
   REPORT SERIES IN AEROSOL SCIENCE
No. 254 (2022)

Detailed model studies on new particle formation and relevant
precursors in chamber experiments and ambient atmosphere

Carlton Xavier

Institute for Atmospheric and Earth System Research/Physics
Department of Physics

Faculty of Science
University of Helsinki

Helsinki, Finland

Doctoral dissertation, to be presented with the permission of the Faculty of Science
of the University of Helsinki, for public examination in Chemicum, auditorium

A129, A. I. Virtasen aukio 1, on July 4th, at 12 o’ clock noon.

Helsinki 2022



Author’s Address: Institute for Atmospheric and Earth System Research/Physics
Faculty of Science
P.O. Box 64 (Gustaf Hällströmin katu 2a)
FI-00014 University of Helsinki
carlton.xavier@helsinki.fi

Supervisors: Professor Michael Boy, Ph.D.
Institute for Atmospheric and Earth System Research/Physics
Faculty of Science
University of Helsinki

Docent Pontus Roldin Ph.D.
MERGE: ModElling the Regional and Global Earth system
Department of Nuclear Physics
Lund University

Reviewers: Docent Harri Kokkola, Ph.D
Finnish Meteorological Institute, P.O. Box 1627, FI-70211 Kuopio, Finland

Associate Professor Taina Yli-Juuti, Ph.D
Department of Applied Physics
University of Eastern Finland

Opponent:                    Dr. Matthias Karl, Ph.D
Institute of Coastal Environmental Chemistry
Helmholtz-Zentrum hereon GmbH

Custos: Professor Michael Boy, Ph.D.
Institute for Atmospheric and Earth System Research/Physics
Faculty of Science
University of HelsinkiISBN 978-952-7276-89-1 (printed)ISSN 0784-3496Helsinki 2022Unigrafia OyISBN 978-952-7276-90-7 (pdf)ISSN 2814-4236Helsinki 2022https://www.FAAR.fi



Acknowledgements
The research in this thesis was carried out at the Institute of Atmospheric and Earth System Research
(INAR), University of Helsinki. I am really grateful to the current director of INAR, Prof. Markku
Kulmala, for providing me the opportunity and the funding to carry out research in a world leading
research facility. I would also like to thank my thesis reviewers Dr. Harri Kokkola and Associate
Professor Taina Yli-Juuti for providing me valuable comments on my thesis. I would also like to thank
CSC – IT Center for providing me with the computational resources need during the course of my
PhD.

This journey could not have been possible without my supervisors Prof. Michael Boy and Dr. Pontus
Roldin. Since the day I joined the group as an intern in 2016, the belief, support and confidence Prof.
Michael Boy and Dr. Pontus Roldin have given me has been immeasurable. For that I am extremely
grateful. Michael, I thank you for being a super mentor, and above that, a very good friend. The six
amazing years I spent in the group, could not have been possible without my group mates, Putian,
Petri, Lukas, Ben, Dean, Chenjuan, and of course, Metin. Thank you for all the fun discussions and
debates in the office, during lunch and in bars. I will always cherish these memories. I would also
like to thank my co-authors and colleagues, without whom my PhD journey would be incomplete.

Here I would like to mention my friends (Marzi, Robert, Niki, George, Roseline, Sri, Imran,
JimCham). You have been a family to me here, ones I could always count on. My 3 am friends, Neha,
and Rahul (chu), someone who has always been there to lend me an ear. I would also like to thank
my parents, my grandmother, and parents-in-law. You have always supported me regardless of the
path I have chosen. Finally, I wish to thank my fiancé, Em cho xinh dep. Your unfailing support, and
love has been a source of inspiration that has made this journey memorable.

I have learnt something from all of you. This has not only helped gain my PhD, but also, most
importantly helped me become a better person.
Thank you.

Carlton Xavier
Helsinki, June 2022



Detailed model studies on new particle formation and relevant precursors in chamber
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Abstract
Atmospheric aerosols are small, solid, or liquid particles suspended in the air surrounding us.
Although small in size, aerosol particles significantly influence human life, by
deteriorating the health, air quality in urban centers and influencing climate both directly and
indirectly by scattering and absorption of solar radiation and modifying cloud properties.
Atmospheric new particle formation (NPF) contributes the major fraction of atmospheric total
particle number concentrations. NPF proceeds via the formation of nanometer-sized molecular
clusters followed by the subsequent growth to larger sizes, when they can act as cloud condensation
nuclei (CCN) and thus potentially affect the climate. The growth of the aerosols in the atmosphere
is driven primarily by the condensation of organics or heterogeneous and multi-phase chemistry
and is termed as secondary aerosol formation. In this thesis we elucidated the role of secondary
aerosol formation and its impact in continental and remote Arctic regions. Additionally, we
attempted at quantifying the long-term trends of important atmospheric oxidants (OH and NO3)
which potentially impact both NPF and secondary aerosol formation.

In spring-time boreal forest (SMEAR II) ion-mediated H2SO4-NH3 clustering could explain 91%
of NPF while organics-H2SO4 clustering played a minor role according to our model simulations.
Depending on the volatility, highly oxidized organic molecules (HOM), which are formed from the
oxidation of volatile organic compounds (VOCs), can contribute to the growth of aerosol particles.
Results from simulations performed at SMEAR II indicate that HOM contributes almost 18% to
total secondary organic aerosol (SOA) mass concentration. The results further show that HOM SOA
can result in a net negative radiative forcing. This negative radiative forcing by HOM SOA is offset
by a net positive forcing caused by NPF under certain meteorological conditions. In remote marine
environments compounds such as methane sulfonic acid (MSA), which are aqueous-phase DMS
oxidation products contribute substantially to the growth of secondary aerosol particles.

The long-term trends of OH and NO3 radicals show an opposite trend over the boreal forest. The
OH concentrations show an increasing trend of 2.39 % annually, while NO3 decreases at a rate of -
3.4 % annually. The contrasting trend of these important atmospheric oxidants, coupled with a
decreasing trend in H2SO4 can have substantial climatic impacts in relation to NPF and CCN
concentrations and needs to be considered in future climate predictions.

Furthermore, we performed detailed process-model simulations to study the SOA mass yields from
selected biogenic volatile organic compounds (BVOCs). Our results indicate that HOM dimers
contribute comparatively less to SOA mass concentrations in an oxidative flow tube (OFR) when
compared to smog chamber simulations. Since this directly impacts SOA mass concentrations, a
cautious approach should be taken when implementing SOA mass yield parameterization from
either OFR or smog chambers into global CTMs.



Additionally, we developed a detailed process model ARCA-Box a flexible and easy-to-use 0-D
model, which is freely available on our group website and is already used by more than 30
international researchers.

This thesis attempts to improve our understanding of secondary aerosol formation using detailed
process modeling and the results obtained have the potential to be applied to large-scale models.

Keywords: NPF, HOM, secondary aerosol formation, process modeling
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1     Introduction

The Earth’s atmosphere, which is crucial to sustain all life is mainly composed of N2 (78%), O2

(21%), Argon (0.9%) and other trace gases (water vapor, CO2, O3, CH4 etc. ~0.1%). The trace gases
are particularly important in moderating the Earth’s radiative balance and the atmospheric chemical
composition (Seinfeld et al., 2006) . The troposphere, which extends from the Earth’s surface to a
height of up to 10-15 km, is where almost all chemical emissions and their reactions occur (Boucher,
2015; Seinfeld et al., 2006) . The planetary boundary layer (PBL) is the lowest 1-2 km of the
troposphere, which is directly influenced by the Earth’s surface. The rest of the troposphere
extending from the upper edge of PBL to the tropopause is called the free troposphere. The chemical
composition of the atmosphere is influenced by both biogenic and anthropogenic emissions of
volatile organic compounds. Such emissions include biogenic volatile organic compounds
(BVOCs) which are mainly related to emissions by terrestrial forests, wetlands, microorganisms
and oceans, or anthropogenic volatile organic compounds (AVOCs) emitted from industries, traffic,
incomplete fuel combustion and other human activity. These BVOCs and AVOCs react with other
gaseous species such as OH, O3 or NO3 and form oxidized organic compounds. These resulting
products further interact with other gas-phase species or airborne particles leading to either
subsequent gas-phase chemical reactions, particle phase transformations or both (Figure 1).

The air around us is ubiquitous with tiny, liquid, or solid particles called aerosols. These aerosols
can vary in their size, composition, and number concentrations, which influences human health,
urban air quality and climate. The health impacts of aerosol have been documented extensively in
the last few decades, where aerosols, and especially particulate matter with diameters smaller than
2.5 μm (PM2.5), causes an increase in cardiovascular and respiratory diseases, thereby increasing
mortality and morbidity (Dockery et al., 1993; Harrison and Yin, 2000; Offer et al., 2022). The 
World Health Organization (WHO) estimates that annually 4-9 million premature deaths are caused
by exposure to long term ambient particulate matter PM2.5 (WHO Air quality Guidelines, 2021) .
High concentrations of PM2.5 (few tens of μg m-3 to >100 μg m-3 in Asian and middle Eastern
countries) is also the major environmental risk in densely populated and rapidly urbanizing
countries, for e.g., in China and India (Kulmala et al., 2022; Li et al., 2017; Patel et al., 2021; Zhao 
et al., 2022) . Many cities in these countries are often plagued by poor air quality issues which
severely reduces visibility and impact the health of the population. In light of the health and well-
being issues associated with poor air quality, the new WHO guidelines stress that the annual mean
of PM2.5 should not exceed 5 μg m-3 (WHO Air quality Guidelines, 2021) .  Since the start of the
COVID-19 pandemic aerosols have also gained wide attention as carriers of viruses (Ehsanifar,
2021; Wang et al., 2021) .

Aerosols can impact the climate by perturbing the radiation budget via both direct and indirect
interactions with incoming and outgoing solar radiation (Park et al., 2017; Scott et al., 2014). The
aerosol direct effect (also called the aerosol-radiation interactions) relates to the reflection or
absorption of incoming solar and outgoing terrestrial radiation by aerosols. On the other hand, the
aerosol indirect effect (aerosol-cloud interactions) relates to the ability of the aerosols to act as
cloud condensation nuclei (CCN) which subsequently modify the cloud properties and alter the
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radiative budget (Haywood et al., 2021; Kuniyal and Guleria, 2019; Twomey, 1974; Westervelt et 
al., 2015).  According to the sixth IPCC assessment report, anthropogenic aerosols contribute to a
net cooling, by reducing temperatures by 0-0.8o C (IPCC, 2021). This partly offsets the warming
influence of greenhouse gases (IPCC, 2021; Westervelt et al., 2015). Nonetheless, the estimates of
aerosol radiative forcing are still uncertain and poorly constrained, which hampers our ability to
quantify climate sensitivity and accuracy of future climate change projections. This underlines the
importance of studying the impact of emissions and chemical processes on the formation and
evolution of aerosol particles (Peace et al., 2020; Tsiligiannis, 2022).

Atmospheric aerosol particles are characterized as either primary or secondary aerosols. Primary
aerosols are emitted directly via natural sources such as sea-spray emissions, volcanic bursts, and
wildfires, or by human activity such as biomass burning and fossil fuel combustion. Secondary
aerosols are formed from the gas-to-particle conversion of gaseous species or by heterogeneous and
multi-phase chemistry (Jang and Kamens, 2001). Secondary aerosols with substantial fraction of
organics i.e. hydrocarbon components, which are formed primarily via atmospheric oxidation of
volatile organic compounds (VOCs) and subsequent gas-to-particle conversion is termed as
secondary organic aerosols (SOA) (Baltensperger et al., 2005; Hallquist et al., 2009; Khan et al., 
2017; McFiggans et al., 2019; Shrivastava et al., 2017). The formation of nanometer sized
thermodynamically stable clusters (~1.5 nm) and growth to larger sizes is called new particle
formation (NPF) (Kulmala et al., 2014). Field measurements and laboratory experiments indicate
that acids such as sulfuric acid (H2SO4), methane sulfonic acid (MSA) or Iodic acid (HIO3) (Chen
and Finlayson-Pitts, 2017; He et al., 2021; Kulmala et al., 2013; Lehtipalo et al., 2018; Xia et al., 
2020) cluster together with strong bases, for instance, ammonia (NH3), amines or guanidine (Elm
et al., 2020; Myllys et al., 2018). Additionally, ions can assist in the stabilization of the clusters, a
process aptly termed as ion-mediated nucleation (Jokinen et al., 2018; Kirkby et al., 2011a; Kulmala 
et al., 2013).

