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Important abbreviations and nomenclature

AOD Aerosol optical depth
BVOC Biogenic volatile organic compound
CCN Cloud condensation nuclei
CO2 Carbon dioxide
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DMPS Differential mobility particle sizer
GPP Gross primary production
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RH Relative humidity
sCI Stabilized Criegee intermediate
SMEAR Station for measuring ecosystem–atmosphere relations
SO2 Sulfur dioxide
SOA Secondary organic aerosol
SZA Solar zenith angle
T Temperature
VOC Volatile organic compound
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Abstract

Feedback mechanisms between atmosphere and biosphere have a potential to mitigate cli-
mate change. The connection arises from the activation of photosynthesis due to rising CO2

concentration and air temperature, leading to enhanced emissions of biogenic volatile organic
compounds (BVOC). In the atmosphere, BVOCs can contribute to formation of stabilized
Criegee intermediates which, by oxidizing sulfur dioxide, can produce sulfuric acid. Sulfuric
acid and oxidized BVOCs are key components for formation and growth of aerosol particles,
which can act as seeds for cloud droplets. Cloud droplet number concentration, and hence
the properties of clouds depend on the concentration of aerosol seeds. Moreover, scattering
of solar radiation by aerosol particles and clouds can further intensify photosynthesis, since
diffuse radiation penetrates more evenly inside the canopy, but also mitigate global warming,
because the amount of incoming solar radiation is reduced.

In this thesis processes behind formation and growth of aerosol particles were analyzed by
determining the relevance of biotic stress induced emissions of BVOCs on atmospheric aerosol
load, and deriving a proxy for sulfuric acid with revised source and sink terms. Additionally,
the interactions between aerosol particles, clouds, and photosynthesis were studied by devel-
oping an algorithm for cloud type classification, and quantifying the effect of aerosol particles
and clouds on radiation and photosynthesis.

The main findings of the thesis are: 1) Though clear correlation between aerosol load and
intensity of biotic stress could not be observed in field data from Finnish Lapland, we found
indications of delayed induced stress effect, leading to elevated aerosol load for several years
after the most intense stress periods. 2) Inclusion of a term describing oxidation of sulfur
dioxide by stabilized Criegee intermediates in sulfuric acid proxies enables the estimation of
night and wintertime sulfuric acid concentration. Dimer formation term is important in pol-
luted environments where molecular clusters are formed rapidly. 3) The overall effectiveness
of the cloud algorithm to distinguish different cloud types was nearly 70 %. The dominating
cloud types in the measurement site in southern Finland are low level patchy and uniform
clouds. 4) In the boreal region, the ecosystem scale photosynthesis can be up to 30 % larger
in the presence of clouds compared to clear-sky and clean atmospheric conditions. The max-
imal enhancement in photosynthesis occurs when the fraction of diffuse radiation from global
radiation is 0.4–0.5.

The thesis covers several topics on aerosol–cloud–radiation interactions, shedding light on
versatile and complex interactions between the atmosphere and boreal forest ecosystem. Fur-
thermore, it provides tools for upcoming researches on atmospheric physics and chemistry.

Keywords: aerosol–cloud–radiation interactions, feedback loop, sulfuric acid, boreal forest,

biotic stress, volatile organic compounds, cloud type
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1 Introduction

Climate change driven by human activities during the last decades is nowadays a widely
researched and discussed theme. Past studies have already provided us with good
knowledge on greenhouse gas emissions and how they contribute to global warming,
but the impacts of climate change are still rather poorly understood (IPCC, 2021). This
stems from the complex interactions between atmosphere, biosphere, and hydrosphere.
They form a united system where any shift from the balance can create a long chain
of changes in numerous other variables, both amplifying or dampening the original
disturbance. Therefore, the attempts of predicting the future conditions require holistic
research and understanding of the interlinkages.

Kulmala et al. (2013) proposed a feedback mechanism between the terrestrial ecosystem
and atmosphere illustrated in Fig. 1a: the increasing atmospheric CO2 concentration,
and subsequent temperature rise, fertilize photosynthesis (Morison and Lawlor, 1999;
Fernández-Martínez et al., 2017; Zhang et al., 2017; Liu et al., 2019; Tharammal et al.,
2019), altering and promoting also the emissions of reactive gases from vegetation
(Fuentes et al., 2000; Peñuelas and Staudt, 2010). These gases, called biogenic volatile
organic compounds (BVOC), are oxidized rapidly in the atmosphere (Atkinson and
Arey, 2003; Mogensen et al., 2011, 2015), forming vapors that may participate in
aerosol formation and growth processes (e.g. Riipinen et al., 2011, 2012; Ehn et al.,
2014; Peräkylä et al., 2014; Riccobono et al., 2014; Patoulias et al., 2015). Depending
on the chemical and physical properties of the formed particles, they can act as cloud
condensation nuclei (CCN), i.e. surfaces on top of which water can condense, forming
cloud droplets (Merikanto et al., 2009; Kerminen et al., 2012; Scott et al., 2014; Riipinen
et al., 2015).

The number concentration of CCN affects the properties of forming clouds; in the areas
of high CCN concentration, water is distributed over a large number of nuclei, mak-
ing the formed cloud droplets small. Clouds with small cloud droplets are optically
brighter and have a longer lifetime compared to clouds with large cloud droplets, be-
cause small droplets have a higher surface area and it takes longer for them to reach
the size of a rain drop. Hence, clouds with small cloud droplets as well as optically
bright particles are efficient in scattering solar radiation back to space, and thereby
in mitigating the warming by greenhouse gases (Rosenfeld et al., 2014; Bellouin et al.,
2020; IPCC, 2021). Moreover, scattering increases the fraction of diffuse radiation
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from global radiation on the surface of the Earth, which further enhances the photo-
synthesis of forest ecosystems, since diffuse radiation can penetrate more evenly inside
the canopy (Paper I; Gu et al., 1999, 2002, 2003; Niyogi et al., 2004; Mercado et al.,
2009; Cheng et al., 2015, 2016). Thus, photosynthesis, enhanced by the increased CO2

concentration, is enhanced also by the presence of organic aerosol particles and clouds.
Figure 1a presents the original climate feedback loop proposed by Kulmala et al. (2013)
whereas Fig. 1b compiles ecosystem–atmosphere interactions more holistically, high-
lighting additionally the interactions touched by this thesis.

The emissions of BVOCs are modified, in addition to photosynthetic activity and tem-
perature, by plant stresses, such as drought, herbivory, and fungal infections (e.g.
Holopainen and Gershenzon, 2010; Peñuelas and Staudt, 2010). Stresses can increase
or decrease the emission rates of constitutively emitted BVOCs, or induce emissions
of stress-related compounds (Dudareva et al., 2006; Fineschi and Loreto, 2012; Faiola
and Taipale, 2020). Co-occurrence of stresses can have variant effects on the emissions
of BVOCs compared to single stresses, complicating the estimations of the emission
profiles (Dicke et al., 2009; Niinemets, 2010b). Climate change brings about alterations
in the environmental conditions, and therefore also the frequency and intensity of many
stresses are predicted to increase in the future, affecting thus the emissions of BVOCs
(Yuan et al., 2009; Peñuelas and Staudt, 2010; Holopainen et al., 2018).

The relevance of stress-induced emissions on atmospheric processes are poorly known
(Faiola and Taipale, 2020). In many laboratory (Joutsensaari et al., 2005, 2015; Hamil-
ton et al., 2009; Mentel et al., 2013; Yli-Pirilä et al., 2016; Zhao et al., 2017; Ylisirniö
et al., 2020) and modeling studies (Berg et al., 2013; Bergström et al., 2014; Taipale
et al., 2021) the herbivory-induced emissions have led to higher aerosol load compared
to the aerosol load from the emissions of control trees, although also opposing re-
sults exist (Faiola et al., 2018, 2019). Moreover, in some studies herbivory combined
with warming produced even larger increases in the emissions of BVOCs (Kivimäen-
pää et al., 2016; Zhao et al., 2017; Li et al., 2019). The lack of field measurements
demands urgently to study the importance of stress-induced emissions of BVOCs on
aerosol formation and growth processes, and the subsequent impact on terrestrial cli-
mate feedback mechanisms via formation and growth of aerosol particles (Paper II;
Faiola and Taipale, 2020; Yli-Juuti et al., 2021; Artaxo et al., 2022).

Atmospheric new particle formation (NPF) typically requires sulfuric acid (Nieminen
et al., 2014; Vakkari et al., 2015; Lehtipalo et al., 2018; Yao et al., 2018). Therefore,
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knowing its atmospheric concentration is of importance also in analyses of feedback
mechanisms involving aerosol particles and clouds. However, long-term sulfuric acid
concentration measurements are sparse due to its low atmospheric concentration and
only relatively recent development in measurement techniques (Junninen et al., 2010;
Mikkonen et al., 2011). To compensate the knowledge gap, several proxies have been
developed to estimate the ambient sulfuric acid concentration (Petäjä et al., 2009;
Mikkonen et al., 2011; Lu et al., 2019). More recent studies have shown that biogenic
or anthropogenic emissions of VOCs can modify the ambient sulfuric acid concentration
via formation of stabilized Criegee intermediates (sCI) (Mauldin III et al., 2012; Boy
et al., 2013; Percival et al., 2013; Sipilä et al., 2014), and that sulfuric acid dimer
formation is likely the first step of NPF (Almeida et al., 2013; Yao et al., 2018; Yan
et al., 2021). These new sources and sinks were not accounted for in the previous
sulfuric acid proxies, and thus a revision of current proxies is required for accurate
sulfuric acid concentration estimates, particularly since sulfuric acid concentration is
connected to the predicted changes in the emissions of BVOCs by climate change,
stresses, and feedback mechanisms due to formation of Criegee intermediates (Paper
III; Rose et al., 2021; Yang et al., 2021).

