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Abstract
Vast amount of volatile organic compounds (VOCs) are emitted into the atmosphere from
various natural and manmade sources. VOCs have an important role in the atmospheric
chemistry. They participate in ozone production in the planetary boundary layer and affect
the oxidation capacity of the atmosphere. VOCs also contribute to the formation and growth
processes of atmospheric aerosol particles, which, once large enough, can act as a cloud
condensation nuclei (CCN) and influence the climate by altering the properties of clouds.
Globally, VOC emissions from forest vegetation are dominating over the other sources.
The circumpolar boreal forests cover more than 35% of the Earth’s total forested area,
making it one of the biggest biomes on planet. This thesis focuses on the biogenic VOCs
in the boreal forests with regard to their shoot scale emissions to their role in the
atmosphere.
First, the VOC emissions of two different Larix species, L. cajanderi and L. sibirica, were
measured and reported quantitatively for the first time. Larix species are the predominant
trees in large parts of the Siberian forests, where the climate is too harsh for other tree
species to grow. The emissions of both examined Larix species were dominated by
monoterpenes similarly to other tree species with comparable emission potentials.
Second, a protocol for proton transfer reaction mass spectrometer (PTR-MS) was
developed for calibration and data processing of long-term and stand-alone VOC
measurements. The reliability of this protocol was tested by comparing simultaneous VOC
measurements of two PTR-MS and two gas chromatograph mass spectrometers (GC-MS).
The detection of five compounds was analyzed in depth and strengths and weaknesses of
the measurements were highlighted.
Third, the increase in biogenic VOC and CCN concentrations was investigated in
connection with the global warming. This was done by analyzing long-term data of
concentrations and compositions of aerosol particles and their biogenic precursor VOCs in
different environments. A negative aerosol-climate feedback, driven by the increase of
BVOC emissions due to climate warming, was hypothesized and found.

Keywords: volatile organic compounds, boreal forest, emission, volume mixing ratio,
PTR-MS, GC-MS, climate feedback

Tiivistelmä
Maapallon ilmakehään haihtuu huomattava määrä erilaisia haihtuvia orgaanisia yhdisteitä
(VOC, volatile organic compound) luonnollisista lähteistä ja ihmisen toiminnan
seurauksena. VOC-yhdisteillä on merkittävä rooli ilmakehän kemiassa, sillä ne osallistuvat
otsonin tuotantoon rajakerroksessa ja vaikuttavat ilmakehän hapetuskykyyn. Lisäksi VOCyhdisteet osallistuvat ilmakehän aerosolihiukkasten muodostus- ja kasvuprosesseihin.
Hiukkasten kasvaessa riittävän suuriksi, ne voivat toimia tiivistymisytiminä (CCN, cloud
condensation nucleai), joiden ympärille tiivistyvä vesihöyry muodostaa pilviä.
Tiivistymisytimien lukumäärä vaikuttaa pilvien ominaisuuksiin ja sitä kautta maapallon
ilmastoon.
Maailmanlaajuisesti tarkasteltuna suurin VOC-yhdisteiden lähde on metsien kasvillisuus,
erityisesti puut. Boreaaliset havumetsät kattavat yli 35 % maapallon kokonaismetsäalasta.
Tässä väitöskirjatyössä tutkittiin haihtuvien orgaanisten yhdisteiden merkitystä
boreaalisella kasvillisuusvyöhykkeellä, alkaen yksittäisten puiden VOC-emissioista
päätyen VOC-yhdisteiden rooliin ilmaston kannalta.
Kaksi ensimmäistä osajulkaisua keskittyvät kahden eri lehtikuusilajin (Larix cajanderi ja
Larix sibirica) VOC-päästöjen mittauksiin. Lehtikuusten VOC-päästöjä ei ole aiemmin
mitattu kvantitatiivisesti, vaikka lehtikuuset ovat vallitseva puulaji suuressa osassa Siperian
havumetsävyöhykkeellä jossa ilmasto on liian ankara muille puulajeille. Samoin kuin
muiden aiemmin mitattujen havupuiden, myös lehtikuusten päästöt olivat suurimmaksi
osaksi monoterpeenejä. Lehtikuusille lasketut monoterpeenien emissiopotentiaalit olivat
samaa suuruusluokkaa muiden havupuiden emissiopotentiaalien kanssa.
Kolmas osajulkaisu esittelee mittausprotokollan, joka kehitettiin protoninvaihtoreaktiomassaspektrometriä (PTR-MS) varten. Protokollaan sisältyvä laitteen säännöllinen
kalibrointi sekä mittaustulosten konsistentti analysointi mahdollistavat jatkuvatoimiset ja
pitkäkestoiset kenttämittaukset. Kehitetyn mittausprotokollan luotettavuutta testattiin
neljännessä osajulkaisussa vertaamalla samaan aikaan kahdella PTR-MS:llä ja kahdella
kaasukromatografi-massaspektrometrillä
(GC-MS)
tehtyjä
kenttämittauksia.
Vertailumittauksista analysoitiin perusteellisesti viiden eri yhdisteen tulokset. Eri
mittalaitteiden tulosten havaittiin korreloivan melko. Joidenkin yhdisteiden tulokset
korreloivat heikommin kalibrointiin liittyvien haasteiden vuoksi.
Viidennessä osajulkaisussa esitettiin hypoteesi, jonka mukaan ilmaston lämpenemiseen
liittyvä kasvillisuuden VOC-emissioiden kasvu ja siitä johtuva tiivistymisydinten
lukumääräpitoisuuden kasvu aiheuttavat negatiivisen ilmastollisen takaisinkytkennän, eli
ilmastoa viilentävän takaisinkytkennän. Hypoteesin paikkansa pitävyyttä tutkittiin
analysoimalla pitkän aikavälin mittaustuloksia usealta eri mittausasemalta. Analysoidun
aineiston perusteella negatiivinen takaisinkytkentä voitiin todentaa.

