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Proton-transfer-reaction mass spectrometer measurements of volatile organic 

compound mixtures, and secondary organic aerosol formation from the 

photochemistry of these compounds 
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Abstract 

Volatile organic compounds (VOCs) are emitted from biogenic and anthropogenic sources 

into the atmosphere, thus they are truly ubiquitous. VOCs play a major role in atmospheric 

chemistry, and their oxidation processes can lead to the formation of a secondary organic 

aerosol (SOA). SOA, a major component of atmospheric aerosols, is not only detrimental 

to human health, but it also affects the climate and air quality. When VOCs are oxidized in 

the atmosphere, this leads to the formation of oxidation products with lower vapor pressure 

and higher polarity than the original reactants. Eventually, oxidation processes result in the 

formation of reaction products that have a low enough vapor pressure to condense on 

existing aerosol particles, i.e. the formation of SOA occurs. The chemical and physical 

processes linked to SOA formation are complex and diverse; they depend on which VOCs 

are forming the SOA and on the conditions under which SOA formation takes place. It is 

vital to understand the mechanisms underpinning the formation of SOA under specific 

conditions, as this will make it possible to conduct more realistic climate modelling, when 

future aerosol loadings in different environments are predicted. 

The main objective of this thesis was to provide new information about the photochemical 

SOA formation from different mixtures of VOCs. In order to achieve this aim, laboratory 

experiments were conducted with VOC mixtures that were exposed to OH-radicals and the 

formation of the SOA was examined. VOCs were measured using a proton-transfer-reaction 

mass spectrometer with a time-of-flight mass analyzer (PTR-ToF-MS) that can 

continuously measure atmospheric trace VOCs with high time and mass resolution. 

However, PTR-ToF-MS suffers from some limitations, including the fragmentation of the 

measured VOCs. Hence, before SOA formation from VOC mixtures was explored, the PTR-

ToF-MS product ion distributions of several terpenoid compounds were studied to reduce 

the uncertainty related to the PTR-ToF-MS quantification of VOCs. In this thesis studied 

VOC mixtures were emitted by real emission sources i.e. Scots pines, pellet boiler, and 



gasoline vehicle. Furthermore, controlled laboratory experiments were conducted with real 

anthropogenic emissions sources to clarify the interactions between biogenic and 

anthropogenic emissions. Examining the interactions between these emissions and assessing 

their implications for aerosol production require the use of real anthropogenic emission 

sources since this is the only way to adequately obtain a relevant level of chemical diversity 

in laboratory studies. The studies with real anthropogenic emission sources made it possible 

to more precisely explore the complex real-life interactions between the biogenic and 

anthropogenic emissions occurring in the atmosphere. 

This thesis adds important information about the PTR-ToF-MS product ion distributions of 

several terpenoid compounds. These results will improve analytical quantification of 

terpenoid measurements. Furthermore, the results of this thesis clarify SOA formation from 

different VOC mixtures under controlled laboratory conditions. This thesis demonstrates 

that the damage caused by bark feeding herbivores change VOC emissions from Scots pines, 

and thus they alter Scots pine SOA mass yields. In addition, the results presented in this 

thesis show that the two studied anthropogenic emission sources, pellet boiler and gasoline 

vehicle, both generate an organic aerosol into the atmosphere, but the form of this aerosol 

is different between these two sources, i.e. with gasoline vehicles, the SOA dominates the 

organic aerosol loading, while with pellet boilers, the primary OA (POA) is the main 

contributor to the total organic aerosol loading emitted into the atmosphere. Finally, this 

thesis demonstrates that biogenic SOA formation is suppressed in the presence of 

anthropogenic emissions, and there is more than one factor affecting this suppression. 

Overall, the results of this thesis increase our knowledge about VOC emissions from 

different sources and SOA formation from the photochemistry of these compounds under 

different conditions. 

  

Keywords: atmospheric chemistry, proton-transfer-reaction mass spectrometer, secondary 

organic aerosol, volatile organic compound 
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1. Introduction 

Volatile organic compounds (VOCs) are ubiquitous in the atmosphere, and they have 

several emission sources of both biogenic and anthropogenic origins. Biogenic sources 

include forests, oceans, soils, and vegetation, whereas anthropogenic, i.e. human-made, 

sources comprise traffic related sources, industrial activities, biomass burning, and domestic 

heating. Global VOC emissions are approximately 1300 TgC yr-1 from which biogenic VOC 

(BVOC) emissions account for 1150 TgC yr-1 (Guenther et al., 1995; Guenther et al., 2012), 

while anthropogenic VOC (AVOC) emissions are approximately 142 TgC yr-1  (Goldstein 

and Galbally, 2007). Nevertheless, AVOCs are important because they can dominate VOC 

emissions in urban areas, playing an important role in the atmospheric chemistry in these 

regions (Warneke et al., 2007; Parrish et al., 2009; Apel et al., 2010; Ziemann and Atkinson, 

2012). 

The type of vegetation affects the chemical composition and the emission rates of BVOCs 

released into the atmosphere. For example, deciduous trees are important isoprene emitters 

(Lerdau and Keller, 1997; Kesselmeier and Staudt, 1999; Funk et al., 2004), whereas 

coniferous trees are the main mono- and sesquiterpene emitters (Lerdau et al., 1997; 

Kesselmeier and Staudt, 1999; Hellen et al., 2018). Furthermore, environmental factors, 

both biotic, such as herbivore feeding, and abiotic, such as high temperature, lead to 

increased BVOC emissions from plants (Holopainen and Gershenzon, 2010). The function 

of the increased BVOC emissions as a response to stress is to mitigate different stressors, 

i.e. it is a way by which plants seek relief from stress. AVOC emissions also depend on 

several factors, such as the source of the emissions, the fuel used, and combustion efficiency 

of the fuel. For example, diesel and gasoline fuels produce totally different AVOCs after 

their combustion (Gentner et al., 2017), and different types of wood fuels being burned in a 

boiler produce various emissions (Johansson et al., 2004; Sippula et al., 2007). Moreover 

modern pellet boilers which burn fuel with a high combustion efficiency produce extremely 

low VOC emissions (Heringa et al., 2011). As these examples demonstrate, BVOC and 

AVOC emissions are clearly emission source dependent, hence the gas-phase chemistry 

between the regions can be significantly different. 

The troposphere can be thought of as a huge chemical “reactor”, which results in either the 

partial or complete degradation of almost all organic compounds emitted into the 

atmosphere. Hence, once released into the atmosphere, VOCs undergo a number of 
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chemical reactions and are subjected to different physical processes that result in the 

formation of secondary air pollutants, such as ozone (O3) and the secondary organic aerosol 

(SOA) (Atkinson, 2000; Hallquist et al., 2009). The organic aerosol makes up a significant 

fraction (20-90%) of the submicron particulate mass from which the SOA dominates 

primary OA (POA) in several regions (Jimenez et al., 2009). SOA, a major component of 

atmospheric aerosols, is detrimental to human health if inhaled (Poschl, 2005; Pope and 

Dockery, 2006), but in addition the SOA also affects climate by influencing the size 

distribution, chemical composition, and radiative and cloud formation properties of 

atmospheric particles (Hallquist et al., 2009). The chemical and physical processes linked 

to SOA formation are complex and varied, and depend on which VOCs are forming the 

SOA and on the conditions under which the formation of the SOA takes place (Hallquist et 

al., 2009). Briefly, when VOCs react with atmospheric oxidants, such as O3 or hydroxyl 

(OH)-radicals, the oxidation products with a lower vapor pressure and higher polarity 

compared to reactants are formed. Eventually, oxidation processes result in the formation 

of reaction products that have a low enough vapor pressure to condense on existing aerosol 

particles, i.e. they form SOA. Alternatively, the oxidation of gas-phase species can lead to 

new particle formation in remote and urban areas (Kulmala et al., 2004).  

Anthropogenic and biogenic emissions are mixed all around the world from urban to remote 

areas (Shilling et al., 2013; Hao et al., 2014; Kortelainen et al., 2017). Therefore, in regions 

where these emissions are mixed, anthropogenic emissions can interact with BVOCs via 

several mechanisms that change the chemistry of BVOCs (Hoyle et al., 2011). This 

disturbance of BVOC chemistry by anthropogenic emissions results either in increased or 

decreased biogenic SOA formation, depending on the interacting species. For example, 

anthropogenic emissions can interact with BVOCs via gas-phase mechanisms by increasing 

the atmospheric levels of nitrogen oxides (NOx), carbon monoxide, and/ or aromatic VOCs. 

If there is an increased concentration of NOx this changes the gas-phase reaction pathways 

of BVOCs, because RO2-NO reaction pathway starts to compete with RO2-HO2 and RO2-

RO2 reaction pathways (Presto et al., 2005; Lim and Ziemann, 2005). The RO2-NO reaction 

pathway leads to the formation of different functional groups in the oxidation products, as 

compared to products formed under low NOx conditions, and this may influence the degree 

of fragmentation occurring during the oxidative processing of BVOC. These alterations in 

functionalization and fragmentation of BVOC oxidation products may either increase or 

decrease the formation of SOA, depending on the precursor VOC. Moreover, it was recently 
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shown that RO2+NO2 reaction pathway leads to suppression of cyclohexene ozonolysis 

initiated autoxidation chain reaction (Rissanen, 2018). In addition to NOx, other gas-phase 

species originating from anthropogenic sources, such as carbon monoxide and aromatic 

VOCs, may influence the biogenic SOA formation. The presence of aromatic VOCs has 

been observed to decrease the volatility of the formed biogenic SOA, thus affecting its 

atmospheric lifetime (Emanuelsson et al., 2013), and carbon monoxide has been 

demonstrated to decrease the monomer-to-dimer ratio of α-pinene resulting in an α-pinene 

SOA mass reduction (McFiggans et al., 2019). It is undeniable that SOA plays a major role 

in the atmosphere affecting air quality, climate and human health, and thus it is crucial to 

clarify its formation under different conditions from different precursor VOCs. 

Understanding the mechanisms by which SOA are formed will be beneficial in conducting 

more realistic climate modelling, when future aerosol loadings in different environments are 

predicted. 

Most of the VOCs are present in the atmosphere with mixing ratios ranging from parts per 

trillion of volume of air (pptv) to parts per billion of volume of air (ppbv) (Kesselmeier and 

Staudt, 1999). Therefore, VOC measurements require instruments that have limits of 

detection in pptv or even parts per quadrillion of volume of air (ppqv) level, but still having 

high sensitivity to detect different VOCs. The most traditional way to collect and measure 

VOCs is to collect VOCs in sampling tubes filled with an adsorbent material, such as Tenax-

TA, Carbotrap, or activated carbon, after which the collected compounds are thermally 

desorbed into a gas-chromatography mass spectrometer (GC-MS) or into a gas 

chromatograph connected to a flame ionization detector (GC-FID) (Cao and Hewitt, 1995). 

In addition, other offline methods, faster than traditional GC-MS and GC-FID techniques, 

have been developed for VOC measurements, such as solid-phase microextraction (SPME)-

based sampling methods followed by a rapid on-site analysis with a portable fast-GC-MS 

(Barreira et al., 2015). The offline methods that include the separation of compounds prior 

to their detection can achieve both quantitative and qualitative analysis of VOCs. However, 

these methods, even those classified as fast methods, are limited by several factors e.g. low 

time-resolution, susceptibility to sampling artefacts during pre-concentration of sampled air, 

possible need for sample pre-treatment before analysis (e.g. extraction or derivatization), 

and the limited number of different VOCs that are measurable with one column or that can 

be collected with a sampling tube filled with a specific adsorbent material. Therefore, these 

methods are not suitable for real-time measurements of a wide range of different types of 
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VOCs or for detecting the rapid changes occurring in the atmosphere. Proton-transfer-

reaction mass spectrometer (PTR-MS) has become a widely used technique in real-time 

monitoring of VOCs (Ellis and Mayhew, 2014). Many atmospheric trace VOCs with diverse 

elemental compositions can be rapidly and continuously detected by PTR-MS equipped 

with a quadrupole or a time-of-flight (ToF) mass analyzer (Hansel et al., 1995; Lindinger et 

al., 1998; de Gouw and Warneke, 2007; Jordan et al., 2009). With PTR-MS, VOCs are 

measured at high sensitivity and since the instruments have also low limits of detection, 

PTR-MS has become a popular technique in the atmospheric sciences. The continuous on-

line detection of different VOCs makes it possible to examine the processes taking place in 

the atmosphere, because the data can be collected around the clock and even fast changes in 

air mass composition can be detected.  

This thesis focuses on the exploration of VOC emissions from different sources; it also 

examines the photochemistry of these VOCs, as well as monitoring SOA formation under 

different conditions. All of the experiments described in this thesis were conducted under 

laboratory conditions with the focus being to clarify the photochemistry of fixed systems 

since this is one way to increase our understanding of the reaction mechanisms taking place 

under specific conditions in the highly complex atmosphere. Therefore, the main objective 

of this thesis was to provide a new information about the formation of the SOA from 

different mixtures of VOCs as they undergo photochemical reactions. To meet this 

objective, answers to the following questions were sought: 

1) How do the operating conditions of the PTR-ToF-MS affect the quantification of 

terpenoid compounds (Paper I)? 