NPF has been observed in varying environmental conditions, such as pristine polar air (Beck et al.,
2021; Brean et al., 2021; Dallósto et al., 2017; Heintzenberg et al., 2017; Jokinen et al., 2018; Lee 
et al., 2020), forested continental sites (Dada et al., 2017; Kerminen et al., 2018; Rose et al., 2018)
and polluted megacities (Cai et al., 2021; Jayaratne et al., 2017; Jose et al., 2021; Kerminen et al., 
2018; Qi et al., 2018). The frequency and seasonality of NPF varies among different sites. For
example, in the polar and high-altitude regions highest NPF frequency is observed in summer, while
at SMEAR II in the Finnish boreal forest NPF frequency peaks during the spring (Kerminen et al.,
2018). Global model estimates suggests that NPF can potentially contribute almost 45% of global
low-level cloud CCN (Merikanto et al., 2009). An overview of long-term measurements of NPF
contribution to CCN by Kerminen et al., (2018) concluded that depending on the location anywhere
between 10-60% of CCN could originate from NPF.

The condensation of low volatility organic vapors facilitates the growth of these newly formed
clusters to CCN relevant sizes. These extremely low volatility organic compounds (ELVOCs) or
low volatility organic compounds (LVOCs) are often highly oxygenated organic molecules (HOM),
which are formed when BVOCs and AVOCs are oxidized by OH, O3 or NO3 (Bianchi et al., 2019; 
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Ehn et al., 2014; Schervish and Donahue, 2019). These ELVOCs or LVOCs can contribute to the
condensational growth of small clusters, since they have low saturation vapor pressures (Donahue
et al., 2012; Peräkylä et al., 2020; Schervish and Donahue, 2019), thereby, playing an important
role in SOA formation. Despite the gains in SOA formation knowledge, there are still challenges to
treat SOA formation in global 3-D Eulerian chemical transport models (CTMs). In CTMs, SOA
formation is treated in a very simplistic way, since it has to balance the trade-off between
complexity of using explicit methods and associated computational cost (Shrivastava et al., 2017; 
Sporre et al., 2020; Tsigaridis et al., 2014). For example, SOA formation is assigned by using
empirically derived yield parameterization to tracer products based on experimental smog chamber
and flow-tube studies. Although such simplified approaches are economical and practical, it tends
to misrepresent SOA formation, since the impact of competing reactions and changes in
atmospheric conditions on the gas and particle phase evolution of VOC oxidation products are
generally not considered in detail (Khan et al., 2017; Shrivastava et al., 2017; Tsigaridis et al., 
2014). Box models (0-D) or column models (1-D) provide an advantage in this regard, since they
are capable of employing an explicit gas/particle phase chemistry and detailed aerosol dynamics
without being overburdened by computational costs. Furthermore, box models are suitable for
simulating laboratory experiments. For instance, box models (MALTE-Box, ADCHAM, ARCA-
Box) were successfully applied to simulate experiments measuring SOA mass loadings or gas phase
HOM concentration (see Paper I and II for more details). Column models are useful for simulating
field measurements in places characterized by homogeneous conditions, for e.g., forest canopy
(such as SMEAR II), though it has to be constrained using measured/modeled meteorology and
measured gas and particle concentrations (see Zhou et al., (2017a, 2017b)).
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Figure 1: Schematic illustration of our current understanding of the crucial steps involved from emission of BVOCs 
and AVOCs to CCN and clouds formation. The work performed in this thesis focuses on the SOA formation which 
includes gas-phase oxidation of VOCs and subsequent gas-to-particle conversion via condensation.

1.1 Outline of the thesis

The thesis encompasses the modeling work focused on understanding SOA formation in continental 
and remote Arctic landscapes, and the trends of important oxidants in boreal forests. The reaction 
products from BVOCs oxidation with OH, O3 and NO3 have implications for both new particle 
formation and SOA. This detailed process-model simulations performed in this thesis were aimed 
to improve our understanding of secondary aerosol formation. We hope that the results obtained 
from this work has the potential to improve SOA representation in large scale models. Below I 
outline the main objectives of this thesis, namely:
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1. Quantify the long-term trends of OH, and NO3 radicals, which are important atmospheric
oxidants in the boreal forest (Paper III). In Paper III we further analyze the long-term
trends of H2SO4, which is a crucial component of newly formed clusters and contributor to
the growth of particles.

2. Develop a comprehensive peroxy radical autoxidation mechanism (PRAM) for the most
crucial BVOCs, which produces HOMs. Quantify the contribution of HOMs to NPF over a
boreal forest canopy (Paper I).

3. Detailed study on the contribution of individual BVOCs oxidation products to SOA mass,
which includes the PRAM compounds and comparison with various laboratory experiments
(Paper II).

4. Quantify the impact of DMS multi-phase oxidation on secondary aerosol formation and
growth in remote marine Arctic environment (Paper IV).

5. Provide an easy-to-use chemistry and aerosol dynamics numerical box model ARCA-Box
to the atmospheric science community (Paper V).
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2 Theory

A wide variety of non-methane volatile biogenic organic compounds (NMVOCs), or simply
biogenic volatile organic compounds (BVOCs) are emitted to the atmosphere by terrestrial
biosphere vegetation (Atkinson and Arey, 2003; Fuentes et al., 2001; Guenther et al., 1995, 2006). 
It is estimated that BVOCs contribute to almost 90% of total VOC emissions (Guenther et al., 1995; 
Yu and Blande, 2021). These BVOCs are produced and released by plants for a variety of
physiological reasons, such as, deterring insects and other invasive species or, for coping to
temperature fluctuations and oxidative stress (Barreira et al., 2017; Jaars et al., 2016). Estimates 
suggest that the global BVOCs emission are around 1000 Tg C yr-1 with isoprene and monoterpenes
contributing to almost ~50% and 15% respectively (Guenther et al., 2012). Boreal forests comprise
more than 30% of the Earth’s forests and its main emissions include isoprene (C5H8), monoterpenes
(C10H16), sesquiterpenes (C15H24) and other compounds such as acetaldehyde, ethanol, acetone and
ethene (Guenther et al., 2006, 2012).

The 0-D and 1-D models are capable of treating atmospheric processes in a near-explicit way, since
the computational burden is not an issue. For example, the gas-phase chemistry is treated in a near-
explicit manner in all the models applied in this thesis. The widely used Master Chemical
Mechanism (MCM v3.3.1 (Jenkin et al., 1997, 2015; Saunders et al., 2003)), which provides
detailed gas-phase chemistry scheme for various organic precursors, has been employed in
numerous models (see, all the papers in this thesis and e.g., Öström et al., (2017) and O’Meara et
al., (2021)). The NPF in the models is based on the widely used the Atmospheric Cluster Dynamics
Code ACDC (McGrath et al., 2012; Olenius et al., 2013), which solves the molecular cluster birth-
death equations by considering all possible sinks and sources (evaporation, coagulation, ionization
and recombination), thus providing a formation rate for the clusters which are considered stable.
Section 3.2.1 details the use of ACDC in this thesis. In Papers I and IV, we consider the dry and
wet deposition of particles and gases, while in Paper III we only consider the dry deposition of
gases.

In Paper IV we simulated secondary aerosol formation in remote marine Arctic boundary layer
using the multi-phase DMS and halogen oxidation scheme developed by Wollesen de Jonge et al.,
(2021). Water soluble DMS reaction products such as dimethyl sulfoxide (DMSO), dimethyl
sulfone (DMSO2) and methane sulfinic acid (MSIA) are crucial intermediary compounds which
contribute substantially to secondary aerosol mass formation (Campolongo et al., 1999). For
instance, the aqueous-phase formation of MSA (via ozonolysis of MSIA) in clouds or deliquescent
particles dominate over the gas-to-particle conversion of MSA (Hoffmann et al., 2016; Wollesen de 
Jonge et al., 2021). Therefore, ignoring the aqueous-phase formation of the DMS oxidation products
can underestimate the contribution of the crucial constituents to secondary aerosol in marine
environments. For additional information about the DMS and halogen multi-phase oxidation
scheme, please refer to Wollesen de Jonge et al., (2021).

The Paper I describes the development and testing of a near-explicit and comprehensive peroxy
radical autoxidation mechanism (PRAM) which produces HOMs from the monoterpene oxidation by



15

OH and O3. Section 2.1 briefly introduces the underlining concept of HOMs and the PRAM. Since
the contribution of organic species to SOA formation is highly dependent on the compounds volatility,
section 2.2 introduces the various methods we employed to derive the compound specific pure liquid
saturation vapor pressures (p0) of all the condensable organic species present in the model. Section
2.3 outlines the analytical basis of the condensation of the organic species onto pre-existing aerosols
depending on their p0 and the gas-phase concentrations.

2.1 Highly oxygenated organic molecules (HOMs)

The VOCs once emitted to the atmosphere are oxidized by reacting mainly with OH, NO3 and O3

and producing oxygenated volatile organic compounds (OVOCs). For instance, both the initial
BVOC precursors and OVOCs can eventually undergo chemical reactions and form compounds
with varying levels of volatility and reactivity, thereby, influencing gas-to-particle partitioning.
Recent studies have shown that under atmospheric conditions a fraction of BVOC oxidation
products peroxy radicals, RO2) can undergo rapid autoxidation to form compounds with high
oxygen content. In autoxidation an RO2 (or isomerized alkoxy radicals RO) formed from the
oxidation of BVOCs first undergoes an intra-molecular hydrogen atom-shift followed by rapid
attachment of O2 molecule, as shown in Figure 2 (Berndt et al., 2016; Bianchi et al., 2019; Crounse 
and Nielsen, 2013; Ehn et al., 2014). This process results in the formation of more oxidized RO2,
and can repeat itself several times. According to the definition adopted from Bianchi et al., (2019),
HOMs are species containing at least 6 or more O atoms which are formed via the autoxidation
pathway under atmospherically relevant conditions (Bianchi et al., 2019; Schervish and Donahue, 
2019). The contribution of HOMs or other BVOC oxidation products to SOA formation is
dependent on the saturation vapor pressures of these condensable species. Compounds with very
low saturation vapor pressures are capable of nucleating to initiate SOA formation, while
compounds with higher vapor pressures can condense onto pre-existing particles and contribute to
the growth of SOA (Hyttinen et al., 2022; Schervish and Donahue, 2021). It should be noted that
the definition of HOMs places no restrictions on its saturation vapor pressure. In earlier publications
HOMs were used inter-changeably with the term ELVOC, which are a class of compounds having
low saturation vapor pressures (<10-9 Pa) (Hyttinen et al., 2022; Schervish and Donahue, 2020). At
this point it is important to differentiate between HOMs and ELVOCs, since quantum chemistry-
based vapor pressure calculations and Cosmics Leaving Outdoor Droplets (CLOUD) experiments
indicate that most HOMs originating from -pinene oxidation have higher vapor pressures,
classifying them as either LVOC (low volatile organic compounds, with saturation vapor pressures
between 10-6 - 10-9 Pa) or SVOC (semi volatile organic compounds, with saturation vapor pressures
between 10-2 - 10-6 Pa) (Bianchi et al., 2019; Hyttinen et al., 2022; Tröstl et al., 2016). Since a
fraction of HOMs can have very low volatility, they can condense almost irreversibly onto the
aerosols producing SOA (Ehn et al., 2014; Qi et al., 2018). Some ambient observations and free
troposphere observations have suggested that HOMs may also be involved in NPF (Kulmala et al.,
2013; Lehtipalo et al., 2011). Observations form SMEAR II indicate that cluster formation via
H2SO4-HOM was pivotal in NPF during daytime and that pure biogenic HOM vapors were
dominating initial cluster formation and growth during the night (Bianchi et al., 2017, 2019; 
Lehtipalo et al., 2011; Rose et al., 2018).
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Paper I, describes the development of a peroxy radical autoxidation mechanism (PRAM), which 
was based on oxidation of monoterpenes ( -pinene, -pinene, limonene and carene) by O3 and OH 
(see Figure 2). The autoxidation can be terminated by bimolecular reactions when the autoxidized 
RO2 reacts with another RO2, HO2 or NO (Paper I, Paper II, Bianchi et al., 2017; Crounse and 
Nielsen, 2013). When autoxidation is terminated by another RO2 the product is either an alkoxy 
radical (RO), closed shell monomer or dimer, and when the termination proceeds via reaction with 
HO2 the product is always a closed-shell species with a hydroperoxide (-OOH) functional group. 
The products of RO2 + NO reaction pathway is either an organonitrate or RO and NO2. The formed 
RO in the RO2 + NO reaction pathway can either isomerize to an alkyl radical and further undergo 
autoxidation, fragment to higher volatility products, or form a closed-shell HOM monomer. The 
PRAM presented in Paper I and used in Papers II and IV, includes 208 species, of which 132 are 
autoxidation products from monoterpene ozonolysis and 76 are autoxidation products from OH 
oxidation of monoterpenes. In PRAM we used a maximum first generation RO2 autoxidation yield 
of 9% for -pinene ozonolysis, 21.9% for limonene ozonolysis, 2.5% for -pinene+OH, and 1% for 
both limonene+OH and -pinene+OH (Paper I).