Avainsanat: Haihtuva orgaaninen yhdiste, boreaalinen havumetsä, emissio, sekoitussuhde,
PTR-MS, GC-MS, ilmastollinen takaisinkytkentä
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Abbreviations and nomenclature
amu
AVOC
BL
BLH
BVOC
CCN
cps
EI
ELVOC
GC-MS
LVOC
ncps
OVOC
ppbv
pptv
PTR-MS
PTR-Tof-MS
SOA
Td
Th
VMR
VOC

atom mass unit
anthropogenic volatile organic compound
(atmospheric) boundary layer
boundary layer height
biogenic volatile organic compound
cloud condensation nuclei
counts per second
electron ionization
extremely low volatility organic compound
gas chromatograph mass spectrometer
low volatility organic compound
normalized counts per second
oxygenated volatile organic compound
parts per billion (10-9)
parts per trillion (10-12)
proton transfer reaction mass spectrometer
proton transfer reaction time-of-flight mass spectrometer
secondary organic aerosol
Townsend, [10-17 V cm-1], unit of the reduced electric field
Thomson, unit of the mass-to-charge ratio
volume mixing ratio
volatile organic compound

B100

number of particles > 100 nm within the atmospheric boundary layer (i.e.
aerosol number burden)
temperature dependence coefficient
light dependent function for de-novo emission algorithm
temperature dependent function for de-novo emission algorithm
electric field
normalized emission rate
normalized emission rate (30 ºC)
emission rate
normalized emission rate (30 ºC and 1000 µmol photons m-2 s-1)
reduced electric field
fragmentation coefficient
fraction of the de novo emission
count rate
number of counts
normalized count rate, 106
proton transfer reaction rate constant
drift-tube length
mass-to-charge ratio
buffer gas density
number density of air at the standard conditions (1 atm and 273.15 K)
number concentration of particles whose dry diameter is larger than 100 nm
pressure in the PTR-MS drift-tube

β
CL
CT
E
E0
Epool
Erate
Esynthesis
E/N
F
fdenovo
I
Icounts
Inorm
k
L
m/z
N
N0
N100
pdrift

pnorm
S
T
T0
∆Ucalibration
∆Usignal
Dccal

normalized drift-tube pressure, 2 hPa
normalized sensitivity
transmission efficiency
standard temperature, 30 ºC
uncertainty of the PTR-MS calibration
uncertainty of the PTR-MS signal
uncertainty of the concentrations in the calibration gas standard

