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Abstract
Aerosol particles are ubiquitous in the atmosphere and an essential part of the atmospheric radiation balance regulating
the Earth’s temperature. Aerosol-cloud interaction still remains the largest single uncertainty in future climate projections.
In addition, aerosols are also responsible for air pollution, causing severe health effects. With various origins and short
atmospheric lifetimes, aerosols are unevenly distributed in the atmosphere, making simulations of air pollution and future
climate scenarios challenging. This thesis aims to improve the understanding of the physical and chemical processes that
govern aerosol concentration in the atmosphere, using both field as well as laboratory experiments.

Field measurements were performed at a remote station at Mt Åreskutan, central Sweden. Located at 1250 m a.s.l.
the station is frequently covered by clouds, allowing for in-cloud measurements. Aerosol particle size distribution
measurements revealed a shift towards smaller diameters in the ambient aerosol size distribution after the station had
been within a cloud. This is a result of the larger (> 60 nm) particles being more effectively scavenged by clouds as
compared with the smaller end of the size distribution. Chemical analysis revealed a similar composition of the cloud
water as the particulate matter, suggesting that cloud droplet activation at Mt Åreskutan is primarily dependent on particle
size, and the aerosol population to have been internally mixed. Similarly, measurement of hygroscopicity and volatility
revealed similar water-solubility and evaporation behaviour for the ambient aerosols and cloud residuals, with the organic
fraction representative of aged boreal secondary organic aerosol (SOA) and showing no signs of significant aqueous phase
processing.

The NArVE laboratory campaign took place in an atmospheric simulation chamber at Paul Scherrer Institute,
Switzerland. The experiments traced nitrate-induced SOA formation and ageing of three biogenic precursors, namely α-
pinene, isoprene, and β-caryophyllene, using mass spectrometric techniques and evaporation measurements. The volatility
of α-pinene SOA from nitrate oxidation was found to be higher than the corresponding ozonolysis products. The nitrate
oxidation of isoprene resulted in species with similar volatility to α-pinene, while the β-caryophyllene system produced
lower volatility compounds then the other two precursors. Quantitative comparison of the volatility measurements to
commonly-used theoretical parameterizations revealed the need for further studies of the impact of the nitrate functional
group on molecular volatility. Dark ageing of α-pinene was found to mainly occur through particle phase oxidation forming
less volatile species. During the photolysis related to sunrise the molecular composition changed towards more volatile
species, while no significant evaporation could be observed for the α-pinene and isoprene systems.

A common theme in all these studies was investigating the level of detail needed to theoretically describe the
observations. We found that while simple approximations (such as internal mixing and size-independent chemical
composition of the particles) are often sufficient to capture trends in atmospheric aerosol properties, more research on (1)
the processes taking place on shorter time- and smaller size scales than investigated here and (2) the effects of nitrate group
on molecular volatility are warranted.
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Abstract 

Aerosol particles are ubiquitous in the atmosphere and an essential part of the 
atmospheric radiation balance regulating the Earth’s temperature. Aerosol-
cloud interaction still remains the largest single uncertainty in future climate 
projections. In addition, aerosols are also responsible for air pollution, causing 
severe health effects. With various origins and short atmospheric lifetimes, 
aerosols are unevenly distributed in the atmosphere, making simulations of air 
pollution and future climate scenarios challenging. This thesis aims to 
improve the understanding of the physical and chemical processes that govern 
aerosol concentration in the atmosphere, using both field as well as laboratory 
experiments. 

Field measurements were performed at a remote station at Mt Åreskutan, 
central Sweden. Located at 1250 m a.s.l. the station is frequently covered by 
clouds, allowing for in-cloud measurements. Aerosol particle size distribution 
measurements revealed a shift towards smaller diameters in the ambient 
aerosol size distribution after the station had been within a cloud. This is a 
result of the larger (> 60 nm) particles being more effectively scavenged by 
clouds as compared with the smaller end of the size distribution. Chemical 
analysis revealed a similar composition of the cloud water as the particulate 
matter, suggesting that cloud droplet activation at Mt Åreskutan is primarily 
dependent on particle size, and the aerosol population to have been internally 
mixed. Similarly, measurement of hygroscopicity and volatility revealed 
similar water-solubility and evaporation behaviour for the ambient aerosols 
and cloud residuals, with the organic fraction representative of aged boreal 
secondary organic aerosol (SOA) and showing no signs of significant aqueous 
phase processing. 

The NArVE laboratory campaign took place in an atmospheric simulation 
chamber at Paul Scherrer Institute, Switzerland. The experiments traced 
nitrate-induced SOA formation and ageing of three biogenic precursors, 
namely α-pinene, isoprene, and β-caryophyllene, using mass spectrometric 
techniques and evaporation measurements. The volatility of α-pinene SOA 
from nitrate oxidation was found to be higher than the corresponding 
ozonolysis products. The nitrate oxidation of isoprene resulted in species with 
similar volatility to α-pinene, while the β-caryophyllene system produced 
lower volatility compounds then the other two precursors. Quantitative 
comparison of the volatility measurements to commonly-used theoretical 
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parameterizations revealed the need for further studies of the impact of the 
nitrate functional group on molecular volatility. Dark ageing of α-pinene was 
found to mainly occur through particle phase oxidation forming less volatile 
species. During the photolysis related to sunrise the molecular composition 
changed towards more volatile species, while no significant evaporation could 
be observed for the α-pinene and isoprene systems. 

A common theme in all these studies was investigating the level of detail 
needed to theoretically describe the observations. We found that while simple 
approximations (such as internal mixing and size-independent chemical 
composition of the particles) are often sufficient to capture trends in 
atmospheric aerosol properties, more research on (1) the processes taking 
place on shorter time- and smaller size scales than investigated here and 
(2) the effects of nitrate group on molecular volatility are warranted. 
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Sammanfattning 

Aerosoler är små luftburna partiklar som finns överallt i atmosfären, där de är 
en viktig del i strålningsbalansen som reglerar jordens temperatur. 
Interaktioner mellan aerosoler och moln representerar fortfarande den största 
enskilda osäkerheten inom framtida klimatprojektioner. Därtill bidrar 
aerosoler även till luftföroreningar, som i sin tur orsakar allvarliga negativa 
hälsoeffekter. Med ett stort antal källor och relativt kort livstid är aerosoler 
ojämnt fördelade i atmosfären, vilket gör simuleringar av både 
luftföroreningar och framtida klimatscenarior speciellt utmanande. Denna 
avhandling kombinerar fält- och laboratorieexperiment i syfte att förbättra 
förståelsen för de fysikaliska och kemiska processer som bidrar till 
koncentrationen av aerosoler i atmosfären. 

Fältmätningar genomfördes vid en avskild fältstation på toppen av 
Åreskutan i centrala Sverige. Stationen är belägen 1250 m över havet och är 
ofta omsluten av moln, vilket möjliggör direkta mätningar inne i molnen. Med 
hjälp av ett särskilt luftintag, som är utvecklat för att samla molndroppar, 
kunde molnvattnet avlägsnas och den återstående massan benämns 
fortsättningsvis som molndroppsrester. Genom att mäta den omgivande 
atmosfärens partikelstorleksfördelning kunde ett skifte mot mindre diametrar 
påvisas efter att stationen omgivits av moln. Detta beror på att de aerosoler 
som är större än 60 nm i diameter avlägsnas mer effektivt av molndroppar 
jämfört med partiklar av mindre storlek. Kemiska analyser uppvisade en 
jämförbar sammansättning i molnvattnet och partikelmassan, vilket tyder på 
att aktivering av aerosolpartiklar till molndroppar vid toppen av Åreskutan 
främst beror på partikelstorleken, och att aerosolpopulationen består av internt 
sammansatta partiklar. Ytterligare mätningar av aerosolpartiklarnas 
hygroskopicitet och volatiltitet påvisade liknande beteende för aerosol och 
molndroppsrester beträffande vattenlöslighet och förångning. Den organiska 
aerosolfraktionen präglades av en typisk sekundär organisk aerosol (SOA) 
från barrskog, och uppvisade inga tecken på ytterligare kemisk omvandling i 
molnets vätskefas. 