2) How does biotic stress affect VOC emissions and SOA mass yields of Scots pines 

(Papers II and III)? 

3) What are the effects of anthropogenic emissions on biogenic SOA formation (Papers 

IV and V)? 

 

2. Volatile organic compounds 

VOCs are emitted into the atmosphere from biogenic and anthropogenic sources, but only 

a small fraction of all VOCs are emitted at the rates required to have a significant impact on 

atmospheric chemistry (Guenther et al., 2012). Methane (CH4) is the most abundant 

hydrocarbon in the atmosphere having a global emissions of 598 Tg(CH4) yr-1 (Seinfeld and 
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Pandis, 2016). Another abundant compound in the atmosphere is carbon monoxide (CO), 

formed from the oxidation of VOCs, especially methane, and primarily from anthropogenic 

activities (Seinfeld and Pandis, 2016). These two species account for over 90% of OH 

reactivity when averaged globally for the lower atmosphere. 

BVOCs are a heterogeneous group of compounds that include the terpenoids (isoprene, 

monoterpenes, and sesquiterpenes), alkanes, alkenes, carbonyls, alcohols, esters, ethers, and 

acids from which the terpenoids, composed of characteristic C5 units, are the most 

prominent compounds (Kesselmeier and Staudt, 1999). Once released into the atmosphere, 

BVOCs have important functions in the natural environment, such as participation in plant 

defense and communication (Holopainen and Gershenzon, 2010; Holopainen and Blande, 

2013). On the contrary, AVOCs are emitted as undesirable products from different human-

made processes. AVOCs are comprised of many structurally different compounds such as 

aromatics, alkenes, and oxygen-, nitrogen-, and sulfur-containing hydrocarbons, many of 

which are detrimental to human health (Stupfel, 1976; Calvert, 2002). Many VOCs are 

extremely reactive in the atmosphere, where they undergo reactions with OH-radicals, O3, 

and nitrate (NO3) radicals,  these influence the climate and air quality through SOA and O3 

formation, for instance (Atkinson, 2000; Hallquist et al., 2009).  

The vegetation type greatly affects the BVOCs emitted into the atmosphere. Boreal forests 

are important mono- and sesquiterpene emitters that control the atmospheric reactivity in 

these environments (Lerdau et al., 1997; Mogensen et al., 2015; Hellen et al., 2018). On the 

other hand, deciduous trees are intense isoprene emitters (Lerdau and Keller, 1997; 

Kesselmeier and Staudt, 1999; Funk et al., 2004). The emission rates of BVOCs from 

vegetation are not stable. For example, BVOC emission rates undergo both daily and 

seasonal cycles (Goldstein et al., 1998; Tarvainen et al., 2005; Hakola et al., 2006; Hakola 

et al., 2012; Hellen et al., 2018), but in addition, the trees also change the chemical 

composition and emission rates of emitted BVOCs when they are exposed to environmental 

stress, such as when attacked by herbivores. The primary function of these increased 

emissions is that they are a defense response to feeding by herbivores i.e. to provide plants 

with direct and indirect protection by repelling attack by herbivores, deterring their feeding 

on the tree, or attracting natural enemies of actively feeding herbivores (Holopainen and 

Gershenzon, 2010). When coniferous trees are attacked by herbivores, the trees increase 

their emissions of mono- and sesquiterpene (Blande et al., 2009; Heijari et al., 2011; 
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Joutsensaari et al., 2015; Ghimire et al., 2016). Similarly deciduous trees, such as silver and 

mountain birches and hybrid aspen, increase their monoterpene, sesquiterpene, and green 

leaf volatile (GLVs) emissions, when their leaves are being consumed by herbivores 

(Schaub et al., 2010; Maja et al., 2014; Yli-Pirila et al., 2016). As these VOCs which are 

being emitted as a response to the feeding are highly-reactive in the atmosphere (Atkinson 

and Arey, 2003), herbivore outbreaks increase the formation of both SOA (Joutsensaari et 

al., 2015; Paper III), and ozone (Atkinson and Arey, 2003).  

Not surprisingly, the emissions from anthropogenic sources, including particles, inorganic 

species, and VOCs, are also dependent on many factors, such as emission source and fuel 

type. Moreover, regardless of the emission source, anthropogenic emissions are dependent 

on the conditions under which the fuel is being burned (Johansson et al., 2004; Heringa et 

al., 2011; Gentner et al., 2017). With vehicles, the combustion conditions can be related to 

engine loading. Hence, anthropogenic emissions vary between the different sources. For 

example, vehicle emissions from gasoline and diesel engines are very different (Gentner et 

al., 2017). The combustion processes differ in gasoline and diesel engines, resulting in the 

need for different kinds of fuels in these two engine types. Gasoline fuel is composed of low 

molecular weight compounds in the C4-C10 range, whereas diesel fuel contains heavier 

compounds (C9-C25). The differences in the chemical composition of the fuels lead to 

completely different emission profiles. For example, as compared to diesel vehicles, 

gasoline vehicles produce higher VOC emissions, including SOA precursors, but the 

exhaust from diesel vehicles contains more particulate matter (PM) and NOx than exhaust 

from gasoline vehicles (May et al., 2014; Gentner et al., 2017; Platt et al., 2017). However, 

modern diesel vehicles are equipped with diesel particulate filters that have substantially 

decreased the amount of PM emitted into the atmosphere (May et al., 2014). Wood 

combustion is a completely different type of anthropogenic emission source as compared to 

the emissions released by motor vehicles. Wood combustion emissions may contain VOCs, 

mainly pure hydrocarbons, PM, including inorganic ash as well as NOx. However, the 

predominating emissions are known to be dependent on several factors, such as combustion 

conditions, combustion device, and the fuel type (Johansson et al., 2004; Sippula et al., 

2007; Heringa et al., 2011).  

In this thesis, emissions from different sources, pellet boiler, gasoline vehicle, and Scots 

pines, were studied. These sources emitted varying amounts of VOCs, and the most 
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important VOCs with regard to SOA formation were identified and studied more 

exhaustively. These VOC groups are described in more detail in the following chapters, and 

examples of these VOCs are shown in Figure 1.  

Figure 1. Different classes of VOCs. The first row shows the monoterpenes, the second row 

displays the sesquiterpenes, and the third row exhibits the single ring aromatic 

hydrocarbons. 

 

2.1 Monoterpenes 

The dominant class of VOCs emitted by coniferous forests are monoterpenes (C10H16); these 

compounds play a significant role in atmospheric chemistry (Lerdau et al., 1997; Hellen et 

al., 2018). Total annual monoterpene emissions are estimated to be ~160 Tg C yr-1, of which 

α-pinene, the largest contributor to the global monoterpene emissions, is estimated to 

account for ~50 Tg C yr-1 (Guenther et al., 1995; Guenther et al., 2012). The most abundant 
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monoterpenes measured in the boreal forest are α-pinene and 3-carene (see Figure 1 for their 

structures) (Hakola et al., 2003; Aaltonen et al., 2011). Both of these monoterpenes possess 

similar bi-cyclic structures, but the boreal forest emits also monoterpenes with monocyclic 

(e.g. limonene) and acyclic (e.g. β-myrcene) structures (see Figure 1, first row) (Yassaa et 

al., 2012). The mutual characteristic of all monoterpenes is that they are all highly volatile, 

but since there are differences in their structure, these control their reactivity and 

atmospheric lifetime – these vary from minutes to hours between day and night (Hoffmann 

et al., 1997; Kesselmeier and Staudt, 1999; Atkinson and Arey, 2003). During their reaction 

with atmospheric oxidants, monoterpenes undergo several oxidation steps that eventually 

leads to the formation of SOA (Seinfeld and Pandis, 2016). The reaction pathways of 

monoterpene oxidation are dependent on the prevailing reaction conditions. These 

conditions affect the type of functionalization incorporated into the formed oxidation 

products and thus the amount of SOA generated due to the oxidation of monoterpenes. For 

instance, one of the most important factors affecting the oxidation pathway of the 

monoterpenes is the NOx level or the VOC-to-NOx ratio (Presto et al., 2005; Ng et al., 

2007a). A high NOx concentration (high NOx conditions), i.e. a lower VOC-to-NOx ratio, 

changes the reaction pathway of monoterpenes from RO2-RO2 and RO2-HO2 reactions 

toward the RO2-NO reaction pathway (Presto et al., 2005; Ng et al., 2007a). The RO2-NO 

reaction pathway leads to different functionalization of the oxidation products compared to 

the functionalization observed under the conditions with low NOx concentrations (low NOx 

conditions). This change in reaction pathways can also influence the fragmentation of 

monoterpene oxidation products. These alterations in functionalization and fragmentation 

of monoterpene oxidation products affect the formation of monoterpene derived SOA. 

When moving from reactions occurring at conditions of low NOx toward high NOx there 

will be a decrease in SOA formation, because the oxidation products formed under high 

NOx conditions, as a result of RO2+NO reactions, have higher volatility compared to 

oxidation products formed under low NOx conditions (Presto et al., 2005; Ng et al., 2007a).  

The differences in volatility of oxidation products generated from different reaction 

pathways result from the suppression of the formation of highly oxidized multifunctional 

compounds (HOMs) due to RO2+NO reactions (Ehn et al., 2014). Moreover, it was recently 

suggested that not only NO plays a critical role in the suppression of HOM formation from 

VOC oxidation under high NOx conditions, but that NO2 would be an important factor in 

HOM suppression, as well (Rissanen, 2018). Recent publication presented the first 



17 

 

evidences using cyclohexene ozonolysis experimental setup that the presence of NO2 

interferes in HOM formation by cyclohexene autoxidation through RO2+NO2 reaction, and 

most significantly ceases dimer formation (Rissanen, 2018). This is because the NO2 

reaction exclusively leads to termination of the oxidation progression, unlike the reactions 

with the other co-reagents HO2, RO2, and NO. This same suppression of HOMs through 

RO2+NO2 reactions could be a possible scenario with monoterpenes as well, but it must be 

studied more detailed in future. 

PTR-ToF-MS is a very practical instrument for measuring monoterpenes in real-time, 

because monoterpenes are sufficiently volatile that they can be sampled without line or 

instrument losses. Moreover, the humidity in which the measurements are performed does 

not affect the ionization efficiency of monoterpenes, and thus does not impact on their 

quantitation with PTR-ToF-MS (Paper I). However, measuring monoterpenes with the 

PTR-ToF-MS does face some limitations. First, the PTR-ToF-MS cannot separate isomeric 

compounds from each other, hence all monoterpenes are detected with the same m/z. 

Second, depending on the structure of a monoterpene, some degree of structural 

fragmentation occurs inside the PTR-ToF-MS and this complicates the quantitation of 

monoterpenes. Moreover, an additional complexity in monoterpene quantification by PTR-

ToF-MS originates from the high degree of fragmentation of oxygen containing 

monoterpenes, such as 1,8-cineole and linalool (Maleknia et al., 2007; Joó et al., 2010). 

These oxygenated monoterpenes having a molecular structure of C10H18O fragment largely 

inside the PTR-ToF-MS after which their main fragment has the same molecular structure 

as the protonated molecule of monoterpenes. The quantitation of monoterpenes is possible 

by calibrating the PTR-ToF-MS against the measured monoterpenes, but it is necessary to 

have knowledge of which monoterpenes and oxygenated monoterpenes are to be measured 

(Paper I). 

2.2 Sesquiterpenes 

Significantly less sesquiterpenes are emitted than monoterpenes into the atmosphere, 30 Tg 

yr-1 (Guenther et al., 2012). Even though sesquiterpenes are only a minor fraction of the total 

BVOCs, they are recognized to play an important role in the atmospheric chemistry due to 

their relatively high SOA yields and their high reactivity with atmospheric oxidants 

(Guenther et al., 2012; Hellen et al., 2018). The major sesquiterpenes identified from boreal 
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forest emissions include β-caryophyllene, β-farnesene, and longifolene that are shown in 

Figure 1 (Hakola et al., 2006; Hakola et al., 2012; Yassaa et al., 2012; Hellen et al., 2018). 

As compared to monoterpenes, sesquiterpenes are more challenging to measure due to their 

lower vapor pressures which complicates their sampling because of their greater possibility 

to be subjected to sampling line and instrumental losses. Moreover, the abundance of 

sesquiterpenes in the atmosphere is substantially lower than the monoterpenes due to their 

lower emission rates and high reactivity. This means that the assay of sesquiterpenes 

demands access to very sensitive detection methods.  

Sesquiterpenes play an important role in atmospheric chemistry due to their high reactivity 

with atmospheric oxidants, resulting in more oxidation products with lower volatility 

compared to monoterpenes (Atkinson, 1997; Hoffmann et al., 1997; Griffin et al., 1999; Lee 

et al., 2006; Chen et al., 2012; Hellen et al., 2018). Thus, most sesquiterpenes form an SOA 

more efficiently than monoterpenes. In contrast to the monoterpenes, SOA formation from 

sesquiterpenes is higher when high NOx reaction conditions are prevailing (Hoffmann et al., 

1997; Ng et al., 2007a). The reason why this should occur is still unclear, but it may be that 

under high NOx reaction conditions, there is the production of large alkoxy radicals (RO) 

that tend to isomerize rather than undergoing fragmentation (Ng et al., 2007a). Large 

hydroxycarbonyls formed from the isomerization pathway are less volatile than the 

corresponding oxidation products formed under low NOx reaction conditions, leading to 

more efficient partitioning into the particle phase. Another reason for the more extensive 

SOA formation from sesquiterpenes under high NOx reaction conditions may be that the 

RO2+NO reaction pathway results in the formation of relatively nonvolatile organic nitrates 

that end up in the particle phase.      