Plant species
Trees
Abies sp.
Alnus sp.
Alnus incana
Betula sp.
Betula pendula
Betula pubescens
Larix sp.
Larix cajanderi
Larix laricina
Larix decidua
Larix sibirica
Picea sp.
Picea abies
Picea glauca
Picea mariana
Picea rubens
Pinus sp.
Pinus sylvestris
Populus sp.
Populus deltoides
Populus tremula
Salix sp.
Salix phylicifolia

fir (pihta)
alder (leppä)
grey alder (harmaaleppä)
birch (koivu)
silver birch (rauduskoivu)
downy birch (hieskoivu)
larch (lehtikuusi)
Cajanderi larch (cajanderin lehtikuusi) 1
tamarack (kanadanlehtikuusi)
European larch (euroopanlehtikuusi)
Siberian larch (siperianlehtikuusi)
spruce (kuusi)
Norway spruce (metsäkuusi eli kuusi)
white spruce (valkokuusi)
black spruce (mustakuusi)
red spruce (punakuusi)
pine (mänty)
Scots pine (mänty)
aspen (haapa)
cottonwood poplar (amerikanmustapoppeli)
common aspen (metsähaapa)
willow (paju)
tea-leaved willow (kiiltopaju)

Undergrowth
Calluna vulgaris
Rubus chamaemorus
Vaccinium myrtillus
Vaccinium vitis-ideae

heather (kanerva)
cloudberry (lakka/hilla)
bilberry (mustikka)
lingonberry (puolukka)

1

In the western botanical literature L. cajanderi is considered as a subspecies of the Larix gmelinii
(Rupr.) Rupr.

Contents
1. Introduction ............................................................................................................ 10
2. Background ............................................................................................................. 12
2.1 Boreal Forests ..................................................................................................... 12
2.2 VOC emissions from the boreal forests................................................................ 13
2.3 Atmospheric chemistry of VOCs ......................................................................... 16
3. Methods ................................................................................................................... 19
3.1 Measurement sites ............................................................................................... 19
3.2 Emission measurements ...................................................................................... 21
3.3 Parametrized emission potentials ......................................................................... 23
3.4 VOC concentration measurements ....................................................................... 25
3.5 GC-MS ............................................................................................................... 26
3.6 PTR-MS.............................................................................................................. 28
3.6.1. Volume mixing ratio calculation .................................................................. 30
3.6.2. Calibration .................................................................................................. 32
3.6.3. Error estimations for the VMRs ................................................................... 34
4. Results ..................................................................................................................... 35
4.1 VOC emissions of L. cajanderi and L. sibirica .................................................... 35
4.1.1 Emission spectra........................................................................................... 35
4.1.2. Emission potentials ...................................................................................... 37
4.2. Intercomparison of the ambient concentration measurements .............................. 39
4.2.1 Measurement uncertainties ........................................................................... 39
4.2.2 Differences between the instruments by compound ....................................... 40
4.3 Effect of Global warming on BVOC emissions and its effect on aerosol number
concentration ............................................................................................................ 41
5. Review of papers and author’s contribution .......................................................... 45
6. Conclusions ............................................................................................................. 47
References ................................................................................................................... 49