Laboratorieexperiment genomfördes i en atmosfärisk simulerings-
kammare vid Paul Scherrer Institutet i Schweiz. Experimenten studerade 
bildandet, och den fortsatta utvecklingen, av SOA från den kemiska 
reaktionen mellan nitratradikalen och tre biogena molekyler, nämligen 
α-pinen, isopren, och β-karyofyllen, med hjälp av masspektrometriska 
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metoder och förångningsexperiment. Nitratreaktionen med α-pinen visade sig 
producera mer volatila SOA än motsvarande ozonreaktion. Reaktionen mellan 
isopren och nitratradikalen resulterade i produkter med liknande volatilitet 
som α-pinen, medan β-karyofyllen producerade föreningar med lägre 
volatilitet än de två andra reaktanterna. Kvantitative jämförelser mellan de 
olika förångningsmätningarna och tre vanligt förekommande teoretiska 
metoder påvisade behovet av ytterligare studier av nitratgruppens inverkan på 
molekylens totala volatilitet. Den kemiska utvecklingen av SOA bildad från 
nitratreaktionen med α-pinen fortskred främst via oxidation i partikelfasen och 
bildade föreningar med lägre volatilitet. Under fotolys, som återskapar 
soluppgång, skiftade den molekylära sammansättningen till mer volatila 
föreningar, däremot kunde ingen signifikant förångning fastställas för α-pinen 
och isopren systemen.  

Det gemensamma temat för alla studier i denna avhandling har varit att 
utreda vilken detaljnivå som krävs för observationer och simuleringar. Vi 
visade att samtidigt som enklare approximationer (t.ex. intern sammansättning 
och kemisk sammansättning oberoende av partikelstorlek) ofta är tillräckliga 
för att fånga aerosoltrender i atmosfären, behövs mer forskning om (1) 
processerna på kortare tids- och mindre storleksskala än de som undersöktes 
här och (2) effekten av nitratgruppen på molekylens totala volatilitet. 
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1 Introduction 

In the atmosphere close to the Earth’s surface, a cubic centimetre of air usually 
carries several thousands of liquid or solid particles, referred to as aerosol 
particles. These tiny particles are an essential part of the atmospheric radiation 
balance as they interact with the incoming, and reflected, solar radiation, 
regulating the temperature of the Earth (Seinfeld and Pandis, 2006). Aerosol 
particles may interact with radiation both directly, by absorption and 
scattering, and indirectly by acting as cloud condensation nucleus (CCN) for 
water vapour to condense on, affecting the albedo (Twomey effect) and 
lifetime (Albrecht effect) of clouds. The indirect aerosol radiative effect 
generally cools the Earth system, while the direct effects, which are associated 
with both absorption and scattering, can result in either local heating or 
cooling, depending on the aerosol type (IPCC, 2013). In the lower part of the 
troposphere aerosols are also associated with severe health effects, e.g. 
respiratory problems and in the worst case premature death, with air pollution 
affecting millions of people globally (WHO, 2016). 

Atmospheric aerosols originate from both natural and anthropogenic 
sources, and may be divided into primary and secondary aerosols. The former 
are directly emitted as particulate matter (PM) and the latter formed from 
oxidised vapours in the atmosphere. The chemical composition of aerosol 
particles may roughly be separated in soot (referred to as black carbon, BC), 
inorganic- and organic matter (IM and OM, respectively), and is usually a 
combination of all three. The size distribution of atmospheric aerosol particles 
range from a few nanometers up to approximately 100 μm. Depending on the 
particle size, the aerosol lifetime may span from a few days up to a few weeks 
in the atmosphere. This is a relatively short lifetime compared to several 
greenhouse gases (GHG, with lifetimes ranging from several years to decades, 
and even centuries for carbon dioxide). 

The various origins of the PM together with the short atmospheric lifetimes 
of aerosol particles result in a highly uneven spatial distribution of 
atmospheric aerosol populations, with low particle concentrations in the more 
pristine (e.g. polar) regions and extremely high concentrations in densely 
populated metropolitan areas. This high spatial and temporal variability in 
aerosol size distribution and concentration makes it challenging to make air 
quality forecasts and future climate projections. Aerosol-cloud interaction still 
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remains the largest single uncertainty in estimates of the global radiative 
forcing (IPCC, 2013). 

The work within this thesis focuses on understanding the factors that drive 
the chemical composition and size distribution of atmospheric aerosol 
populations and their interactions with clouds – with a particular focus on the 
complex mixture of organic aerosol constituents. 

1.1 Atmospheric secondary organic aerosol processing 
In the atmosphere, OM makes up 20-90% of the total aerosol mass, containing 
thousands of different organic compounds with various molecular properties 
(Goldstein and Galbally, 2007; Jimenez et al., 2009). Characterising the 
chemical and physical properties of such a large number of compounds is 
challenging, and the knowledge about of the atmospheric fate of particularly 
then secondary organic aerosol (SOA) system is therefore still limited. A 
simplified picture of the atmospheric life of SOA originating from natural or 
anthropogenic gas phase precursors, potentially ending up as a CCN and 
eventually being removed through wet deposition, is illustrated in Fig. 1. 

 
Figure 1 Illustration of the atmospheric phase transitions of organic aerosol, 
originating from volatile organic compounds emitted by natural and 
anthropogenic sources. Oxidation promote particle formation, and further 
growth through condensation, finally reaching particle sizes large enough to 
act as cloud condensation nucleus forming clouds. Finally, the aerosol 
particles are removed from the atmosphere through wet and dry deposition. 
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Atmospheric oxidation of volatile organic compounds (VOC) can lower their 
volatility (i.e. saturation vapour pressures), favouring partitioning to the 
particle phase. The volatility decrease through oxidation is a result of 
increased O:C ratio and is known as functionalisation. Additional processes 
related to organic oxidation include oligomerisation (linking two, or more, 
monomer units together) and fragmentation, which can decrease or increase 
the molecular volatility through increased or decreased carbon chain length, 
respectively, as illustrated in Fig. 2. 

The two dominant atmospheric oxidants are the hydroxyl radical (OH) and 
ozone (O3), with the former only present during the daytime due to its 
photolysis dependent formation. The major nocturnal oxidant is the nitrate 
radical (NO3), generated by the dark reaction of nitrogen dioxide (NO2) and 
O3. However, atmospheric nitrate oxidation of VOCs has received less 
attention than those for ozonolysis and OH oxidation (Ng et al., 2017). Nitrate 
oxidation of biogenic VOCs (BVOC) have been shown to be an important 
source for atmospheric SOA (Häkkinen et al., 2012), and recent studies 
suggest the oxidation products to be less volatile than previously expected 
(Pullinen et al., 2020; Zhao et al., 2021). 

 
Figure 2 Atmospheric oxidation processes may affect the volatility of the 
organic compound in three different ways; through functionalisation, 
fragmentation and oligomerisation. While fragmentation increase the 
volatility by reducing the carbon number, functionalisation and 
oligomerisation decrease the volatility, with the former increasing the O:C 
ratio and the latter increasing the carbon number.(Illustration adapted from 
Jimenez et al., 2009) 

When aerosol is heated or diluted, species tend to evaporate according to their 
saturation vapour pressure. This makes it possible to estimate the saturation 
vapour pressures of aerosol constituents from particle evaporation behaviour. 
Accurate measurements of the volatility distributions present in aerosol 
particles are challenging, and typically a combination of techniques is needed 
to probe the full range of saturation concentrations. It is also possible to 
theoretically estimate the saturation vapour pressure of a compound based on 
its molecular structure. However, the large number of (partly unidentified) 
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compounds present in atmospheric mixtures makes such predictions for the 
atmospheric aerosols challenging. As a result, a simplified framework known 
as the volatility basis set (VBS, see more detailed description in Sect. 2.3.2.2) 
has been developed to reduce the complexity of the whole atmospheric 
organic fraction (Donahue et al., 2011; Jimenez et al., 2009). In this 
framework, the mixture of volatilities present in the atmospheric OM is 
represented with a number surrogate species with fixed effective saturation 
concentration (C*, μg m-3, see e.g. Donahue et al., 2006), of atmospheric 
vapours and particulate matter spans several orders of magnitude. The 
following classification and terminology is often used within scientific 
literature (Murphy et al., 2014): 

 
 Extremely low volatile OC (ELVOC); C* < 3.2 × 10-4 
 Low volatile OC  (LVOC); 3.2 × 10-4 < C* < 3.2 × 10-1 
 Semi volatile OC (SVOC); 3.2 × 10-1 < C* < 3.2 × 102 
 Intermediate volatile OC (IVOC), 3.2 × 102  < C* < 3.2 × 106 
 Volatile OC (VOC), 3.2 × 106  < C* 

 
Through their influence on particle evaporation rates, saturation 
concentrations influence the net condensational growth of aerosol particles, 
together with gas phase concentrations of condensable vapour. Understanding 
the net condensation is important for describing the evolution of the size 
distribution of atmospheric aerosol particles (Mohr et al., 2019), and their 
ability to take part in cloud formation and be scavenged through wet 
deposition via cloud droplets (see Fig. 1). 