Aerosol–cloud–radiation interactions are associated with large uncertainties due to the
high variability in properties of aerosol particles (most importantly size, concentration,
and chemical composition) and clouds (type, height, location, and cloud droplet size
and phase), as well as in spatial distribution and time scales of different processes
(IPCC, 2021; Artaxo et al., 2022). Hence, in order to improve climate change predic-
tions, comprehensive understanding of the underlying processes is required: what is the
concentration, composition, and spatial variation of aerosol particles (Papers II–III),
how well do the particles and clouds scatter radiation (Papers I; IV), and what is
the response of boundary layer processes, including photosynthesis, to the changes in
irradiance (Paper I). This thesis aims to gain further insights into the individual steps
of feedback mechanisms, highlighted with green color in Fig. 1b, to quantify aerosol
and cloud driven changes on photosynthesis, and to provide new tools for research on
the topic. More specifically, the main objectives of this thesis are to

1. evaluate the impact of biotic stress on aerosol processes using field observations
from a pristine environment (Paper II).

2. improve the current sulfuric acid proxies by considering the influence of stabilized
Criegee intermediates and sulfuric acid dimer formation (Paper III).
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3. formulate an algorithm for cloud type identification, and to provide information
of cloud type fractions in southern Finland (Paper IV).

4. separate aerosol and cloud effects on radiation, and to quantify how changes in
radiation affect photosynthesis in boreal forests (Paper I).

Figure 1: (a) Illustration of terrestrial feedback loop as presented in Kulmala et al.
(2013). BVOC = biogenic volatile organic compound, SOA = secondary organic
aerosol, CCN = cloud condensation nuclei, CDNC = cloud droplet number concen-
tration, CS = condensation sink, Atot and Vtot = aerosol total surface area and volume
concentrations, Rdiff = fraction of diffuse radiation from global radiation, and GPP
= gross primary production. (b) Ecosystem–atmosphere interactions presented more
comprehensively. sCI = stabilized Criegee intermediate. Orange and green arrows in-
dicate increase, blue arrows decrease, and black arrows variant effects. Green arrows
highlight the interactions studied in this thesis.
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2 Scientific background

Forests cover 31 % of the Earth’s land area, and about 27 % of that is covered by boreal
forests, ranging approximately between 50°N and 70°N (FAO and UNEP, 2020). Forests
mitigate global warming by acting as carbon sink, but also through climate feedbacks
involving aerosol formation and growth from BVOC oxidation products (Spracklen
et al., 2008; Kulmala et al., 2020). Although VOCs are emitted to the atmosphere also
from anthropogenic sources, biogenic emissions dominate the total emissions globally
by one order of magnitude (Guenther et al., 2012). Globally, the most extensively
emitted BVOC is isoprene (C5H8, 50 % of emissions), which is commonly produced
by tropical forests, whereas the emissions from coniferous boreal forests are dominated
by groups of monoterpenes (C10H16, 15 %) and sesquiterpenes (C15H24, 3 %) (Rinne
et al., 2009; Guenther et al., 2012; Rantala et al., 2015; Artaxo et al., 2022).

2.1 Photosynthesis and BVOC emissions

In photosynthesis plants fix carbon dioxide (CO2) from the atmosphere in the presence
of light. Photosynthesis is strengthened by the increasing ambient CO2 concentra-
tion but also due to warming climate, which boosts the enzyme-controlled reactions
(Morison and Lawlor, 1999; Fernández-Martínez et al., 2017; Zhang et al., 2017; Liu
et al., 2019). Photosynthesis is also enhanced due to lengthening of the growing season
and migration of woody plant species both northward and upslope, allowing prominent
changes to the local vegetation diversity especially at high latitudes where the warming
is faster than the global average (Chmielewski and Rötzer, 2001; Peñuelas and Boada,
2003; Tape et al., 2006; Jump et al., 2009; IPCC, 2021; Sizov et al., 2021).

Plants allocate some of the carbon, fixed in photosynthesis, to the production of
BVOCs, which are emitted both by aerial and below ground plant parts. Plant species
have unique emission profiles, which are further modified by environmental conditions,
stresses, and even variations in genotypes, thus leading to thousands of different BVOCs
(Dudareva et al., 2006; Laothawornkitkul et al., 2009; Bäck et al., 2012; Guenther et al.,
2012; Fineschi et al., 2013; Monson, 2013; Aalto et al., 2014, 2015; Maja et al., 2014;
Faiola et al., 2015). The emissions of many BVOCs depend exponentially on tem-
perature due to increased enzyme activity, saturation vapor pressure, and diffusion of
compounds from leaf tissue (Tingey et al., 1991; Guenther et al., 1995; Fuentes et al.,
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2000; Li and Sharkey, 2013; Harley, 2013). However, the temperature dependency of
the emissions can naturally be exponential only if the plant is not damaged by the heat
(Kleist et al., 2012).

Elevated CO2 concentration may suppress the emissions of some BVOCs (Peñuelas
and Staudt, 2010; Holopainen et al., 2018). Particularly isoprene emissions have been
shown to decrease in exposure to elevated CO2 concentration (366–2500 ppm) (Peñuelas
and Staudt, 2010, Suppl., and references therein), because isoprene formation is then
uncoupled from photosynthesis (Wilkinson et al., 2009; Peñuelas and Staudt, 2010;
Calfapietra et al., 2013; Potosnak et al., 2014). In case of other BVOCs, only few
studies with divergent results exist (Peñuelas and Staudt, 2010; Calfapietra et al., 2013;
Holopainen et al., 2018). For example, in one study monoterpene emissions of Scots
pines (Pinus sylvestris) were not affected by the elevated CO2 concentration (700 ppm),
but increased significantly when air temperature was simultaneously risen (2–6 °C)
(Räisänen et al., 2008). In their study, temperature increase alone resulted in decrease
in monoterpene emission rate. In addition, many monoterpenes emitting trees have
special storage pools for monoterpenes, e.g. in resin ducts, and thus the compounds are
not necessarily emitted into the atmosphere instantly after the production, which can
partly explain why the effect of elevated CO2 concentration is not detected (Ghirardo
et al., 2010; Taipale et al., 2011; Calfapietra et al., 2013; Vanhatalo et al., 2018).

2.1.1 Plant stresses

Plants experience stress when they are exposed to unfavorable growing conditions such
as drought, heat wave and air pollution (abiotic stressors), or pathogens and herbivores
(biotic stressors) (Dudareva et al., 2006; Vickers et al., 2009). Stresses can induce
production of BVOCs, increase or decrease constitutive plant emissions, or turn off
emissions of some BVOCs (Dicke et al., 2009; Peñuelas and Staudt, 2010; Faiola and
Taipale, 2020). The modulations in BVOC emission profiles are part of a defense
response of plants, and thus help them to mitigate stresses (Holopainen, 2004, 2011;
Dudareva et al., 2006; Yuan et al., 2009; Fineschi and Loreto, 2012). The stress-induced
BVOCs can, for example, reduce oxidative stress of the leaf tissue by reacting with
oxidants, repel herbivores and pathogens, attract herbivore parasites and predators, or
even warn the neighboring trees of the stress (Dudareva et al., 2006; Mäntylä et al.,
2008; Yuan et al., 2009; Dicke and Baldwin, 2010; Holopainen and Gershenzon, 2010;
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Loreto and Schnitzler, 2010; Fineschi and Loreto, 2012; Holopainen and Blande, 2013;
Possell and Loreto, 2013; Trowbridge and Stoy, 2013; Koski et al., 2015). Due to their
multiple functions, stress-induced BVOCs are highly plant species and stress dependent
(Kesselmeier and Staudt, 1999; Vuorinen et al., 2007; Dicke et al., 2009; Niinemets,
2010b; Kreuzwieser and Rennenberg, 2013; Faiola and Taipale, 2020). Moreover, the
timing and duration, as well as stress severity impact the BVOC induction (Niinemets,
2010a,b; Niinemets et al., 2013; Miresmailli et al., 2012; Maja et al., 2014; Rieksta
et al., 2020). For example, boreal forest trees can suffer from a cold spell during
growing season but they are accustomed to cold temperatures during wintertime. Co-
occurring or successive stresses can modify the emissions of BVOCs in a different way
than the stresses individually, since plants may acclimate to stresses, or one stress may
lower plants’ tolerance for other stresses (Dicke et al., 2009; Niinemets, 2010b).

As a consequence of climate change, many alterations in the growing conditions are
occurring: temperature and CO2 concentration are rising, but also for example ozone
concentration, precipitation patterns, and nutrient, mainly nitrogen, availability may
change (Law and Stohl, 2007; Peñuelas and Staudt, 2010; Holopainen et al., 2018;
IPCC, 2021). Furthermore, warming climate enables migration of plant, herbivore and
pathogen species to areas where they did not thrive earlier (Ammunét et al., 2012;
Hunter et al., 2014; Pureswaran et al., 2015; Lehmann et al., 2020). These changes
may substantially alter the total amount and fractions of different BVOCs in the at-
mosphere. For example, emissions of BVOCs from biotically stressed plants are often
significantly increased compared to the emissions from stress-free plants (Joutsensaari
et al., 2005, 2015; Yli-Pirilä et al., 2016; Zhao et al., 2017; Kari et al., 2019; Li et al.,
2019; Rieksta et al., 2020), and simultaneous warming experiment have resulted in
strong increase in the emissions of BVOCs (Kivimäenpää et al., 2016; Zhao et al.,
2017; Li et al., 2019).