In comparison to the monoterpenes, sesquiterpenes are more challenging to quantify with 

PTR-ToF-MS due to their lower vapor pressures; this causes problems in their sampling 

(line and instrumental losses) (Pagonis et al., 2017). Moreover, in comparison to the 

monoterpenes, sesquiterpenes undergo a higher degree of fragmentation inside the PTR-

ToF-MS under normal operation settings, complicating even more their quantitation (Paper 

I). Therefore, when measuring mixtures of sesquiterpenes from the ambient air with PTR-

ToF-MS, it is crucial to have information about the composition of the measured 

sesquiterpene mixture in order that the instrument can be calibrated properly if one is to 

obtain as accurate a quantitation as possible.  
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2.3  Single ring aromatic hydrocarbons 

Aromatic hydrocarbons are emitted primarily by anthropogenic sources. Some aromatic 

hydrocarbons, such as benzene, toluene, ethylbenzene, and xylenes (BTEX), have toxic 

effects on human health depending on duration and levels of exposure (Calvert, 2002). In 

the atmosphere, the most abundant single ring aromatic hydrocarbons are benzene and C1 – 

C3 alkylbenzenes, including toluene, xylenes, ethylbenzene, trimethylbenzenes, and 

ethyltoluenes (Atkinson and Arey, 2007). The structures of these compounds are shown in 

Figure 1. When reacting with OH-radicals in daytime or with NO3 radicals during the night, 

aromatic VOCs have a strong potential to lead to the formation of ozone and SOA 

(Atkinson, 2000; Calvert, 2002). The most prominent aromatic hydrocarbons in the 

atmosphere do not react with O3 at measurable rates, because they do not contain non-

aromatic C=C double bonds that would react with O3 (Atkinson, 1997; Ziemann and 

Atkinson, 2012). The atmospheric lifetimes, i.e. the reactivity, of aromatic VOCs, varies 

extensively depending on their molecular structure and the atmospheric oxidant with which 

they are reacting (Atkinson and Arey, 2007). Reactions between single ring aromatic VOCs 

and OH-radicals result in atmospheric lifetimes from less than 3 hours for trimethylbenzenes 

up to 9.5 days for benzene (Atkinson and Arey, 2007). Moreover, reactions of single ring 

aromatic hydrocarbons with NO3 radicals result in significantly longer atmospheric 

lifetimes of these compounds, varying from 24-53 days for the trimethylbenzenes up to more 

than 4 years for benzene (Atkinson and Arey, 2007). Therefore, reactions with OH-radicals 

are the dominant atmospheric loss process for aromatic VOCs.  

NOx level during the oxidation of single ring aromatic VOCs substantially affect the formed 

amount of SOA due to the shift in reaction pathways. Significantly less SOA is formed when 

the oxidation of single ring aromatic VOCs occurs under high NOx conditions since these 

initiate RO2+NO reactions and reduce other reaction pathways (RO2+RO2 and RO2+HO2) 

(Ng et al., 2007b). It has been suggested that the reduction in the SOA mass occurs, because 

the presence of NO suppresses the formation of the relatively nonvolatile hydroperoxides 

(Ng et al., 2007b). Moreover, it was recently shown that single ring aromatic VOCs are able 

to form HOMs (Wang et al., 2017; Molteni et al., 2018). Under high NOx conditions the 

reaction of RO2+NO competes with the HOM-forming autoxidation pathway. RO2+NO 

reactions can lead to the formation of relatively highly oxygenated nitrates of low volatility 

or oxyradicals (Wang et al., 2017; Molteni et al., 2018). Therefore, the presence of NO 
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interferes in autoxidation of aromatic VOCs and thus HOM formation that likely affects 

SOA formation. 

Single ring aromatic VOCs can be sampled in a PTR-ToF-MS without any problems due to 

their high vapor pressures, but some aromatic VOCs fragment inside the PTR-ToF-MS, 

complicating their analysis. Fragmentation of single ring aromatic VOCs inside the PTR-

ToF-MS depends largely on their structure. For example, benzene, toluene or 

trimethylbenzene do not fragment inside the PTR-ToF-MS, but ethylbenzene and 

propylbenzene undergo substantial fragmentation due to their longer substituents (Gueneron 

et al., 2015). If the fragmentation of aromatic VOCs does occur, some of the fragments will 

have a structure of benzene or toluene which complicates the quantitation not only of the 

fragmenting compound but also that of benzene and toluene. Therefore, when measuring 

aromatic VOCs with PTR-ToF-MS, it is vital to know which compounds are being measured 

so that the quantitation can be done accurately without over- or under-estimating the 

concentrations of some VOCs. Moreover, many aromatic VOCs have humidity-dependency 

when they are measured with PTR-ToF-MS; the higher the humidity, the smaller the 

ionization efficiency of some aromatic VOCs, such as benzene and toluene (Gueneron et 

al., 2015). Therefore, when measuring aromatic VOCs with PTR-ToF-MS, the instrument 

should be calibrated against the measured VOCs with the same humidity as the sampling 

site. 

  

3. Secondary organic aerosol 

In principle, all organic compounds in the atmosphere, whether in the gas-phase or in the 

particle-phase, are prone to undergo oxidation. The oxidation of an organic compound leads 

to the formation of different functional groups, such as hydroxyl (–OH), carbonyl (–C==O), 

hydroperoxy (–OOH), carboxyl (–C(O)OH), and nitrooxy (–ONO2). The reaction pathway 

of a VOC determines its functionalization and this can lead to the formation of reaction 

products which are more polar and less volatile than the reactant VOC itself with a greater 

tendency to condense into the particle phase, leading to the formation of SOA. In general, 

the tendency for VOC oxidation products to form the SOA increases with the carbon number 

and with the number of functional groups, as both of these parameters decrease the 

compound’s vapor pressure (Ziemann and Atkinson, 2012). The compounds having 

multiple functional groups are called HOMs (Ehn et al., 2014; Rissanen, 2018). 
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Gas-particle partitioning theory can be used to describe the formation of the SOA (Odum et 

al., 1996). The fundamental concept is that the SOA comprises a mixture of semi-VOCs 

(SVOCs) that partition between the gas- and particle-phases. The SOA is formed by the 

reaction of a VOC to produce both low-volatile and nonvolatile products. These products 

that have a sufficiently low vapor pressure will partition into the particle phase either when 

an oxidation product exceeds its saturation concentration, or in the presence of an organic 

layer on a particle surface, these oxidation products can condense onto the particle even if 

their saturation concentration in the gas-phase is not exceeded (Pankow, 1994a, b). When 

considering only the mass of the organic material (om) phase, a partitioning coefficient for 

species i (Kom,i) in terms of the organic mass concentration can be defined by Eq. (1) (Odum 

et al., 1996).  

 

𝐾𝑜𝑚,𝑖 =
𝐶𝑖,𝑜𝑚

𝐴𝑖𝑀0
=

𝐾𝑝,𝑖

𝑓𝑜𝑚
     (1) 

 

where Ci,om is the concentration of compound i (ng m-3) in the absorbing om phase, Ai is the 

gas phase concentration (ng m-3) of compound i, M0 is the absorbing organic mass 

concentration (µg m-3), Kp,i is an absorption equilibrium constant (m3 µg-1), and fom is the 

mass fraction of the total suspended particulate concentration. 

Therefore, the mass of the formed SOA during oxidation is dependent on the total organic 

aerosol or the absorbing mass concentration. Hence, as the concentration of total aerosol 

mass increases, the oxidation products of greater volatility will increasingly partition into 

the particle phase, and a greater mass of SOA will be formed.  

When VOC oxidation produces SOA, it is conventional to consider a SOA mass yield after 

oxidation of a certain concentration of the reacted VOC. This is especially useful, because 

the potential of different VOCs to produce the SOA must be presented in ambient models 

without unnecessary complexity. For this purpose, the SOA mass yield (YSOA) of an organic 

compound is a widely used parameter calculated from experiments according to Eq. (2) 

 

𝑌𝑆𝑂𝐴 =
𝛥𝑀0

∆𝑉𝑂𝐶
      (2) 
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where ΔM0 is the organic aerosol mass concentration formed, for a given concentration of 

VOC reacted, ΔVOC.  

During the last 40 years, SOA mass yields have been estimated from environmental chamber 

studies for a variety of VOCs (Odum et al., 1996; Hallquist et al., 2009; Chiappini et al., 

2019). The measured SOA yields for a single VOC have shown a substantial variation both 

between and within laboratories, because the experimental conditions inside the chamber, 

such as the presence of seed particles, the material present in the seed particles, and VOC-

to-NOx ratio, greatly affect the SOA mass yield of a VOC (Jang et al., 2002; Hallquist et al., 

2009). As was explained above, the mass of the formed SOA is not only dependent on the 

total organic aerosol mass present during the oxidation of VOCs, but also on the particle 

material because aerosol acidity increases the partitioning of several VOCs into the particle 

phase due to acid catalyzed reactions (Jang et al., 2002). The effect of NOx, or the VOC-to-

NOx ratio can be related to the functionalization of oxidation products of VOCs that either 

decreases or increases SOA mass yields depending on which VOC is being oxidized, as 

explained in Chapter 2 for different groups of VOCs. Regarding the VOC groups presented 

in Chapter 2, sesquiterpenes have the highest SOA mass yields on average, while single ring 

aromatic VOCs have the lowest SOA mass yields (Ng et al., 2007a; Ng et al., 2007b; Li et 

al., 2016). On average, monoterpenes have SOA mass yields between sesquiterpenes and 

single ring aromatic VOCs (Ng et al., 2006; Ng et al., 2007a). However, it should be kept 

in mind that SOA mass yield of a precursor VOC is greatly dependent on the molecular 

structure of the VOC (Ng et al., 2006; Li et al., 2016). 

SOA mass yields are often studied by using environmental chambers but these can introduce 

some uncertainties about the determined SOA mass yields that must be taken into account 

in the analytical determination. First, attachment of particles to chamber walls leads to 

significant uncertainties in SOA measurements, if these particle losses are not corrected. 

Different approaches exist for particle wall loss correction, such as a size-dependent wall 

loss correction that can be applied to correct for particle number wall losses (Crump et al., 

1983; Leskinen et al., 2015) and a method that assumes that there will be a first-order wall 

loss rate of particles and particle size independence for wall losses that can be used to correct 

particle mass loss onto the chamber walls (Presto and Donahue, 2006; Pathak et al., 2007; 

Hao et al., 2011). Another factor that can cause the underestimation of SOA mass yields is 
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the wall losses of SOA forming vapors (Kokkola et al., 2014; Zhang et al., 2014; Zhang et 

al., 2015; Yeh and Ziemann, 2015). Ít is more difficult to correct for vapor wall losses than 

correcting for particle wall losses because it is more challenging to estimate the amount of 

vapors deposited onto the chamber walls in comparison to direct measurements of particle 

wall losses. In Papers IV and V, we were not able to correct for vapor wall losses, and this 

has most likely affected the determined SOA mass yield values. Therefore, the SOA mass 

yields and the formed amount of SOA reported in these papers may represent lower limits.  

One can obtain some insights into the effect of vapor wall losses on SOA mass yield when 

SOA mass yields of VOC as a function of initial surface area of particles, i.e. the surface 

area of absorbing material are compared between different studies. This is because in the 

chamber there is a competition between the chamber wall surface and the particle’s surface 

for the vapors (Zhang et al., 2014). In Papers IV and V, we demonstrated that the observed 

yields were dependent on the condensation surface area of the seed particles present inside 

the chamber during the experiments. Hence, it is clear that the available seed surface area 

on which the vapors can condense affects the SOA mass yield, and this must be borne in 

mind when SOA mass yields are compared between different experiments between and 

within the laboratories.  

 

4. Experimental methods 

4.1 PTR-ToF-MS 

PTR-MS has become a widely used instrument in environmental sciences since it allows 

real-time monitoring of VOCs. PTR-MS was developed at University of Innsbruck in the 

mid-1990s to measure VOCs at the ppbv level (Hansel et al., 1995), and was soon developed 

further to increase the sensitivity to pptv level (Lindinger et al., 1998). To further increase 

the sensitivity and mass resolving power of the PTR-MS, the PTR-MS equipped with a 

reflectron time-of-flight (ToF) mass spectrometer was developed (Jordan et al., 2009). 

During the last 10 years, PTR-MS technology has been refined further by replacing the 

transfer lens system with hexapole ion guides and by increasing the sensitivity of the 

instrument by exploiting a technological development that improves ion transmission by 

focusing more ions into the ion guide system (Ionicon). The improved ion focusing makes 
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possible a more sensitive detection of intermediate-VOCs (IVOCs) and even SVOCs, which 

are mostly lost to the walls of the instrument in the older PTR-MS devices. 