1.2 Aerosol cloud interactions and wet scavenging 
The ability of an aerosol particle to act as a CCN at a certain water vapour 
saturation ratio (S = RH / 100 %), depends on both the particle diameter and 
its chemical composition (Köhler, 1936; Seinfeld and Pandis, 2006). This is 
governed by the Köhler equation which describes the equilibrium saturation 
ratio over a solution droplet at a given wet diameter. The specific shape of the  
Köhler curve (plotted in Fig. 3 for a sodium chloride particle, 50 nm in 
diameter) results from two competing influences on the equilibrium vapour 
pressure of water, namely the droplet curvature (Kelvin effect) and the 
presence of a solute (Raoult effect). According to the curvature effect, the 
equilibrium vapour pressure is higher around a droplet compared to a flat 
surface. The smaller the droplet, the higher the equilibrium pressure. The 
solute effect, on the other hand, decreases the equilibrium vapour pressure as 
compared with pure water. The more concentrated the solution (the larger the 
dry aerosol particle diameter) and the more hygroscopic the solute, the lower 
the equilibrium pressure. For a fixed soluble particle dry diameter (such as in 
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Fig. 3), the Köhler curve has a maximum at a given supersaturation (critical 
supersaturation) and wet diameter (critical diameter), after which the droplet 
grows through condensation even if the ambient supersaturation drops below 
the critical value. As discussed above, the critical supersaturation is generally 
lower the larger the dry particle diameter and the more hygroscopic the 
particle constituents. Particles that can reach the critical point at ambient 
supersaturations are called CCN. 

 
Figure 3 Köhler curve (blue), including the contribution from the Kelvin (red) 
and Raoult (green) effect, for a sodium chloride (NaCl) particle with 50 nm 
dry diameter. The critical diameter, after which the droplet grows independent 
of the ambient supersaturation, is marked with a bullet, also indicating the 
corresponding critical saturation ratio. (Figure adapted from Seinfeld and 
Pandis, 2006) 

The hygroscopicity parameter (κ) describes the ability of a particle to take up 
water and provides indirect information about the chemical composition. The 
overall κ-value for a multi-component aerosol, e.g. an atmospherically aged 
aerosol containing both OM and IM, is simply the sum of the hygroscopicity 
for each component, weighted according to their corresponding volume 
fractions (see Sect. 2.3.1). For IM, the κ-value generally ranges from 0.5 to 
1.4, with the highest values for highly CCN active salts, e.g. sodium chloride. 
OM generally have lower κ-values, ranging from 0.01 to 0.5, with the 
hygroscopicity increasing with its oxidation state, hence the molecular 
polarity and O:C ratio. Typical atmospherically relevant κ-values range 
between 0.1 and 0.9 (Petters and Kreidenweis, 2007). Knowing the 
hygroscopicity parameter it is possible to estimate CCN activation, which 
determines the aerosol scavenging by clouds. As atmospheric wet deposition 
is a major sink for aerosol particles, it is important to have correct aerosol size 
distribution and composition for the implementation of regional air quality 
and global climate models. 
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1.3 Aims and objectives 
The overarching aim of this thesis is to improve our understanding on the 
physical- and chemical processes governing the aerosol population in the 
atmosphere. This knowledge is necessary to improve the current descriptions 
of the atmospheric aerosol loadings in e.g. global climate or regional air 
quality models. The specific topics and related scientific questions addressed 
by this thesis are outlined below: 

1. Atmospheric aerosol cloud interaction of SOA in the boreal region 
(PAPER I) 
i. How does the presence of clouds affect the ambient aerosol size 

distribution in a boreal environment? 
ii. What is the aqueous phase composition, and how does it differ 

compared to the ambient aerosol? 
- Do only the more hygroscopic particles enter the cloud phase? 
- Or do the aqueous phase processing change the composition 

of the cloud droplet? 

2. Atmospheric aerosol formation and growth through nitrate 
oxidation of biogenic VOC (PAPERs II-IV) 
i. What are the typical SOA volatility ranges related to nitrate 

oxidation of α-pinene, isoprene and β-caryophyllene? 
- How does the volatility of the nitrate systems compare to SOA 

formed by other atmospheric oxidation processes? 
- Are the current VBS parametrisations able to reproduce the 

volatility distributions related to nitrate oxidation? 
ii. How does atmospheric processing, i.e. dark aging and photolysis, 

affect the volatility of these biogenic SOA systems? 

3. Finally, what level of chemical information representing the organic 
fraction of the aerosol is needed to predict the atmospheric trends in: 
i. Hygroscopicity? 

ii. Volatility? 
 
For this, ambient field data have been analysed, exploring the trends in cloud 
processing of atmospheric aerosols (PAPER I). It was followed up by a 
laboratory campaign (PAPERs II-IV) investigating the chemical composition 
and volatility of SOA formed from the nitrate oxidation of BVOC (BSOANO3). 
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2 Methodology 

This chapter presents an overview of the two measurement campaigns 
included in this thesis (Sect. 2.1), followed by a description of the key 
experimental techniques (Sects. 2.2 and 2.3) and evaporation modelling 
approach (Sect. 2.4) employed in this thesis. 

2.1 Measurement campaigns in this study 
The results presented in this thesis are based on a combination of data 
collected during two campaigns, one in the field (Cloud and Aerosol 
Experiment at Åre, CAEsAR, PAPER I) and another in the laboratory (Nitrate 
Aerosol and Volatility Experiment, NArVE, PAPERs II-IV), see Fig. 4 for 
pictures from the two campaign sites. 

  
Figure 4 Pictures from the field site at Mt. Åreskutan, Sweden, where the 
CAEsAR campaign took place (left, photo credits Dr. Paul Zieger, 2014), and 
the atmospheric simulation chamber in the laboratory at Paul Scherrer 
Institute, Switzerland, where the NArVE campaign was conducted (right). 

2.1.1 CAEsAR – Field site description and sampling setup 
Atmospheric field measurements took place from 27 June to 10 October, 
2014, at the top of Mt. Åreskutan, Sweden (63o26N and 13o6E). Located in 
the central of Scandinavia it provided an opportunity to study various air 
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masses, e.g. marine, boreal, polar and continental (Drewnick et al., 2007; 
Franke et al., 2017; Ogren and Rodhe, 1986), and with an elevation of 1250 
m a.s.l. the station was engulfed in clouds 19 % of the campaign duration, 
allowing for direct observation of cloud droplet properties. Aiming to 
investigate the evaporation behaviour and water-affinity of aerosol particles 
and cloud residuals, a volatility- and hygroscopicity tandem differential 
mobility analyser (VHTDMA) was coupled to a ground-based counterflow 
virtual impactor inlet (CVI, Bretchel Manufacturing Inc., model 1205, see 
Sect. 2.1.1.1 below). The CVI was automatically turned on during times when 
the visibility dropped below 1 km, denoting cloudy conditions, measured with 
a visibility sensor. During cloud-free periods, the CVI operated as a normal 
total aerosol inlet. Additional instruments positioned behind the CVI were a 
custom-built differential mobility particle analyser (DMPS, operating 
between 10-600 nm) and a multi-angle absorption photometer (MAAP, 
Thermo Fisher Scientific Inc., model 5012), measuring the equivalent BC 
content of the collected particles. 

The differences in the chemical composition of the atmospheric particulate- 
and aqueous (in liquid cloud hydrometeors) phase were also investigated (see 
Sect. 2.3.1). PM10 (with aerodynamic diameter < 10 µm) and cloud water was 
collected using a low-volume reference sampler (Leckel GmbH, model LVS3 
Small Filter Device) and a custom-built single-stage Caltech Active Strand 
Cloudwater Collector (see e.g. Demoz et al., 1996; Vega et al., 2019). The 
cloud water was further filtrated to isolate the water-soluble organic carbon 
(WSOC) in the liquid fraction, measured using a total organic carbon analyser 
(Shimadzu, model TOC-LCPH). The material left on the filter was considered 
to solely contain water-insoluble organic carbon (WINSOC) and EC, which 
was measured in the same manner as the PM10 filter. 