Mountain birch–autumnal moth relationship

Laboratory and modeling studies have found increase in aerosol load from the emissions
of biotically stressed trees due to higher concentrations and different blend of BVOCs
(Joutsensaari et al., 2005, 2015; Hamilton et al., 2009; Berg et al., 2013; Mentel et al.,
2013; Bergström et al., 2014; Yli-Pirilä et al., 2016; Zhao et al., 2017; Ylisirniö et al.,
2020; Taipale et al., 2021). However, in some studies the aerosol mass yield has de-
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Figure 2: Autumnal moth population density estimation near a measurement station
in Finnish Lapland in 1992–2016. The population density is estimated by counting the
found larvae in 10 minutes of search (see Sect. 3.2.4). Note that the y-axis is different
for the first three years due to the much higher population densities. The figure is
found in Paper II as Fig. 3a.

creased compared to the mass yield from BVOC emissions from healthy trees (Mentel
et al., 2013; Faiola et al., 2018, 2019). This has been related to the unfavorable blend
of BVOCs, since their ability to form suitable low volatility vapors is diverse. So far,
field studies on the effects of biotic stresses on aerosol processes do not exist, though
they are vital for validating the results of laboratory and modeling studies. Thus, this
thesis opens the field observation analyses on the topic, by studying formation and
growth of aerosol particles at a measurement site in Finnish Lapland where common
biotic stress is defoliation of mountain birches (Betula pubescens var. pumila, formerly
spp. czerepanovii) due to feeding by autumnal moth larvae (Epirrita autumnata, Lepi-
doptera: Geometridae) (Paper II). In the following paragraph, the selected herbivore
and tree species are introduced.

Autumnal moths are univoltine, meaning that they can have one generation per year,
moths that feed on deciduous trees and shrubs, but in the northern Fennoscandia their
main host plant is mountain birch (Haukioja et al., 1988). Autumnal moths overwinter
as eggs, hatch concurrently with budbreak, taking place in early June in the study area,
and start feeding on leaves (Kaitaniemi et al., 1997; Kaitaniemi and Ruohomäki, 1999).
Larvae go through five development stages, instars, within 4–7 weeks, after which they
pupate, and merge flying in August to breed (Kaitaniemi and Ruohomäki, 1999). In
the northern Fennoscandia, autumnal moths have about ten years long periodic cycle
in population density (Haukioja et al., 1988), which enables the investigation of periods
with different stress severity. Autumnal moth population density from the study site,
estimated with larval index (see Sect. 3.2.4), is presented in Fig. 2.

Yli-Pirilä et al. (2016) have studied emissions of BVOCs from mountain birches, in-
fested by autumnal moths, and ability of the emitted gases to produce secondary or-
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ganic aerosol (SOA) in laboratory conditions. They found that the SOA mass formed
from stress-induced emissions was up to 150-fold compared to emissions from control
trees. The emission rates of BVOCs from mountain birches depend on the level of
defoliation, and thus the number of larvae and their rate of feeding (Haukioja, 2003;
Yli-Pirilä et al., 2016; Taipale et al., 2021). However, in case of severe defoliation,
the total emissions of BVOCs can decrease due to extensive suppression of leaf area
(Taipale et al., 2021). The total level of defoliation in the northern Fennoscandia is
usually less than 15 %, though during severe mass outbreaks total defoliation and even
mortality of trees has occurred (Bylund, 1995; Tenow and Bylund, 2000). Additionally,
mountain birches have been shown to emit defense compounds for several years after in-
festation, indicating that they have an immunological memory for stresses (Kaitaniemi
et al., 1998; Ruuhola et al., 2007; Haapanala et al., 2009).

2.2 New particle formation

Atmospheric new particle formation is a process where new nanometer sized clusters
and particles are formed from gas phase precursors (Vehkamäki and Riipinen, 2012;
Kerminen et al., 2018). The precursor compounds produce first small molecular clus-
ters, which gradually grow into larger sizes. Though the mechanisms behind NPF vary
at different locations, commonly the initiation of NPF requires sulfuric acid (H2SO4),
stabilizing bases, such as ammonia (NH3) and amines, and organic compounds (Kul-
mala et al., 2014b; Lehtipalo et al., 2018; Olenius et al., 2018; Yan et al., 2021). Particles
reaching sizes of around 100 nm have a high climatic relevance since they may scatter
radiation or act as CCN (Kerminen et al., 2012; Riipinen et al., 2015; Bellouin et al.,
2020). Hence, NPF is the key linking precursor compounds to the climate feedback
mechanisms due to CCN production, cloud properties, and radiation interactions.

NPF occurs almost everywhere in the world, and it is a prominent source of small par-
ticles and CCN into the atmosphere (Kerminen et al., 2018). Small particles dominate
aerosol number concentration but due to their small size, aerosol mass concentration
is dominated by large particles (Kerminen et al., 2018). Depending on the field of
study, different variables are relevant in research. For instance, number concentration
of particles is an essential variable when studying cloud formation whereas mass con-
centration is relevant in air pollution and health related research (e.g. Kerminen et al.,
2012; Guo et al., 2014; Brauer et al., 2016).
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2.2.1 Organic compounds

Organic compounds from biogenic and athropogenic sources are oxidized in the atmo-
sphere most importantly by OH and NO3 radicals, and ozone (Atkinson and Arey, 2003;
Mogensen et al., 2011, 2015; Hellén et al., 2018). The oxidation products have lower
vapor pressures and are, therefore, less volatile, enabling some of them to contribute to
formation and growth of aerosol particles (Riipinen et al., 2011, 2012; Donahue et al.,
2013; Ehn et al., 2014).

The groups of BVOCs commonly emitted by boreal forest trees, monoterpenes and
sesquiterpenes, have oxidation products that are efficient in growing particles (Tunved
et al., 2006; Hao et al., 2009; Jimenez et al., 2009; Peräkylä et al., 2014, 2020; Heikki-
nen et al., 2020; Simon et al., 2020; Qiao et al., 2021), whereas the most common
BVOC, isoprene, have been shown to suppress NPF when found at high concentra-
tions (Kiendler-Scharr et al., 2009, 2012; McFiggans et al., 2019; Heinritzi et al., 2020).
Hence, boreal forests are an important source of SOA, and have considerable effect on
climate via terrestrial feedback mechanisms (Scott et al., 2018; Yli-Juuti et al., 2021).
Moreover, as described in Sect. 2.1, at high CO2 concentrations the emission levels of
isoprene may be lower than the present day levels, which thereby can enhance NPF
and growth of particles in the future.

2.2.2 Sulfuric acid

Sulfuric acid (H2SO4) is a key precursor for NPF, and hence knowing its atmospheric
concentration precisely is essential when studying atmospheric chemical and physical
processes. Sulfuric acid is formed from the oxidation of sulfur dioxide (SO2) by OH
radicals and stabilized Criegee intermediates, produced in the ozonolysis of alkenes
from biogenic or anthropogenic sources (Mauldin III et al., 2012; Boy et al., 2013;
Percival et al., 2013; Sipilä et al., 2014). The oxidation by OH radicals has been known
already for a long time, whereas the importance of oxidation by stabilized Criegree
intermediates was discovered more recently. Sulfuric acid is lost in formation and
growth of atmospheric aerosol particles by condensing due to the low vapor pressure of
sulfuric acid (Vakkari et al., 2015; Stolzenburg et al., 2020). Figure 3 illustrates sources
and sinks of sulfuric acid. Hence, sulfuric acid is linked to terrestrial climate feedback
mechanisms in two ways: due to production of Criegee intermediates from BVOCs,
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Figure 3: Schematic representation of sources and sinks of sulfuric acid. Various steps of
chemical reactions have been excluded in order to keep the illustration simple (double
arrows). OH radicals (A) are formed when ozone is dissociated by light, whereas
stabilized Criegee intermediates (B) are produced in the ozonolysis of alkenes. OH
and stabilized Criegee intermediates can oxidize sulfur dioxide (C), forming eventually
sulfuric acid (D). Dimer formation (E) and condensation on particles (F) are sinks for
sulfuric acid.

and contribution to aerosol formation and growth processes to form particles relevant
for cloud formation and scattering of solar radiation.

The ambient sulfuric acid concentration is low (104 − 107 molecules cm−3), which
makes sulfuric acid a difficult and expensive compound to measure, despite the devel-
opments in mass spectrometric instruments (Junninen et al., 2010; Mikkonen et al.,
2011). Therefore, especially long-term observations of sulfuric acid concentration are
sparse, and there is a demand for proxies estimating sulfuric acid concentration accu-
rately in different locations (Petäjä et al., 2009; Mikkonen et al., 2011; Lu et al., 2019).
As an example, in Paper II we used proxy by Petäjä et al. (2009) to estimate the
sulfuric acid concentration in Finnish Lapland as it was not measured at the station
during the time of the study (Jokinen et al., 2022).

Earlier proxies accounted for formation of sulfuric acid from oxidation of sulfur dioxide
by OH radicals, and loss due to condensing on preexisting particles (condensation sink,
CS) (Petäjä et al., 2009; Mikkonen et al., 2011; Lu et al., 2019). However, the recent
findings showing the relevance of Criegee intermediates for sulfuric acid formation, and
suggesting the dimer formation to be the first step of NPF (Almeida et al., 2013; Yao
et al., 2018; Yan et al., 2021), call for an addition of a new source and sink terms for
sulfuric acid in the proxies. Therefore, in Paper III we propose a revised sulfuric
acid proxy, and study the importance of different sources and sinks of sulfuric acid in
various environments.
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2.3 Aerosol–cloud–radiation interactions

The increasing atmospheric CO2 concentration has initiated a terrestrial feedback loop
where photosynthesis, first enhanced by increasing CO2 concentration and temperature,
is further enhanced due to aerosol–cloud–radiation interactions (Paper I; Kulmala
et al., 2004, 2013, 2014a; Arneth et al., 2010; Makkonen et al., 2012a; Paasonen et al.,
2013; Rap et al., 2018; Scott et al., 2018; Sporre et al., 2019; Yli-Juuti et al., 2021;
Artaxo et al., 2022). As described above, BVOCs emitted by forests can help in
forming and growing new aerosol particles but also contribute in the production of
another important precursor, sulfuric acid, via formation of Criegee intermediates.
When formed particles grow into sizes around 100 nm in diameter, they can alter
the radiative budget of the Earth directly by scattering solar radiation and indirectly
by acting as CCN, and thereby changing cloud formation and properties of clouds,
and linking eventually back to the ecosystem processes due to feedback mechanisms,
described in detail below (Merikanto et al., 2009; Kerminen et al., 2012; IPCC, 2021).