9

1. Introduction
Vast amounts of organic compounds are emitted into the atmosphere from a number of
natural and manmade sources. These compounds are called volatile organic compounds
(VOCs) and they are omnipresent. For example the smell and flowers, freshly cut grass or
conifer forest originates from them as well as the smell of fuels, paints and solvents. It has
been estimated that about 1150 Tg (1012) of carbon is emitted annually to the Earth’s
atmosphere as VOCs from biogenic sources (BVOCs; Guenther et al., 1995). While
anthropogenic VOC (AVOC) emissions are significant in densely populated and industrial
areas, on the global scale they comprise only about 10% of the total VOC emissions
(Müller, 1992).
It was discovered already in 1950s that plants emit VOCs. In 1960 F.W. Went published
an article about the formation of blue hazes over the forests. He proposed that those hazes
consist of submicroscopic particles, which are formed by the agglomeration (Went’s term,
currently known as nucleation) or condensation of VOCs freshly emitted by the trees
(Went, 1960). As the measurement techniques have developed and it became possible to
measure the concentrations of the plant-emitted VOCs and other gaseous and particulate
substances in the atmosphere, it became evident that Went was right (Kulmala et al., 2013).
After the VOCs are emitted to the atmosphere, many of them are rapidly oxidized by ozone
(O3) and hydroxyl (OH•) and nitrate (NO3•) radicals leading to numerous oxidation products
(e.g. Seinfeld and Pandis, 1998; Steiner and Goldstein, 2007). In case the oxidation
products remain volatile, they undergo further oxidation until eventually carbon dioxide
(CO2) and water are formed. However, VOCs can also participate in atmospheric new
particle formation particularly by oxidation processes that lead to formation of less volatile
VOCs. These low volatility compounds have been observed to contribute to the new
particle formation by stabilizing the initially formed clusters and by growing the newly
formed particles to climatically relevant sizes. (Bonn and Moortgat, 2003; Tunved et al.,
2006; Kroll and Seinfeld, 2008; Carslaw et. al., 2010; Kulmala et al., 2013). Once a particle
has grown large enough, it can act as a cloud condensation nuclei (CCN) and form a cloud
droplet. CCN concnetrations, therefore, influence the climate because they affect the
lifetime and radiative properties of clouds (Kerminen et al., 2005, 2012; Sihto et al., 2011;
Boucher et al., 2013). VOCs also participate in the tropospheric ozone production
(Fehsenfeld et al., 1992; Atkinson and Arey, 1998, 2003).
The plant-emitted VOCs are a multifold group of compounds and the VOC combination of
different emitted compounds is called emission spectra. The emission studies are
complicated by the fact that the emission spectra vary both between (Isebrands et al., 1999;
Kesselmeier and Staudt, 1999; Duhl et al., 2008) and within different plant species (e.g.
Bäck et al., 2012) as well as between different plant development stages (e.g. Aalto et al.,
2015). Thus, in order to have a comprehensive understanding of the BVOC emissions and
to model regional or global BVOC emission, studies on different plant species are needed.
Even though VOC emissions have been measured from various plants, growing in different
environments, there are still plant species that have not been studied. In the boreal
vegetation zone, which is one of the largest terrestrial biomes, the forest flora is typically
dominated by coniferous tree species Abies, Larix, Picea and Pinus (FAO, 2010). The VOC
10

emissions of many of the boreal tree species have been studied, but these studies have been
mainly conducted in North America and Fennoscandia (see Rinne et al., 2009 for a review).
For example, VOC emissions of e.g. Siberian Larix species have not been measured before.
When the atmospheric chemistry of the VOCs is studied, plant emission measurements are
not enough, but information about their atmospheric concentrations is needed as well.
Traditional method to measure VOC concentrations has been off-line analysis, in which an
air sample is collected into a canister or adsorbent for subsequent laboratory analysis using
gas chromatography-mass spectrometry (GC-MS) or gas chromatography in connection
with flame ionization detector (FID). A disadvantage of the off-line sampling is that
measuring long-term time series is often unpractical, hence new sampling techniques that
allow in-situ measurements have been developed (e.g. Lewis et al., 1997; Lindinger et al.,
1998). In addition to GC based measurements, chemical ionization mass spectrometry, such
as proton transfer reaction mass spectrometry (PTR-MS), is widely applied for automated
VOC measurements (de Gouw and Warneke 2007; Blake et al., 2009). Regardless of the
instrument used, when long-term measurement are performed, it is important to develop a
measurement protocol, which ensures consistent data analysis. Furthermore, to ensure
coherent data, the instrument needs to be calibrated periodically.
The focus of this thesis is of the role of biogenic volatile organic compounds (VOC) in the
boreal vegetation zone, from the shoot scale emissions to their role in the atmosphere. First
we measured shoot scale VOC emissions of two Larix species for the first time by
measuring emissions of a young, planted L. sibirica sapling growing on a field in Finland
Paper I and of two mature L. cajanderi trees growing in their natural environment in
western Siberia Paper II. Second, we developed a calibration and data processing protocol
for PTR-MS, which can be used for consistent long-term, stand-alone VOC measurements
Paper III. The reliability of this method was later tested by comparing VOC concentration
measurements of four real-time instruments: two PTR-MS and two GC-MS instruments
Paper IV. Finally, we studied the connection between Global warming driven increase in
the BVOC concentrations and CCN concentrations by analyzing long-term observations of
concentrations and compositions of aerosol particles and their biogenic precursor VOCs in
different environments Paper V. Thus the aims of this thesis were:
· To quantify the VOC emission spectra and emission rates from Larix species
(Papers I and II), which are the dominant tree species in Siberian forests.
Prior to our studies there were no published quantitative VOC emission
studies of larch available.
· To develop a method for consistent and calibrated long-term stand-alone
ambient VOC measurements using PTR-MS (Paper III), and to validate the
reliability of these measurements against other commonly used mass
spectrometers, namely GC-MS (Paper IV).
· To gain more insight into the role of BVOCs in the biosphere–atmosphere
interactions and aerosol climate effects via their participation in the aerosol
particle growth in the warming climate in different environments (Paper V).
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2. Background
2.1 Boreal Forests
According to the United Nation’s food and agriculture organization (FAO, 2010) the total
forested area of the earth is about 40 million km2, which corresponds to about 30% of the
global land area. Yet, as seen from Figure 1, the forests are not equally distributed over the
globe. Of all the forests, 15 million km2 are found in to the boreal vegetation zone making
it one of the largest terrestrial biomes. Boreal forest zone (or taiga) covers most of
Fennoscandia, a wide belt across Russia, Alaska and Canada, and northern parts of
Kazakhstan, Japan and the USA (Figure 1). In Fennoscandia most of the forests are used
commercially and under management, while in Russia and Canada vast areas of the forests
are pristine (Rinne et al., 2009). To the north of the boreal zone is forest tundra, which is
the transition zone between boreal ecosystems and tundra. The southern edge is more
difficult to define because the vegetation changes gradually, and the boreal plants are
mixing with the plants of the other vegetation types (Jögiste et al., 2008; Pruit, 2010).