In Paper II we coupled PRAM and MCM v3.3.1 to evaluate the predictive performance of SOA 
formation in laboratory experiments. The aim in Paper II was to quantify the contribution of 
monoterpene derived peroxy radical autoxidation products to SOA mass concentrations.

Figure 2: Autoxidation of peroxy radicals (RO2) and the fate of HOM species after bi-molecular reactions as considered 
in PRAM.
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2.2 Saturation vapor pressures

Saturation vapor pressure of any given substance is defined as “pressure exerted by a pure substance
in a system containing only the vapor and condensed phase of the substance” (Bilde et al., 2015; 
Calvert, 1990). Saturation vapor pressure is a key thermodynamic property governing the gas-to-
particle phase transition of gaseous species. Based on the saturation vapor pressure, the organic
products from VOC oxidation are often classified into volatility subgroups such as semi volatile
(SVOC, 10-2 - 10-6 Pa), low-volatile (LVOC, 10-6 - 10-9 Pa), extremely-low volatile (ELVOC, <10-9

Pa) or intermediate volatile (IVOC,>10-2 Pa) (Donahue et al., 2012; Hyttinen et al., 2022; Kurtén 
et al., 2016). These saturation vapor pressure limits are interesting since they define how a
compound can contribute to SOA formation, by either condensing onto pre-existing particles
(SVOCs, LVOCs), or by taking part in nucleation (ELVOCs) (Hyttinen et al., 2022; Schervish and 
Donahue, 2021). Therefore, it is important to know the saturation vapor pressures of individual
organics to better estimate, for example, the equilibrium partitioning between the gaseous and the
condensed phase.

A group contribution method based on Nannoolal et al., (2008) was used to estimate the pure liquid
saturation vapor pressures (p0) of the MCMv.3.3.1 organic oxidation products. The Nannoolal
method can be accessed using the UManSysProp online system (Topping et al., 2016). The crucial
inputs needed by Nannoolal for estimating the p0 values are the SMILES string, which is a chemical
notation used to represent the chemical structure of the compound. For the PRAM species the p0 is
estimated using SIMPOL (Pankow and Asher, 2008), since we currently lack the SMILES string
for the PRAM compounds. Furthermore, the Nannoolal method was shown to provide
unrealistically estimates of p0 for HOM species with peroxy and hydroperoxy functional groups
(Kurtén et al., 2016). The SIMPOL method on the other hand, shows a better agreement with p0 of
HOMs when compared to the p0 calculated using a detailed quantum chemical-based continuum
solvent model COSMO-RT (Conductor-like Screening Model for Real Solvents) (Eckert and
Klamt, 2002; Kurtén et al., 2016).

ARCA-Box includes the possibility to use another group contribution method called
EVAPORATION (Compernolle et al., 2011). Comparisons of p0 by different methods have shown
that EVAPORATION has a good correlation with the Nannoolal method, implying an accurate p0

prediction for compounds (O’Meara et al., 2014). However, for low volatility species
EVAPORATION tends to underestimate the vapor pressures (Kurtén et al., 2016; O’Meara et al.,
2014). EVAPORATION method also requires the SMILES string to estimate p0 and hence has not
been used for the PRAM compounds. Regardless of the method used to estimate p0 it should be
kept in mind that there could be orders of magnitude discrepancies in the estimates of different p0

values for low volatility and multi-functional group products (Valorso et al., 2011).
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2.3 Condensation and Coagulation

The growth of aerosols is dependent on the gas-to-particle transitions of the vapors onto pre-
existing aerosols. Condensation is the process of vapor diffusing onto a surface (aerosol surfaces in 
this case), accompanied by a change in state from vapor-to-liquid (Jacobson, 2005). In the 
atmosphere, condensation, evaporation and coagulation of aerosols affect the size distribution and 
the composition of the aerosols (Jacobson and Turco, 1995; Stevens and Dastoor, 2019). All the 
works presented in this thesis use the computationally fast non-iterative stable solution called the 
Analytical Predictor of Condensation (APC) scheme to simulate aerosol growth (Jacobson, 1997a, 
2002, 2005).

The numerical models simulate condensational growth via condensation of non-volatile and semi-
volatile compounds. The key components defining the condensation of the vapors are their gas-
phase concentrations and p0.

The condensational growth in the APC scheme is defined using the following Equation 1:

(Equation 1)

where, t is the time interval, cq,i.t is the particle phase concentration, Cq,t is the gas phase 
concentration of the compound q, Cq,eq,t- t is the pure liquid saturation vapor concentration 
calculated at time t- t, S’q,i,t- t is the equilibrium saturation ratio and kq,i.t  (s-1) is the mass transfer 
rates from the gas to particles of all sizes i (Jacobson, 1997b, 2005, Paper V). The mass transfer 
rate is dependent on the particle number concentration in bin i (ni), the diameter of the particle in 
bin i (di), and the diffusion coefficient of the compound q to particles in bin i (Deff,q,i) (Equation 2).

(Equation 2) 

Deff,q,i accounts for the change from kinetic to transition regime by applying the Fuch-Sutugin 
correction factor (Equation 3) for transition regime, defined as:

(Equation 3)

Where  is the accommodation coefficient (=1) and Kn is the Knudsen number defined as,

(Equation 4)

Where  is the particle mean free path and Dp is the particle diameter.

The equilibrium saturation ratio is derived using the Köhler equation which considers the effect of 
curvature (Kelvin effect) and the solute effect. The Kelvin effect accounts for the changes in 
saturation vapor pressures due to a particle curvature which results in smaller particles having larger 
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saturation vapor pressures and vice-versa. The solute effect, on the other hand, describes the impact 
a mixture of compounds in a particle has on the saturation vapor pressures. Based on both the 
Kelvin and solute effect the equilibrium saturation vapor pressure is defined as:

(Equation 5)

where xq,i is the organic molar fraction of any compound q in particle size i, q,p is the pure liquid 
surface tension, Tt is the temperature at time t, Rg is the universal gas constant, mq is the molar mass 
of the compound, and q,p is the liquid density of the pure compound q (Jacobson, 2005).

The equation 1 is rearranged to the implicit form shown in Equation 6

(Equation 6)

Equation 6 is the non-iterative form of and since it relies on the yet unknown Cq,t (for the current 
time step), we use the mass balance closure in Equation 7 to estimate Cq,t

(Equation 7)

Combining Equations 6 & 7 provides the change in particle mass in every size bin i.

Coagulation is the process where two particles collide and coalesce, resulting in a larger particle. 
The coagulation process results in a decrease in particle number concentration and a shift toward 
larger particle size in the particle size distribution. We consider only Brownian coagulation since 
the numerical models used in this thesis primarily deals with particles in the sub-micron regime 
(Paper V), where Brownian diffusion dominates over other coagulation kernels (Korhonen et al., 
2004).

The coagulation routine in ARCA and other models used in this thesis is defined in Equation 8 
(Seinfeld et al., 2006):

(Equation 8)

where Ni(t) is the particle number concentration in bin i, Kj,i-j is the coagulation coefficient between 
particles of size i and j (Seinfeld et al., 2006). The first term in Equation 8 is the coagulation source 
term of particles of size j, and the second term refers to the loss or sink term for particles of size j.
The coagulation kernel K depends on the size of the particles and the particle diffusion coefficients, 
and is defined using the Equation 7:

(Equation 9)
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where r is the radius of the particles of size i and j and Dp is the particle diffusion coefficient
(Jacobson, 2005).
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3 Methods

In this thesis, the process-based models were the primary tools applied to study atmospherically
relevant aerosol and chemical processes in different environmental chambers and at two
measurement sites. The field and chamber measurement data were used either to validate model
results or, is used as essential inputs to model simulations. The following section 3.1 will describe
the measurement sites and environmental chambers, followed by section 3.2, where the modeling
systems used in this thesis are described.

3.1 Measurement sites

In Papers I and III, the simulations were performed for the Station for Measuring Ecosystem-
Atmosphere Relations (SMEAR) II station in Finland (61.85°N, 24.28°E). Paper I covered the
periods between 15-24th May 2013 and 15th April - 5th May 2014. In Paper I, the period between
15th April-5th May 2014 was characterized by NPF for over 50% of the simulated period, while only
a few NPF events could be observed during the period between 15-24th May 2013.

In Paper III, model simulations were performed at SMEAR II for 12-years period, spanning 2007-
2018. This modeled period included field campaigns namely, EUCAARI (European Integrated
project on Aerosol, Cloud, Climate, and Air Quality Interactions, 2007-2010; Kulmala et al., 2011),
HUMPPA-COPEC (Hyytiälä United Measurement of Photochemistry and Particles –
Comprehensive Organic Particle and Environmental Chemistry, summer 2010, Williams et al.,
2011) conducted at SMEAR II which were aimed at measuring OH concentrations. In Paper IV
simulations were performed for Ny-Ålesund, Svalbard and the results are compared with
observations from Gruvebadet and Zeppelin, for the period between 1st-25th May 2018. The
ALADINA (Application of Light-Weight Aircraft for Detecting in situ Aerosol) campaign (Bärfuss
et al., 2018; Lampert et al., 2020; Petäjä et al., 2020) measuring the vertical profiles of ultra-fine
particles were conducted during this simulated period.

3.1.1 SMEAR II

Established in 1995 at the Hyytiälä Forestry Field station, SMEAR II (61°51´N, 24°17´E, 180 m
a.s.l.) is located within the boreal forest in southern Finland, where continuous comprehensive
measurements of fluxes and both aerosol and gas concentrations in land-atmosphere continuum are
performed (Hari and Kulmala, 2005; Ilvesniemi et al., 2010). The vegetation at SMEAR II is mostly
homogeneous, mainly comprising of coniferous trees and dominated in particular by Scots pine
(Pinus sylvestris, ~93%) and Norway spruce (Picea abies, ~2%) (Bäck et al., 2012; Mogensen et
al., 2015). The understory vegetation is mainly represented by woody shrubs (Vaccinium myrtillus,
Vaccinium vitis-idaea and Calluna vulgaris) and mosses (Dicranum polysetu, Pleurozium
schreberi) (Bäck et al., 2012). The biogenic non-methane volatile organic compounds (VOCs)
emissions at SMEAR II are dominated by monoterpenes, and in particular, -pinene (~44%) and
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3-carene (~40%) -pinene (~9%) and limonene (~2%) (Bäck et al., 2012; Barreira et al., 2017; 
Hakola et al., 2012; Heikkinen et al., 2020). The largest inhabited area near SMEAR II is the city
of Tampere (~60 km) with a population of ~200000 people (Chen et al., 2021). The influence of
anthropogenic emissions at SMEAR II is minor, but depending on air mass direction, anthropogenic
pollutants can be advected from industrial regions of south-east Finland or St. Petersburg region in
Russia (Heikkinen et al., 2020; Riuttanen et al., 2013).