2.1.1.1 Counterflow virtual impactor inlet (CVI) 
The CVI inlet separates activated particles or cloud droplets from un-activated 
(interstitial) aerosol by means of the particle’s inertia (Noone et al., 1988). 
The inlet uses an add-flow, opposite to the sample flow, to eliminate particles 
with lower inertia. The add-flow enters the sample tube through a small 
perforated region at the tip of the inlet, creating a counterflow, which 
generates two stagnation planes (see Fig. 1 in Shingler et al. (2012) for a 
schematic of the flows). Only particles with sufficient inertia, hence cloud 
droplets larger than a cut-off diameter (here set to 6.3 ± 0.8 μm, for which 
50% are sampled), pass both stagnation planes. Next, the sample enters a 
heated region, where the stream flow slows down, giving time for water to 
evaporate from the droplets. The remaining cloud residuals finally leave the 
CVI inlet via a 90o bent curve. However, particles larger than 40 μm continue 
straight forward into the particle trap due to their high inertia and evaporation 
times. 
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The particles sampled by the CVI are concentrated, hence being enriched 
compared to the ambient air. Concentrations observed behind the CVI need, 
therefore, to be corrected using an enrichment factor (here being 8.5 ± 1.2) 
depending on the settings on the CVI (Shingler et al., 2012). 

2.1.2 NArVE – Laboratory conditions and experimental set up 
Atmospheric simulation chamber experiments (PAPERs II-IV) were 
performed in the Paul Scherrer Institute Simulation Chamber for Atmospheric 
Chemistry (PSI-SCAC, Platt et al., 2013) between 3 March and 4 April, 2019. 
The 8 m3 flexible Teflon chamber is mounted in a temperature-controlled 
shipping container, here operating at a temperature of 21 ± 3 °C. A bank of 
black lights (40 x 100 W Cleo Performance solarium lamps, with λMax = 350 
nm, Philips, Krapf et al., 2016) is located below the transparent chamber. The 
campaign aimed to study the atmospheric formation and aging of biogenic 
SOA, specifically focusing on the nitrate oxidation of α-pinene, isoprene, and 
β-caryophyllene (see Fig. 5). 

     
Figure 5 Molecular structures of isoprene (C5H8), α-pinene (C10H16), and β-
caryophyllene (C15H24). α-pinene and β-caryophyllene are built on two 
respective three isoprene units, and the volatility decrease with increased 
molecular size, as described in Sect. 1.1 and illustrated in Fig. 2. 

Particle-phase measurements included a scanning mobility particle sizer 
(SMPS, TSI Inc., model 3938), a homebuilt volatility tandem differential 
mobility analyser (VTDMA), isothermal evaporation chambers (see Sect. 
2.1.2.2 below), a chemical ionization mass spectrometer with a filter inlet for 
gases and aerosols (FIGAERO-CIMS, Aerodyne), and an extractive 
electrospray ionization time-of-flight mass spectrometer (EESI-ToF, 
Tofwerk). Gas-phase measurements included a quadrupole proton transfer 
reaction mass spectrometer (Q-PTR-MS, Ionicon), an ozone monitor (Thermo 
49C), and a NOx monitor (Thermo 42C). 

2.1.2.1 Experimental procedure 
Initially, the chamber was humidified to ~60 % followed by injection of the 
organic precursor. Once the VOC concentration had been stable for 5–15 min, 
N2O5 (acting as the source for NO3 radicals) was injected in a short burst 
resulting in prompt aerosol formation. After approximately 3–5 h of dark 
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aging, the chamber was irradiated for about 1 h, initiating photolytic effects 
related to sunrise. 

Additionally, α-pinene + O3 experiments were carried out to benchmark 
our nitrate results. For the ozonolysis experiments, the injection procedure was 
carried out in reverse order compared to the nitrate experiments. First, O3 was 
injected to reach the desired levels of ~340 ppb, then α-pinene was added to 
the chamber volumetrically. 

At the end of every experimental day, the chamber was cleaned by adding 
~1000 ppb O3 and flushing the chamber overnight with clean air. 
Simultaneously, the chamber temperature was increased to 30 °C to promote 
the evaporation of any sticky compounds, e.g. HNO3, from the chamber walls. 

2.1.2.2 Isothermal evaporation chambers 
BSOANO3 particle volatility was characterised using an experimental setup 
based on isothermal evaporation. A monodisperse aerosol was size-selected 
using a differential mobility analyser (DMA, TSI Inc.) and placed in a portable 
20 L stainless steel chamber (Bell et al., 2017; Vaden et al., 2011; Wilson et 
al., 2015). The bottom of the chamber is coated with a layer of charcoal, 
continuously stripping the gas phase species from the chamber, promoting 
evaporation. Changes in particle size in the chamber were monitored using a 
scanning mobility particle sizer (SMPS, TSI Inc., model 3938). The SMPS 
reported the geometric mean mobility diameter of the evaporating particle 
population. 

2.2 Measurement of aerosol particle size, volatility and 
hygroscopicity 

2.2.1 Differential Mobility Particle Sizer (DMPS) 
Aerosol size distribution have been measured using various types of DMPS, 
ranging from custom-built (PAPER I) to compact factory-ready instruments. 
The collective feature is that they all are based on a DMA (Knutson and 
Whitby, 1975; Liu and Pui, 1974), coupled with a condensation particle 
counter (CPC, Bricard et al., 1976; McMurry, 2000). Before entering the 
DMPS, the particles are dried and brought into charge equilibrium, here using 
a Ni-63 source. In the DMA, the particles pass through an electrical field. Only 
particles with a certain electrical mobility diameter are selected depending on 
the voltage applied and the geometry of the DMA, and continue further to the 
CPC. There, they are exposed to an atmosphere supersaturated with e.g. 
n-butanol, causing the particles to grow through condensation. Once the 
particles are large enough, they are counted using a laser. 
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The DMA and CPC can be used separately, the former for size selection of a 
monomodal aerosol and the latter for counting the total particle number. An 
SMPS (PAPERs II-IV, Wang and Flagan, 1990) operates in the same manner 
as the DMPS, except that a continuously changing voltage is used for the size 
selection. 

2.2.2 Tandem Differential Mobility Analyser (TDMA) 
The TDMA (first introduced by Liu et al., 1978) is a technique commonly 
used for measuring a change in particle size due to physical or chemical 
processes. Here, two custom-built TDMAs were employed, with one (PAPER 
I) measuring both evaporation and humidification, called volatility and 
hygroscopicity TDMA (VHTDMA) and the other (PAPERs II and IV) solely 
measuring evaporation (VTDMA). The TDMA consists of an initial DMA, 
selecting a nearly monodisperse aerosol with a selected diameter (Dsel.). The 
sample flow is then split in two, with one half going to a thermodenuder (TD) 
and the other half entering a humidifier with RH = 80 – 95 % (PAPER I) or a 
CPC (PAPERs II and IV), measuring the selected particle concentration (Csel.). 
The resulting size distribution is then measured using a DMPS system (one 
for volatility and one for hygroscopicity). 

The TD operated at 300 oC in the field (PAPER I), at this temperature the 
majority of the inorganic fraction is considered to have fully evaporated (Hong 
et al., 2017). In the laboratory (PAPERs II and IV), temperature ramps were 
performed in steps of 25 oC, ranging from 50 to 225 oC, at which the majority 
of the mass had evaporated (see Fig. 11 in Sect. 3.2.2). 

2.2.2.1 Hygroscopicity parameter κ from HTDMA measurements 
Particles grow upon humidification depending on their water-solubility, and 
the change in particle size, here measured by the HTDMA, is referred to the 
hygroscopic growth factor (GF): 

GF	(D,	RH,	D!"#.)	=	
D(RH)
Dsel.

 (Eq. 1) 

where Dsel. is the initial particle diameter and D(RH) is the geometric mean 
mode diameter for the bimodal lognormal fit of the humidified size 
distribution. The GF was used to determine the hygroscopicity parameter κ 
(Petters and Kreidenweis, 2007, see also Sect. 1.2): 

𝜅 =
(GF( − 1)(1 − S)

S exp 2
4𝜎)/+𝑀,

𝑅𝑇𝜌,Dd
9 (Eq. 2) 

where σs/a is the surface tension of the surface/air interface, Mw is the 
molecular weight of water, R is the universal gas constant, T is the 
temperature, ρw is the density of water, Dd is the droplet diameter and 
saturation ratio S = RH/100%. 
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2.2.2.2 Volume fraction remaining from VTDMA measurements 
As particles evaporate, they shrink in size, measured using the VTDMA 
(PAPERs I-II and VI) and isothermal evaporation chambers (PAPER IV). The 
resulting volume fraction remaining (VFR) is calculated as follows: 

VFR	(D,	T,	D!"#.)	=	
D(T)3

Dsel.3
 (Eq. 3) 

where D(T) is the particle size observed after evaporation, represented by the 
geometric mean mode diameter using a fit function over the whole heated size 
distribution. For the field measurements (PAPER I), a bimodal lognormal fit 
was used to capture the bimodality nature of the ambient aerosol, while for the 
monomodal lab-generated aerosols, a Gaussian fit was used (PAPERs II and 
IV) For the evaporation chambers the geometric mean mobility diameter was 
directly reported by the SMPS coupled to the chamber. The VFR can be used 
as a proxy for aerosol volatility, and here we used it to estimate C* (see 
description further down). 