Figure 1. Distribution of the global forests and the forest types in 2010 according to the UN
food and agriculture organization. (http://www.fao.org/forestry/fra/80298/en/)

Compared to tropical or temperate forests, boreal forests are rather poor in terms of plant
species. Conifer tree species (Abies, Larix, Picea and Pinus) are commonly dominating the
forests. Fennoscandic boreal forests are dominated by P. abies and P. sylvestris, while in
the western Russia, between White Sea and Ural Mountains, the common tree species
12

alongside with P. sylvestris are, e.g., P. obovata and Abies sibirica. The continental climate
in Siberia is too harsh for evergreen conifers and the Larix species are dominating. Three
different Larix species are predominant in different parts of Siberia: L. cajanderi, L.
gmelinii and L. sibirica, growing in the eastern, middle and western part, respectively. A
wide range of different conifer Abies, Larix, Picea and Pinus species are found in North
America. In addition to conifer trees, there are broadleaf trees such as Alnus, Betula,
Populus and Salix present across the circumpolar boreal forest. The ground vegetation
consists of evergreen low shrubs (such as Calluna vulgaris, Vaccinium myrtillus,
Vaccinium vitis-idaea and Rubus chamaemorus), lichens and mosses. Different water
bodies such as lakes, rivers and various types of peatlands form a mosaic of landscapes
typical for the boreal environment. (FAO 2001; Jögiste et al., 2008; Abaimov, 2010;
borealforest.org)
Excluding Larix, boreal conifer trees are evergreen. They are well acclimated to the cold
and the physiological drought of the winter. The conical shape of these trees reduces the
snow accumulation on the branches, thus reducing the branch damage. The needles have
waxy coating and small surface area, which helps them to tolerate the cold winds. Perennial
leaves can start photosynthesizing as soon as the temperature is favorable in the spring or
sometimes even in the winter (Jögiste et al., 2008; borealforest.org). Larix species have soft
deciduous needles that are shed every autumn. Of these three Larix species, L. sibirica is
growing in the milder climate, while L.gmelinii and especially L. cajanderi are more
durable and can grow in extremely cold climate. It has been proposed that the reason why
the two Larix species are so well adapted for the cold could be because they evolved at the
same time as did permafrost. (Abaimov, 2010 and references therein)