The canopy at SMEAR II was assumed to be homogeneous with Scots pine representing the
overstory tree species. The canopy height was approximately 19 m. In Papers I and III, selected
measurements from SMEAR II were used as an input to the models, when the model simulations
were performed using a stationary setup (i.e. 1-D column model where the model only simulates
vertical transport of particles and gases at the measurement site). For example, selected gas
concentrations of O3, NOx, SO2, CO, CH4 at height levels between 4.2-125 m above ground level
(a.g.l) were read continuously into the model. Additionally, in Paper III, meteorological parameters
such as temperature, absolute humidity, wind speed and direction, solar irradiance (global
shortwave radiation and photo-synthetically active radiation) and soil properties (soil temperature,
soil water content and soil heat flux) were also provided as inputs to the model. SOSAA computes
temperature, absolute humidity, wind components u and v at every time-step (Paper III), which are
nudged to measurements from SMEAR II to represent the influence of local and synoptic
fluctuations (Mogensen et al., 2015). In Papers I and III the particle number size distributions
between diameters 2.8 nm-1 m from SMEAR II was also used in the model to calculate the particle
condensation sink.

The datasets from SMEAR II are publicly available for download from the AVAA database platform
(https://smear.avaa.csc.fi/). Additional information about SMEAR II and a detailed description
regarding the used instrumentation can be found on the SMEAR website
https://www.atm.helsinki.fi/SMEAR/index.php.

3.1.2 Ny-Ålesund

Ny-Ålesund is located on the north-western part of Spitsbergen, Svalbard, and comprises of
important high Arctic year-round atmospheric measurement stations such as Gruvebadet and
Zeppelin observatories. These observatories are part of the European and global monitoring
consortiums such as the European Monitoring and Evaluation Programme (EMEP); the Arctic 
Monitoring and Assessment Programme (AMAP); the Global Atmosphere Watch (GAW); the 
Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS); the Advanced Global 
Atmospheric Gases Experiment (AGAGE) network; and the Integrated Carbon Observation System 
(ICOS) (Platt et al., 2022). In Paper IV we performed model simulations for Svalbard and
compared the model results with observations from the two measurement stations of Gruvebadet
(67 m a.s.l, 78o92' N, 11o90' E, established 1982) and Zeppelin observatory (474 m a.s.l, 78o56' N,
11o53' E, established 2000), both located southwest of Ny-Ålesund. These two sites represent
remote marine Arctic conditions (Dallósto et al., 2017). Gruvebadet station is well within the
boundary layer (BL) and the measurements here represent the ground-level concentrations.
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Zeppelin, on the other hand, is often above the BL during the Arctic winter months and sometimes
below the BL during the spring and summer months (Platt et al., 2022; Ström et al., 2003; Traversi 
et al., 2020). Therefore, both long-range and local effects influence Gruvebadet while Zeppelin is
often influenced more by long range transport and less by local effects (Engvall et al., 2008; Platt 
et al., 2021; Traversi et al., 2020).

Both measurement stations host a variety of instruments measuring aerosol chemical composition
(inorganic cations and anions such as SO4

2-, NO3
-, Cl-, NH4

+, elemental black carbon (eBC) etc ),
aerosol physical properties such as size distribution of sub-micron particles (differential mobility
particle sizer, DMSP) and condensation particle counters, CPCs) (Dall’osto et al., 2019; Platt et al., 
2022; Tunved et al., 2013). In Paper IV we compared the modeled size distributions at both
Gruvabadet and Zeppelin with concurrent scanning mobility particle sizer (SMPS) size
distributions operated at both sites during the study period between 1st-25th May 2018. The SMPS
(TSI 3034) at both sites were operated using 54 channels and measured in the diameter range from
10-470 nm (Dall’osto et al., 2019b; Moroni et al., 2020).In the modeling study conducted in Paper
IV we compared the simulated PM10 composition with daily resolution of continuous aerosol
samples (TECORE Skypost low volume sampler) available at Gruvbadet (Amore et al., 2022; Platt 
et al., 2022; Traversi et al., 2020) and with a three-stage filter pack from Zeppelin (Platt et al.,
2021). During the study period of May 2018, an unmanned aerial system ALADINA was operated
at the airport in Ny-Ålesund (ground-850 m) with an aim to detect regions where new particle
formation takes place and to improve the understanding of sources and transport processes of the
aerosol particles in the Arctic (Lampert et al., 2020; Petäjä et al., 2020). Further information about 
the instrumentation available at Zeppelin and Gruvebadet, along with their respective databases,
can be found on the homepage https://ebas.nilu.no/.

3.1.3 Smog Chambers and oxidative flow-tube reactor

Chemical reactions involved in the real atmosphere are extremely complex owing rapid changes in
emissions and meteorology. It is therefore necessary to study the atmospheric chemistry of a few
selected compounds in isolation and under well-controlled conditions (e.g. control temperature,
relative humidity, reactant concentrations etc.) to grasp the contribution of these selected species to
atmospheric processes for e.g. evolution of gas-phase reaction product concentrations, new particle
formation and growth of secondary aerosols (Ehn et al., 2014; Iyer et al., n.d.; Kirkby et al., 2011b; 
Kristensen et al., 2017; McFiggans et al., 2019; Peräkylä et al., 2019; Quéléver et al., 2019). For
this purpose, smog chambers were initially developed to study and validate models simulating gas-
phase chemistry (Akimoto et al., 1979; Carter et al., 1982; Li et al., 2021). Therefore, by controlling
certain physical conditions, smog chambers have contributed immensely to advancing the
understanding of fundamental atmospheric process such as O3 gas-phase chemistry (Jenkin et al.,
1997), gas-to-particle partitioning (Jay R. Odum et al., 1996) and SOA aging (Bruns et al., 2015;
Pathak et al., 2007; Platt et al., 2013).

Traditionally, smog chamber experiments are performed over a period of hours to days using
oxidant and precursor gas-phase concentrations that are generally higher or equal to the
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concentrations found in the atmosphere (Bruns et al., 2015; Chen et al., 2013; Kang et al., 2007).
For example, SOA formation experiments from OH oxidation use typical OH daytime concentration
range of 106-107 molecules cm-3 (Kang et al., 2007; Lambe et al., 2015). The insufficient oxidant
exposure (concentration x residence time), coupled with particle and vapor wall losses in smog
chambers, limits the smog chamber to simulating aerosol particle lifetimes and atmospheric SOA
aging in the order of hours to couple of days (Bruns et al., 2015; Lambe et al., 2015; Ng et al., 
2010). An alternative to smog chambers is the oxidative flow-tube reactor (OFR) which was
developed to enable SOA formation and evolution for multiple days of oxidant exposure within a
residence time of seconds to minutes (Kang et al., 2007; Lambe et al., 2011). Typical oxidant
concentrations are 2-3 magnitudes higher in an OFR (e.g., OH concentrations are ~109 molecules
cm-3), implying that the SOA formation and its subsequent oxidation in an OFR are taking place
over an integrated exposure time of a day to a week of equivalent atmospheric oxidation. In Paper
II, we simulated SOA mass loading from the oxidation (by O3, OH and NO3) of five BVOCs
precursors (isoprene, limonene, -pinene, -pinene and -caryophyllene). The simulations
performed in Paper II were designed to replicate an idealized smog chamber (no interactions
between gas-phase and wall) and an OFR.

3.2 Modeling systems

In this thesis four different numerical models were used to simulate various chemical and aerosol
processes in atmospherically relevant conditions. On the other hand, ARCA-Box was developed
and only used to test various aerosol dynamical processes. ADCHEM (Aerosol Dynamics, gas and
particle-phase CHEMistry and radiative transfer model) is applied both as a 1-D stationary column
model and as a Lagrangian trajectory model in Paper I, and in the Lagrangian trajectory mode in
Paper IV. In Paper I we also used the 0-D box model ADCHAM (Aerosol Dynamics gas and
particle phase chemistry model for laboratory CHAMber studies), was also used to simulate smog
chamber environments. Paper I also used In Paper III we used the stationary 1-D column model
SOSAA (model to Simulate the concentrations of Organic vapors, Sulphuric Acid and Aerosols)
and in Paper II the 0-D box model MALTE-Box (Model to predict new Aerosol formation in Lower
TropospherE) was used to simulate smog chamber and OFR systems. Paper V describes the
construction of a 0-D box model the Atmospherically Relevant Chemistry and Aerosol box model
(ARCA-Box).
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Figure 3: Common modules used the models described here (P * refers to the papers in which the module was used). 
It should be noted that CAMs global input was used only in Paper IV and the EMEP emission inventory was used in 
Paper I for anthropogenic emissions.

3.2.1 Common features of the models
The five models used in this thesis include a lot of overlapping modules and processes which will be 
defined in this section. The gas-phase chemistry scheme MCM v3.3.1 is used in all the models 
describe below. Furthermore, Kinetic pre-processor (KPP) is used to generate a system of coupled 
differential equations which solves the production and degradation of gas phase species derived 
from MCM. In Papers I, II, IV and V the APC and coagulation scheme (section 2.3) is used to 
simulate aerosol growth by condensation and coagulation. The ACDC module is used in Papers I, 
IV and V to simulate the formation of nanoclusters via H2SO4-NH3 or H2SO4-DMA systems. In 
Papers I, II and IV we used the Model of Emissions of Gases and Aerosols from Nature (MEGAN 
2.04), to estimate BVOC flux emissions from the terrestrial ecosystems to the atmosphere (Guenther 
et al., 2012). MEGAN is a simple mechanistic module which considers the processes which control 
biogenic emissions to estimate the terrestrial BVOC flux. Figure 3 shows the schematic of all the 
common modules used in various models.

3.2.2 ADCHEM

The development of ADCHEM was initiated in 2007 at Lund University, and has been used as a 2-
D or 1-D Lagrangian chemistry transport model, running along air mass trajectories both upwind 
and downwind of the measurement stations (Öström et al., 2017; Roldin et al., 2011). In the work 
performed as the part of this thesis, ADCHEM uses a modified Grisogono turbulent diffusivity 
scheme (Jeri evi  et al., 2010; Öström et al., 2017; Roldin et al., 2019) to solve the vertical 
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atmospheric turbulent diffusion. In addition, ADCHEM includes detailed new particle formation,
Brownian coagulation, condensation and evaporation of particles, the dry and wet deposition of
both particles and gases and both in and below cloud scavenging of aerosols particles (Paper IV,
Öström et al., 2017; Roldin et al., 2019).  In Paper IV we also considered both multi-phase and
irreversible reactions in activated cloud and interstitial droplets which included the gas-liquid
droplet mass transfer and dissolution of 50 species in total.

In this thesis, we used ADCHEM either as 1-D stationary column model (Paper I) or as a 1-D
vertical column Lagrangian chemical transport model (Paper I & Paper IV). In Paper I the Hybrid
Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) (Stein et al., 2015), was used
to calculate 4-days backward air mass trajectories, and the meteorological data which served as
input to HYSPLIT was derived from Global Data Assimilation System (GDAS). Global emission
inventory EMEP (European Monitoring and Evaluation Programme) database was used to retrieve
anthropogenic emissions with a resolution of 0.1ox0.1o. In Paper IV we used FLEXPART v10.4 to
calculate the air masses starting 7-days backward in time and potential emission sensitivities (Pisso
et al., 2019; Stohl et al., 2005). The normalized potential emission sensitivities (footprints, which 
are the combined residence time of tracers in a grid) were combined with oceanic and anthropogenic
emissions from global inventories Copernicus Atmospheric Monitoring Service (CAMS) (Granier
et al., 2019; Lana et al., 2011; Riddick et al., 2012; Ziska et al., 2013). ERA5 reanalysis 
meteorological data with spatial resolution of 0.5ox0.5o was as an input to FLEXPART v10.4 in
Paper IV. The biogenic emissions used in both Papers I and IV were modeled using MEGAN 2.04
(Model of Emissions of Gases and Aerosols from Nature) (Guenther et al., 2006; Mogensen et al., 
2015, Paper III). In Paper IV we used the wind speed and sea surface temperature dependent sea-
spray aerosol emission parameterization by Sofiev et al. (2011).

The NPF via both ion-mediated and neutral H2SO4-NH3 clustering was modeled using ACDC
(Atmospheric cluster dynamics code) which is coupled to ADCHEM (Olenius et al., 2013, Paper I
& IV). ACDC was used to model NPF, which involved H2SO4 clustering with NH3 via both neutral
and ion-mediated pathways. The flux of clusters (containing at least ~ 5 H2SO4 and 5 NH3) growing
out of the ACDC molecule-cluster domain represents the NPF rate. These newly formed clusters
are assigned to the corresponding smallest particle size bin at 1.07 nm in diameter in ADCHEM,
which then simulates the condensational growth of particles and losses due to evaporation,
coagulation, and wet and dry deposition. In Paper I ADCHEM also considers NPF via organics-
H2SO4 using a semi-empirical formula from Roldin et al., (2015).