2.3 Chemical characterisation 
In this thesis, chemical characterisation was performed using a set of 
analytical techniques ranging from simply separating the composition in 
organic, inorganic and elemental fractions (PAPER I) to a more detailed 
characterisation of the organic fraction using mass spectrometric techniques 
(PAPERs II-IV). 

2.3.1 Offline analysis 
PM10 filter- and cloud water samples were collected in the field for chemical 
characterisation using offline techniques in the laboratory (PAPER I). The 
carbonaceous fraction was measured using a thermo-optical transmittance 
(Sunset Laboratory B.V.) method (Birch and Cary, 1996; Wallén et al., 2009), 
separating it into organic- and elemental carbon (OC and EC, respectively). 
OC and EC was further converted to organic and elemental mass (OM and 
EM, respectively) to account for atoms other than carbon. Furthermore, when 
separating OM in water soluble (WSOM) and insoluble (WINSOM) mass 
fractions, the latter was assumed to contain less heteroatoms than the first 
(Franke et al., 2017; Turpin and Lim, 2001). 

The inorganic mass (here being the sum of the dominant ions; Na+, NH4
+, 

K+, Ca2+, Mg2+, Cl‒, NO3
‒, SO4

2‒) was estimated using ion chromatography 
(IC, Thermo Scientific, model Dionex ICS-2000 for the PM10 filter extracts 
and Metrohm, model ProfIC850, for the cloud water). 
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2.3.1.1 Thermo-optical analysis 
In the thermo-optical analysis, a filter punch (usually 1-1.5 cm2 in size) is 
placed in an oven and stepwise heated (Birch and Cary, 1996). The sample is 
first heated in a non-oxidising helium atmosphere resulting in volatilisation, 
releasing gaseous OC. The released organic vapours are catalytically oxidised 
to CO2 and then reduced into methane, which is measured using flame 
ionisation detection. During a second heating, oxygen is introduced in the 
oven resulting in combustion of EC, releasing carbonaceous vapours, 
followed by the same detection treatment as during the first step. 

During the oxygen-free heating, additional pyrolysis may take place, 
forming char ( referred to as pyrolytic carbon, Wallén et al., 2009) on the filter. 
To distinguish between EC from the pyrolytic carbon, transmittance through 
the sample using a laser is measured. As pyrolysis proceeds, the transmittance 
decreases, followed by an increase again during the second heating. The point 
where the transmittance reaches the initial value again, referred to as the 
splitting point, is used to distinguish between OC (emitted before the splitting 
point) and EC. 

Finally, when the total organic carbon (TOC) has been measured, a known 
amount of methane is injected to the sample oven for calibration. 

2.3.1.2 Ion chromatography 
In IC, ions and polar molecules are separated based on their retention time in 
a separation column (Fritz and Gjerde, 2000). The column contains a 
stationary phase, consisting of a solid-ion exchange material targeting either 
cations or anions. When pumped through the column, the sample ions are 
slowed down due to interaction with the stationary phase, characteristic to 
each ionic molecule. The ions compete for binding to the stationary phase, 
resulting in ions with non to weak bonding to travel faster through the 
separation column and reach the detector first. 

2.3.1.3 Hygroscopicity parameter, κ, from the chemical composition 
In addition to the HTDMA data (see Sect. 2.2.2.1), the hygroscopicity 
parameter κ was also estimated using the chemical composition of PM and 
cloud residual as a weighted sum of the hygroscopicities of the individual 
components: 

κ ==ε/κ/
/

 (Eq. 4) 

where εi and κi are the mass fraction and hygroscopicity parameter of each 
chemical component i. In PAPER I, the IM fraction was represented by the 
ammonium sulphate (AS, dominating the IM composition), κAS = 0.53, and 
different κ-values were evaluated for the organic fraction, κorg. = 0.01 – 0.3, 
while EM was considered non-hygroscopic, i.e. κEM = 0 (Petters and 
Kreidenweis, 2007). 
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2.3.2 Mass spectrometric techniques 
In the laboratory, in-situ measurements using two different mass 
spectrometers with inlets specifically developed for sampling aerosol particles 
and the gas-phase, namely the filter inlet for gases and aerosols (FIGAERO-
CIMS, PAPERs II-IV), and extractive electrospray ionization time-of-flight 
mass spectrometer (EESI-ToF, PAPERs II-III), were used. 

2.3.2.1 FIGAERO-CIMS 
The FIGAERO-CIMS collects aerosol particles on a filter, while at the same 
time directly sampling the gas phase(Lopez-Hilfiker et al., 2014; C. Wu et al., 
2021). Here an X-ray generator was used to ionize methyl iodide and produce 
I-, which was used as the reagent ion. After a sufficient particle concentration 
is collected, the filter is heated using a stream of pure nitrogen, causing 
desorption of the collected aerosol particles. The nitrogen stream is slowly 
heated up to 200 oC (~20 minutes), followed by a soak period at a constant 
temperature (200 oC, ~20 minutes), and finally cooled down again. The total 
time for particle measurement takes approximately 55 min, during which the 
gas phase sampling is paused. 

In addition to the molecular composition measured by the CIMS, the 
FIGAERO inlet provides volatility information based on the thermogram 
recorded during the particle measurement, i.e., the evolution of signal during 
the heat-induced desorption of different molecules from the sample. 

2.3.2.2 Volatility estimates based on the FIGAERO-CIMS data  
The volatility basis set (VBS) was created to reduce the complexity of the 
atmospheric organic aerosol system, representing the mixture with a range of 
C* bins (Donahue et al., 2006). In this work, the mass spectra collected with 
the FIGAERO-CIMS (see Sect. 2.3.2.1) were used to estimate volatility 
distributions using the VBS approach and three parameterizations coupling 
the molecular composition to volatility (see PAPER IV for details). 

The early logC* parametrisation by Donahue et al., (2011) constrained the 
volatility based on the reduction in molecular C* associated with addition of 
various organic functional groups, solely containing carbon, hydrogen and 
oxygen atoms (Pankow and Asher, 2008). This parametrisation was updated 
by Mohr et al. (2019, hereafter referred to as MHR), to include the nitrate 
functionality and modified based on C* of highly oxygenated molecules 
(HOM, Tröstl et al., 2016). In the second approach by Li et al. (2016, updated 
by Isaacman-VanWertz and Aumont, 2021, hereafter referred to as IvWA), 
the C* followed the so-called molecular corridors, based on the molar masses 
and elemental composition of the aerosol constituents. Furthermore, the third 
parametrisation was developed by Peräkylä et al. (2020, hereafter referred to 
as PRK) to explain volatility measurements of HOM’s. 
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In PAPER II, the three parametrisations were used to estimate the bulk C* for 
comparisons before and after photolysis, and in PAPER IV the full volatility 
distributions determined based on the mass spectra from FIGAERO-CIMS 
were input to a kinetic transport model simulating the evaporation of the lab-
generated aerosol particles (see Sect. 2.4 below). 

2.3.2.3 EESI ToF-MS 
Electrospray ionisation (ESI) is a commonly used method for ionising 
high-molecular-weight molecules, otherwise prone to fragmentation or 
decomposition in other harder ionisation techniques. Here extractive ESI 
(EESI) has been used for continuous aerosol sampling by coupling a 
conventional electrospray probe to a ToF mass spectrometer (Bell et al., 2021; 
Lopez-Hilfiker et al., 2019). 

Particles and gases enter the EESI-ToF through a multichannel extruded 
carbon denuder, which removes the gas-phase background. In the electrospray 
probe, the aerosol sample is intersected with a spray of droplets, here using 
50:50, H2O:acetonitrile doped with 100 ppm NaI. The soluble aerosol fraction 
was extracted into the droplets, which evaporated, leaving Na+-adducts to be 
guided through a series of ion-guides and directly analysed in the MS. 

During the chamber measurements (PAPERs II-III), the inlet alternated 
between the direct sample flow and the flow via a particulate filter, only 
sampling the background signal. The time series, averaged over five minutes, 
includes 4 min direct sample measurement and a background characterisation. 