2.2 VOC emissions from the boreal forests
Plants emit a variety of different volatile compounds into the atmosphere. These
compounds are produced in plant organs through different enzymes in complex
physiological processes, which are beyond the scope of this thesis (see e.g. Steiner and
Goldstein, 2007; Fineschi et al., 2013 and references therein). An important and most
studied group of plant-emitted VOCs is terpenoids (or isoprenoids), which are made up of
C5 units (often referred as “isoprene unit”). More than 5000 terpenoids including
hemiterpenoids (C5) monoterpenoids (C10), sesquiterpenoids (C15), and larger molecules
(C20, C25 and so on) have been identified in plants (e.g. Chappell, 1995; Geron et al., 2000;
Holopainen, 2001). Of all the terpenoids, the three smallest groups, hemiterpenoids,
monoterpenoids and sesquiterpenoids, have high enough saturation vapor pressure to be
easily evaporated into the atmosphere (Geron et al., 2000). Other important BVOCs include
oxygenated VOCs such as methanol, acetaldehyde and acetone.
It is not fully understood, why plants emit VOCs. They have been reported to be acting as
protective measures against biotic stresses (such as insects and pathogens) and abiotic
stresses (such as exceptionally high temperatures, drought or air pollutants) and for
attracting pollinators (e.g. Loughrin et al., 1994; Sharkey and Singsaas, 1995; Singsaas et
al., 1997; Paré and Tumlinson, 1999; Holopainen, 2001, Kessler and Baldwin, 2001; Llusià
et al., 2002; Baldwin et al., 2006; Vuorinen et al., 2007; Holopainen and Gershenzon, 2010;
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Loreto and Schnitzler, 2010). Yet it has been proposed that plants produce, contain and
emit VOCs also without any obvious reason even to the detriment of losing carbon (see
Peñuelas and Llusià, 2004 for a review).
All plant organs (leaves, trunk and branches, flowers and roots) can emit terpenoids
(Fineshi et al., 2013 and references therein). Some compounds are emitted directly after
their synthesis (de-novo emission) but emission can originate from specialized storage
structures such as resin ducts as well (e.g. Grote and Niinemets, 2007). Isoprene cannot be
stored by any plant, hence it is always emitted de-novo. As for mono- and sesquiterpenes,
in case of conifer trees they are mostly emitted from the storages, while broadleaf trees do
not have effective storing system for VOCs and the compounds are emitted de-novo. Part
of monoterpene emissions from conifer trees has been shown to be emitted shortly after
their synthesis similarly to isoprene (Shao et al., 2001; Ghirardo et al., 2010).
Though foliage is not the only VOC source of a plant, its contribution is the highest; for
example in case of monoterpenes about 90% of the annual global emission rate is associated
with the foliage (Guenther, 1999; see also Table 1). Only very few studies have been
conducted on root emissions (Steeghs et al., 2004; Asensio et al., 2008). As the roots are
twisting below the ground and mixing with other VOC producing entities (such as soil
microbes) it is challenging to measure root emissions in the ambient conditions, and soil
emissions are usually measured instead. In addition to emissions from roots, soil emissions
include degradation of organic matter such as plant litter (Isidorov and Jdanova 2002;
Aaltonen et al., 2011) and soil microbes (Bäck et al., 2010). So far there is no published
data on the emissions from tree trunks, however, based on unpublished data (Vanhatalo et
al, in preparation; see also Table 1) contribution of the trunk to the tree’s total emission is
minor. In addition to litter, other dead plant matter, such as felling residue (e.g. Haapanala
et al., 2012) can emit substantial amounts of VOCs. Haapanala et al. (2012) reported high
monoterpene emissions from both the single conifer stumps and the whole tree felling area
after timber felling.

Table 1. A rough estimation of the contribution of P. sylvestris shoot and trunk and forest
soil to the total upscaled emission from P. sylvestris dominated forest in Southern Finland
for selected compounds. For the upscaling, the forest was assumed to only consist of P.
sylvestris trees and undergrowth vegetation. 2-methyl-3-buten-2-ol is shortened as MBO.
compound
methanol
acetaldehyde
acetone
isoprene/MBO
monoterpenes

shoot [%]
92
97
99
98
96

trunk [%]
3
<1
<1
1
>1
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soil [%]
6
3
>1
1
4

As seen from Table 2, the most emitted BVOC globally is isoprene (C 5H8), although mono(C10H16) and sesquiterpene (C 15H24) emissions are considerable as well (Guenther et al.,
1995, 2012). In the boreal zone most of the conifer trees emit mainly monoterpenes and in
many locations in the boreal zone monoterpenes dominate the emissions. Additionally
boreal tree species emit isoprene and sesquiterpenes, methylbutenol (MBO) and nonterpenoid compounds such as, methanol, acetaldehyde and acetone (Rinne et al., 2009).