In Paper I PRAM was coupled to MCM v3.3.1 and in Paper IV we used a comprehensive DMS
and halogen oxidation multi-phase chemistry mechanism (Wollesen de Jonge et al., 2021), which
was coupled to PRAM and MCM v3.3.1. Kinetic pre-processor (KPP) was used to generate a
system of couple differential equations which solves both the gas-phase chemistry (Paper I) and
multi-phase chemistry (Paper IV) (Damian et al., 2002). ADCHEM also considers the dry
deposition of gases and particles, in addition to below and in-cloud scavenging of aerosols and in-
cloud sulfate aerosol formation (Paper I and IV).
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The Aerosol Dynamics gas and particle phase chemistry model for laboratory CHAMber studies
(ADCHAM, (Roldin et al., 2014, 2015; Rosati et al., 2021; Wollesen de Jonge et al., 2021) is a 0-
D model used to simulate smog chamber environments. ADCHAM and ADCHEM use identical
aerosol dynamics, gas-phase, and aerosol particle chemistry kinetic and thermodynamics modules.
In Paper I we used ADCHAM to evaluate PRAM and subsequent SOA formation from HOM
species in laboratory chamber settings.

3.2.3 MALTE-Box

MALTE is a one-dimensional model which consists of various coupled modules calculating
boundary layer meteorology, emissions of BVOCs, gas-phase chemistry and aerosol dynamics
(NPF, condensation and coagulation) with the aim to simulate NPF and growth of particles in the
lower troposphere (Boy et al., 2006, Paper II) . In the study performed in Paper II, we used
MALTE-Box, a 0-D version of MALTE, and simulated an ideal smog chamber (no wall loss effects)
and flow-tube environment.

In Paper II we only used the gas-phase chemistry and aerosol dynamics module. Similar to
ADCHEM, the gas-phase chemistry was solved using the differential equations generated by KPP.
The aerosol dynamics in MALTE-Box uses a modified version of the University of Helsinki
Multicomponent Aerosol model (UHMA) (Korhonen et al., 2004). UHMA currently considers the
condensation of a large number of condensable vapors (1175 vapors in this work), and the
condensation process is solved using the APC scheme. The simulations performed in Paper II did
not consider NPF, but considered condensation of vapors onto ammonium sulfate seed particles. It
should be noted that both 0-D models ADCHAM and MALTE-Box use the same chemistry module
and a similar module to handle the aerosol dynamics.

3.2.4 SOSAA

Originally developed by Boy et al., (2011), SOSAA is a parallelized 1-D column model which has
been used in several studies to investigate the evolution of atmospheric chemical concentrations of
emitted precursors and its oxidation products within and above the planetary boundary layer (PBL)
(Mogensen et al., 2015; Praplan et al., 2019; Zhou et al., 2017b, 2017a). The current version of
SOSAA contains five coupled modules which simulates vertical transport of gases and aerosol
particles (meteorology module) using the 1-D version of SCADIS (SCAlar DIStribution) (Sogachev
et al., 2002; Sogachev and Panferov, 2006), biogenic emissions using a modified version of 
MEGAN 2.04, gas-phase chemistry module generated by KPP, aerosol dynamics using a modified
version of UHMA and finally a modified gas dry deposition module derived from the Multi-Layer
Canopy Chemistry Exchange Model (MLC-CHEM, Ganzeveld et al., 2002) (Zhou et al., 2017b,
Paper III).

The meteorological module in SOSAA solves the prognostic equations which were constrained at
the top of the model domain by using ERA-interim reanalysis data to account for synoptic-scale
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meteorological influence on the model domain (Mogensen et al., 2015; Zhou et al., 2017b). In the
lower model levels between 4.2-125 m a.g.l the air temperature, wind vector and absolute humidity
are nudged to the local observations (measurement data available at SMEAR II in Paper III)
(Mogensen et al., 2015; Praplan et al., 2019; Zhou et al., 2017b, 2017a).

In the study performed in Paper III we did not use the aerosol module, since we focused only on
the long-term trends of H2SO4 and oxidants OH, NO3 at SMEAR II. The gas-phase chemistry
module used in SOSAA is similar to the chemistry module used in ADCHEM and MALTE-Box,
where KPP is used to generate the chemical mechanism derived by MCM v3.3.1. The simulations
performed in Paper III also considers the gas dry deposition of simulated chemical species onto
leaf and soil surfaces based on work by Zhou et al., (2017b).

3.2.5 ARCA-Box

In Paper V we constructed a 0-D model titled the Atmospherically Relevant Chemistry and Aerosol
box model (ARCA-Box). The focus of ARCA-Box was to provide the atmospheric science
community a flexible and easy-to-use tool capable of simulating new particle formation, evolution
of gas-phase concentrations of products resulting from oxidation of atmospheric precursors and
submicron aerosol processes in atmospherically relevant conditions with typical use cases in
simulation of ambient smog chamber and indoor spaces.

The default implementation of the ACDC module used for simulating NPF in ARCA-Box includes
two separate chemistries schemes: ion-mediated and/or neutral H2SO4-NH3 and H2SO4-DMA
(Olenius et al., 2013). In principle, the user can select any of the available ACDC chemistries and
its corresponding cluster evaporation rates (two set based on two different theories), or apply any
ACDC compatible cluster evaporation dataset. It is also possible to use parameterized formation
rates for NPF initiated by H2SO4 and representative organic compounds which is based on the
parameterization introduced in Roldin et al., (2015) and used in Paper I.

ARCA-Box handles the wall losses of gas-phase species and particles separately. The loss of gas-
phase species in ARCA is a reversible process which depends on the dimensions of the chamber
and gas properties as outlined in Paper V and McMurry and Grosjean, (1985). On the other hand,
the deposition of aerosol particles onto the walls is an irreversible process which can be
approximated using a parameterization or set by the user to a constant value or time and/or size
dependent value.

One clear advantage of using ARCA-Box is the Graphical User Interface (GUI) which makes it
easy for any user to perform simulations, thereby increasing the reproducibility, visualization, and
documentation of the performed simulation. For example, the GUI makes it easy for the user to
select their own chemistry (or create it), select the ACDC/parameterized formation rate and/or use
parameterized values for aerosol loss rates etc. and eventually minimizing the risk of using
inappropriate options in the simulation setup.
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4 Trends of atmospherically important oxidants and
H2SO4

The removal of BVOCs, AVOCs, CH4 and other trace gases (e.g., CO, SO2) from the atmosphere
is facilitated by the crucial atmospheric oxidants of OH, O3 and NO3. The OH radical dominates
the oxidation of reactive organics and inorganics during the daytime while NO3 oxidation pathway
is crucial during the nighttime. O3 on the other hand is mainly important for the oxidation of alkenes
(i.e. most BVOCs) and, competes with OH and NO3 during short periods of the day (early morning
and evening) (Mogensen et al., 2015). The formation of the OH radical is via interaction between
the water vapor molecule and an excited oxygen atom (O1(D), formed during the photo-dissociation
of ozone (O3). The NO3 radical is formed by the ozonolysis of NO2 and is much more prevalent at
nighttime, since during the daytime the NO3 radical quickly photo-dissociates, resulting in a shorter
life time during the day (Lee Ng et al., 2017). H2SO4 is an important constituent participating in
the formation of nanometer sized clusters alongside bases such as NH3 and amines.

In the last couple of decades emission of many air pollutants (SO2, CO, NOx) have been decreasing
around Europe (Guerreiro et al., 2014), which has resulted in a downward trend in O3 concentrations
(Yan et al., 2018). However, such trends in OH and NO3 are far from certain due to sparse
measurement availability and modeling studies for the same. Therefore, in Paper III we modeled
the long-term trends of OH, NO3 and H2SO4 to gain insights into how the atmospheric oxidation
capacity and NPF can change in context of reducing local and regional changes in environment.
For this purpose, we used SOSAA model and simulate the long-term trends of the above-mentioned
oxidants and H2SO4 at SMEAR II. Trace gas concentrations of O3, NOx, SO2, CO and CH4 from
measurements were used in the model to account for the influence of local and regional transport
on the measurement station. The performance of the modeled meteorological parameters (sensible
and latent heat flux, net radiation) were validated against the meteorological measurements from
SMEAR II. Additionally, the modeled monoterpenes and gas concentrations of OH, NO3 and H2SO4

were validated by comparing it to available observations.

The long-term nighttime trend of NO3 radical is decreasing at a rate of -3.4 % (confidence interval
of the 5th and 95th percentile, CI5th,95th = -4.98, -2.09) per year. This decrease in NO3 concentrations
can easily be explained by the decreasing NO2 concentrations (-4.18 %, CI5th,95th = -6.27, -2.32) per
year), since NO3 is formed via the ozonolysis of NO2. It is safe to assume that with the adoption of
stricter emission controls a further drop in NO2 emissions would mean a further reduction in the
atmospheric oxidative capacity by NO3. This decreasing concentrations of NO3 has a cascading
influence, wherein it increases the concentrations of monoterpenes. The modeled long-term trend
of monoterpenes at SMEAR II shows an increase of 3.43 % (CI5th,95th = 1.95, 5.27) per year. The
reason for this increase could either be due to increasing emissions or decreasing sink terms (OH,
O3 and NO3). However, the emission rates show a marginal increase, indicating that the reduction
in sinks as a likely reason for increasing monoterpene concentrations. The O3 concentrations do not
show any appreciable trend, while OH daytime trends are marginal (discussed below), implying



30

that a decreasing NO3 concentrations are most likely responsible for the increasing monoterpene
trends.

The OH radical at SMEAR II shows and increasing trend with an annual increase of daily mean of
almost 2.39 % (CI5th,95th = 0.95, 3.33, Figure 4.1). It is interesting to note that during the daytime
the OH increases at a modest rate of 0.91 % (CI5th,95th = -0.81, +2.1) per year, implying that the
major contribution to daily annual increase of OH is related to increased OH production during the
night (3.31 % annual increase, CI5th,95th = 2.01, 4.62). This increase in OH concentrations during
nighttime is related to a decrease in the sink term for OH radical. Additionally, the nighttime
increases in OH is related specifically to the winter and autumn seasons since the daytime length
for these two seasons at SMEAR II is the shortest. The major sink term for OH is CO and NO2, and
the decrease in concentrations of both CO and NO2 during autumn/winter can increase the OH
concentrations. It can however be argued that this increase in OH concentrations is more likely due
to the decrease in wintertime CO concentrations rather than the decrease in NO2 concentrations.
This is supported by the fact that the reactivity of OH with CO is almost twice that of the reactivity
of OH with NO2. Moreover, an additional source term for OH during the nighttime could be the
ozonolysis of monoterpenes. This source of OH at night can be amplified by the increasing
monoterpene concentrations due to decreasing NO3 concentrations.

The increase in monoterpene concentrations can offset the OH loss by CO during daytime
spring/summer months leading to a negligible change in OH concentrations during the day.  Overall,
it can be concluded the increase in OH concentrations in winter/autumn months is mainly caused
due the decrease in wintertime CO concentrations and partly also because of increase in
monoterpene concentrations. The implication of this result is far reaching, since further decreasing
emission of CO (and NO2), coupled with a probable increase in monoterpene emissions due to
warming climate will increase the net OH concentrations, increasing the atmospheric oxidative
capacity. For example, increased OH concentrations can increase SOA formation due oxidation
with monoterpenes. However, the coupled impact of the contribution of reduced NO3 and increased
OH concentrations on SOA formation are complicated to predict.
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Figure 4.1: The modeled OH daytime trends and concentrations at SMEAR II. Only daytime concentration and trends 
are shown here since OH is more prevalent during the day owing to is dependence on photolysis of O3. Figure 
reproduced from Paper III (Figure 6) with permission from the Royal Society of Chemistry.