In the studies included in this thesis, the Ionicon PTR-ToF-MS instrument (PTR-TOF 8000, 

Ionicon Analytik, Austria) with H3O
+ ionization was utilized to measure the gas-phase mass 

spectra of studied emissions from which the most interesting VOCs were identified and 

studied more closely. These VOCs are listed in Table 1. For this reason, the further 

discussion about the PTR-ToF-MS concentrates on this specific instrument, although many 

details apply also for other PTR-MS instruments. A schematic drawing of the PTR-ToF-MS 

is shown in Figure 2. The PTR-ToF-MS consists of four main parts:  

 

Table 1. VOCs studied more closely in this thesis. Table 1 shows which VOCs were 

calibrated for PTR-ToF-MS, and in which papers different VOCs were studied. 

Compound Structure PTR-ToF-MS 

calibrated 

Studied in Papers 

3-carene C10H16 Yes I, II, III 

α-pinene C10H16 Yes I, II, III, IV, V 

β-myrcene C10H16 Yes I, II, III 

β-phellandrene C10H16 Yesb) II, III 

β-pinene C10H16 Yes I, II, III 

camphene C10H16 Yesb) II, III 

δ-limonene C10H16 Yes I, II, III 

sabinene C10H16 Yes I 

p-cymene C10H14 Yes I, II 

1,8-cineole C10H18O Yes I 

α-humulene C15H24 Yes I 

α-muurolene C15H24 Yesb) III 

α-amorphene C15H24 Yesb) III 
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aromadendrene C15H24 Yes I, 

β-caryophyllene C15H24 Yes I, III 

δ-cadinene C15H24 Yesb) III 

longifolene C15H24 Yes I, III 

pinonaldehyde C10H16O2 No IV, V 

benzene C6H6 Yes IV, V 

toluene C7H8 Yes V 

phenola) C6H6O No V 

styrene C8H8 Yes V 

benzaldehydea) C7H8O No V 

xylene C8H10 Yes V 

methyl-

benzaldehydea) 

C8H8O No V 

trimethylbenzenea) C9H12 Yes V 

C9-aromatic C9H8 / C9H10 No V 

C10-aromatic C10H8 / C10H12 / 

C10H14 / C10H16 

No V 

C11-aromatic C11H14 / C11H16 No V 

C12-aromatic C12H18 No V 

O-containing 

aromatics 

C8H6O2 / C9H10O / 

C10H12O / C10H12O2 

No V 

acetone C3H6O No II, III, IV, V 

methyl ethyl ketonea) C4H8O No V 

O-containing C4-

hydrocarbons 

C4H2O3 / C4H4O3 No V 
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formic acid CH2O2 No IV, V 

acetic acid C2H4O2 No IV, V 

acetaldehyde C2H4O No IV, V 

a) Tentative identification 

b) Proxy standard used for calibration 

 

 

Figure 2. Schematic drawing of the PTR-ToF-MS instrument used in this thesis. The PTR-

ToF-MS consists of four main parts: 1) a hollow cathode discharge ion source, 2) the drift 

tube reaction chamber, 3) the transfer lens system, and 4) a reflectron time-of-flight mass 

spectrometer.  

 

1) A hollow cathode discharge ion source, where the pure ionization of water vapor 

generates H3O
+ ions. The specific hollow cathode ion source provides H3O

+ ions with a 

purity of greater than 99.5 %, enabling almost impurity free primary ion generation 

(Lindinger et al., 1998; Blake et al., 2009).  

2) The formed ions from the ion source are transferred by an electric field into a drift tube 

reaction chamber, where the VOCs introduced from the sample inlet are ionized by H3O
+ 
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ions through proton-transfer reactions. In the drift tube, the formed protonated molecules 

move through a buffer gas (non-reacting content of the sample gas) under the influence of 

an electric field. The typical operating pressure in the drift tube is in the region of 2 mbar, 

and the electric field strength (E) is generally close to 60 V cm-1 (Blake et al., 2009). These 

operating parameters are more commonly combined and expressed in terms of the E/N 

(reduced electric field strength) value of the drift tube. The ratio E/N, where N is the buffer 

gas density, controls the drift velocity of the protonated molecules. The strength of the 

reduced electric field also determines the number of energetic collisions taking place inside 

the drift tube. These collisions result in the fragmentation of some protonated molecules. 

The degree of fragmentation depends on the structure of the protonated molecule and on the 

applied strength of the reduced electric field.  

3) An electric field pulls the ions through the drift tube into the transfer lens system that is 

used to guide the ions into the mass spectrometer as a sharp beam.  

4) A reflectron time-of-flight mass spectrometer, where the ions are separated from each 

other with high mass resolution (> 5000) based on their m/z, which is a dimensionless 

quantity formed by dividing the mass number of an ion, m, by its charge number, z. Finally, 

a multi-channel plate detector detects the ions. It should be noted that because the ions are 

only separated based on the m/z, the separation of isomeric compounds is not possible.  

In the PTR-MS, the neutral sample compounds (A) that possess higher proton affinity (PA) 

than water (7.22 eV/ 691 kJ/mol) are ionized by H3O
+ ions in a proton-transfer reaction 

(reaction R1) with a reaction rate k: 

 

𝐻3𝑂+ + 𝐴 
𝑘
→ 𝐴𝐻+ + 𝐻2𝑂     (R1) 

 

Many of the atmospheric trace VOCs possess PAs higher than that of water, so they can be 

ionized by H3O
+ ions and detected by the PTR-MS. It is worthwhile mentioning that 

common air constituents, such as N2, O2, and CO2, possess lower proton affinities than water 

and therefore H3O
+ ions do not ionize these compounds. Hence, these compounds do not 

interfere with the trace gas measurements conducted using PTR-MS. Some VOCs, such as 

some n-alkanes and cyclic alkanes and small alkenes, possess also lower proton affinities 

than water so these cannot be detected by the PTR-ToF-MS (Ellis and Mayhew, 2014; 
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Gueneron et al., 2015). In addition, if the VOC has only slightly higher PA than water, 

reverse proton-transfer reactions can occur. This is the case for example with formaldehyde 

(Hansel et al., 1997). Consequently, the response of the PTR-MS to these compounds is 

significantly lower compared to other VOCs that have clearly higher PAs than water. When 

VOC goes through a proton-transfer reaction with water, then proton-transfer reactions 

proceed at a collision rate of about 1-4·10-9 cm3 molecule-1 s-1 (Warneke et al., 2001).  

Based on the reaction R1, the concentration of the analyte A can be calculated using Eq. (3) 

(Hansel et al., 1995): 

 

[𝐴𝐻]+ = [𝐻3𝑂+]0 ∙ (1 − 𝑒−𝑘[𝐴]𝑡) ≈ [𝐻3𝑂+]0 ∙ [𝐴] ∙ 𝑘 ∙ 𝑡  (3) 

 

where [AH]+ is the PTR-ToF-MS measured concentration of analyte A, [H3O
+]0 is the 

concentration of reagent ion introduced from the ion source, k is the reaction rate constant 

for the proton-transfer reaction, [A] is the concentration of analyte A, and t is the reaction 

time of the ions. The approximation of the equation (right side of the equation) is justified 

if H3O
+ ions are excessively present in the drift tube, which is the case with PTR-MS. 

In the practical exploitation of Eq. (3) for calculating concentrations of VOCs, there are 

several potential uncertainties that can lead to quantification errors. For example, one source 

of error originates from using a standard value of 2·10-9 cm3 s-1 for the rate constant, k, 

because even the use of an experimentally determined value for k may result in an error 

margin of 50% for the rate constant (Blake et al., 2009). Other potential sources of error in 

Eq. (3) include the uncertainty in the transit time of ions through the drift tube and variation 

in ion transmissions as a function of m/z. In addition to quantitative errors associated with 

Eq. (3), PTR-MS response to different VOCs depends on the efficiency of the instrument to 

collect and detect the analyte, and on the extent to which the reactions between H3O
+ ions 

and VOCs are taking place in the drift tube (de Gouw et al., 2003). Moreover, some 

protonated molecules undergo fragmentation inside the PTR-ToF-MS that introduce an 

additional source of uncertainty for the usage of Eq. (3) without any corrections. The 

fragmentation is discussed more detailed in the next paragraph. Even if there are several 

uncertainties in the direct usage of Eq. (3), it still can be used to get an approximate 
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concentrations of VOCs, especially when the measured VOCs do not undergo any 

fragmentation inside the PTR-ToF-MS. 

Proton transfer reaction with H3O
+ ion is a soft ionization process, which means that sample 

compounds can be ionized without fragmenting them. H3O
+ ions are the most common 

reagent ions generated in the ion source, but the presence of unreacted water vapor in the 

ion source leads to the formation of cluster ions of the type H3O
+(H2O)n. Water vapor in the 

sample gas can also lead to the formation of these water cluster ions. The water clusters 

have a higher PA than the bare water molecule and this changes the ionization efficiency of 

some VOCs, such as benzene, toluene, and propene that possess lower PAs than water 

clusters (Gueneron et al., 2015). Moreover, in the presence of water cluster ions, proton-

transfer is not the only possible reaction channel for ionization. Water cluster ions can 

undergo ligand switching reactions with sample VOCs according to the reaction R2: 

 

𝐻3𝑂+(𝐻2𝑂) + 𝐴 
𝑘
→ 𝐴(𝐻3𝑂+) + 𝐻2𝑂    (R2) 

 

The additional ionization pathway increases the complexity of the data analysis. However, 

the formation of water clusters can be reduced by increasing the strength of the reduced 

electric field inside the drift tube. This increase leads to a greater number of energetic 

collisions that can break the formed water clusters into H3O
+ and H2O, thus preventing the 

additional ionization pathway (reaction R2) taking place inside the drift tube. The high E/N 

value used inside the drift tube also results in unwanted fragmentation of sample 

compounds. The degree of fragmentation depends on the E/N value applied inside the drift 

tube and on the structure of the compound. For example, alcohols, terpenes, and some 

aromatic VOCs undergo some degree of fragmentation depending on the strength of E/N 

(Erickson et al., 2014; Gueneron et al., 2015; Paper I). Fragmentation of protonated 

molecules create unique product ion distributions that must be known if one is to perform a 

reliable quantitation of the measured VOCs. The fragmentation of protonated molecules 

increases the complexity of mass spectra interpretation, as does the alternative ionization 

pathway. Therefore, usually the choice of operating E/N is a compromise between the 

formation of water clusters and the fragmentation of protonated molecules with typical 

values for E/N falling in the range of 100-140 Td (1 Td= 10-17 cm2 V-1) (Blake et al., 2009). 
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Even if the fragmentation is unfavorable feature with the PTR-ToF-MS, it is good to note 

that fragmentation of compounds is generally used as an analytical tool in mass 

spectrometry analysis. The known fragmentation patterns, called fingerprints, can be used 

to identify individual compounds from the sample matrix or even the origin of the analyzed 

sample based on its fingerprint (Gross, 2010). 

4.2 Dynamic dilution system for the PTR-ToF-MS calibration 

The reduced electric field inside the drift tube of the PTR-ToF-MS should preferably be 

strong enough to reduce the formation of water-clusters H3O
+(H2O)n. Hence, despite the 

soft ionization technique of the PTR-ToF-MS, many VOCs fragment due to high energetic 

collisions occurring inside the drift tube between sample and neutral molecules. This 

complicates data analysis including quantitation. The fragmenting VOCs, including 

monoterpenes and sesquiterpenes, produce a unique fragmentation pattern due to their 

structural differences (Paper I). As these fragmentation patterns are compound and 

operation condition specific, quantitative PTR-ToF-MS measurements of VOCs require 

proper calibration procedures so that the unique fragmentation patterns of different VOCs 

can be characterized. In addition, the humidity of the measurement site affects the ionization 

efficiency of some VOCs and hence the response of the PTR-ToF-MS against these VOCs. 

Therefore, the humidity-dependence of the measured VOCs must also be characterized in 

order to conduct quantitative VOC measurements by PTR-ToF-MS. Moreover, as was 

described in Sect. 4.1, the direct usage of Eq. (3) without any corrections for calculating 

concentrations of VOCs include several uncertainties, that highlights the need of calibration 

when VOCs are quantitated. Consequently, the calibration of the PTR-ToF-MS is essential 

to achieve as accurate quantitation of VOCs as possible. 

There are different approaches, such as use of the liquid calibration unit (LCU) provided by 

Ionicon, permeation tubes, and gas cylinders, that can be applied in PTR-ToF-MS 

calibration (Greenberg et al., 2006; Taipale et al., 2008; Feilberg et al., 2010; Brito and 

Zahn, 2011; Ruuskanen et al., 2011; Haase et al., 2012; Kaser et al., 2013; Fischer et al., 

2013; Acton et al., 2016; Juran et al., 2017; Ionicon). All of the approaches have their 

strengths, but they also have weaknesses that limit their utility (more details given in Paper 

I). The main weaknesses of existing calibration systems are either their cost, time-

consuming calibration procedure, or requirement of standard preparation before calibration. 