Cloud droplets form around CCN, which are seeds on top of which water condenses.
In high CCN concentration water is distributed over a large number of nuclei, leading
to small cloud droplets. These small cloud droplets have a high surface area, which
makes them scatter more light compared to larger and fewer in number cloud droplets
formed in areas with lower CCN concentration (Twomey effect) (Twomey, 1977). Thus,
small cloud droplets increase the albedo of clouds, which has a cooling effect on climate
(Paasonen et al., 2013; IPCC, 2021; Yli-Juuti et al., 2021). In addition, clouds with
small cloud droplets have longer lifetime because it takes then longer for small cloud
droplets to grow into rain drops, and eventually fall out from the sky (Albrecht effect)
(Albrecht, 1989; Gryspeerdt et al., 2014; Rosenfeld et al., 2014; Haywood et al., 2021;
IPCC, 2021). Hence, the clouds have a longer time span to scatter radiation, and
thereby they can further enhance the cooling effect by clouds.

Clouds interact also with long-wave thermal radiation emitted by the Earth. The
altitude and optical properties of clouds determine whether they are effectively cooling
the climate, i.e. scattering solar radiation and emitting long-wave radiation to space,
or whether they have a warming effect by passing most of the solar radiation and
emitting only little thermal energy to space (Schneider and Dennett, 1975; IPCC,
2021). Low level, optically thick clouds are efficient in cooling the climate, whereas
optically thin clouds at high altitudes have a net warming effect on climate. Cloud
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distribution over the Earth additionally affects their ability to cool the climate. Clouds
forming above surfaces with low albedo, such as oceans, can increase the albedo of the
area, and thereby increase the backscattering of solar radiation and help in mitigating
global warming. Thus, when considering also the Twomey and Albrect effects, CCN
concentration has an important role in cloud processes and can significantly contribute
to the radiative budget of the Earth.

Besides the impact on air temperature, scattering of solar radiation modifies the light
conditions on the Earth, which can affect the photosynthetic activity of vegetation
for several reasons. Firstly, under diffuse radiation conditions light saturation of the
upper leaves, meaning that they are exposed to excess energy which they cannot utilize
for photosynthesis, occurs seldom as radiation is distributed more evenly inside the
canopy (Gu et al., 2002). Secondly, diffuse radiation has been suggested to increase
light and water use efficiencies, which describe the efficiency to use incident light for
photosynthesis and water for metabolism, respectively (Gu et al., 2002, 2003; Cheng
et al., 2015, 2016; Kivalov and Fitzjarrald, 2019). Thirdly, partitioning of energy to
diffuse radiation can alter other environmental parameters, for example decrease air
temperature, leading to reduction in leaf and soil respiration (Gu et al., 1999, 2002,
2003). Hence, net carbon uptake in the ecosystem scale can be enhanced under diffuse
light conditions, i.e. in the presence of aerosol particles and clouds (Paper I; Gu et al.,
1999, 2002, 2003; Niyogi et al., 2004; Mercado et al., 2009; Cheng et al., 2015, 2016;
Kivalov and Fitzjarrald, 2019; Artaxo et al., 2022).

The radiative conditions on the Earth can additionally affect atmospheric photochem-
istry, and subsequently NPF (Dada et al., 2017). For example, formation of OH radi-
cals, needed for oxidation of e.g. sulfur dioxide and BVOCs into low volatility vapors
that can participate in NPF, requires UVB radiation, which is limited in the presence of
clouds (Petäjä et al., 2009; Peräkylä et al., 2014). Therefore, the emissions of BVOCs,
NPF and CCN production are crucially linked to clouds as well as ecosystem processes
(Fig. 1b). To further increase understanding on aerosol–cloud–radiation interactions,
and to improve analyses on the effects of clouds on boundary layer processes, an algo-
rithm for cloud type classification is developed in Paper IV.
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2.3.1 Cloud type classification

Because different cloud types have variant impacts on many processes occurring in
the boundary layer, these processes need to be studied considering also the presence of
clouds. In comprehensive data analysis, based on long-term data sets, automated cloud
classification is necessity since the algorithms produce data inexpensively, and with high
temporal and spatial resolution, compared to human observations. Several types of
instruments can provide data for classification algorithms, including both ground-based
and satellite instrumentation (Tapakis and Charalambides, 2013). The feasibility of the
instrumentation for the algorithm depends on the application of the cloud classification.
For example, satellite instrumentation capture large scale phenomena while algorithms
based on ground-level observations can describe local variation in cloudiness (Tapakis
and Charalambides, 2013).

A simple cloud algorithm based on the existing instrumentation of a measurement
station in southern Finland is developed in Paper IV for ecosystem–atmosphere in-
teraction studies. The algorithm is an adaptation of the work by Duchon and O’Malley
(1999), where different types of clouds were distinguished by their ability to attenu-
ate global radiation and cause temporal fluctuations in global radiation. In Paper IV
cloud base height data from a ceilometer is added to the algorithm, enabling to increase
the number of different cloud classes, as clouds with similar features on radiation can
be distinguished. Radiation and cloud base height measurements are rather common
at different measurement sites, and therefore the cloud algorithm may also be used in
other environments (Illingworth et al., 2007; Tapakis and Charalambides, 2013).
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3 Materials and methods

This thesis is based on data collected at several field stations, located both inside and
outside of the boreal region. In the following sections, the stations (Sect. 3.1), the
used instrumentation (Sect. 3.2), and the calculation of derived variables (Sect. 3.3)
are introduced.

3.1 Measurement stations

The key measurement stations of this thesis are SMEAR I (Papers I–II) in eastern
Finnish Lapland and SMEAR II (Papers I; III–IV) in southern Finland. They are
described here in detail, whereas other stations located in various environments ranging
from Siberian taiga to the megacity of Beijing (Papers I; III) are briefly introduced.

3.1.1 SMEAR I

SMEAR (Station for Measuring Ecosystem–Atmosphere Relations) sites have been
established for comprehensive monitoring of atmospherical and ecological variables,
aiming for better understanding of versatile interactions occurring in nature (Hari et al.,
2013). SMEAR I is located in Värriö strict nature reserve in eastern Finnish Lapland
(67°44’N, 29°37’E). There are only minor local pollution sources, though occasionally
pollution from industrial areas in Kola peninsula in Russia are transported to the
station (Kyrö et al., 2014; Sipilä et al., 2021). The atmospheric measurements are
conducted on top of Kotovaara hill (390 m a.s.l.), which is surrounded by about 70-
years-old Scots pine (Pinus sylvestris) dominated forest with average canopy height of
10 m. Nearby there are also several fells (the closest is Värriö I, about 1.5 km south-
west from Kotovaara) with slopes forested by mountain birches. The coldest month is
January (average temperature −11.4 ◦C) and the warmest is July (13.1 ◦C). The sun
does not set approximately between 27 May and 15 July.

3.1.2 SMEAR II

SMEAR II site is located in Hyytiälä in southern Finland (61°51’N, 24°17’ E, 181 m
a.s.l.). SMEAR II is a rural background measurement site. The closest city (Tampere,
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240 000 inhabitants) is located about 50 km south-west from the station. Other local
pollution sources are sawmills, the closest locating about 6 km south-east from the
station. The forest around the station is dominated by about 60-years-old Scots pines
with canopy height of about 20 m. The coldest month is January (−7.2 ◦C) and the
warmest is July (16.0 ◦C).

3.1.3 Other stations

In Paper I data from SMEAR Estonia (Järvselja, Estonia) as well as two stations
in Siberia: Zotino (Krasnoyarsk region, Russia) and Fonovaya (Tomsk region, Russia)
were included in the analysis. SMEAR Estonia is located in the hemiboreal region.
The forest around the station is mixed, containing Scots pine, Norway spruce (Picea
abies), silver birch (Betula pendula), and downy birch (Betula pubescens). The station
in Zotino is surrounded by old-grown Scots pine forest, whereas the forest in Fonovaya
is mixed containing Scots pines, birch (Betula verrucósa), and aspen (Populus tremula).

In the development of sulfuric acid proxies (Paper III), we used also data from Agia
Marina (Cyprus), Kilpilahti (Finland), and three different sized cities: SMEAR III
in Helsinki (Finland), Budapest (Hungary), and Beijing (China). The site in Agia
Marina is a rural background station, while measurements in Kilpilahti were collected
in an industrial area near an oil refinery. SMEAR III is an urban background station,
whereas the measurement platform in Budapest is in the city center, and in Beijing
near a busy street.