Figure 4.2: Modeled H2SO4 concentrations between at the SMEAR II station. Figure reproduced from Paper III 
(Figure 11) with permission from the Royal Society of Chemistry.
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The gas-phase H2SO4 concentrations depends on the SO2 and OH concentrations which peak in
early spring (hence the high H2SO4 concentrations in spring). The H2SO4 trends shows a decrease
of about -2.78 % per year at SMEAR II (Figure 4.2), which is due to decreasing SO2 concentrations.
The dependence of NPF on H2SO4 implies that this decreasing trend can have wider consequences
on CCN concentrations and eventually the radiative balance (more discussion about the impact of
NPF to CCN is discussed in chapter 5).
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5 HOM driven SOA formation and its influence on
boreal aerosol cloud interactions
HOMs which are derived from oxidation of monoterpenes ( -pinene, limonene, -pinene) by OH
and O3 are capable of driving initial nanoparticle growth (Bianchi et al., 2019; Tröstl et al., 2016).  
The contribution of HOMs to nanoparticle growth depends on the volatility of the condensable
species, with growth of small clusters (few nanometers in size) driven by compounds with
extremely low volatilities, which condense irreversibly onto the particles (Ehn et al., 2014).
This finding further emphasized a need to establish a computationally efficient chemical
mechanism capable of simulating HOM contribution to the growth of atmospheric nanoparticle in
CTMs.

A comprehensive temperature dependent peroxy radical autoxidation mechanism (PRAM),
describing HOM formation from oxidation by O3 and OH of four representative monoterpenes ( -
pinene, limonene, -pinene and carene) was developed by assigning species specific molar yields
of first RO2 that initiates autoxidation (see Paper I). Overall, PRAM includes 208 species (132
MT-O3 and 76 MT-OH). As shown in Figure 2, PRAM explicitly simulates the autoxidation process
and its potential termination reactions. In Paper I PRAM is coupled to MCM v3.3.1 and is validated
by comparing with smog chamber experiments before being applied in a stationary and Lagrangian
setup of the column model ADCHEM. ADCHEM was setup as a stationary column model to
evaluate the performance of PRAM in simulating HOM monomer and dimer concentrations by
evaluating it with measurements of HOM monomers and dimers from the same study period. The
simulations performed by running ADCHEM along HYSPLIT generated air-mass trajectories
(called ADCHEMtraj for simplicity) were used to investigate the impact of NPF and HOM on the
aerosol particle population.

5.1 HOM contribution to SOA

The PRAM derived HOM gas-phase concentrations were compared with the smog chamber
measurements for a wide range of -pinene and O3 concentrations. The modeled individual HOM
monomer concentrations are consistent to about 30% of the measured individual HOM monomer
concentrations. PRAM is capable of reproducing the temperature dependent HOM molar yields,
which accurately predicts that the HOM molar yields increase with increasing temperatures. For
example, as the temperatures increase from 270 K to 289 K, PRAM predicted an increase in HOM
molar yields from 2%  7%, which is consistent with smog chamber measurements (Ehn et al.,
2014). Simulations using ammonium sulfate (AS) seed particle were performed to evaluate the
volatility of HOM species. These simulations revealed that on the introduction of the AS seed
particles, the gas-phase concentrations of the closed-shell HOM dimers decreased due to the
condensation onto AS seed particles, implying that these closed-shell HOM dimers were likely
ELVOCs. On the other hand, HOM monomers (compounds with 6-8 O atoms) were semi-volatile
based on the SIMPOL derived p0, indicating that the uptake of these HOM monomers onto seed
particles was largely governed by their volatility.
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When using PRAM in a stationary column model ADCHEM, the simulated gas-phase monomers 
agreed well (R=0.72, Factor of 2, FAC2=0.93) with the measured HOM monomer concentrations 
during the study period. The HOM dimer concentrations during daytime were underestimated 
compared to the measured concentrations, which could be due to other sources of highly oxygenated 
dimers during daytime not currently accounted for in PRAM.

Figure 5.1: Model and measurement results from -pinene ozonolysis reactions from experiments with used AS seed 
particles. Panel a shows the measured and modeled SOA and AS mass concentrations. Panel b shows the relative 
dimers fraction of the total closed shell HOM gas-phase concentrations. Panel c shows the O:C and H:C ratio 
comparison for measurements and simulation, and finally, panel d shows the gas-phase concentrations of measured 
and simulated RO2, closed shell monomers and dimers. The shaded regions in a, b and d represent the range of model 
results using one order of magnitude higher/lower p0. Figure reproduced from Paper I (Figure 2).

Ambient observations suggest that ELVOCs can be involved in NPF (Bianchi et al., 2019; Rose et 
al., 2018). The ADCHEMtraj simulations indicate that 91% of NPF can be attributed to H2SO4-NH3

clustering, while the remaining 9% NPF contribution may be explained by the H2SO4-organics 
clustering. The time the air mass spends over land upwind of SMEAR II is an important factor in 
determining the growth of freshly formed H2SO4-NH3 clusters by organics. The more time an air 
mass spent over land upwind of SMEAR II the higher the organic mass fraction. The simulated 
average aerosol particle composition is in close agreement with the aerosol chemical speciation 
monitor (ACSM) and aerosol mass spectrometer (AMS). The model results indicate that the mean 
contribution of HOMs to modeled submicron particle mass concentration is around 18% (in total 
SOA contributes to 56% of modeled submicron particle mass concentration).
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5.2 Impact of HOM SOA and NPF on CCN and aerosol-
radiation interactions

Sensitivity simulations (see description in Paper I) performed in this work aimed at estimating the 
impact of NPF and HOM on CCN number concentrations at varying cloud updraft velocities and 
the direct aerosol-radiative forcing (aerosol-radiation interaction, RFARI). Simulation results 
indicate that NPF increases CCN number concentrations with increasing updraft velocities (for 
updraft velocities > 0.2 m s-1). The contribution of NPF to CCN concentrations increase at higher 
updraft velocities because higher supersaturations are formed in air parcels with larger updraft 
velocities (Köhler, 1936; Marinescu et al., 2021). At lower updraft velocities, NPF decreases CCN 
concentrations since there are fewer available particles at sizes equal to or larger than the median 
minimum dry diameter needed for cloud activation (~138 nm). With increasing updraft velocities, 
HOM SOA can increase the CCN number concentrations. HOM SOA does not reduce CCN number 
concentrations at low updraft velocities, since the growth of particles by condensation of low-
volatility HOM species shifts the particle size distribution to larger sizes, which enables the semi-
volatile species to condense and grow the particles further closer to cloud activation diameter sizes.

Figure 5.2. Model and measurement results covering the conditions during the periods May 15-24, 2013 and April 15 
to May 5, 2014 at SMEAR II.  Panel a shows the measured and modeled median particle number size distributions, b
modeled median CCN number concentrations as a function of cloud parcel updraft velocity, c modeled top of the 
atmosphere direct aerosol radiative forcing probability distributions caused by NPF and HOM SOA formation, during 
clear sky conditions, and d relative fraction of the modeled CCN number concentrations that are caused by NPF and 
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HOM SOA formation respectively. The model results were derived based on data from the control run (CTRL), the no
NPF simulation (NoNPF) and the no HOM formation simulation (NoHOM). The shaded areas in panels a, b and d
show the measured and modeled data range within the 25th to 75th percentiles. Figure reproduced from Paper I (Figure
7).

The particles with a dry particle diameter >200 nm efficiently scatter incoming solar radiation in
the atmosphere. The growth of particles by HOMs in size ranges between 30-200 nm (Figure 5.2,
panel a) further enhances the condensation of semi-volatile gaseous species onto these particles
(30-200 nm), which would otherwise exclusively condense onto larger particles. This can spur the
growth of these particles to larger sizes capable of scattering incoming solar radiation. Therefore,
HOM SOA formation can generally result in a net mean negative radiative forcing (RFARI = -0.10
W m-2). On the other hand, NPF causes a reduction in particles greater than 170 nm (Figure 5.2,
panel a), because it reduces the amount of condensable and non-volatile species (H2SO4/organics)
available to grow the accumulation mode particles to larger sizes. Therefore, NPF can induce an
increased net mean positive RFARI of 0.15 W m-2. Based on the above-mentioned quantitative
results, it can be concluded that the negative RFARI by NPF is offset by the positive RFARI of HOM
SOA in the spring over the boreal forest.

These results indicate that the impact of NPF on climate should be viewed under the perspective of
different meteorological conditions. Under clear sky conditions or low updraft velocities, the
aerosol-radiation interactions are crucial, and therefore, NPF can result in net positive radiative
forcing since fewer particles grow to radiation scattering diameters. However, under cloudy
conditions, when updraft velocities are higher, NPF can increase the CCN concentrations which
increases aerosol-cloud albedo feedback causing a net cooling effect. On the other hand, HOM SOA
generally results in a net negative radiative forcing, possibly offsetting the positive radiative forcing
by NPF.
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6 HOM driven particle growth in laboratory 
experiments

Global CTMs and regional scale models use an approach, where fixed laboratory derived SOA 
yields from BVOC oxidation for different representative monoterpenes or isoprene to minimize 
computational burdens. Since the SOA mass yields are highly dependent on experimental 
conditions (background NOx, temperature), this limits the accuracy in prediction of SOA formation 
when the laboratory yields are used directly or via parameterization in the global CTMs and regional 
scale models (see e.g. Jokinen et al., 2015). In Paper II we investigated temperature and NO 
dependent SOA mass yields from oxidation (O3, OH and NO3) of five representative BVOCs ( -
pinene, limonene, -pinene, isoprene and -caryophyllene) using the coupled PRAM and MCM 
(PRAM+MCM) scheme. The aim was to quantify the contribution of PRAM products to laboratory 
(smog chambers and oxidative flow-tube reactors) measured SOA mass yields, for varying BVOCs 
and oxidant concentrations. The SOA mass yields (Y) is the ratio of mass concentration of organic 
compounds (COA) to the amount of VOC reacted ( VOC) as shown in equation 10.

                                             (Equation 10)

The upper panels in Figure 6.1 shows the SOA mass yields for -pinene, limonene and -pinene
simulated using PRAM+MCM. The bottom panels show the ratio of standalone MCM yields to 
coupled PRAM+MCM yields. Currently, there is no PRAM available for isoprene and -
caryophyllene, and hence the yields are not shown in Figure 6.1. The HOM formation from -
pinene ozonolysis is low (Ehn et al., 2014) and, hence not considered in PRAM. The SOA mass 
yields using the coupled PRAM+MCM were in good agreement with the measured smog chamber 
and OFR SOA mass yields as shown in Paper II. A standalone MCM often tends to underpredict 
the SOA mass yields from the oxidation of all the BVOCs considered in this study. For example, 
during limonene ozonolysis PRAM compounds alone contribute ~80 % and 60 % of the mass 
concentration to simulated SOA mass yields in chamber and OFR respectively, and ~25% and 22% 
of simulated -pinene ozonolysis SOA mass concentrations.
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Figure 6.1: Mass yields for -pinene, limonene, -pinene using the coupled PRAM+MCM (top panel). The lower 
panels show the ratio of yields from MCM and coupled PRAM+MCM. The current version of PRAM is available for 
OH and O3 oxidation of -pinene, limonene and OH oxidation of -pinene.

The majority of dimers (generally C19-20H28-32O10-18 (Ehn et al., 2014)) contribution to SOA mass 
concentrations is via the PRAM products, while MCM dominates the monomer contribution to SOA 
mass concentrations (Figure 6.2 and 6.3). Interestingly, OFR simulations show a decrease in dimer 
concentrations compared to the chamber simulation, which is most likely due to high absolute RO2

concentrations in the OFR causing an early termination of the autoxidation chain by bi-molecular 
reactions (Figure 6.3). Also, it is evident from the figure 6.3 that the -pinene+O3 reactions lead to 
the formation of more dimers compared to -pinene+OH reactions which is likely a consequence 
of the respective RO2 yields initiating the autoxidation in PRAM (9% and 2.5 % for -pinene+O3

and -pinene+OH reactions respectively (Berndt et al., 2016)).
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Figure 6.2: Mass 
spectra for -pinene+O3

and -pinene+OH for 
chamber simulations.

Figure 6.3: Mass spectra 
for -pinene+O3 and -
pinene+OH for OFR 
simulations.

Under high NO concentrations the RO2+NO reaction dominates over the RO2+HO2 or the RO2+RO2

reaction pathways, which results in low concentrations or even absence of dimers and 
hydroperoxide compounds (e.g. C108OOH), and increased higher volatility fragmentation products 
and closed-shell monomers with carbonyl groups. Accordingly, this suppresses the SOA mass 
concentrations (Figure 6.4). Low NO concentrations facilitate autoxidation reactions, and the 
subsequent RO2+RO2 and RO2+NO reactions yield high concentrations of low volatility 
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organonitrates, or dimers, which enhance SOA mass yields (Figure 6.5). Figures 6.4 and 6.5 also 
shows the list of compounds from both MCM and PRAM which together contribute to more than 
95% of SOA mass concentrations at low and high NO concentrations (0.5 and 5 ppb) at 293.15 K. 
At high [NO] the contribution of PRAM compounds to SOA mass concentrations dominates over 
the MCM contribution (NO5ppb=68.13%).