These weaknesses in the existing calibration systems encouraged us to build a dynamic 
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dilution system that would be less expensive, faster than many other systems, and would not 

require standard preparation prior to calibration. Paper I demonstrates the utility of a 

dynamic dilution system for the calibration of the PTR-ToF-MS against 12 structurally 

different terpenoid compounds: six monoterpenes, two structural derivatives of 

monoterpenes (p-cymene and 1,8-cineole), and four sesquiterpenes.   

The basic concept behind the dynamic dilution system was inspired by a previously 

published article (Faiola et al., 2012); the system described in that publication was modified 

so as to be suitable for PTR-ToF-MS calibration purposes under different humidities. A 

schematic of the dynamic dilution system is shown in Figure 3. The dynamic dilution system 

was made of stainless steel tubing (o.d.=6 mm) surrounded by heat tape and insulation to 

ensure approximately equal temperature throughout the system. The system contained a 

heated air flow controlled with PID temperature controllers (Oy Meyer vastus Ab, Finland), 

the VOC injection system, a mixing loop to homogeneously mix the standard with the 

dilution gas, and a humidifier (Model PD-200T-12MSS, Perma Pure, LLC, USA) to ensure 

the humidification of the dilution air so that calibrations could be conducted under a range 

of humidity conditions.  

 

Figure 3. The schematic of the dynamic dilution system built for the calibration of the PTR-

ToF-MS. The figure is adapted from Paper I. 
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In a dynamic dilution system, VOC standards are generated by infusing continuously pure 

liquid standard with a syringe pump (Chemyx Inc., model Nexus 3000) into a heated air 

stream at a precisely known infusion rate. The heated air stream, controlled by a mass flow 

controller (Aalborg, model GFC17), quickly evaporates and dilutes the standard to desired 

mixing ratio. This results in a stable, reproducible, and quantitative gas-phase VOC 

standards. By changing the infusion rate of the liquid standard, the generation of VOC 

mixing ratios from 5 ppb to 200 ppb was achieved with this system in Paper I.   

The theoretical mixing ratios of the compounds generated by dynamic dilution system were 

calculated by Eq. (4).  

 

𝑀𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 [𝑝𝑝𝑏]𝑡ℎ𝑒𝑜𝑟𝑦 =
𝑖𝑛𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∙ 𝜌 ∙ 109

𝑀 ∙𝑚𝑜𝑙𝑎𝑟𝑓𝑙𝑜𝑤𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑖𝑟
   (4) 

 

where ρ and M are the density and molecular weight of the liquid standard, respectively. 

Molar flow of dilution air was calculated by Eq. (5) 

 

𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑖𝑟 =
𝑝𝑎𝑖𝑟∙𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑎𝑖𝑟

𝑅∙𝑇
   (5) 

 

where pair is the air pressure, mass flowair is the mass flow controller adjusted air flow inside 

the dynamic dilution system, R is the gas constant, and T is the temperature of the dilution 

air. 

4.3 Laboratory measurements 

The atmosphere consists of a complex mixture of species that are constantly undergoing 

different chemical and physical processes. In the atmosphere, these different processes 

occur simultaneously, so it is complicated to separate one specific process from the others 

during ambient measurements. Laboratory measurements offer a way to resolve this 

problem i.e. in the laboratory environment, the specific atmospheric processes can be 

studied under controlled conditions. In this thesis, different laboratory measurements were 

performed to: 1) clarify the effect of pine weevil feeding on emissions from Scots pine 
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saplings (Paper II); 2) study SOA formation from the emission blend of Scots pine saplings 

before, during, and after the pine weevil feeding (Paper III); 3) characterize the emissions 

from different anthropogenic sources and to examine the photochemistry of these emissions, 

and explore their interactions with α-pinene (Papers IV and V). 

Chemical composition of particles In this thesis, the size-resolved chemical composition 

and mass concentration of aerosols were measured using Aerodyne high resolution soot-

particle aerosol mass spectrometer (SP-AMS, Aerodyne Inc., USA) (Canagaratna et al., 

2007; Onasch et al., 2012). The formed SOA in Papers IV and V was obtained as SP-AMS 

measured organic aerosol formed during the photo-oxidation. Moreover, SP-AMS was used 

to quantify the chemical composition of aerosols in the experiments presented in Papers IV 

and V.  

4.4  Biotic stress emissions from Scots pines 

It is well-known that insect feeding of plants leads to increased VOC emissions, these 

emissions help plants defend themselves against the biotic stress (Holopainen and 

Gershenzon, 2010; Holopainen and Blande, 2013). Many of the biotic stress-induced VOCs 

are highly reactive in the atmosphere (Atkinson and Arey, 2003). Once released by plants, 

VOCs undergo chemical reactions in the atmosphere which may lead to SOA formation. 

However, the amount of SOA formed is highly dependent on the amount and type of VOCs 

emitted by the plants (Joutsensaari et al., 2015; Paper III). 

In this thesis, the PTR-ToF-MS was used to characterize Scots pine (Pinus sylvestris) biotic 

stress emissions after the trees were exposed to pine weevil (Hylobius abietis) feeding for 

approximately 2 days (Paper II). Moreover, this thesis clarified how SOA mass yields from 

Scots pine emissions changed due to pine weevil feeding (Paper III). For these 

experiments, a rigorous longitudinal study design was used to identify emission trends from 

Scots pine saplings in the laboratory before, during, and after the 48-hour exposure to active 

large pine weevil feeding. These emissions were introduced to a custom-built oxidation flow 

reactor (OFR) for photo-oxidization to determine their SOA formation. The experimental 

setup is shown in Figure 4. 
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Figure 4. Experimental setup for studying 1) Scots pine biotic stress emissions, and 2) SOA 

production from real plant volatile emissions. The figure is adapted from Paper III.  

 

4.5  Experiments with anthropogenic emission sources 

In this thesis, experiments were also conducted with real anthropogenic emission sources, a 

pellet boiler and a gasoline vehicle with a gasoline direct injection (GDI) engine (hereafter 

referred to as the GDI vehicle) (Papers IV and V). These experiments were conducted in 

the ILMARI chamber facility. ILMARI is located in the University of Eastern Finland in 

Kuopio, Finland. The ILMARI facility contains a 29m3 fluorinated ethylene propylene resin 

(Teflon FEP) environmental chamber that can be used to explore the emissions from real 

anthropogenic sources. Moreover, in the ILMARI facility, one can examine the aging of the 

anthropogenic emissions under controlled atmospherically relevant conditions. The 

schematic of the ILMARI facility is given in Figure 5, and a detailed description of the 

chamber facility is given elsewhere (Leskinen et al., 2015). A brief description about the 

chamber facility is given in Papers IV and V.  
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Figure 5. Schematic of the ILMARI facility to study aging of real anthropogenic emissions. 

 

The following procedure was followed when different anthropogenic emissions were 

studied in ILMARI. The emissions were sampled from the source with a heated sampling 

probe to the sampling line, and diluted using a two stage dilution system consisting of a 

porous tube diluter (PTD) and an ejector diluter (ED) (Lyyranen et al., 2004). The PTD was 

used for the primary dilution, after which the emission was led to the ED through the 

externally heated and insulated sampling line. Zero air at room temperature was used for the 

dilution gas in both diluters. After the dilution, the diluted anthropogenic emission was 

introduced into the environmental chamber.  

After the diluted anthropogenic emission was fed into the chamber, the atmospherically 

relevant conditions, such as NO2-to-NO ratio and VOC-to-NOx ratio, were adjusted inside 

the chamber so that the specific processes occurring in the atmosphere could be studied. The 

NO2-to-NO ratio can be adjusted either by adding O3 to convert the NO emitted by the 

anthropogenic emission source to NO2 or by adding NO2 into the chamber. In these 

experiments all O3 added into the chamber reacted immediately with NO and produced NO2, 

hence no O3 was present inside the chamber after O3 feeding was stopped. The VOC-to-

NOx ratio, on the other hand, can be adjusted to an atmospherically relevant level by adding 

propene into the chamber if VOC-to-NOx ratio is too low or by adding NO2 into the chamber 
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if VOC-to-NOx ratio is too high. The adjustment of these two ratios is critical to ensure that 

the important radical branching channels, such as the fate of RO2, are similar to those in the 

atmosphere (Hoyle et al., 2011). Typically, the VOC-to-NOx ratio is adjusted between 4 and 

10 that enables the branching between the different reaction pathways (Hoyle et al., 2011).  

In this thesis, all experiments conducted in ILMARI were photochemistry experiments. 

Hence, after the atmospherically relevant conditions were adjusted into the chamber, UV-

lights were switched on and the photochemistry period was started. In order to conduct 

photochemistry experiments, it was essential to generate OH-radicals. OH-radicals can be 

generated either from nitrous acid (HONO) or hydrogen peroxide (H2O2). When these 

species decompose due to photo-degradation, OH-radicals are produced as decomposition 

products. However, the decomposition of HONO will also produce NO in the chamber, so 

if the exploitation of H2O2 as the OH precursor is possible, this is a better option as it avoids 

the production of extra NO during the photochemistry period. The OH concentration inside 

the chamber can be calculated from the decay of an OH-tracer compound (Barmet et al., 

2012). One option for this tracer compound is 9-fold deuterated butanol (1-Butan,d9-ol) and 

this was selected to be the OH-tracer in the environmental chamber experiments reported in 

this thesis (Papers IV and V).  

4.6  Interactions between anthropogenic and biogenic emissions 

In regions where anthropogenic and biogenic emissions are mixed, like in cities of Finland 

in the summer, the anthropogenic emissions (particles, inorganic gas-phase species, and 

VOCs) can affect the chemistry and SOA formation of BVOCs via several known 

mechanisms, such as changing the radical branching pathways from RO2+RO2 and 

RO2+HO2 reaction pathways toward RO2+NO pathway, providing a greater particle surface 

area where VOCs can condense, making particles more acidic which enhances SOA 

formation through acid catalyzed reactions, or contributing to the new particle formation 

(Hoyle et al., 2011). These interactions take place all around the world from urban to remote 

areas, and although many different anthropogenic effects on biogenic VOC chemistry are 

well-known, these interactions are still not fully understood, making them an important 

study topic (Hoyle et al., 2011; Shilling et al., 2013; Hao et al., 2014; Kortelainen et al., 

2017). In addition, these interactions have a central role when the current, future or 

preindustrial secondary aerosol loadings are investigated or predicted based on existing 

atmospheric measurements.  
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Previous studies have used a variety of approaches to explore the impact of anthropogenic 

emissions on biogenic SOA formation and its climate-relevant characteristics. There have 

been field studies in environments where anthropogenic and biogenic emissions are 

undergoing mixing, chamber studies with simplified mixtures of pure model compounds, 

and modelling approaches (Goldstein et al., 2009; Carlton et al., 2010; Emanuelsson et al., 

2013; Shilling et al., 2013; Hao et al., 2014). Hence, there has been much research activity 

in this area, but real anthropogenic emission sources have not been exploited for 

anthropogenic-biogenic interaction studies until the appearance of Papers IV and V. The 

exploitation of real anthropogenic emission source makes it possible to capture the 

compound complexity of anthropogenic emissions, which represent better than model 

compounds the real-life interactions occurring in the atmosphere because anthropogenic 

emissions are comprised of a great number of VOCs but in addition inorganic compounds 

and particulates which all are impossible to be represented with a few model compounds. 

This achieves a more comprehensive understanding of the interactions between biogenic 

and anthropogenic emissions, as well as facilitating the estimations of the impact of these 

interactions on air quality and climate.  

In this thesis, the first controlled laboratory studies with real anthropogenic emission sources 

were performed to clarify anthropogenic-biogenic interactions. Paper IV explored the 

effect of pellet boiler exhaust on α-pinene photochemistry, and in Paper V these studies 

were extended to a completely different type of anthropogenic emission source, GDI 

vehicle. In these experiments, the aim was to explore if there are other components, such as 

primary particles or VOCs, in addition to NOx emitted by anthropogenic sources that can 

affect BVOC chemistry in the atmosphere. To meet this aim, reference experiments were 

conducted where anthropogenic emissions were replaced with ammonium sulphate (AS) 

seed particles. In experiments with AS seed particles, all of the experimental conditions 

including VOC-to-NOx ratio, NOx concentration, and OH exposure were comparable to the 

experiments conducted with the real anthropogenic emission sources, but these AS+α-

pinene experiments lacked the whole gas-phase (except NOx) that was produced into the 

chamber by the anthropogenic emission source. In addition to AS+α-pinene experiments 

conducted under high NOx conditions that clarified if other components than NOx could 

affect atmospheric BVOC chemistry in the presence of anthropogenic emissions, AS+α-

pinene experiments were also conducted under low NOx conditions to examine the effect of 

NOx emitted by an anthropogenic emission source on the photochemistry of α-pinene. These 
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experiments were performed in the ILMARI facility, where atmospherically relevant 

conditions were adjusted into the environmental chamber as described above in Sect. 4.5. 

α-Pinene was chosen to represent the BVOCs, because its chemistry has been widely studied 

under different conditions, and it is the most abundant monoterpene in the atmosphere 

(Guenther et al., 2012).  