3.2 Key measurements

The results of this thesis are based on versatile measurements, including in-situ and
remote-sensed aerosol data, radiation and cloud parameters, as well as phenological
data on herbivore population densities. In this section, the key instrumentation is
outlined topic-wise.
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3.2.1 Aerosol particles

At SMEAR sites, aerosol number size distribution is measured with differential mobil-
ity particle sizer (DMPS) (Aalto et al., 2001). It consists of two differential mobility
analyzers (DMA), which employ an electric field to select certain sized particles. The
size selection is based on the electrical mobility of particles, charged with a radioactive
source. The separated particles are then transported to condensation particle counters
(CPC), where the particles are grown by condensation of butanol. After that the par-
ticles can be counted optically by directing them through a laser beam and measuring
the scattered radiation. At SMEAR I, the lower cut-off size of the DMPS system was
decreased from 8 nm to 3 nm in 2003, and the higher cut-off size increased from 500 nm
to 850 nm in 2005. At SMEAR II, the measured size range is from 3 nm to 1 000 nm.
Aerosol size distribution data from SMEAR I was used in Paper II. In Papers I–III,
growth and formation rates as well as condensation sink, derived from the number
size distribution data (see Sect. 3.3), were utilized. Aerosol total concentration data
in Paper II was obtained as an integral over the DMPS size distribution data, and
additionally from a separate CPC set to measure outdoor air without size selection.

Aerosol optical depth (AOD) and precipitable water (PW) are retrieved from spectral
solar and sky radiation measurements by ground-based sun photometer (Cimel) con-
ducted by AERONET (Holben et al., 1998). Version 2, level 2 (quality assured and
cloud screened) data was used. AOD and PW were employed in the Solis clear-sky
model (see Sect. 3.3.2), which was used in the clear-sky analysis (Paper I) and in
derivation of parameters for the cloud classification algorithm (Paper IV).

3.2.2 Trace gases

The concentration of sulfuric acid in Paper III is measured with chemical ionization
atmospheric-pressure-interface time-of-flight mass spectrometer (CI-APi-TOF). The
instrument applies chemical ionization by nitrate ions NO3

– to charge the molecular
clusters in the sample (Jokinen et al., 2012). The sample ions are guided through a
quarupole chamber, which focuses the beam for the time-of-flight mass analyzer. The
mass spectrum of the sample is hence calculated based on the time the ions spend in
the flight tube, the elapsed time being longer for molecules with a larger mass-to-charge
ratio. The time-of-flight mass spectrometers have a high resolving power, which allows
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them to identify isobaric compounds, i.e. compounds with a similar nominal mass but
with a different molecular formula. The data of CI-APi-TOF is analyzed using tofTools
package on MATLAB software (Junninen et al., 2010).

VOC concentrations in Paper III are measured with quardrupole proton-transfer reac-
tion mass spectrometer (PTR-MS, Ionicon Analytik GmbH) at SMEAR II (Lindinger
and Jordan, 1998). The instrument ionizes water vapor to produce hydronium ions
(H3O+), which are used for chemical ionization of VOCs via proton transfer from the
hydronium ions. The charged VOCs are guided through a quadrupole chamber, and are
detected based on their mass-to-charge ratio. Instead of solving the full mass spectrum
of the sample, the quadrupole mass spectrometers can only scan over predetermined
mass-to-charge ratios. The resolving power of quadrupole mass spectrometers is lower
than that of time-of-flight mass spectrometers, and therefore they cannot separate nei-
ther isobaric or isomeric (e.g. different monoterpenes) compounds. The PTR-MS at
SMEAR II is calibrated regularly as described in Taipale et al. (2008). The instrument
measures continuously concentrations of various VOCs from several heights between
4.2 m and 125 m, but in Paper III data measured at 16.8 m was used. Because the
instrument is additionally used for measuring VOC concentrations from soil and shoot
chambers, the atmospheric concentrations are measured only every third hour.

SO2 concentration, used in sulfuric acid proxy (Paper III) and in Paper II, is mea-
sured with pulsed fluorescence analyzer (Thermo Fisher Scientific, USA) at SMEAR
sites and in Beijing. The detection limit of the instrument is 0.1 ppb. Ozone con-
centration, used for Criegee radical estimation, is measured with UV absorption gas
analyzers (Thermo Fisher Scientific, USA) at SMEAR sites and in Beijing (Paper
III). The detection limit of the instrument is 1 ppb.

3.2.3 Radiation

Global and UVB radiation are measured with pyranometers in energy units (Wm−2)
(Papers I–IV). Photosynthetically active radiation (PAR), the part of global radiation
relevant for photosynthesis (400–700 nm), is measured with quantum sensors (there-
fore called also photosynthetic photon flux density, PPFD), and is hence reported in
quantum units (μmol s−1 m−2). Except for SMEAR II and SMEAR Estonia, at the
measurement stations in Paper I only either PAR or global radiation was measured.
Therefore, to be able to compare global radiation measured by pyranometers and PAR
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measured by quantum sensors, we applied quantum efficiency χ for the conversion. It
was obtained from the measurements from SMEAR II by dividing observed PAR val-
ues with observed global radiation measurements (Ross and Sulev, 2000). The mean
value over growing season was χglob = 2.06 μmol s−1 W−1, which was then used in the
conversion between PAR and global radiation.

3.2.4 Autumnal moths

Population density of autumnal moths in Paper II was estimated in three ways: 1)
time-relative collection method, 2) collection with a net, and 3) catching with light
traps. In time-relative collection a ”larval index” was obtained by counting autumnal
moth larvae found from mountain birch branches in 10 minutes of search (Klemola
et al., 2016). The search was conducted once per year. With the second method,
autumnal moth larvae were collected approximately every fifth day by sweeping with
a net 100 times from mountain birch branches and another 100 times from bilberry
branches on the northern slope of Värriö I fell (Fig. 4a). All the found caterpillars were
counted, but autumnal moths is by far the most common species in the area (Hunter
et al., 2014). These two methods count the autumnal moth larvae, whereas the third
method is based on attracting adult moths into a light trap (Fig. 4b). Light traps
consist of bright light (500 W, switched on between 20:00 and 08:00) on top of a funnel
which directs nocturnal moths into a catch (Leinonen et al., 1998; Hunter et al., 2014).
The caught moths are stored, and later separated to species and counted.

3.2.5 Other measurements

Cloud base height used in Paper IV was retrieved from ceilometer data (Vaisala
CL31). The ceilometer can detect up to three cloud layers, with a maximum detection
height of 7 500 m, from the back-scattering profile of a laser pulse. Fully or partially
obscured data points have been removed from the analysis to prevent bias in cloud
base height measurements.

Ecosystem scale photosynthesis is quantified by gross primary production (GPP), which
describes the amount of carbon fixed by the ecosystem from the atmosphere. GPP
in Paper I is calculated from total ecosystem respiration (TER) and net ecosystem
exchange (NEE), obtained from eddy covariance (SMEAR and Zotino stations) or
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Figure 4: Collection of autumnal moths for population density estimation by (a) sweep-
ing with a net, and (b) with Jalas model light trap. Figures courtesy of Veli Pohjonen
(a) and Esko Karvinen (b). The figures are found in Paper II as Fig. 1c and 1d.

gradient method (Fonovaya station) measurements as

GPP = TER− NEE (1)

(Kolari et al., 2009). TER is determined from nighttime CO2 flux partitioning using
soil (SMEAR I and II) or air temperature (SMEAR Estonia, Zotino and Fonovaya)
(Reichstein et al., 2005; Kolari et al., 2009).

3.3 Derived variables

3.3.1 Growth rate, formation rate, and condensation sink

Growth rate (GR) and formation rate (J) are measures of NPF events. Growth rate
describes how fast newly formed particles grow into larger sizes, and formation rate
quantifies how fast particles are formed, i.e. the strength of the NPF event, which is
why they are used in Paper II when assessing the effects of biotic stresses on aerosol
processes. Condensation sink in turn characterizes aerosol population and its ability
to act as condensing surface for low-volatility vapors that could potentially contribute
to NPF. All of these variables are derived from aerosol number size distribution data
(Kulmala et al., 2012). NPF event classification in Paper II was determined from
DMPS data using the method suggested by Dal Maso et al. (2005).
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Growth rate is obtained by fitting log-normal distributions to the particle distribution
modes, and calculating the geometric mean diameters of the fits. Growth rate is then
the slope of line fitted to the mean diameters (Kulmala et al., 2012). Formation rate
is the rate at which particles grow through a certain size range:

JDP
=

dNDP

dt
+ CoagSDP

·NDP
+

GR

ΔDP

+ Slosses, (2)

where dNDP
/ dt describes the time evolution of the particle number concentration,

CoagSDP
·NDP

determines the loss of particles due to coagulation with other particles,
GR/ΔDP accounts for growth of particles to larger sizes, and Slosses describes other
possible loss terms (Kulmala et al., 2012). DP refers to the diameter of a particle. In
Paper II growth and formation rates were calculated for 8–25 nm sized particles.

The condensation sink is calculated as:

CS = 2πDv

∫ DP,max

0

DPβN(DP)dDv, (3)

where Dv is the diffusion coefficient of the condensing vapor (sulfuric acid), β is Fuchs–
Sutugin coefficient, and N(DP) is the number size distribution of particles (Kulmala
et al., 2012). In Paper III condensation sink was calculated without correction for
hygroscopic growth (Laakso et al., 2004), though for SMEAR II the proxy was addi-
tionally derived using corrected condensation sink.

3.3.2 Solis clear-sky model and cloudiness

Solis clear-sky model determines the theoretical intensity of global radiation on a hor-
izontal surface at ground-level in cloud-free conditions:

Igh = Rg,mod = I ′0 · exp
( −τg
cosg(SZA)

)
cos(SZA). (4)

For direct radiation, the equation becomes:

Idir = I ′0 · exp
( −τb
cosb(SZA)

)
. (5)

I ′0 is the AOD and PW modified solar flux density at top of the atmosphere, τg and τb

are the global total and direct optical depths, g and b are AOD and PW related fitting
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parameters, and SZA is solar zenith angle (Ineichen, 2008). Diffuse radiation can be
modeled as a difference between horizontal and direct irradiances:

Idh = Rd,mod = Igh − Idir cos(SZA). (6)

In Paper I clear-sky cases were determined using two conditions: the ratio of mea-
sured global radiation to the modeled clear-sky radiation at the top of the atmosphere
(Rg,meas/Rg,mod ≥ 0.9) and the ratio of measured diffuse radiation to the modeled dif-
fuse radiation (0.8 ≤ Rd,meas/Rd,mod ≤ 1.2). Using only global radiation criterion,
cloudy points could still interfere the results due to global radiation enhancement oc-
curring in the cloud droplets (Pecenak et al., 2016). In this case, global radiation is
close to the theoretical maximum, but diffuse irradiacnce is still increased due to the
presence of clouds.