Figure 6.4: MCM and PRAM compounds contributing to > 95% of SOA mass at 293K and 100 ppb O3, 50 ppb -
pinene and 5.0 ppb NO (high NO) concentrations. The figures are sorted such that the MCM compounds are placed on 
the left and the PRAM compounds to the right.
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Figure 6.5: MCM and PRAM 
compounds contributing to > 
95% of SOA mass at 293K and 
100 ppb O3, 50 ppb -pinene 
and 0.5 ppb NO (low NO) 
concentrations.

Figure 6.6: MCM and PRAM 
compounds contributing to > 
95% of SOA mass at 258 K and 
100 ppb O3, 50 ppb -pinene 
and 0.5 ppb NO (low NO) 
concentrations.
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The temperature dependence of SOA mass yields is captured well by the coupled PRAM+MCM. 
At low temperatures, the increase in SOA mass concentrations is most likely due to the increased 
condensation of semi-volatile oxidation products. The contribution of dimers to SOA mass is 
reduced at lower temperatures, while monomers (which are most likely SVOCs) contribution 
increases. The compounds which are generally classified as SVOCs at ambient temperatures, 
qualify as LVOCs at low temperatures (~258K) (Kristensen et al., 2017). At lower temperatures the 
contribution of PRAM species to SOA mass concentrations reduces (~15 % at 258.15 K), implying 
that the more volatile MCM species (e.g., pinonic acid, C920PAN, C108NO3) contribute to SOA 
mass (Figure 6.6). This trend reverses at higher temperatures, with PRAM species (e.g., C10H14O11,
C10H16012) contributing to ~66% of SOA mass at 313 K (Figure 6.7). Overall, the simulations 
performed to assess the contribution of PRAM species to SOA mass, shows that the contribution of 
PRAM species is integral to accurately predict experimental SOA mass yields.  

Figure 6.7: MCM and PRAM compounds contributing to > 95% of SOA mass at 313 K and 100 ppb O3, 50 ppb -
pinene and 0.5 ppb NO (low NO) concentrations.
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7 Secondary aerosol formation in pristine marine
Arctic environments
Arctic amplification is the phenomenon that causes the Arctic region to warm at almost twice the
global rate (AMAP, 2017; IPCC, 2019; Serreze and Barry, 2011). This warming of the Arctic polar 
region is accelerating the thinning and loss of sea-ice, increase in permafrost thawing and a rapid
reduction in sea cover extent (AMAP, 2017). It has been proposed that Arctic amplification is a
robust response to increasing atmospheric greenhouse gas concentrations such as water vapor or
CO2, thereby augmenting the net downward longwave radiation resulting in an increase in lower
troposphere warming (Arrhenius, 1896; Jeffries et al., 2013; Kim et al., 2016; Pithan and Mauritsen, 
2014; Serreze and Francis, 2006). However, the role of multiple feedback processes in the Arctic
are still highly uncertain, especially the role aerosol-cloud interactions play in the warming Arctic
region. Aerosol-cloud interactions and related feedbacks in the Arctic is uncertain and complex due
to the special environmental conditions in the Arctic, such as low local aerosol concentrations,
partly or fully covered surface by ice-cover and variation in solar radiation during the year (polar
night and day, (Schmale et al., 2021). For example, low aerosol concentrations result in lower CCN
concentrations thereby altering low-level cloud emissivity.

The thinning and loss of sea-ice increases the phytoplankton net primary production (Arrigo and
van Dijken, 2015), resulting in increased emissions of primary biogenic precursors such as dimethyl
sulfide (DMS), alkyl-amines and iodine species (Cuevas et al., 2018; Dallósto et al., 2017). DMS
oxidation products, especially methane sulfonic acid (MSA) and H2SO4 are active participants in
NPF clustering with NH3 and amines. DMS aqueous-phase oxidation has been investigated in detail
in the past decade, since considering only the gas-phase oxidation of DMS mis-represent the non-
sea-salt SO4

2- aerosol in CTMs (Hoffmann et al., 2016). Schmale et al., (2021) pointed out that
among others, addressing uncertainties in secondary aerosol formation from marine and non-marine
DMS emissions and terrestrial VOCs and improving the particle size distribution and in-cloud
aerosol processing can be a step towards improving the understanding of aerosol-cloud interactions
in the Arctic region.

In Paper IV we aim to understand the secondary aerosol formation in remote Arctic environments
using a comprehensive multi-phase DMS and halogen oxidation chemistry coupled to PRAM and
MCM. The column model ADCHEM is run along trajectories 7 days upwind of the measurement
stations of Gruvebadet and Zeppelin, located on Ny-Ålesund. Similar to Paper I, in this work we
considered NPF via ion-mediated and neutral H2SO4-NH3 clusters. In the last few years iodine
nucleation has gained traction especially over high Arctic pack ice (Baccarini et al., 2020).

NPF cluster measurements by Beck et al., (2021) for the May 2017 (one year before our study
period) concluded that HIO3 nucleation is not an important nucleation pathway during early spring
May at Gruvebadet. The measured clusters were mostly ion-mediated H2SO4-NH3 clusters, thereby
validating our approach.
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In the following section we discuss the role of multi-phase DMS oxidation chemistry in estimating
secondary aerosol formation and growth. A distinction should be made here between the different
simulation scenarios presented in the following section. The woCloud run refers to a scenario where
no in-cloud processing was considered, i.e., no activation of cloud droplets takes place, while in the
woDissolution scenario in-cloud processing is allowed but the irreversible chemistry of
intermediate DMS oxidation products such as DMSO and MSIA is not allowed. The BaseCase
scenario includes both irreversible chemistry and in-cloud processing.

7.1 In-cloud processing of aerosols and secondary aerosol
formation

The impact of CCN on cloud formation depends on CCN number concentrations and also on the
cloud supersaturation (maximum supersaturation, S). In clouds, particles with lower critical
supersaturation (Sc, generally larger particles) than S activate to cloud droplets. In case the cloud
supersaturation is sufficiently large (e.g. >0.5%) then smaller particles can also be activated into
cloud droplets. Activated clouds droplets undergo chemical processing (e.g. S(IV)  S (VI)
conversion), coagulation with interstitial particles and coalescence with other particles, resulting in
the growth of these activated droplets (Feingold and Kreidenweis, 2000; Hoppel et al., 1985, 1986; 
Hudson et al., 2015). Estimations suggest that on average, aerosols take part in ~10 non-
precipitating cloud cycles, where particles are activated, grow, and then evaporate, leaving behind
residual particles that are larger in size than before activation. Therefore, these non-precipitating
cyclic activation and growth of particles causes a minimum to appear in the particle size distribution
between the activated and non-activated particles. This minimum, often referred to as the Hoppel
minimum, is a feature observed in aerosol dry spectra of marine strato-cumulus clouds (Hoppel et
al., 1985; Hudson et al., 2015) and can be used to infer in-cloud supersaturations (Sanchez et al.,
2017).

Figure 7.1 shows the importance of in-cloud and the multi-phase DMS and halogen oxidation
chemistry in reproducing the measured particle size distribution. The Hoppel minimum which is
observed at 60-70 nm diameters size at Ny-Ålesund is relatively well captured by the BaseCase
simulation. Evidently, when neither in-cloud processing nor dissolution and irreversible aqueous
phase chemistry was considered, the model particle number size distribution lacks a distinct Hoppel
minimum. Without in-cloud processing the selective growth of activated droplets does not occur,
leading to an absence of the Hoppel minimum in the median particle number size distribution. The
formation of MSA(aq) impacts the growth of particles in the nucleation, Aitken, accumulation and
coarse modes. The inhibition of irreversible aqueous-phase oxidation of MSIA reduces the
contribution of MSA to the growth of Aitken mode particles, thereby shifting the Hoppel minimum
to larger sizes. This can potentially misrepresent the CCN number concentration and both the
aerosol-cloud and aerosol-radiation interactions. This finding further emphasizes the importance of
both in-cloud processing and the dissolution and aqueous phase chemistry of DMS oxidation
products in the context of better representing both aerosol direct and indirect effect in the Arctic
regions. It should however be noted that cloud supersaturations determine how pronounced the
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Hoppel minimum is, with higher Sc resulting in a more broader Hoppel minima, with a shift towards 
smaller particle diameters. Although, ignoring irreversible DMS chemistry will decrease MSA 
contribution to growth of particles, there is nonetheless an increase in the Aitken and accumulation 
mode particle number concentrations (due to H2SO4 condensation). This can result in an increase 
the CCN number concentrations which can overpredict the cloud-albedo effect and possibly predict 
larger negative radiative forcing.   

Figure 7.1: Panel (a) and (b) shows both the simulated and observed median size distribution at Gruvebadet and 
Zeppelin. Alongside the BaseCase simulation are the without in-cloud processing simulation (woCloud) and a 
simulation without dissolution and irreversible chemistry of intermediate DMS oxidation products (woDissolution). 
The 25th and 75th percentile values are indicated by the shaded regions.
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Figure 7.2: Median mass (upper panel) and corresponding relative mass fraction (lower panel) for the three 
simulations.

The growth of particles in mainly facilitated by the condensation or H2SO4, and aqueous-phase 
formation of MSA (Figure 7.2). SO4

2- and NH4
+ dominate the contribution to particle mass for 

nucleation and Aitken mode sizes. Apart from the sea-salt constituents (Na+ and Cl-), MSA is the 
other major contributor to the accumulation (100 nm -1 m) and coarse mode particle mass (>1 

m). MSA in the aqueous-phase is formed via the ozonolysis of methane sulfinic acid (MSIA) in 
cloud and deliquescent droplets (Wollesen de Jonge et al., 2021). The gas-to-particle phase 
condensation of MSA has negligible contribution to the growth of particles (Figure 7.2, 
woDissolution) since it requires NH3 to either co-condense or undergo dissolution to decrease 
particle acidity (Hodshire et al., 2019). Depending on temperature and relative humidity (RH), the 
presence of a base like NH3 can influence the volatility of MSA. For example, under high [NH3], 
low temperature and high (RH), MSA has low volatility and can contribute to growth of nucleating 
and Aitken mode particles (Hodshire et al., 2019). This implies that if DMS multi-phase oxidation 
is not considered in models, the secondary aerosol formation will be misrepresented since MSA 
generally formed in aqueous-phase has a greater contribution to secondary mass concentrations 
compared to the gas-to-particle partitioning of MSA. The effect of in-cloud processing has a similar 
influence, wherein the formation of MSA in aqueous-phase is enhanced due to MSIA ozonolysis 
during cloud droplet activation. It should be noted that even in the absence of in-cloud processing 
the deliquescent sea-spray coarse mode aerosols act as a major liquid water reservoir in which 
dissolved MSIA and a small extent SO2 are oxidized to MSA and SO4

2- respectively (hence the 
increase in SO4

2- and MSA in woCloud scenario for coarse mode particles).
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7.2 Contribution of DMS oxidation products to vertical particle 
profiles

Figure 7.3: Mean vertical profiles of PN3-12 nm (a), PN>12 nm (b) and the SO4
2-, NH4

+, MSA, NO3
- and IO3

- for the three 
scenarios (c,d,e).

The vertical distributions of both the PN3-12 nm and PN>12 nm particle number concentrations are 
governed mainly by the contribution of gas-to-particle phase partitioning of H2SO4 and aqueous-
phase formation of MSA via MSIA ozonolysis. It should also be noted that NO3

- and IO3
- have 

negligible contribution to the growth of particles at any height. One striking conclusion from Figure 
7.3 is that, even though the contribution of H2SO4(g) does not decrease in woDissolution scenario, 
the extreme underprediction in PN>12 nm number concentrations compared to the unmanned aerial 
system (UAS) measurements (panel (b), woDissolution) is likely due to the drastic reduction in 
MSA(aq) formation.