 

5. Results and discussion 

5.1 Characterization of the dynamic dilution system 

Before applying the dynamic dilution system for PTR-ToF-MS calibration, it had to be 

characterized to ensure it was working properly. First, the accuracy of the system to produce 

gas-phase standards with theoretical mixing ratios was confirmed by validating it against a 

well-established off-line GC-MS analytical technique. Figures 6a) and 6b) show the 

comparison of theoretical to observed mixing ratios in a scatterplot for α-pinene and p-

cymene, respectively. The slopes of the linear fits in Figures 6a) and b) demonstrate that the 

observed mixing ratios were in good agreement with the theoretical values. The small 

differences between theoretical and observed mixing ratios were mainly attributable to 

errors in the accuracies of the syringe pump and mass flow controller.  
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Figure 6. Results from the characterization of the dynamic dilution system. The dynamic 

dilution system generated mixing ratios as a function of theoretical mixing ratios calculated 

using Eq. (4) for α-pinene (panel a) and p-cymene (panel b). Black solid lines (fit) in panels 

a) and b) shows linear regression fits, and slope shows how well measured and theoretical 

mixing ratios are in agreement with each other. Panels c) and d) show the equilibration 

period and stability of the protonated molecule of α-pinene (panel c), and longifolene (panel 

d) standards generated by the dynamic dilution system. The data of panels c) and d) is 

averaged to one minute. Panels e) and f) illustrate corrected cps of the protonated molecule 

as a function of theoretical mixing ratio for monoterpenes and monoterpene derivatives 

(panel e) and sesquiterpenes (panel f). In panel e) for 1,8-cineole, the product ion C10H17
+ 

was used in the plot instead of the protonated molecule, due to its extensive fragmentation. 

Corrected cps was calculated as a 15 min average for panels e) and f).  
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The second characterization step was to verify the stability of the signal because the gas-

phase standard mixing ratios needed to be stable for a long enough time to ensure an accurate 

and reliable calibration of the PTR-ToF-MS. The stability of the system was tested with 

VOC standards possessing different vapor pressures, α-pinene (Figure 6c)) and longifolene 

(Figure 6d)). Figure 6c) shows that equilibrium was reached in 15 minutes for α-pinene, and 

Figure 6d) demonstrates that it took 30 minutes for longifolene to reach equilibrium, due to 

the compound’s lower vapor pressure. After reaching equilibrium, the PTR-ToF-MS signal 

of the protonated molecule remained constant for approximately 65 minutes for α-pinene 

(Figure 6c)) and for 40 minutes for longifolene (Figure 6d)). Additional evidence that the 

dynamic dilution system was working well for the PTR-ToF-MS calibration was obtained 

during the calibrations of different terpenoid compounds. Figures 6e) and 6f) present the 

calibration curves for all of the studied compounds. All calibration curves have a coefficient 

of determination (r2) close to 1 (see Paper I). This demonstrates the applicability of the 

dynamic dilution system in the used range of mixing ratios (5 ppb-200 ppb), i.e. the 

quantitative dynamic range of the dynamic dilution system. Furthermore, the small errors 

bars (1 standard deviation) of the corrected cps values highlight the stability of the mixing 

ratios generated by the dynamic dilution system. 

5.2 The molecular structure-dependency on product ion distributions of 

terpenoids 

This thesis reveals that for terpenoid compounds with different molecular structures, the 

product ion distributions produced inside the PTR-ToF-MS have a clear structure-

dependency (Paper I). Hence, if one wishes to accurately measure ambient mixing ratios of 

mixtures of terpenoid compounds, the PTR-ToF-MS must be calibrated against the same 

terpenoids that are measured from the ambient air. Moreover, when these product ion 

distributions determined for the PTR-ToF-MS were compared to product ion distributions 

determined previously for the PTR-MS equipped with the quadrupole mass analyzer (Tani 

et al., 2003; Kim et al., 2009; Demarcke et al., 2009), the product ion distributions were 

different between these two PTR-MS instruments, even after the transmission corrections 

for ion signals had been applied. Paper I also demonstrated that the PTR-ToF-MS response 

to protonated molecules of mono- or sesquiterpenes exhibited only a small humidity-

dependence across a relative humidity (RH) range from 0% to 60%. Therefore, the results 
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presented in Paper I provide an important piece of information for PTR-ToF-MS users who 

are quantifying BVOC emissions from vegetation and ambient BVOC concentrations.  

5.3 Effect of pine weevil feeding on Scots pine emissions and SOA 

formation 

Although it is well-known that herbivore feeding increases plant volatile emissions, Paper 

II is the first to have explored above-ground VOC emissions to herbivore stress with the 

fast time resolution and broad chemical coverage of a PTR-ToF-MS. Moreover, these biotic 

stress emissions of Scots pines before, during, and after pine weevil feeding were used to 

examine SOA mass yields of Scots pines during different experimental phases (Paper III).  

Scots pines responded to herbivore feeding by increasing the constitutive emissions of 

several groups of VOCs; of these, monoterpenes were found to dominate the VOC emission 

profile during and after herbivore feeding (Paper II). On average, the maximum elevation 

in the monoterpene emission rate due to pine weevil feeding was 90 times compared to the 

corresponding value measured prior to the feeding. More interestingly, the maximum 

monoterpene emission response was found to be linearly proportional to the area of tree 

bark damaged by the insect, revealing a dose-dependent response (Figure 7 left panel). This 

is the first report of a dose-dependent monoterpene response of Scots pine saplings when 

fed by bark feeding pine weevils. This result could be used as a first approximation for 

models, when one needs to estimate the increased monoterpene emission rates due to 

outbreaks of bark feeding herbivores. It should be noted that in Paper II, the PTR-ToF-MS 

was calibrated against the major monoterpenes detected in the plant enclosures to account 

for differences of fragmentation patterns of monoterpenes inside the PTR-ToF-MS, as 

shown in Paper I. The separation of monoterpenes was achieved by collecting cartridge 

samples from the plant enclosures that were analyzed using the GC-MS. If the PTR-ToF-

MS had not been calibrated properly, and the calibration factor of α-pinene had been applied 

to correct for the monoterpene emission rate, which has been a widely used method (Taipale 

et al., 2008; Ruuskanen et al., 2011; Acton et al., 2016), then the linearity between maximum 

monoterpene emission response against the damaged bark area would have been rather 

speculative due to the significantly poorer correlation (Figure 7 right panel). This highlights 

the importance of calibrating the PTR-ToF-MS against the measured VOCs and it suggests 

that in these types of analyses, one should avoid proxy standards for calibrations, especially 

if the proxy standards do not share structural similarities with the measured VOCs. 
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Figure 7. The maximum monoterpene basal emission rate (BER, 10-minute average) as a 

function of the damaged bark area of Scots pine saplings caused by pine weevil feeding. 

The damaged bark area was estimated from photographs taken after each experiment (for 

more details, see Paper II). In the left panel, the monoterpene emission rate as measured by 

PTR-ToF-MS is corrected with calibration factor calculated from all of the major 

monoterpenes found in the plant enclosure. For comparison purposes, in the right panel, 

PTR-ToF-MS measured monoterpene emission rate is corrected using only a calibration 

factor for α-pinene to highlight the need to take the structural differences into account when 

monoterpenes are assayed with PTR-ToF-MS. 

 

In addition to monoterpenes, emission rates of more than 10 other VOC groups were 

increased due to pine weevil feeding including those of the sesquiterpenes (Paper II). 

However, the increase in the amounts of the sesquiterpenes due to pine weevil feeding was 

substantially lower than that of the monoterpenes; this led to a decrease in the sesquiterpene-

to-monoterpene (SQT:MT) ratio of the emissions. The lower SQT:MT ratio, caused by pine 

weevil feeding, resulted a decrease in SOA mass yields of Scots pines, as illustrated in 

Figure 8. Therefore, sesquiterpenes have an important role in defining SOA mass yields 

from healthy Scots pines, but SOA mass yields from herbivore damaged Scots pines are 

defined by the blend of monoterpene emissions (Paper III).  
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Figure 8. SOA mass yields generated from Scots pine emissions before, during, and after a 

48-hour exposure to pine weevil feeding. All experimental phases are colored based on the 

sesquiterpene (SQT) to monoterpene (MT) ratio at the OFR inlet as measured by PTR-ToF-

MS. α-Pinene SOA mass yields are shown for comparison. The figure adopted from Paper 

III.  

 

5.4 Anthropogenic emissions from different sources and the contribution 

to the formation of the SOA  

In this thesis, emissions from two different anthropogenic sources, a pellet boiler and a GDI 

vehicle, were examined (Papers IV and V). Emission profiles from these two anthropogenic 

emission sources are almost complete opposites, as shown in Figure 9. The pellet boiler 

emits significantly higher amounts of organic material, black carbon (BC) and ash (BC and 

ash are not shown in Figure 9) in comparison to the GDI vehicle, whereas the exhaust from 

the GDI vehicle contains substantially more VOCs than exhaust emitted by the pellet boiler. 

This is because the combustion efficiency of the pellet boiler is higher than the combustion 

efficiency of the gasoline engine.  



44 

 

 

Figure 9. Average primary emission profiles of a pellet boiler and a GDI vehicle. Particle-

phase mass spectra were obtained by AMS and gas-phase mass spectra by PTR-ToF-MS. 

For the pellet boiler exhaust, only the POA emission profile is shown, whereas for the GDI 

vehicle exhaust, the complete primary particle emission profile is shown. It should be noted 

that POA in the exhaust from the pellet boiler had a higher mass concentration compared to 

total primary particles emitted by the GDI vehicle. On the other hand, the GDI vehicle 

emitted significantly more VOCs than the pellet boiler. This figure is combined from figures 

presented in Papers IV and V.  

 

The main gas-phase compounds and fragments of compounds emitted by the pellet boiler 

were C3H4 (m/z 41), formic acid (m/z 43), acetaldehyde (m/z 45), acetone (m/z 59), and 

benzene (m/z 79). Higher amounts of these same gas-phase compounds and fragments of 

compounds were detected in the GDI vehicle exhaust, but in addition, GDI vehicle exhaust 

was contained substantial amounts of several other VOCs, such as toluene (m/z 93), xylenes 

(m/z 107), benzaldehyde (m/z 107), trimethylbenzenes (m/z 121), methyl ethyl ketone (m/z 

73), and acetic acid (m/z 61). These VOCs were absent from the pellet boiler exhaust. 
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As the GDI vehicle emitted higher VOC emissions, it could be anticipated that more SOA 

would be formed from GDI vehicle exhaust than from pellet boiler exhaust when the 

emissions underwent photo-oxidation. The SOA formed from the GDI vehicle exhaust 

varied from 1.1 µg m-3 up to 3.9 µg m-3, depending on the feeding time of the exhaust into 

the chamber. The photochemistry of pellet boiler exhaust resulted in SOA formation of 1.5 

µg m-3. At first glance, this result would seem surprising if the presence of primary particles 

inside the chamber at the beginning of the photochemistry period was not considered. The 

feeding of the pellet boiler exhaust into the chamber produced the mass loading of the 

primary particles of 95 µg m-3 from which the fraction of POA was less than 10%, and the 

primary particles were mainly BC (Paper IV). After the feeding of the GDI vehicle exhaust 

into the chamber, the initial particle mass loadings, mainly BC, varied from 1.5 to 2.1 µg m-

3 from which the fraction of POA was less than 7% in every experiment (Paper V). It is 

well-known that a lower particle-to-chamber surface ratio leads to greater wall losses of 

SOA-forming organic gas-phase species (Zhang et al., 2014; Sarrafzadeh et al., 2016). 

Hence, the higher particle surface area produced by pellet boiler exhaust compared to that 

from the GDI vehicle, increased the condensation of gas-phase organic compounds on 

particles it emitted and consequently increased the formed SOA mass. One additional 

explanation for comparable SOA mass formation between the exhausts emitted by the pellet 

boiler and the GDI vehicle could be SOA forming IVOCs and SVOCs emitted by the pellet 

boiler that were not detected with the instrumentation included in the measurement setup. 

These IVOCs and SVOCs have high SOA mass yields, and for example, for linear, cyclic, 

and branched 12-carbon alkanes, which are undetectable by the PTR-ToF-MS, SOA mass 

yields can vary from 11% up to 160% under high NOx conditions (Loza et al., 2014).  

The pellet boiler produced extremely low concentrations of VOCs into the environmental 

chamber as shown in Figure 9. For this reason, we were only able to detect benzene as an 

SOA-forming VOC because most of the SOA-forming VOCs were below the limit of 

detection of the PTR-ToF-MS. Therefore, we were not able to estimate the SOA yield of 

pellet boiler emitted VOCs. The observed low level of VOC emissions from the pellet boiler 

agrees with previous studies (Sippula et al., 2007; Boman et al., 2011; Riva et al., 2011). 

However, earlier studies have reported pellet boiler emissions of aromatic compounds, such 

as toluene, xylene, and polycyclic aromatic hydrocarbons that were not detected in Paper 

IV. Most likely this discrepancy with earlier studies was caused by the substantial dilution 
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of pellet boiler emission when these were fed into the environmental chamber using the 

procedure described in Sect. 4.5. 