Transmittance and patchiness

The development of the cloud algorithm in Paper IV was based on three parame-
ters: measured cloud base height, transmittance and patchiness. Transmittance and
patchiness are derived from the Solis clear-sky model and measured global radiation as
follows. Transmittance quantifies how much radiation is penetrated through clouds:

TR =

〈
Rg,meas

Rg,mod

〉
21min

. (7)

It is determined as a 21 min running average. The length of the time interval comes
from empirical experience: a few tens of minutes is a relevant time scale for clouds
because then one time interval is not described by only one passing cloud nor is the
time so long that the cloud type is changed within one interval (Duchon and O’Malley,
1999).

Patchiness describes the variability in the cloud layer. As an example, it is high for cu-
mulus clouds, which create sharp cloudy–cloud-free patterns. Patchiness is the running
standard deviation of scaled measured global radiation:

PA = σ

(
1 400 Wm−2 ·Rg,meas

Rg,mod

)
21min

. (8)

The radiation was scaled because the oscillations in radiation are different in different
times of day due to changing amount of incoming radiation. 1 400 Wm−2 was selected
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as it is slightly higher than the theoretical maximum radiation (Duchon and O’Malley,
1999).

The data by the cloud algorithm is valid for moments when SZA is less than 70°. With
larger SZA, the global radiation measurements can be biased, and therefore cannot
reliably be used for cloud detection. In case of SMEAR II, the solar zenith angle
limit leads to exclusion of wintertime data from the middle of October to the end of
February.

3.3.3 Sulfuric acid proxies

Petäjä et al. (2009) formulated the first sulfuric acid proxies based on measurement
data from SMEAR II. Their proxies accounted for sulfuric acid formation from the
oxidation of sulfur dioxide by OH radicals and loss of sulfuric acid due to condensing
on preexisting particles (CS):

d[H2SO4]

dt
= k[SO2][OH]− CS[H2SO4], (9)

where k is an empirically derived scaling factor. The authors confirmed the results
by Berresheim et al. (2002) and Rohrer and Berresheim (2006) showing that OH con-
centration correlates well with UVB and global radiation, and hence in the absence of
measurements, OH concentration can be estimated using UVB or global radiation. In
Paper II we used the UVB radiation based proxy for estimating sulfuric acid concen-
tration in Värriö.

In Paper III, we performed a revision of the sulfuric acid proxies, and added terms de-
scribing sulfuric acid formation due to oxidation of sulfur dioxide by stabilized Criegee
intermediates and loss due to dimer formation. The proxy was derived using global
radiation (Fit 1):

d[H2SO4]

dt
= k1[SO2]Rg,meas + k2[SO2][O3][Alkenes]− CS[H2SO4]− k3[H2SO4]

2. (10)

We assumed steady state conditions, meaning that the sources and sinks of sulfuric
acid are in balance at short time scales, in which case the left side of Eq. (10) could
be assigned to zero. The equation was then solved for sulfuric acid concentration, and
thereby an equation for modeled sulfuric acid concentration was reached:

[H2SO4]proxy = −CS

2k3
+

√(
CS

2k3

)2

+
[SO2]

k3
(k1Rg,meas + k2[O3][Alkene]). (11)
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Measured sulfur dioxide, ozone and alkene concentrations, condensation sink and global
radiation were given as input for the proxy, which was compared with the measured
sulfuric acid concentration to find the fitting coefficients k1, k2 and k3. The search
for the optimum values for the fitting coefficients was done by minimizing the sum
of squared logarithm of the ratio between the modeled and measured sulfuric acid
concentration using MATLAB’s built-in function fminsearch (Lagarias et al., 1998).

At SMEAR II the most common alkenes are monoterpenes (Rinne et al., 2005; Hellén
et al., 2018) and in Beijing alkenes from anthropogenic emissions (Li et al., 2015).
Here we used butylene, butadiene, isoprene, pentene, and hexene. In Agia Marina and
Budabest VOCs were not measured, and hence for those sites the Criegee term was
excluded from the analyses (see Fit 2 below, Eq. 12).

To estimate the importance of Criegee and dimer formation terms in sulfuric acid
proxies, three additional proxies without these terms were fitted: 1) a proxy without
the Criegee term (Fit 2):

d[H2SO4]

dt
= k1[SO2]Rg,meas − CS[H2SO4]− k3[H2SO4]

2, (12)

2) a proxy without the dimer formation term (Fit 3):

d[H2SO4]

dt
= k1[SO2]Rg,meas + k2[SO2][O3][Alkenes]− CS[H2SO4], (13)

and 3) a proxy without either of those terms (Fit 4):

d[H2SO4]

dt
= k1[SO2]Rg,meas − CS[H2SO4]. (14)

Additionally, the sulfuric acid proxies by Petäjä et al. (2009) (Eq. 4 therein) and
Mikkonen et al. (2011) (Eq. 11 therein) were compared with the formulated proxies.
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4 Overview of key results

4.1 Can stress-induced emissions of BVOCs increase the ambi-
ent aerosol load?

Organic compounds emitted by forests compose a large fraction of aerosol mass in
the boreal region (Tunved et al., 2006; Jimenez et al., 2009). Laboratory and model-
ing studies investigating biotic stresses have suggested enhanced SOA mass yield from
stress-induced emissions of BVOCs, though the magnitude of the increase varies, and
some studies have even shown decrease due to alterations in BVOC emission blend
(Joutsensaari et al., 2005, 2015; Hamilton et al., 2009; Berg et al., 2013; Mentel et al.,
2013; Bergström et al., 2014; Yli-Pirilä et al., 2016; Zhao et al., 2017; Faiola et al., 2018,
2019; Ylisirniö et al., 2020; Taipale et al., 2021). Therefore, in Paper II, 25 years of
field data comprising several aerosol related variables, temperature, relative humidity,
radiation and trace gases was analyzed to determine whether enhanced aerosol pro-
cesses could be observed during or after intensified biotic stress events. Because VOCs
were not measured at the station, the possible elevation in VOC concentration due
to stress-induced emissions of BVOCs could not be distinguished directly, but rather
we searched for a relation between autumnal moth population density and aerosol
variables.

We could not find a clear correlation between the number of NPF event days, aerosol
number concentration, or formation and growth rates and autumnal moth population
density. However, we found some evidence showing that the aerosol load could be
higher a few years after the peak population densities, indicating of a possible delayed
induced stress effect of mountain birches (Kaitaniemi et al., 1998; Ruuhola et al.,
2007) (Fig. 5). The low correlation between aerosol-derived variables and autumnal
moth population density could result from the small biomass of mountain birches at
the site combined with relatively low autumnal moth population densities during the
study period. Taipale et al. (2021) used a model to study how various biotic stresses
affect aerosol particle concentration in different environmental conditions. They found
that a mountain birch stand infested by autumnal moths could lead to higher aerosol
particle concentration, though the effect is considerably higher in for example oak forest
infested by European gypsy moth (Lymantria dispar) in central European conditions.
The leaf area index (LAI) used in Taipale et al. (2021) for a mountain birch stand
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Figure 5: June–July daytime (9:00–17:00 UTC+3) (a) total particle concentration and
(b) concentration of CCN sized particles (70–500 nm) from low (Low) and high (High)
autumnal moth population density years, from the first three years the peak population
densities (1-3 yr), and from those three years separately (1 yr, 2 yr, and 3 yr). The
figure is found in Paper II as Fig. 8.

was 2 m2m−2, which is in the higher end of estimated LAI values by Dahlberg et al.
(2004, and references therein) (1.44–2.06 m2m−2) and Heiskanen (2006) (0–2.7 m2m−2,
mean 0.76 m2m−2), which could at least partly explain the observed increase in aerosol
particle concentration in the modeling results.

Organic compounds from vegetation and sulfuric acid are both prominent factors af-
fecting aerosol formation and growth processes. In Paper II, the relation between
sulfuric acid and total particle concentration with respect to autumnal moth popula-
tion density was determined to analyze their relation at SMEAR I. We also wanted to
ensure there were not such changes in the relation that would affect the conclusions of
the data analysis. Sulfuric acid concentration was estimated using the proxy by Petäjä
et al. (2009). Paper III shows that the proxy underestimates the daytime values at
SMEAR II, and the same could be true for the SMEAR I site. However, in Paper
II the study period comprised only June and July, and therefore almost during the
whole measurement time there was constant sunlight which, in theory, could increase
the performance of the proxy. On the other hand, the proxy was not originally derived
for SMEAR I, and thereby the fitting parameters could be different for the SMEAR
I site. In Paper III, the parameters for different environments were mostly within a
factor of 10 from each other. Furthermore, also the condensation sink is low at the
study station which can bias the proxy values (Petäjä et al., 2009). Hence, the low
correlation found between sulfuric acid concentration and aerosol total particle concen-
tration could at least partially be explained by the discrepancies in the sulfuric acid
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concentration estimates. Clear relation to autumnal moth population density was not
detected.

