ambient
Arctic atmosphere, as well as their implication on NPF events and further to the Arctic
climate.
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