The GDI vehicle emitted higher amounts of VOCs than the pellet boiler. Therefore, it was 

possible to examine the SOA forming VOCs emitted by the GDI vehicle in more detail 

(Paper V). A total of 20 aromatic species were identified from the high resolution data of 

the PTR-ToF-MS; these VOCs were used to calculate a predicted SOA mass loading for 

GDI vehicle exhaust using Eq. (6).  

 

𝑆𝑂𝐴𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = ∑ (∆𝑆𝑂𝐴𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟𝑖
∙ 𝑌𝑖)𝑖     (6) 

 

where ΔSOAprecursori is the reacted concentration of VOCi measured by the PTR-ToF-MS 

and Yi is the literature SOA yield value of the precursori for OH oxidation under high NOx 

conditions. 

These identified SOA precursors account for only 19-42% of the measured SOA mass as 

shown in Figure 10 (green circles). In Figure 10, the ASOA precursors were divided into 

six different groups based on their elemental composition and the number of carbon atoms: 

benzene, C8 aromatics, C9 aromatics, toluene, oxygenated aromatics, and other aromatics. 

As shown in Figure 10 (stacked bars), there was evidence of variability between the 

experiments, both in the different groups of SOA precursors and in the amount of SOA 

formed by their oxidative processing. These variations may simply be related to experiment-

to-experiment variability in GDI vehicle emissions. As revealed by the error bars of the 

predicted SOA (stacked bars) in Figure 10, representing the lower and upper bound 

estimates, the gap between predicted and measured SOA cannot be explained by SOA mass 

yields applied to calculate predicted SOA values. Instead, the gap between predicted and 

measured SOA suggests that a substantial fraction of SOA precursors was missing from the 

data-analysis. According to the literature, this missing fraction of SOA precursors may be 

related to emitted SOA-forming IVOCs and SVOCs (Zhao et al., 2016; Lu et al., 2018). 

These precursors have high SOA mass yields, but most likely sampling line and instrumental 

losses were the reasons why these species were not detected by the PTR-ToF-MS (Pagonis 

et al., 2017; Deming et al., 2019). Hence, it is very likely that the failed detection of these 
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compounds in Paper V could account for the significant gap between predicted and 

measured SOA shown in Figure 10. 

 

Figure 10. Measured (red circles) and predicted (bars) SOA formed from the photochemistry 

of GDI vehicle exhaust. High NOx regime yields were applied to calculate the predicted 

SOA. The identified SOA precursors were divided into different groups to illustrate better 

the contribution of different types of VOCs to SOA formation. Error bars for the predicted 

SOA represent lower and upper bound estimates and these were calculated by using SOA 

yields from different studies conducted under similar conditions as in the study reported in 

Paper V. Green circles illustrate Predicted SOA-to-Measured SOA ratio. The figure is 

adapted from Paper V. 

 

Another interesting finding related to GDI vehicle emissions was that the gap between 

measured and predicted SOA increased much more strongly than the increase in the 

predicted SOA (stacked bars), when the feeding time was more prolonged. Naturally, 

because the procedure of the vehicle heating prior to the exhaust feeding period was similar 

in each experiment and the vehicle was driven at a constant load, the longer feeding time 

corresponded to a longer driving time. Thus, the longer driving time decreased the 
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predicted-to-measured SOA ratio indicating that there was a larger fraction of unaccounted 

SOA precursors, i.e. IVOCs and SVOCs, in the chamber, which were not detected with the 

PTR-ToF-MS. Previous studies with relatively new gasoline vehicles have reported that 

IVOC and SVOC species together would contribute as much as VOC species to the amount 

of SOA formed (Zhao et al., 2017; Lu et al., 2018; Zhao et al., 2016). Our results imply that 

the contribution of IVOCs and SVOCs to the formed SOA is driving time dependent, at 

least when a modern gasoline vehicle is driven at a constant load.  

IVOC emissions as a fraction of non-methane organic gas (NMOG) emissions have been 

shown to be enriched during the vehicle’s hot operation compared to a cold-start operation, 

which could be due to higher combustion efficiency of the more volatile fuel components 

(Zhao et al., 2016). This could explain our observation about the driving time dependent 

contribution of IVOCs and SVOCs to the amount of SOA formed. Moreover, it cannot be 

ruled out the possibility that IVOCs and SVOCs were condensed onto the pipes and tubes 

of the vehicle and transfer lines of the chamber (Pagonis et al., 2017; Deming et al., 2019), 

and are subsequently released by outgassing when the vehicle is driven for a longer time. 

The feeding time dependence of IVOC/ SVOC losses (or outgassing) may be affected by 

time dependent changes in tubing and transfer line temperature due to the hot exhaust. Any 

induced errors would lead to an underestimation of emission-induced SOA yields, which 

means that chamber studies in general would underestimate both SOA yields and the formed 

SOA mass, from a vehicle exhaust due to the line losses of these high-yield SOA precursors.  

The results obtained in this thesis demonstrate that although both studied anthropogenic 

emission sources did produce an SOA, the contribution of the formed SOA to total organic 

aerosol loading was completely different between these two emission sources, i.e. the SOA-

to-POA ratio for pellet boiler exhaust was only 0.20, whereas for GDI vehicle exhaust, this 

ratio varied from 14 to 35 in the different experiments, highlighting the importance of SOA 

contributing to the total organic aerosol loading generated by the GDI vehicle exhaust. 

Therefore, we can conclude that both of the studied anthropogenic emission sources 

liberated significant amounts of organic aerosol into the atmosphere, but the type of this 

aerosol was different between these two sources; for GDI vehicle, SOA was the predominant 

form in the organic aerosol, whereas for pellet boiler, POA made a significant contribution 

to the total organic aerosol mass being emitted into the atmosphere.  
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5.5 Interactions between anthropogenic and biogenic emissions 

The results of this thesis shed light on the important interactions occurring between 

anthropogenic and biogenic emissions by using different anthropogenic emission sources 

and α-pinene as model test systems (Papers IV and V). The results show that there are 

several factors controlling biogenic SOA formation in the presence of an anthropogenic 

influence. The main result regarding these interaction studies is shown in Figure 11 which 

illustrates that the presence of anthropogenic emissions suppressed the SOA mass yield of 

α-pinene. Figure 11 demonstrates that α-pinene SOA mass yields were always higher under 

low NOx conditions (black and purple markers) compared to high NOx conditions created 

by an anthropogenic emission source (red and green markers) or addition of NOx (blue and 

orange markers). The presence of NOx initiates the RO2+NO reaction pathway while 

suppressing RO2+RO2 and RO2+HO2 reaction pathways leading to the formation of 

oxidation products with higher volatilities compared to the oxidation products formed in the 

low NOx conditions. This shift in reaction pathways results in the suppression of the 

formation of α-pinene derived HOMs, which leads to suppressed SOA mass formation (Ehn 

et al., 2014). In the experiments of Papers IV and V both NO and NO2 were present in the 

chamber. In these experiments SOA formation started after NO concentration had dropped 

to almost zero that gives an indication that the presence NO was controlling the suppression 

of α-pinene SOA mass yield through RO2+NO reactions. Hence, in these experiments it is 

unlikely that RO2+NO2 reactions would have played a major role in α-pinene SOA mass 

yield suppression that can be the scenario in some cases, as was demonstrated by Rissanen 

(2018). 

In the case of pellet boiler emissions, a high NOx concentration was the only factor affecting 

α-pinene photochemistry and α-pinene SOA mass yield suppression (Paper IV). This is 

illustrated in Figure 11 showing that when the VOC-to-NOx ratio, OH exposure and the 

initial surface area of particles were equivalent, α-pinene SOA mass yields were equal in 

the experiments where α-pinene was mixed either with the pellet boiler exhaust (red circles) 

or with AS seed particles (blue squares), but the yields were substantially lower than in the 

low NOx conditions (black triangle).  
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Figure 11. SOA mass yield of α-pinene as a function of the initial surface area of particles 

from all experiments conducted in Papers IV and V. Error bars for the x-axis are estimated 

from the scatter in the measurements of surface area of particles monitored by the scanning 

mobility particle sizer (SMPS), and for the y-axis from uncertainties in SP-AMS and PTR-

ToF-MS measurements using the square root of sum of squares of relative standard 

deviations.  

 

The dual effect of GDI vehicle exhaust on α-pinene SOA mass yield can be clearly seen in 

Figure 11. Similarly to the pellet boiler experiments, the high NOx concentration (i.e. low 

VOC-to-NOx ratio) clearly decreased the α-pinene SOA mass yield as can be seen from 

Figure 11. On the other hand, in the comparison of the two high NOx experiments, GDI 

vehicle+α-pinene and AS+α-pinene, with a similar VOC-to-NOx ratio, OH exposure, and 

initial seed surface area, it is evident that the α-pinene SOA mass yield is lower in GDI 

vehicle+α-pinene experiment (green left-pointed triangles) than in AS+α-pinene experiment 

(orange stars). This indicated that, in addition to NOx, there is a second suppressing effect 

of anthropogenic emissions on biogenic SOA formation. It should be noted that from 

experiments where α-pinene was mixed with the GDI vehicle exhaust, ASOA was 

subtracted from total SOA before the α-pinene SOA mass yields were calculated. The 
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fraction of ASOA from total SOA was estimated by three independent methods that 

estimated the mass of formed ASOA relatively close to each other. This agreement between 

different methods increased our confidence that the average ASOA determined from these 

three methods represented well the formed ASOA in experiments where α-pinene and GDI 

vehicle exhaust were mixed. These methods have been described in detail in Paper V. 

This is the first time that the dual effect of GDI vehicle exhaust on α-pinene SOA mass yield 

has been demonstrated (Paper V). The first effect is the presence of NOx emitted by the 

vehicle that initiates the RO2+NO reaction pathway. This pathway shift decreased α-pinene 

SOA mass yields by between 30.3 to 43.6%. The second effect observed resulted in an 

additional suppression of 9.2-21.4% in the α-pinene SOA mass yield. This second effect is 

more complex, but the results imply that it is also related to the change in the reaction 

pathways of α-pinene. For example, the results demonstrated the formation of new oxidation 

products of α-pinene in the presence of GDI vehicle exhaust that were absent in the pure α-

pinene experiments. The formation of these oxidation products most likely leads to an α-

pinene product distribution with overall higher vapor pressures compared to the oxidation 

product distribution formed in the absence of gasoline vehicle exhaust, even though NOx 

was present. That way, the formation of new oxidation products could explain the smaller 

SOA mass yields of α-pinene observed in the presence of GDI vehicle exhaust compared to 

AS+α-pinene experiments conducted under high NOx conditions. However, with the 

instrumentation included in this study, it is impossible to rule out other possible mechanisms 

that may have decreased the SOA mass yield of α-pinene in the presence of the vehicle 

exhaust. Another explanation for this additional suppression of α-pinene SOA mass yield 

could be the vehicle exhaust derived inhibition of the formation of SOA-forming HOM-

dimers during the oxidation of α-pinene. It was recently shown that the α-pinene SOA mass 

yield was suppressed due to inhibition of α-pinene HOM-dimer formation in the presence 

of isoprene, carbon monoxide, and methane (McFiggans et al., 2019). The study of 

McFiggans et al. demonstrated that the presence of peroxy radicals originated from 

additional compounds resulted in termination reactions of α-pinene oxidation products. This 

effectively prevented the formation of α-pinene HOM-dimers that suppressed the α-pinene 

SOA mass yield (McFiggans et al., 2019). They also concluded that their results can be 

extended from the mixtures they used to other reactive atmospheric mixtures of vapors 

(McFiggans et al., 2019). Hence, α-pinene HOM-dimer suppression in the presence of GDI 
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vehicle exhaust is also a possible scenario. Unfortunately, during the measurement 

campaign, there was no instrument available capable of measuring HOMs. More studies 

with instruments that can measure HOMs will be needed to verify if the vehicle exhaust is 

able to inhibit HOM-dimer formation during the photo-oxidation of α-pinene. 

Based on our results, it can be concluded that NOx emitted by an anthropogenic emission 

source is the most important factor in the anthropogenic-biogenic interactions, which 

suppress biogenic SOA formation by inhibiting the HOM formation, when α-pinene is used 

as a model compound. However, when an anthropogenic emission source emits substantial 

amounts of other gas-phase species in addition to NOx, there may well be other interaction 

pathways between anthropogenic and biogenic emissions, which can significantly reduce 

the SOA mass yield of biogenic VOCs.  