2.4 Evaporation calculations 
The chemical composition and volatility distributions determined with the 
techniques outlined in Sect. 2.3 were further used to simulate aerosol 
evaporation. The predicted VFR was then compared to the VFR derived from 
the VHTDMA (see Sect. 2.2.2.2 and PAPERs I-II and IV) and isothermal 
evaporation chambers (PAPER IV). 

Both ambient (PAPER I) and lab-generated (PAPERs II and IV) aerosol 
particles were studied using a kinetic transport model (Riipinen et al., 2010). 
It predicts the time-dependent evaporation of monomodal, multi-component 
aerosol particles in a gas, assuming no other dynamic processes, such as 
coagulation and nucleation, taking place. The model is initialised with the 
initial aerosol particle diameter (Dsel.) and composition (including key 
molecular properties such as molar mass, diffusivity and C*) at room 
temperature (T0). Then the aerosol particles are rapidly brought to the 
temperature of the TD (TTD), allowing them to evaporate during the residence 
time of the TD – or at room temperature in the case of isothermal evaporation. 
At TTD, the volume and corresponding vapour- and particle concentration are 
corrected according to the ideal gas law. 
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In PAPERs I and II, the evaporation model was used to simulate the TD 
conditions to estimate the bulk C* of the organic fraction, comparing the 
simulated VFR to the measurements with varying input. For the ambient 
aerosol (PAPER I), IM was being represented by AS (Franke et al., 2017; 
Hong et al., 2017) and EM considered to be fully non-volatile. 

In PAPER IV, a more detailed description of C*, estimated using the three 
different parametrisations and the mass spectra from the FIGAERO-CIMS 
(see Sect. 2.3.2.2), was used to simulate the change in evaporation upon 
temperature ramping in the TD. Comparison of the modelled VFR to the 
measurements gives an estimate of how well the parametrisations capture the 
C* of the investigated chemical system. 
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3 Results and discussion 

In Chapter 1, the atmospheric evolution of atmospheric SOA was described 
“bottom-up”, i.e. from the processes forming an aerosol mass that grows 
through vapour condensation to sizes where they can act as CCN for cloud 
droplets. In this chapter, I present the results of this thesis relating to this chain 
of processes, but in the opposite order, starting with the aerosol-cloud 
interactions (Sect. 3.1), followed by discussion of volatility and evaporation 
of SOA (Sect. 3.2), and finally presenting the detailed chemical processes 
related to dark aging and photolytic transformation of nitrate-induced biogenic 
SOA particles (Sect. 3.3). 

3.1 Aerosol-cloud interactions 
The effect of ambient aerosols on cloud formation and vice versa was 
investigated during the late summer- to early autumn season, 2014, at the 
mountaintop Mt. Åreskutan, in central Sweden (PAPER I). 

 
Figure 6 Median size distributions, with the quartiles represented by shaded 
areas, of the ambient aerosol (a) two hours before and (b) two hours after 
cloud events together with (c) the median size distribution of the cloud 
residuals (rightmost y-axis, marked in blue) measured behind the CVI inlet. 
The overall median ambient aerosol particle size distribution is in grey in the 
background of all three panels. Numbers in parentheses mark the number of 
DMPS scans included in each median and the black dash-dotted lines mark 
the diameters analysed in the VHTDMA. 
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Size distribution measurements displayed a shift towards smaller diameters in 
the ambient aerosol after cloud passage, compared to before (see Fig. 6, panel 
a and b), with the larger particles being more efficiently scavenged to cloud 
droplets. This was confirmed by the size distribution of the cloud residuals, 
measured using a DMPS coupled to a CVI inlet (separating the activated CCN 
from the interstitial aerosol), revealing the mean mode diameter shifting 
towards larger diameters of the distribution in the cloud (see Fig. 6, panel c). 
Interestingly though, particles with diameters smaller than 60 nm could still 
be observed in the cloud droplet residuals. Such small cloud residuals have 
recently been observed in the Arctic as well; however, the exact reasons are 
still unknown (Karlsson et al., 2021). This result demonstrates the need for a 
detailed description of the size distribution and cloud processing when 
simulating the evolution of aerosol particle populations, CCN activation, and 
eventually cloud droplet numbers resulting in aerosol wet scavenging. 

 
Figure 7 Mean chemical composition of (a) PM10 and (b) cloud water, based 
on 37 and 16 samples collected during 2520 and 1682 hours, respectively. 
The cloud water was characterised for both water-soluble and insoluble 
organic mass (WSOM and WINSOM, respectively), while for PM10  the total 
organic mass is presented (TOM). Both PM10 and cloud water include 
elemental and inorganic matter (EM, and IM, respectively). 

The chemical composition of PM10 and cloud water (see Fig. 7), with the 
respective κ-values; κPM = 0.20 and κCW = 0.22, reveals no signs of chemical 
processing in the aqueous phase with very similar composition between the 
two types of samples. With the exception of BC being enriched in the PM10 
phase as a direct result of BC being highly non-hygroscopic (Petters and 
Kreidenweis, 2007). Interestingly, the cloud water samples contained a 
substantial fraction of material defined as WINSOM. The same was found in 
the hygroscopicity measurements data displaying very similar results for the 
ambient aerosol particles and cloud residuals (measured behind the CVI inlet), 
with κ-values, κAA = 0.23 and κCR = 0.22, averaged over the three initial 
diameters. These observations, therefore, do not suggest any detectable 
contribution from e.g. SOA formation through aqueous-phase chemistry – at 
least in the time scales and chemical resolution reached within this study. 
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The hygroscopicity data, measured for three different initial diameters, 
κ(100nm) = 0.18, κ(200nm) = 0.26, and κ(300nm) = 0.24, revealed no 
significant size-dependence. Using the organic κ-values = 0.05 representing 
the boreal forest (Hong et al., 2017; Väisänen et al., 2016), the trend in 
hygroscopicity could be predicted using the information about the chemical 
composition of PM10 and cloud water (see Fig. 8). However, higher-resolution 
observations of the chemical composition are needed to investigate the 
processes on shorter time and smaller size scales, e.g. cloud droplet activation. 

 
Figure 8 Hygroscopicity parameter, κ, as a function time and selected particle 
diameter (red, blue and green dashed lines for D100, D200 and D300, 
respectively) together with the κ values predicted with Eq. 4 based on the 
chemical composition of the PM10 and cloud water samples (orange and grey 
solid lines, respectively). 

3.2 Organic aerosol volatility 

3.2.1 Volatility of ambient aerosol particles during the CAEsAR 
campaign 
In addition to hygroscopicity data, volatility measurements took place at Mt. 
Åreskutan. The evaporation model described in Sect. 2.4 was used to simulate 
the VFR for the same evaporation temperature as the measurements. With TD 
temperature set to 300 oC, both measured- and simulated VFR were 
systematically higher than the EM mass fraction (see Fig. 9), suggesting that 
while EM is an important component of the VFR at this temperature, it could 
not explain the majority of the non-volatile fraction of the ambient aerosol. 
Since the inorganic fraction was represented primarily by ammonium sulphate 
(which should fully evaporate at 180oC, Hong et al., 2017), the remaining 
fraction was attributed to OM. Adjusting the bulk OM volatility in the model 
to fit the measurement, the estimated organic saturation concentrations were 
1.9 × 10-4 ≤ C* ≤ 6.5 10-4 μg m-3 (with increased volatility with the particle 
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diameter). This volatility range corresponds to ELVOC and LVOC, known to 
be present in the boreal region SOA (Mohr et al., 2019). Therefore, these 
indirect implications of the aerosol composition are in agreement with the 
results of the hygroscopicity measurements presented above. 

 
Figure 9 Predicted VFR as a function of time and selected particle diameter 
(red, blue and green solid lines for D100, D200 and D300, respectively). Dashed 
lines represent the corresponding measured VFR. The black line presents the 
EM mass fraction in the PM10 and the dashed black line is the equivalent black 
carbon mass fraction behind the CVI. 

3.2.2 Volatility of nitrate-induced biogenic SOA in the NArVE 
campaign 
This section presents the volatility studies of SOA particles formed from the 
nitrate oxidation of three biogenic VOCs, namely α-pinene, isoprene and β-
caryophyllene (PAPER IV). The well-known SOA system generated through 
α-pinene ozonolysis (see Tritscher et al. (2011) and references therein) was 
included to benchmark the observations in the study. The dark aging (of α-
pinene + NO3 system, PAPER III) and the photolytical effects (PAPER II) 
will be discussed more in the next section. 