4.2 How do different source and sink terms contribute to the
estimated sulfuric acid concentration?

As sulfuric acid is one of the key components in NPF, information of its atmospheric
concentration is valuable in research related to atmospheric chemistry and physics.
However, the measurements of sulfuric acid concentration are rather sparse, and hence
the concentration is often estimated with a proxy, which is an equation derived from
the main sources and sinks of sulfuric acid. In Paper III, a sulfuric acid proxy ac-
counting for formation of sulfuric acid from oxidation of sulfur dioxide by OH radicals
and stabilized Criegee intermediates, and loss by condensing on preexisting particles
and dimer formation was formulated. The proxy was tested in different environments,
showing good correlation with measured sulfuric acid concentration, and the impor-
tance of different source and sink terms were determined.

We found that oxidation by stabilized Criegee intermediates was an important source
of sulfuric acid during nighttime (Fig. 6a), and in fact crucial for estimating sulfuric
acid concentration during dark hours at least in the environments where we had VOC
measurements and formation of Criegee intermediates could be estimated. OH is a
short-lived oxidant that is formed in the presence of sunlight. Therefore, OH radicals
do not exist during dark hours, and proxies based only on the formation of sulfuric
acid from OH oxidation of sulfur dioxide cannot estimate the concentrations of sulfuric
acid during dark hours.

Dimer formation was found to be increasingly important when shifting from rural to
urban environments (Fig. 6b), resulting probably from high concentrations of sulfuric
acid monomers and stabilizing bases (Yan et al., 2018; Yao et al., 2018). At SMEAR II,
the relative contribution of the sink terms stayed rather constant throughout the year
while in Beijing the strength of the condensation sink term increased during winters,
which likely corresponds to the higher particle pollution occurring during winters. On
a daily scale, the condensation sink term was more important during nights at both
sites highlighting the importance of daytime cluster formation and higher nighttime
condensation sink due to boundary layer dynamics (Kulmala et al., 2012). The diur-

35



Figure 6: (a) Diurnal variations of measured and predicted sulfuric acid concentrations
using different proxies fitted with data from SMEAR II. Calculated condensation sink
has been corrected for hygroscopic growth. Fit 1 includes sulfuric acid formation by
OH and stabilized Criegee intermediates (terms k1GlobRad[SO2] and k2[SO2][O3][A]

in subplot b), and loss by condensation and dimer formation (terms CS[H2SO4] and
k3[H2SO4]

2 in subplot b). Fit 2 does not have Criegee term, Fit 3 dimer formation term,
and Fit 4 neither of them. Petäjä refers to proxy by Petäjä et al. (2009), and Mikkonen
to proxy by Mikkonen et al. (2011). (b) The relative fractions of different source and
sink terms displayed for all measurement stations. Notice that at Agia Marina and
Budabest sites VOCs are not measured, and therefore the Criegee intermediate term
is not shown. Boreal = SMEAR II, Rural = Agia Marina, Urban = Budabest, and
Megacity = Beijing. Figure (a) is found in Paper III as Fig. S12, and (b) as Fig. 11a.

nal variation of the source terms displays the importance of daytime radiation driven
formation of sulfuric acid due to oxidation by OH radicals, and nighttime formation
due to Criegee intermediates, as expected.

Stabilized Criegee intermediates are formed in the ozonolysis of alkenes, which are
dominated by BVOCs in the boreal region and anthropogenic VOCs in urban areas.
Due to the climate feedback mechanisms, the emissions of BVOCs can be enhanced,
whereas due to air pollution control the emissions of anthropogenic VOCs and sulfuric
acid diminished, which can then potentially lead to changes in ambient sulfuric acid
concentration and subsequently in NPF. Studies have already shown that reduction in
sulfuric acid concentration can decrease NPF (e.g. Kyrö et al., 2014), and thereby lead
to heating of the planet (Arneth et al., 2009; Makkonen et al., 2012b; Acosta Navarro
et al., 2016). Overall, in order to clean the atmosphere safely, it is important to
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understand the interactions behind different atmospheric components (Kulmala, 2015;
Torkmahalleh et al., 2021; Wei et al., 2021). With proxies separating the sources and
sinks of sulfuric acid, also changes in the term contributions can be analyzed and
utilized in atmospheric chemistry, air pollution, and NPF related research.

4.3 How is photosynthesis affected by aerosol load and clouds?

Clouds have an important role in Earth’s radiative budget since they can interact with
both short and long-wave radiation, which impacts directly the temperature and radia-
tive conditions on the Earth (e.g. Kulmala et al., 2013; IPCC, 2021). There is evidence
that photosynthesis is enhanced under diffuse radiation conditions, though it is not
yet clear what is the contribution of aerosol particles, clouds, or different cloud types
on the increment in photosynthesis (Gu et al., 1999, 2002, 2003; Niyogi et al., 2004;
Mercado et al., 2009; Cheng et al., 2015, 2016). Moreover, clouds have been associated
with NPF and transport of particles from the upper troposphere to the ground level
(Perry and Hobbs, 1994; Waddicor et al., 2012; Murphy et al., 2015; Wehner et al.,
2015; Lampilahti et al., 2020; Bardakov et al., 2021), which further highlights the im-
portance of the connection between ecosystem and atmosphere processes. In Paper
IV, we developed an algorithm for cloud type classification. The information of differ-
ent cloud types can be used in quantifying the effects of different clouds on ecosystem
and atmospheric chemical and physical processes (Fig. 1b). In Paper I, we studied the
quantified the impact of aerosol particles and clouds on radiation and photosynthesis
separately.

SMEAR II site is particularly designed for ecosystem–atmosphere relation studies, and
hence it is convenient to study also cloud processes there. As there is not continuous
total sky imagining at SMEAR II, we developed an inexpensive but effective cloud
algorithm based on the existing instruments. In the developing and validation process
the cloud type data given by the algorithm was compared with total sky images from
Hyytiälä taken during Biogenic Aerosols — Effects on Cloud and Climate (BAECC)
campaign in spring and summer 2014 (Petäjä et al., 2016). We found good agreement
with the algorithm and observations, overall about 70 % and for one class (nimbo-
stratus) up to 100 %. The least performing cloud types were those having only weak
influence on radiative conditions, such as cirrus clouds. In general, the algorithm shows
that low level overcasting or patchy clouds are common in southern Finland. The high-
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Figure 7: (a) Relation between GPP and the fraction of diffuse radiation from global
radiation (Rd/Rg) at different measurement sites. (b) Evolution of measured global
(Rg,meas) and diffuse radiation (Rd,meas) compared to the modeled values (Rg,mod and
Rd,mod, respectively) on a cloudy day at SMEAR Estonia. Figure (a) is found in Paper
I as Fig. 8, and (b) as Fig. 2b.

est cloud fraction occurs during wintertime with an average of 79 %, and the lowest
during summertime with an average of 56 %.

In Paper I, we separated clear-sky and cloudy moments based on measured and mod-
eled irradiance at five measurement stations in the boreal and hemiboreal region. When
studying the clear-sky conditions, we could describe how aerosol particles affect the ra-
diative conditions and how the radiative conditions affect photosynthesis of the forest
ecosystems. Correspondingly, when including also cloudy moments, we could quantify
the combined effect of clouds and aerosol particles on radiation and photosynthesis.
Both aerosol particles and clouds were found to scatter solar radiation effectively: the
diffuse fraction due to aerosol particles varied between 0.1 (low aerosol load) to 0.27
(high aerosol load), and the diffuse fraction in the presence of clouds reached up to
0.35.

Light use efficiency (LUE) can be defined as GPP per unit absorbed PAR (APAR),
and thus GPP = LUE ·APAR (Cheng et al., 2016). We found that light use efficiency
increases with increasing diffuse fraction, and PAR intensity decreases with increasing
diffuse fraction, hence leading to a parabolic relation between GPP and the fraction
of diffuse radiation, which is presented in Fig. 7 for the five measurement sites. We
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Figure 8: Clearness index values associated with different cloud types. The data is
from 2014 and 2016–2017 June–August at 9:00–15:00 (UTC+3). Low clouds: Cu =
cumulus, St = stratus, Sc = stratocumulus, and Ns = nimbostratus. Middle clouds:
Ac+As = altocumulus and altostratus. High clouds: Ci+Cc+Cs = cirrus, cirrocumulus
and cirrostratus. Clear+Ci = clear-sky and cirrus clouds, Cu+GRE = cumulus with
GRE, and Ci+GRE = cirrus with GRE. The figure is found in Paper IV as Fig. 6.

can see that the optimal diffuse fraction for photosynthesis is about 0.4–0.5 in the
boreal and hemiboreal region. The study showed that GPP increased by 6–14 % due
to increasing aerosol load, and by 21 % (coniferous forest) to 33 % (mixed forest) in the
presence of clouds, showing clearly that forests can benefit from the increasing fraction
of diffuse radiation compared to clear-sky and clean atmosphere conditions.

In Paper I, we separated clear-sky and cloudy moments by comparing both measured
global and diffuse radiation to modeled global and diffuse radiation. In many studies
clear-sky moments have been separated using only global radiation criterion (clearness
index), i.e. ratio of measured global radiation to the modeled radiation. When the
clearness index has been above a certain limit, usually 0.6 or 0.7, the sky has been
assumed to be clear from clouds (Kulmala et al., 2014a; Dada et al., 2017). However,
as clouds scatter radiation effectively, they can cause global radiation enhancement
(GRE), which means that clouds “focus” radiation, leading to cases when the measured
global radiation is similar to, or even higher than, the modeled radiation (Pecenak et al.,
2016). These moments can falsely be classified as clear-sky conditions when using only
the clearness index. Figure 7b shows an example of a cloudy day at SMEAR Estonia
where there are moments when the global radiation is close to the modeled radiation
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but the diffuse radiation deviating from the modeled diffuse radiation level reveals the
presence of clouds. Hence, using both global and diffuse radiation as criteria, clear-sky
and cloudy moments can be separated more accurately.