It should be noted that Figure 11 also shows that the results of the α-pinene SOA mass yield 

under low NOx conditions are substantially lower in Paper IV (black triangle) compared to 

those in Paper V (purple diamonds). In Paper IV, the α-pinene SOA mass yield under low 

NOx conditions was measured in a different chamber than in all other experiments shown in 

Figure 11. Other experiments were measured in a 29 m3 ILMARI chamber, while in the 

AS+α-pinene experiment under low NOx conditions for Paper IV was measured in another 

chamber which had a volume of 10 m3. In the case of the smaller chamber, the chamber wall 

surface area to volume ratio was significantly smaller compared to that of the larger 

ILMARI chamber. The smaller wall surface area to volume ratio of the chamber affects the 

vapor wall losses, which further influences the measured SOA mass yields because wall 

losses of the vapors were not corrected in these experiments. This highlights the challenges 

in determining and comparing the SOA yields in laboratory experiments: not only the 

applied experimental conditions, such as the seed surface area, NOx concentrations, and 

oxidant concentration or OH exposure, affect the formed SOA mass, but also the physical 

characteristics of the chamber (such as its shape, size and material). Furthermore, Figure 11 

shows that the SOA mass yields of α-pinene presented in Paper IV were lower than the 

SOA mass yields measured for Paper V, even though the initial surface area of particles 

was an order of magnitude higher in the Paper IV’s experiments, and VOC-to-NOx ratios 

were similar between the experiments. The reason for this phenomenon is that there was a 

significantly higher NOx concentration inside the chamber in the experiments reported in 

Paper IV (> 600 ppb) than during the experiments described in Paper V (< 100 ppb). The 
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higher NOx concentrations observed in Paper IV were attributable to the higher NOx 

emissions from the pellet boiler, but mainly from the use of HONO as an OH precursor that 

generated extra NO into the chamber during the photochemistry period that was not taken 

accounted for when the VOC-to-NOx ratio was adjusted. Hence, moving from HONO based 

OH source to H2O2 source a significant increase in the importance of RO2+HO2 reaction 

over RO2+NO occurs. Therefore, the choice of OH-precursor illustrates an additional factor 

that must be taken into account when SOA yields from different chamber experiments are 

compared. 

5.6 Implications of the results 

This thesis demonstrates that the degree of fragmentation of monoterpenes and 

sesquiterpenes inside the PTR-ToF-MS depends on their structures, and can be substantially 

different between isomers that are indistinguishable with the PTR-ToF-MS. Therefore, to 

accurately quantitate measured terpenoid compounds with the PTR-ToF-MS, it is crucial to 

be aware exactly which mono- and sesquiterpenes are to be measured, and then to calibrate 

the instrument for those specific compounds that the fragmentation can be taken into 

account. For instance, the identification of mono- and sesquiterpenes can be accomplished 

by offline GC-MS analysis techniques.  

Neglecting to account for different product ion distributions from different isomers can lead 

to a significant quantification error with the PTR-ToF-MS. For example, the monoterpene 

emission profile of blue spruce (Picea pungens) is dominated by three monoterpenes 

including 14% α-pinene, 34% limonene, and 21% β-myrcene (Faiola et al., 2015).  

However, for example, if the emission profile of blue spruce is unknown, this could cause 

an error of over 17% to the PTR-ToF-MS quantitation if α-pinene fragmentation would be 

assumed to be representative for all measured blue spruce emitted monoterpenes, as 

demonstrated in Paper I. Another example scenario, shown in Paper I, demonstrates the 

importance of being aware of knowledge about the seasonal changes of VOC emissions of 

vegetation. Scots pines, for example, can substantially increase their emission of β-

caryophyllene due to its seasonal variation whereas there are no changes in the emissions of 

other sesquiterpenes, such as longifolene (Tarvainen et al., 2005). Based on the results 

shown in Paper I, if this seasonal variation is not recognized, an error of 26% for the 

calculated sesquiterpene mixing ratios would result if the instrument user assumes that the 
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measured sesquiterpenes consisted of 50% longifolene and 50% β-caryophyllene during the 

whole measurement period, but actually due to the change in the emission profile, 

sesquiterpenes were made up of 95% β-caryophyllene and only 5% longifolene at the end 

of the measurements. These examples highlight the necessity for identification of the 

terpenoid compounds being measured by PTR-ToF-MS to avoid the significant 

quantification errors introduced by different product ion distributions of different 

compounds.  

Our results in Paper II demonstrate that pine weevil feeding triggers a substantial increase 

in monoterpene emissions from Scots pines. Therefore, as it is predicted that global warming 

will increase the frequency and intensity of large-scale insect outbreaks, with particularly 

large effects expected in the boreal forests, it is likely that the monoterpene emissions will 

be greatly increased in the future (Niemela et al., 2001; Bale et al., 2002; Logan et al., 2003; 

Kurz et al., 2008; Ammunet et al., 2012). This monoterpene emission increase will lead to 

an increased production of SOA and the atmospheric oxidants. Moreover, the results of 

Paper III show that the substantial increase of monoterpene emissions from trees subjected 

to pine weevil feeding changes the type of VOCs defining SOA mass yields from Scots 

pines. Sesquiterpenes are important in defining SOA mass yields from healthy Scots pines, 

but due to the dramatic increase in monoterpene emissions during pine weevil feeding, it is 

the blend of monoterpenes that solely defines SOA mass yields from the damaged Scots 

pines. Therefore, as the climate warming proceeds the sesquiterpene-to-monoterpene ratio 

will decrease, at least in boreal regions that are dominated by conifer trees, due to increasing 

herbivore outbreaks; therefore the subsequent declines in the SOA mass yields of Scots pine 

emissions will need to be taken into account when future climate modelling is conducted.  

The results of Papers IV and V show that the pellet boiler emissions produce substantially 

higher amounts of primary particles than the corresponding emissions from GDI vehicle. 

On the other hand, secondary particles make up a substantial fraction of the particle 

emissions from a GDI vehicle. It is important to recognize these differences in particle type 

emissions, primary or secondary, because the current emission regulations and the emission 

evaluation systems do not take into account the secondary particles formed in the 

atmosphere. Consequently, even if emission regulations will become stricter, secondary 

particles will be formed in several regions also in the future as a result of vehicle emissions, 

unless the emission evaluation systems and regulations are updated. 
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This thesis (Papers IV and V) also illustrates that anthropogenic emissions can significantly 

suppress the biogenic SOA formation. The results of this thesis indicate that biogenic SOA 

formation is not only suppressed by the presence of NOx, but there are also other 

components in the exhaust that reduce the SOA formation. More studies will be required in 

the future to clarify the mechanism and role of these other components. It is crucial to 

understand the interactions between anthropogenic and biogenic emissions, because they 

have a central role when the current, future or preindustrial secondary aerosol loadings are 

investigated or predicted based on existing atmospheric measurements. Moreover, as 

anthropogenic emissions reduce biogenic SOA formation, this means that anthropogenic 

emissions will enhance climate warming also through anthropogenic-biogenic interactions 

by reducing the formation of biogenic SOA capable of scattering solar light back to space.  

 

6. Author’s contribution 

All measurements reported in Papers I-V were conducted in the laboratory of aerosol 

physics in the University of Eastern Finland (I-III) or in the ILMARI facility (IV-V). In the 

measurement campaigns, I was primarily responsible for the use of the PTR-ToF-MS. 

Moreover during the 3 measurement campaigns described in this thesis, I was in charge of 

the execution of the campaign. 

Paper I reports for the first time, the product ion distributions of several terpenoid 

compounds as assessed by PTR-ToF-MS. This study highlights the necessity to calibrate 

the PTR-ToF-MS properly when measuring terpenoid compounds from the ambient air or 

from simulation chambers. C.L. Faiola designed the study, and I built the dynamic dilution 

system. I conducted the experiments, analyzed the data, and took the main responsibility for 

writing the paper with contributions from C.L. Faiola and A Virtanen. 

Paper II reports the longest semi-continuous PTR-ToF-MS measurements of VOCs emitted 

by Scots pine saplings in response to pine weevil feeding. Moreover, this is the first study 

to demonstrate a dose-dependent response of monoterpenes from Scots pines due to pine 

weevil feeding. C.L. Faiola designed the experiments, and supervised the measurements and 

data-analysis. I was responsible for the operation of the PTR-ToF-MS during the 

measurement campaign, and analysis and interpretation of PTR-ToF-MS data. I had the 
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main responsibility for writing the paper, although all of the authors also contributed to the 

writing process. 

Paper III highlights the important effect of pine weevil feeding on SOA formation from 

Scots pine emissions. The results in this paper and in Paper II were obtained from the same 

measurement campaign. I was responsible for the operation of the PTR-ToF-MS during the 

measurement campaign, and analysis and interpretation of PTR-ToF-MS data. In addition, 

I was involved in the data interpretation and analysis of the datasets collected by other 

instruments, and I made a minor contribution to the writing of the paper.  

Paper IV presents the first chamber study where anthropogenic-biogenic interactions were 

clarified using a real anthropogenic emission source. Adding the compound complexity to 

study matrix by using real anthropogenic emission source, better represents the real world 

complexity as compared to studies where only pure model compounds are used. This makes 

possible a more realistic exploration of the interactions occurring in the atmosphere between 

anthropogenic and biogenic emissions. A. Virtanen had the idea for the campaign, and I 

participated in the planning of the campaign and measurements, and I was responsible for 

the execution of the planned experiments. I analyzed the PTR-ToF-MS data and I 

participated in data interpretation and had the main responsibility for writing the paper. A. 

Virtanen, C. L. Faiola, and L. Hao also participated in manuscript preparation. 

Paper V focuses on two important topics. This study characterizes VOC emissions and 

SOA formation from a modern GDI vehicle, and explores how the vehicle exhaust changes 

the photochemistry of α-pinene. I was responsible for planning and leading the measurement 

campaign. I analyzed the PTR-ToF-MS data and I participated in data interpretation and 

was responsible for writing the paper. 

 

7. Conclusions 

Many specific chemical processes taking place in the atmosphere can be studied with 

laboratory environment using fixed systems. The results obtained from these laboratory 

measurements help to understand the chemistry occurring in the extremely complex 

atmosphere. This thesis focused on PTR-ToF-MS measurements of VOC mixtures emitted 

from different sources, both biogenic and anthropogenic. Moreover, this thesis clarified 

SOA formation from different VOC mixtures under controlled laboratory conditions. The 
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results of this thesis increase our understanding of 1) the PTR-ToF-MS product ion 

distributions of several terpenoid compounds, 2) the effect of bark feeding herbivores on 

VOC emissions and SOA formation from conifer forests, 3) SOA formation from a complex 

mixture of gas-phase species emitted by a modern GDI vehicle, and 4) the interactions 

occurring between anthropogenic and biogenic emissions in the atmosphere. The main 

conclusions from this thesis are: 

1) It is critical to take into account isomeric differences when mixtures of terpenoid 

compounds are measured with the PTR-ToF-MS. If this is not done, it can introduce as 

much as 26% errors into the reported concentrations. 

2) Pine weevil feeding drastically increases monoterpene emissions from Scots pines. Due 

to this increase, monoterpene emissions totally dominate the VOC emission profile of 

Scots pines, which leads to a decrease in the sesquiterpene-to-monoterpene ratio and the 

SOA mass yields of Scots pines. This result demonstrates that sesquiterpenes play an 

important role in defining SOA mass yields from healthy Scots pine emissions, but SOA 

mass yields of Scots pines damaged by pine weevils are defined by the blend of 

monoterpene emissions. This must be taken into account in climate modelling, as it is 

predicted that as the climate becomes warmer herbivore outbreaks will become 

increasingly common, especially in the boreal region. 

3) Maximum monoterpene emission response is linearly proportional to the damaged bark 

area of Scots pines caused by pine weevil feeding. This result could be used as a first 

approximation in models attempting to estimate the magnitude of the increase in 

monoterpene emissions from conifer forests due to the damage caused by bark feeding 

herbivores. 

4) Modern GDI vehicle exhaust forms an SOA, but only a fraction of the formed SOA can 

be attributed to traditional SOA precursors, i.e. VOCs. Therefore, modern GDI vehicles 

must emit substantial amounts of IVOCs and SVOCs that have high SOA mass yields. 

The results of this thesis suggest that the fraction of IVOCs and SVOCs from total 

emissions would increase as a function of the driving time of the vehicle. Previous 

studies have demonstrated that approximately half of the SOA formation is attributable 

to VOCs and the other half to IVOCs and SVOCs. Hence, future studies with modern 

gasoline vehicles must clarify if the fraction of IVOCs and SVOCs from SOA forming 

species remains constant or do IVOC and SVOC emissions display a driving time 

dependency. Nevertheless, this finding illustrates one of the still-unknown aspects 
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related to modern vehicle emissions. It is evident that these unknown aspects must be 

clarified to better understand the effect of vehicle emissions on climate and air quality.  

5) When anthropogenic emissions from a GDI vehicle and pellet boiler are present during 

α-pinene photochemistry, the most important mechanism that affects α-pinene 

chemistry is the shift in reaction pathways from RO2+RO2 and RO2+HO2 toward the 

reaction pathway of RO2+NO. This shift is caused by the presence of NO emitted by the 

anthropogenic emission sources. However, the results of this thesis imply that other 

mechanisms also play a role in the interactions between biogenic and anthropogenic 

emissions. In the future, it will be important to determine these other mechanisms more 

specifically, and whether or not they are related to the suppression of HOM-dimer 

formation or the formation of new relatively high volatility α-pinene oxidation products. 

In this thesis, only α-pinene was used as a model compound to represent biogenic VOCs 

when evaluating the anthropogenic-biogenic interactions. Future studies should clarify 

how anthropogenic emissions affect the photochemistry of other types of biogenic 

VOCs, such as sesquiterpenes, isoprene, and other monoterpenes than α-pinene. The 

results from these studies will help to achieve a wider perspective in the effect of 

anthropogenic emissions on the chemistry of the biogenic VOCs.    
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