The volatility of BSOA#$" was investigated using three experimental 
methods that together present a cohesive picture based on the three biogenic 
precursors; α-pinene, isoprene and β-caryophyllene. SOA particles from 
nitrate oxidation of α-pinene revealed higher volatility compared to the 
ozonolysis products. Further, the volatility of the isoprene system was 
somewhat lower than for the corresponding α-pinene nitrate oxidation, and the 
β-caryophyllene products displayed the lowest volatility. This is in line with 
the resulting SOA yields (presented in Table 1), revealing similar yields for 
the nitrate oxidation of α-pinene and isoprene, with significantly higher yields 
for β-caryophyllene system. 
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Table 1 Maximum mass concentration and resulting SOA yield for the nitrate 
oxidation α-pinene, isoprene and β-caryophyllene, together with the α-pinene 
ozonolysis 

SOA system Mass conc. SOA yield 
α-pinene +    O3 23 –   47 µg m-3 10 –   17 % 
α-pinene + NO3 8 –   53 µg m-3 3 –   10 % 
Isoprene + NO3 9 –   24 µg m-3 3 –     9 % 

β-caryophyllene + NO3 60 – 464 µg m-3 111 – 144 % 

 
Figure 10 Volatility distributions, derived from the molecular composition for 
(a) α-pinene ozonolysis and nitrate oxidation of (b) α-pinene (c) isoprene and 
(d) β-caryophyllene. The three volatility parameterizations (MHR, IvWA and 
PRK) are depicted with different shades of the main colour for each of the 
precursors.   
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Volatility distributions, derived from the molecular composition, 
characterised using the FIGAERO-CIMS, are presented for all systems, 
including α-pinene ozonolysis, in Fig. 10. 

MHR produced the least volatile species, followed by IvWA, with PRK 
predicting the highest volatilities. The trend can be observed in all four 
systems, although the volatility distributions generally have narrower modes 
for the nitrate systems than for the α-pinene ozonolysis products. For the 
nitrate oxidation of α-pinene and isoprene, both MHR and PRK predicted 
similar volatility distributions for the two BSOANO3 systems. However, in 
contrast to the measurements, IvWA predicted the isoprene system to produce 
species of higher volatility than the α-pinene system. The nitrate oxidation β-
caryophyllene resulted in the lowest volatility for all three parametrisations. 
MHR generally predicted ELVOCs to dominate and PRK volatilities in the 
LVOC and SVOC range, with IvWA somewhere between; this is true for all 
chemical systems studied in this thesis. Compared to MHR and IvWA, which 
produced a wide range of C*, PRK produced narrow volatility distributions 
around logC* ~ 0. This result suggests that PRK parametrisation exhibits a 
lower sensitivity toward the molecular composition. 

 
Figure 11 Simulated evaporation in the TD (upper row) and isothermal 
evaporation chamber (lower row) for α-pinene ozonolysis (a and e, purple 
shade) and the nitrate oxidation of a-pinene (b and f, green shade), isoprene 
(c and g, blue shades) and β-caryophyllene (d and h, red-orange-yellow). The 
colour shade mark the different parametrisations, and each VBS are indicated 
by the different markers. The mean experimental VFR data are displayed in 
the background in grey. 

The volatility distributions, derived using the three parametrisations, were 
used as input to the evaporation model (Sect. 2.4), describing the mass 
transport to/from the aerosol surface. Simulations were performed for both 
temperature-dependent and isothermal evaporation at room temperature. The 
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model and experimental results from the VTDMA and isothermal evaporation 
chambers are presented in Fig. 11. For the SOA particles from α-pinene 
ozonolysis, the MHR parametrisation reproduced the evaporation very well, 
while both IvWA and PRK the overestimated the evaporation.  

In contrast to the performance for the α-pinene ozonolysis, for the nitrate 
oxidation SOA particles, the MHR parametrisation resulted in too low 
evaporation, with higher VFR compared to the measurement. This result 
indicates that the ELVOC predicted by the MHR parametrisation may not be 
realistic for this nitrate system. Additionally, as indicated by the MHR 
volatility distributions for α-pinene ozonolysis and nitrate oxidation, the latter 
yielded higher VFR, contradicting the experimental result. PRK 
overestimated the evaporation, resulting in low VFR, while capturing the 
experimental trend with higher evaporation for the nitrate oxidation particles. 
Finally, for the α-pinene BSOANO3 system the IvWA parametrisation 
displayed the best performance overall. For the nitrate oxidation of isoprene 
and β-caryophyllene, both IvWA and PRK overestimated the evaporation, 
suggesting a large contribution of LVOC. While, as for α-pinene BSOANO3, 
MHR underestimated the evaporation of the isoprene and β-caryophyllene 
system. 

Overall, these results from simulating the evaporation of SOA particles 
indicate that the nitrate oxidation of α-pinene and isoprene mainly produces 
LVOC together with SVOC species, as suggested by the significant 
evaporation at room temperature. The volatility suggested by this study is 
consequently lower than the volatility previously reported for the α-pinene and 
isoprene nitrate systems (Berkemeier et al., 2020; Boyd et al., 2017; Ng et al., 
2017; R. Wu et al., 2021). For β-caryophyllene no previous data exist, and our 
study suggests the nitrate oxidation to produce species in the ELVOC and 
LVOC range. Based on the comparison of the evaporation measurements and 
the simulations, MHR clearly overestimates the reduction in volatility by the 
nitrate group. The other two parametrisations, IvWA and PRK, systematically 
overestimate the volatility of the studied system, for both the temperature 
dependent- and isothermal evaporation. 

3.3 Atmospheric processing of nitrate-induced BSOA 
Finally, a brief description of the change in molecular composition upon 
atmospheric transformation, through dark aging (PAPER III, focusing on the 
α-pinene nitrate system) and photolysis (PAPER II) will be presented in the 
following section. An initial prompt aerosol formation, largely explained by 
reactions between peroxy radicals (RO2-RO2) and RO2 with NO3 forming 
oligomers, was followed by a steady mass decay through evaporation. 
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3.3.1 Dark aging of SOA from nitrate oxidation of α-pinene 
The BSOANO3 (here being independent of oxidant concentration) of α-pinene 
are dominated by dimers formed in the RO2-RO2 reaction. The BSOANO3 
steadily evolve in the dark, see Fig. 12, without any external stimuli. This is 
the same trend as observed for ozonolysis (Pospisilova et al., 2020). Hence, 
the dark aging could continue as long as there is a source of oxidant, which is 
usually the case in the atmosphere, meaning the process would continue 
throughout the night. 
 

 
Figure 12 Overview of the dark evolution of the α-pinene nitrate SOA 
particles, measured by the EESI. Particle matter marked in dark blue are 
formed in the initial stage, just before reaching the maximum aerosol mass. 
Further mass production and depletion (t > 10 min) are marked in orange and 
bright blue, respectively. 

After forming in the gas phase, the dimers condense onto the particles, where 
the further reaction takes place. In the experiment included in this thesis, the 
particle phase reactions result in a 25-30% change in the molecular 
composition. The main reaction pathway was further oxidation, representing 
60-70 % particle phase reactions, while two minor pathways, fragmentation 
and dimer decay into monomer were observed, representing ~10-20% and 10-
15%, respectively. However, the source of oxidation in the particle phase 
remains unknown. 

The particle phase reactions presented here would result in a shift towards 
lower volatile chemical species (see Fig. 2 in the introduction) as the dark 
aging proceeds. Hence, if not considered properly in e.g. atmospheric 
chemistry model simulations, the volatility would be underestimated for 
atmospheric SOA particles and organonitrates. The presence of hydroperoxyl 
radicals (HO2) in the atmosphere would shift the initial dimer formation 
towards more volatile monomers. Additionally, HO2-functional groups could 
further degrade and act as an oxidation source in the particle phase. 
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3.3.2 Photolytic effects on molecular composition and volatility 
The photolysis of BSOANO3 particles was studied using a subset of 
experiments, including all three biogenic precursors, α-pinene, isoprene, and 
β-caryophyllene. UV light is known to cause fragmentation of linkage within 
oligomers to form monomers and fragmentation of functionalised compounds 
to form more volatile compounds with shorter carbon skeleton. If the newly 
formed, smaller compounds are more volatile than their parent compound, 
they may be partly or entirely released into the gas phase through evaporation. 

Yet, a relatively small change in particle mass due to evaporation (recorded 
by the SMPS) was observed during photolysis, only affecting 3.5, ~0, and 
12 % of the total mass for the α-pinene, isoprene, and β-caryophyllene 
BSOANO3, respectively. However, the FIGAERO-CIMS signal reveals that as 
much as 44 %, 48 %, and 60 % of the isoprene, α-pinene, and β-caryophyllene 
BSOANO3 mass, respectively, were sensitive to photolytic aging. As the 
photolytic degradation causes a shift in the molecular composition towards 
smaller species, the predicted volatility distributions should also move 
towards higher volatilities. This trend was only observed for α-pinene and 
β-caryophyllene. For the isoprene, no such shift in volatilities shift observed.  