48

8 ARCA-Box: a modeling tool for the community
The application of box models to study chamber, indoor spaces or other novel uses such as studying
the lung deposition of tobacco smoke aerosols (Pichelstorfer et al., 2021) have been gaining
momentum in the past few decades. For chamber scientists, without any experience of applying
detailed process models, it might be tedious to apply the process model for a specific case or
experiment without substantially modifying the source code. This is mostly an issue since the
available models are mostly designed with a specific purpose in mind. For example, the source code
could often contain hard coded parameters which needs to be altered for every experiment or
switching to a different chemistry scheme for a particular experiment. Overcoming these issues
quite often lead to additional errors or misconfiguration, thereby making the use of these models
by the experimental community quite an unappealing prospect.

In the work presented in Paper V we created a new model ARCA-Box which is written in a user-
friendly way making it easier for any user, either modeler or experimental scientist to use and run
simulations with easily modified parameters. The advantage of ARCA-Box is the graphical user
interface (GUI), which makes the model easier to apply, improve the reproducibility and the
visualizations of the results. The various modules in ARCA-Box have been rigorously verified and
thoroughly documented.

Although ARCA-Box can easily be used for simulating chamber conditions, its use cases can be
expanded for e.g., approximating an OFR simulations. ARCA-Box can, and is used as a platform
to test and validate novel and explicit chemistry and aerosol dynamics schemes before they are
implemented into more computationally expensive 1-D column or in CTMs. For example, the
rigorously verified aerosol dynamics and particle size distribution modules in ARCA can easily by
imported to a 1-D column model such as SOSAA, with relatively few modifications to the source
code. Additionally, the particle phase chemistry dealing with the size resolved hygroscopic particle
growth and dissolution of inorganics and organics in aqueous solutions can be implemented in
ARCA-Box, to both study and evaluate before coupling it to the CTMs (e.g., Lagrangian
implementations of SOSAA along the trajectories).

Apart from development aspect ARCA-Box was used to test various processes related to aerosol
dynamics. For instance, ARCA-Box is currently used as a platform to test and implement size-
resolved hygroscopic growth of particles and the estimation of saturation concentrations of
inorganics such as HCl, HNO3, MSA to calculate the dissolution of the inorganics based on the
prediction of non-equilibrium growth (PNG) scheme (Jacobson, 2005), similar to the
thermodynamic module used in ADCHEM and ADCHAM (Roldin et al., 2011, 2014) .
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9 Review of papers and author’s contribution
In Paper I we developed the comprehensive peroxy radical autoxidation mechanism (PRAM) for
simulating HOM production from monoterpene oxidation by OH and O3. The model results indicate
that the HOM SOA contributes to a net negative radiative forcing, which is offset by a net positive
forcing by NPF during certain meteorological conditions. Overall, the HOM compounds contribute
18% of the total SOA mass concentration. The NPF was primarily driven by ion-mediated H2SO4-
NH3 clustering while H2SO4-organics clustering plays a minor role in spring-time boreal forest. I
contributed to the analysis and interpretation of the data.

In Paper II we compared the efficacy of a couple PRAM+MCM to the standalone MCM in
simulating SOA mass concentrations, for an ideal smog chamber and oxidative flow reactor setup.
The results indicate that the coupled PRAM+MCM represents the SOA mass yields relatively well,
while the standalone MCM underpredicts the SOA mass yields. Additionally, OFR simulations
results in lower dimer concentrations compared to chamber simulations. The temperature and NOx

dependent SOA mass yields are well represented using the coupled PRAM+MCM. In this work I
performed all the simulations and wrote most of the manuscript.

In Paper III we used the 1-D column model to simulate long-term trends of OH, NO3 and H2SO4

at SMEAR II. We found that H2SO4 and NO3 concentrations decreased over the 12-year period due
to the decrease in SO2 and NO2 emissions, related to air-quality restrictions. The OH concentrations
increase due to a decrease in wintertime CO concentrations and partly due to increase in
monoterpene concentrations. I contributed to the analysis of the data and to the writing and
discussion of the manuscript.

In Paper IV we simulated secondary aerosol formation for remote marine Arctic regions of Ny-
Ålesund and compared it with the measurement from Gruvebadet and Zeppelin observatories, by
implementing a multi-phase DMS and halogen oxidation chemistry. The results indicate that the
ion-mediated H2SO4-NH3 can explain the NPF in the marine Arctic BL at Ny-Ålesund. H2SO4

condensation and aqueous-phase MSA formation from the ozonolysis of MSIA in cloud and
deliquescent particles drive the growth of secondary aerosol formation. I performed all the
FLEXPART and most of ADCHEM simulations. I also wrote most of the manuscript and created
the visualizations.

In Paper V we developed a new 0-D box model ARCA-Box which is suitable to perform smog
chamber and OFR simulations. The user-friendly GUI is the clearly the most advantageous feature
of ARCA-Box which make it easier fro any user to implement the model and reducing errors
stemming from misconfiguration of model setup. In this work I implemented the condensation and
coagulation module based on APC scheme. I also contributed to the text related to the aerosol
dynamics in the manuscript.
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10 Conclusions and Outlook
Secondary organic aerosols, which are formed from the gas-to-particle phase conversion of
oxygenated compounds formed during the oxidation of non-methane BVOCs are known to
contribute a major fraction of the total submicron aerosol mass. The contribution of these oxidized
gaseous compounds to SOA formation depends on ambient factors such as temperature, background
trace gas, oxidant and BVOCs concentrations. One of the major characteristics that regulates the
condensation of these oxygenated organic compounds onto existing aerosol surfaces is the volatility
of these organic species. Highly oxygenated organic molecules (HOM) which are BVOCs or
AVOCs oxidation products have varying degrees of volatility and can contribute to the particle
growth at different sizes. HOM, depending on their volatility can condense onto particles or may
participate in nucleation along with H2SO4. For example, HOM with very low to extremely low
volatility (LVOCs or ELVOCs) can condense onto the nucleation mode particles and grow them to
larger CCN relevant sizes. It is therefore important to improve the representation of HOM SOA, or
in general SOA formation in 3-D Eulerian CTMs to better predict the SOA contribution to CCN
and climate.

The work performed in this thesis is aimed at improving our understanding and the representation
of the HOM SOA in models, to more accurately predict and represent ambient and experimental
SOA formation. Using a better representation of HOM SOA helped us grasp the impact it has on
CCN and direct radiative forcing (Paper I). The formation of HOM from monoterpene oxidation
was based on a newly developed near-explicit peroxy radical autoxidation mechanism (PRAM).
The coupled PRAM and MCM showed a good agreement when validated against both chamber
(JPAC) and ambient observations of HOM concentrations (SMEAR II). When implemented in a
Lagrangian CTM (ADCHEM), the coupled PRAM and MCM indicated that at SMEAR II almost
18% of submicron particle mass concentration contribution is via HOM SOA. The model
simulations at SMEAR II indicate that the role of organics in NPF is rather low (9%) with the
majority of NPF explained by ion-mediated H2SO4-NH3 clustering. Depending on prevailing
meteorological conditions (low or high updraft velocities) NPF can either reduce or increase CCN
concentrations. For example, at low updraft velocities NPF can decrease CCN, due to low liquid
water supersaturation, thus inhibiting the activation of smaller particles. On the other hand, HOM
SOA does not reduce CCN number concentrations at low updraft velocities, since the growth of
particles by condensation of low volatility HOM species shift the particle size distribution to larger
sizes, which enables the semi volatile species to grow the particles towards cloud activation
diameter sizes. The results indicate that HOM SOA generally has a negative radiative forcing owing
to the growth of particles to sizes relevant to light scattering diameters, while NPF tends to exert a
net positive radiative forcing since it uses up most condensable and non-volatile species that could
grow particles to light scattering diameters. Therefore, it can be expected that in tandem, HOM
SOA to some degree offsets the warming caused by NPF in the boreal forest.

The implementation of a coupled PRAM+MCM in a box-model was done in Paper II, to compare
how well the simulations, capture the BVOCs oxidation derived SOA mass yields when compared
to smog chamber and OFR experiments. The current MCM version (standalone MCM) is unable to
efficiently simulate SOA yields, whereas the coupled PRAM+MCM is more able to represent
temperature and NOx dependent SOA yields. This is because PRAM species produce more dimers
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and other ELVOCs which contribute to SOA mass, while MCM contributes a greater fraction of
monomers. Our results also point that a degree of caution should be used when using OFR yields
in models. Since large initial precursor and oxidant concentrations are used in an OFR, it leads to
higher RO2 concentrations causing an earlier termination of autoxidation pathways, thereby
impacting the SOA yields.

The work performed in Paper I and II can be used to improve the SOA representation in global
CTMs and regional scale models. For instance, the detailed and explicit PRAM+MCM scheme can
be reduced to a lumped scheme where PRAM HOM RO2 ([RO2]PRAM) reacts with the summed pool
of RO2 from MCM ( [RO2]MCM). This results in two representative dimers, one [dimer]O3 formed
from ([RO2]monoterpene+O3 + [RO2]MCM) and another one [dimer]OH from ([RO2]monoterpene+OH +

[RO2]MCM). HOM concentrations from the simulations performed using this lumped scheme are
in close agreement with the results obtained using the explicit PRAM scheme. We therefore believe
that this lumped scheme can be used in global CTMs in the near future. Additionally, using the
simulated SOA yields in Paper II (coupled PRAM+MCM yields), it is possible to develop multi-
parameter relations (e.g., considering NOx, temperature, oxidant, and precursor concentrations)
which can emulate the SOA mass concentrations depending on different scenarios and ambient
conditions. This parameterization can improve the SOA mass prediction in regional and global
models.

Paper IV highlighted the importance of secondary aerosol to the CCN in relation to remote Arctic
marine environments. Secondary aerosols form the major fraction of Aitken mode particles (25-100
nm), which in marine environments are capable of activating to cloud droplets. The formation of
aqueous-phase MSA (which is the DMS product formed via aqueous-phase ozonolysis of MSIA)
is a crucial component involved in the growth of secondary aerosols. Our results indicate that the
gas-to-particle partitioning of MSA is less important compared to aqueous-phase formation of
MSA. Ignoring multi-phase DMS chemistry in global CTMs can lead to increased CCN production
and thereby can predict too large net negative radiative forcing. In Paper IV the H2SO4-NH3 ion-
mediated clustering could explain NPF in spring-time Ny-Ålesund. Recent measurements from
higher-latitude Arctic sites surrounded by pack-ice indicate the iodine compounds are important
participants in NPF. Any future work focusing on secondary aerosol formation in Arctic regions
should consider HIO3 cluster formation and its contribution to the secondary aerosol formation
either via explicit means (such as ACDC) or parameterized values.

The PRAM scheme is developed for monoterpene oxidation by OH and O3, and tested at SMEAR
II, Finland. Since the oxidant concentrations are important for RO2 production, understanding how
long-term trends of oxidants vary can provide a glimpse into future SOA mass concentration change
and its subsequent climatic impacts (Paper III). Long-term trends of OH at SMEAR II indicate the
OH concentrations increase annually at a rate of 2.38 % which is likely due to decreasing CO
concentrations. This increase in OH increases the atmospheric oxidation capacity, which can
increase SOA mass and CCN concentrations via monoterpene+OH oxidation. Conversely, the
decreasing trend of NO3 can reduce CCN concentrations and SOA growth. This opposing trend of
NO3 can offset the increased CCN and SOA contribution by increasing OH concentrations. This
scenario is further complicated by the reduction in H2SO4 concentrations (-2.78 % annually). The
impact of this on future climate is far from clear. For example, H2SO4 substantially impacts NPF in
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boreal forests, which can reduce NPF, resulting in a net positive radiative forcing via aerosol-cloud
interaction due to reduced CCN. Nonetheless, these effects are far more complicated since the
changes in cloud microphysics and underlying meteorological influence should also be considered
to get a more accurate estimation.

Finally, we present the community ARCA-Box (Paper V), a modeling tool which can be used easily
owing to it user-friendly GUI and comprehensive documentation. ARCA-Box is available for use,
but as any tool it will be developed further. Work has already begun on implementing an inorganic
module capable of calculating size resolved aerosol hygroscopic growth via condensation of
inorganic acids such as HNO3, HCl and MSA. Other additions/improvements to ARCA-Box
includes implementing the effect of charged ions on the chamber wall losses. With this in mind, we
hope that ARCA-Box can be widely used by both modelers and experimental scientists to further
their work in understanding the fundamental processes of atmospheric chemistry.
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