In Paper IV, we indeed showed that the conditions, when the clearness index exceeded
0.6 or 0.7, were associated with cumulus, middle level altostratus or altocumulus, or
cirrus clouds (Fig. 8) — fair weather clouds which have previously been associated with
VOC oxidation, and aerosol formation and transport processes (Perry and Hobbs, 1994;
Waddicor et al., 2012; Wehner et al., 2015; Lampilahti et al., 2020). Those cloud types
can also be related to more active photosynthesis due to scattering of solar radiation
(Cheng et al., 2016; Kivalov and Fitzjarrald, 2019), which is why they can lead to
increases in aerosol formation and growth processes via increased emissions of BVOCs.

Figure 9 demonstrates GPP distribution on transmittance–patchiness plane in the pres-
ence low clouds. Low patchiness and transmittance values are caused by optically thick
and overcasting clouds, such as stratus, and are hence associated with low GPP values.
The highest GPP values in Fig. 9 are linked from moderate to high transmittance
and patchiness values caused by cumulus clouds. Patchy cumulus clouds are effectively
scattering radiation and creating light–shadow patterns that can increase light and
water use efficiencies, and thus benefit photosynthesis (Gu et al., 2002; Cheng et al.,
2015, 2016; Kivalov and Fitzjarrald, 2019; Artaxo et al., 2022).

Dada et al. (2017) analyzed the environmental circumstances on NPF event and non-
event days, and concluded that NPF is more likely to occur under clear-sky. However,
they used the clearness index to separate clear-sky and cloudy moments, and therefore
these moments could additionally be biased by clouds. On the other hand, the cloud
algorithm shows that in spring the fraction of clear-sky and cirrus clouds is high, which
could thereby in part explain the higher fraction of event days observed during spring
(Dal Maso et al., 2005; Dada et al., 2018). Yet, the possibility of cloud interactions on
aerosol processes requires further research.
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Figure 9: Patchiness as a function of transmittance colored by GPP shown for low
clouds (Cu = cumulus, Sc = stratocumulus, St = stratus, and Ns = nimbostratus).
Data is from 9:00–15:00 (UTC+3) June–August from years 2014, 2016–2017. The
original GPP data in 30 min resolution was linearly interpolated into 1 min resolution
to match the time resolution of the cloudiness data. The number of data points was then
reduced by dividing data into cells and showing the median transmittance, patchiness
and GPP value for each cell. Marker size shows the number of data points taken into
account within each cell.
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5 Review of papers and the author’s contribution

Paper I aims to separate the effects of clouds and aerosol on solar irradiance, and
quantify how changes in irrandiance influence GPP in boreal environments. We found
that GPP can increase 6–14 % due to direct aerosol effect and by 21–33 % when
including also cloud effects. We showed that GPP has a parabolic dependence on
the diffuse fraction of solar irradiance, which cannot exceed 0.7 for maximum GPP
occurrence. I calculated CS and performed CS–radiation analysis for SMEAR I, and
also commented the manuscript.

Paper II studies whether emissions of BVOCs from mountain birches infested by
autumnal moth larvae can have an effect on aerosol load at SMEAR I. We could not find
a clear correlation between aerosol processes and autumnal moth population density.
However, we found some evidence of possible delayed induced defense mechanism where
the emissions of induced defense compounds stay on a higher level even for several years
after the peak moth densities. For this paper, I performed the data analysis and wrote
the paper with input from all co-authors. Additionally, I was part of a team collecting
autumnal moths with a net and light traps in summer 2017.

Paper III describes derivation of a new sulfuric acid proxy, which includes two source
and sink terms: formation of sulfuric acid due to oxidation of sulfur dioxide by OH and
stabilized Criegee intermediates, and loss due to condensing on preexisting particles and
formation of dimer clusters. The proxy was tested in several environments with good
agreement with measurements. For this paper, I initiated the analysis by developing
the first codes for the proxy and analyzing data from SMEAR II. I wrote about the
instrumentation at SMEAR II and proxy development, and commented the manuscript.

Paper IV quantifies cloud types and properties over SMEAR II. We developed an
algorithm for cloud type estimation based on solar irradiance and cloud base height
measurements. Most common cloud types were low level patchy and overcasting clouds
such as cumulus, stratocumulus and stratus. The overall performance of the algorithm
was good with nearly 70 % agreement with visual inspection. The best performance
was reached with cloud types having well-distinguishable effects on solar radiation,
such as thick nimbostratus clouds. In this paper, I participated and finalized the
algorithm development, analyzed the data, and wrote the paper with contributions
from all co-authors.
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6 Conclusions and future directions

Previous studies have found evidence of climate feedback mechanisms between ecosys-
tem and atmosphere. The connection implies that the emissions of BVOCs, promoted
by activated photosynthesis and increase in temperature due to rising CO2 concentra-
tion, lead to enhanced formation of nanoparticles. The change in emissions of BVOCs
may have a contribution also to the production of sulfuric acid, a key component in
aerosol formation, because one pathway of sulfuric acid production requires formation
of Criegee intermediates from atmospheric alkenes. Some of the nanoparticles formed
in the atmosphere may act as seed particles in cloud formation, thereby altering cloud
properties, or scatter solar radiation reducing the incoming radiation, and increasing
the fraction of diffuse radiation on the Earth. These changes link back to temperature
and photosynthetic activity, and therefore to the emissions of BVOCs.

In this thesis, we seek for further insights into the feedback mechanisms between ecosys-
tem and atmosphere. We study the underlying processes and preconditions for aerosol
formation by determining the impact of stress-induced emissions of BVOCs on aerosol
load, and by quantifying the sources and sinks of sulfuric acid and providing a revised
proxy to estimate sulfuric acid concentration. We formulate a cloud type classification
algorithm, which can be used in the future to analyze the effects of different clouds
on the terrestrial feedback mechanisms by, for example, retrieving the interlinkages
between cloud type, caused diffuse radiation, alteration in photosynthesis and BVOC
emissions, and aerosol formation. Finally, we quantified the effect of aerosols and clouds
on diffuse radiation in the boreal region, and how ecosystem scale photosynthesis was
affected by the change in diffuse radiation. The main findings are summarized below.

1) We assessed the effect of biotic stress by autumnal moth larvae feeding on mountain
birches on aerosol processes by analyzing 25 years of field data from SMEAR I. We
hypothesize that direct enhancement of aerosol processes due to increasing autumnal
moth population cannot be observed due to small biomass of the mountain birches and
relatively low autumnal moth population densities during the study period. However,
we found indications that delayed induced stress effect may cause elevated aerosol load
for a few years after peak infestation years. It is important to keep in mind that
climate change is altering the environment fast at high latitudes, resulting in higher
basal emissions of BVOCs due to rise in air temperature, increasing biomass due to
lengthening of growing season, migration of woody plant species to higher latitudes and
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altitudes and changes in tree species, and intensifying and more frequent plant stresses.
Due to theses changes, it is possible that in the future the stress caused by larval feeding
can be detected as increased aerosol load in the northern Fennoscandia. However, more
field studies in different environments are required to verify the atmospheric relevance
of enhanced SOA formation due to stress-induced plant emissions.

2) We added new source and sink terms to sulfuric acid proxy, and evaluated the
importance of different terms on the estimated sulfuric acid concentration in several
different environments. We conclude that including formation of sulfuric acid due to
oxidation of sulfur dioxide by stabilized Criegee intermediates is crucial, especially
during dark hours when sulfuric acid formation is dominated by Criegee intermediate
oxidation. Loss of sulfuric acid due to dimer formation is an important sink for sulfuric
acid in urban environments where the high concentration of stabilizing bases enhances
cluster formation. The revised sulfuric acid proxy improved our previous estimates
of the sulfuric acid concentration in the atmosphere, particularly during night and
wintertime, and increased our understanding on sulfuric acid formation and loss in
different environments.

3) We developed an algorithm to classify different cloud types at SMEAR II based on
global radiation and cloud base height measurements. We conclude that the algorithm
performs well with overall agreement of nearly 70 % with observations. We show that
the fraction of fair weather clouds increases during summer, and could thereby be
associated with enhanced photosynthesis and aerosol formation and growth processes.
In the future, the role of clouds and different cloud types on various boundary layer
processes should be analyzed carefully, since the uncertainty of aerosol–cloud–radiation
interactions is high. The cloud algorithm is designed to be a new tool in these types
of analyses.

4) We studied the direct aerosol and cloud effect on radiation separately, and quan-
tified the effect of radiation on ecosystem scale photosynthesis at several locations in
the boreal and hemiboreal region. We conclude that the fraction of diffuse radiation
increases both in the presence of aerosol particles (up to 0.27) and clouds (up to 0.35),
and that ecosystem scale photosynthesis is enhanced under diffuse radiation by up to
33 %. The analysis shows that the maximal enhancement in photosynthesis occurs
around a diffuse fraction of 0.4–0.5. The study highlights the importance of the rela-
tions between atmosphere and ecosystem. In the future, it is relevant to separate the
effect of aerosol and clouds, and even cloud types on radiation and their meaning in
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different boundary layer processes to deepen our understanding on the various linkages
between ecosystem and atmosphere.

This thesis introduces holistically carbon-based terrestrial climate feedback mecha-
nisms. It covers interactions between photosynthesis, emissions of BVOCs, aerosol
formation and growth processes, and clouds. The presented results pinpoint the rele-
vance to validate the impacts of stress-induced BVOC emissions on aerosol processes
in different environments, particularly accounting for the changes caused by global
warming, and the role of different cloud types on aerosol and ecosystem processes. The
development of cloud classification algorithm and sulfuric acid proxy aim to promote
further research on aerosol–cloud–radiation interactions.
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