 

 
Figure 13 Measured evolution in the particle size distribution for the nitrate 
oxidation of β-Caryophyllene, before (grey to black) and after photolysis 
(yellow), where the solid lines are log-normal fits. 

In the direct volatility measurements, a change in bulk volatility could only be 
observed as a change in Tmax for β-caryophyllene. Additionally, 
β-caryophyllene was the only system that displayed a change in particle 
diameter (recorded by the SMPS, see Fig. 13), with its size distribution slowly 
moving towards smaller sizes as the photolysis proceeded. With the initial 
particle diameters around 300 nm, the mass absorption efficiency of the 
β-caryophyllene system was calculated to be 1.5-1.7 times higher (λ = 350 
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nm) than for 100 nm particles, which could explain the larger mass decay for 
β-caryophyllene compared to the other two nitrate systems. However, as 
demonstrated in Paper IV, a more detailed analysis than simplifying the 
volatilities into one bulk volatility value would probably be needed to fully 
understand and describe the results theoretically in a potential future study.   
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4 Conclusions and outlook 

In the atmosphere, aerosol particle size distribution, concentration, and 
composition are unevenly distributed making it especially challenging for air 
quality forecasts and future climate projections. This thesis addressed the 
factors driving the atmospheric evolution of aerosol composition, size 
distribution of aerosol particles, along with their interactions with clouds. The 
methods used included both field and laboratory studies, focusing particularly 
on the complex organic fraction of PM, its volatility and hygroscopicity. 

During the field measurements at Mt Åreskutan, size-dependent 
scavenging of aerosol by clouds was observed. Particles larger than 60 nm 
were most efficiently scavenged by cloud droplets, shifting the ambient size 
distribution towards smaller diameters after cloud passage. However, the 
hygroscopicity data displayed a very limited size dependence, with the overall 
κ-values for the ambient aerosols corresponding to the lower range of 
atmospherically relevant hygroscopicity and reflecting the bulk chemical 
composition well. These results are generally in line what we would expect 
from size-dependent CCN activation (see Sect. 1.2). 

The chemical composition of the cloud water proved to be similar to the 
ambient aerosol particles, albeit with BC being enriched in the latter. 
Interestingly, the fog water contained a substantial fraction of water-insoluble 
OM, suggesting that even highly non-hygroscopic material may enter the 
cloud phase. Additionally, neither the hygroscopicity nor the volatility 
measurements showed a significant difference between ambient aerosols and 
cloud residuals, in-line with the composition of the two phases. Thus, no 
indication of size dependent chemical composition nor significant SOA 
formation through cloud-phase chemical processing, could be observed – at 
least in the time scales and chemical resolution reached within this study. 

All these results together suggest Mt Åreskutan to be dominated by rather 
homogeneous aerosol particles, with an organic fraction representative of the 
boreal region. Trends in the aerosol hygroscopicity and volatility could be 
captured well (see Fig. 8 and 9) using bulk chemical composition 
measurements, assuming an internally mixed aerosol, and a significant LVOC 
and ELVOC contribution to the organic fraction. However, higher-resolution 
observations of the chemical composition, in terms of both time and molecular 
selectivity, are needed to investigate the atmospheric processes in more detail. 
Located above the treeline at the top of Mt Åreskutan, the field station was 
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mainly exposed to air masses influenced by long-range transport. If similar 
measurements would be carried out closer to the SOA source, the size-
dependent hygroscopicity and volatility might naturally reveal another 
picture. 

Our work on aerosol-cloud interactions highlights the need for accurately 
capturing the aerosol particle size distribution, while it may sufficient to 
represent the chemical composition of the aerosol population relatively 
simplistically for predictions of CCN activity of particles with a given size 
(e.g. Dusek et al., 2006). However, detailed information about the aerosol 
composition is necessary to understand the sources and processes governing 
the evolution of the aerosol population and, hence, predict aerosol size 
distribution. 

The second part of this thesis focused on a laboratory study, going more 
into detail on the chemical composition and atmospheric transformation of 
nitrate-induced SOA formation – which is currently under-researched as 
compared with other common oxidants. The nitrate oxidation of α-pinene, 
isoprene, and β-caryophyllene resulted in rapid particle formation, dominated 
by the RO2-RO2 and RO2-NO3 reactions forming ON oligomers resulting in 
high SOA yields. The volatility studies revealed SOA formed from nitrate 
oxidation of α-pinene to be more volatile than the corresponding α-pinene 
ozonolysis products. The nitrate oxidation of α-pinene and isoprene resulted 
in SOA with volatilities ranging from ELVOC to SVOC, with LVOCs 
dominating the composition. The β-caryophyllene system was dominated by 
volatilities in the ELVOC and LVOC range. 

Three different volatility parametrisations (MHR, IvWA, and PRK) were 
evaluated using a kinetic transport model that simulates evaporation under 
different conditions (see Sect. 3.2.2). The MHR parameterisation reproduced 
α-pinene ozonolysis remarkably well, while for nitrate-induced SOA, it under-
predicts the volatility for all three precursors. The other two parametrisations, 
IvWA and PRK, on the other hand, over-predicted the volatility for all the 
nitrate SOA systems. These results suggest the need for a re-evaluation of the 
parameter describing the nitrate functionality. Taking a closer look at the 
MHR parametrisation, the nitrate parameter is based on the estimates by 
Pankow and Asher (2008), derived for rather small organonitrates compared 
to the compounds that was observed in this thesis. In the smaller compounds 
with a larger N:C ratio, the contribution of the nitrate group on the whole 
volatility might be larger than compared to the SOA systems studied here. 

Further atmospheric transformation of the nitrate SOA may proceed via 
dark aging throughout the night and photolysis during sunrise. In the 
atmospheric simulation chamber, dark aging of α-pinene mainly occurred via 
particle-phase oxidation, increasing the SOA functionality. This process may 
continue as long as there is a source of oxidant. Therefore, the overall effect 
of dark aging seems to be towards less volatile species as a function of 
residence time in the atmosphere. During photolysis, on the other hand, the 
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majority of the photolabile species observed by the FIGAERO-CIMS 
fragmented, suggesting that sunrise would make the nitrate SOA more volatile 
again. However, no significant evaporation could be observed for the α-pinene 
and isoprene systems by the SMPS or the direct volatility measurement. This 
indicates that there are still uncertainties in the relation between volatility and 
the molecular composition that need to be further explored. However, the rate 
of photolysis was found to be size-dependent, based on a shift towards smaller 
sizes in the β-caryophyllene size distribution, with significantly larger initial 
particle diameters than the other two SOA systems. Hence, information about 
the aerosol size distribution is needed to simulate the photolytic effects 
correctly. To simulate the atmospheric evolution (where condensational 
growth is the exact opposite process of evaporation) of nitrate induced SOA, 
both proper reaction mechanisms and correct VBS parametrisations are 
needed. Such simulations are important for e.g. regional air quality models 
estimating the exposure of a population to PM. In health-related studies, the 
chemical composition and the size distribution are important, as the 
composition determines the toxicity and the particle diameter its deposition 
within the lungs. 

This thesis has examined the physical and chemical properties governing 
the atmospheric aerosol population, reflecting also on the level of complexity 
necessary for simulating the key processes governing aerosol-cloud 
interactions and aerosol size distribution evolution. Figures 8 and 9 showed 
that it is possible to reproduce atmospheric trends in both hygroscopicity and 
volatility, including only a handful of chemical species sampled with a time 
resolution of 72 hours. However, these comparisons are limited by the 
relatively low time-resolution of the chemical sampling, which may not 
capture the relevant processes for aerosol-cloud-interactions and aerosol 
dynamics. As described in Sect. 1.1, secondary aerosol formation is governed 
by the volatility of the aerosol constituents and generally takes place on much 
shorter time scales than achievable by our filter sampling. When it comes to 
predicting aerosol volatility based on the chemical composition, we found that 
while the investigated parameterizations show promise in predicting well-
known organic systems such as SOA from the ozonolysis of α-pinene, there 
are still uncertainties particularly in the treatment of the nitrate group. The 
work in this thesis has paved the way for these future investigations and 
methodological developments, ultimately helping to resolve the key processes 
defining atmospheric composition, climate and air quality. 
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