Table 2. Isoprene, monoterpene and other (including VOC and CO) emission estimates
from individual plant functional types for 2000 according to Guenther et al., 2012.
plant functional type
broadleaf evergreen tropical tree
broadleaf deciduous tropical tree
total tropical
needleleaf evergreen temperate tree
broadleaf evergreen temperate tree
broadleaf deciduous temperate tree
broadleaf evergreen temperate shrub
broadleaf deciduous temperate shrub
total temperate
needleleaf evergreen boreal tree
needleleaf deciduous boreal tree
broadleaf deciduous boreal tree
broadleaf deciduous boreal shrub
total boreal
arctic grass
cool grass
warm grass
crop
total

isoprene
[Tg y-1]
244
178
422
1.6
21.9
35.4
0.2
21.8
80.9
5.9
0.0002
4.8
2.9
13.6
1.0
11.2
5.9
0.02
535

monoterpenes
[Tg y-1]
83
45
128
7.4
4.0
5.9
0.1
6.8
25.2
6.6
0.5
1.0
1.1
9.2
0.02
0.3
0.5
0.4
163

other
[Tg y-1]
127
74
201
13.2
8.7
13.1
0.3
16.4
51.7
9.5
0.9
2.0
3.3
15.7
1.5
26.1
51.3
44.5
392

The most studied boreal tree species is P. sylvestris, which together with P. abies, is the
dominating tree species in the boreal forests in the European part of the Eurasian continent.
Its VOC emissions have been reported to be dominated by monoterpenes with some
isoprene and sesquiterpenes (Isidorov et al., 1985; Janson et al., 1999; Janson and de
Serves, 2001; Hakola et al., 2006; Ruuskanen et al., 2005; Tarvainen et al., 2005; Bäck et
al., 2012; Yassaa et al., 2012). Quite a few emission studies have been conducted on P.
Abies (Isidorov et al., 1985; Janson et al., 1999; Janson and de Serves, 2001; Yassaa et al.,
2012). These studies, as well as studies on Picea species growing in the Canadian boreal
forests P. glauca, P. mariana and P. rubens (Jobson et al., 1994; Kempf et al., 1996; Pattey
et al., 1999) showed that in addition to monoterpene emissions, they emit also considerable
amounts of isoprene. Contrary to several emission studies of Picea and Pinus species,
before Papers I and II quantitative emission studies on Larix species, which dominate the
vast Siberian forests, had not been reported. Isebrands et al. (1998) reported monoterpene
emissions from North American L. laricina, however they did not report those emissions
quantitatively.
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Of the boreal broadleaf trees Betula species (both B. pendula and P. pubescens) have been
reported to emit substantial amounts of monoterpenes (Hakola et al., 1998, 2001;
Haapanala et al., 2009), while Alnus incana was a moderate monoterpene emitter (Hakola
et al., 1998). Isoprene emissions from both tree species were negligible. As for Salix sp.
and Populus tremula, the emissions were mainly consisting of isoprene (Hakola et al.,
1998). Open wetlands, are also an important isoprene source in the boreal zone as their
isoprene emissions can be as high as monoterpene emissions from the boreal forest (Rinne
et al., 2009 and references therein).
Plant-emitted oxidized VOCs (OVOCs) have been studied much less than the terpenoid
emissions. They are a large and diverse group of compounds (including, e.g., carbonyls,
alcohols, aldehydes, ketones, organic acids and organic peroxides) that are ubiquitous in
the atmosphere. In a forest these compounds have both primary and secondary sources.
This means that in addition to being directly emitted by the plants, OVOCs are formed
through the oxidation reactions of other organic molecules (e.g., in terpenoid oxidation).
Consequently, the budgets of different OVOCs are either poorly characterized or not know
at all (Koppmann and Wildt, 2007). Numerous different plant-emitted OVOCs have been
reported (for review see e.g. Fehsenfield et al., 1992; Kesselmeier and Staudt, 1999). Flux
measurements above the boreal forests (Rinne et al., 2007; Rantala et al., 2014), as well as
chamber studies on boreal plant species (Janson et al., 1999; Janson and de Serves, 2001;
Grabmer et al., 2006) have shown emissions of methanol, acetaldehyde and acetone from
P. abies and P. sylvestris.

2.3 Atmospheric chemistry of VOCs
Once VOCs have been released into the atmosphere, their lifetimes depend on removal
processes, such as wet and dry deposition (including deposition on aerosol particles),
photolysis and chemical reactions with ozone (O3), hydroxyl (OH•) and nitrate (NO3•)
radicals (Atkinson and Arey, 2003) and stabilized Criegee intermediates (e.g. Mauldin et
al., 2012). Dry and wet deposition are more important for compounds the lifetimes of which
are relatively long due to slow chemical oxidation (e.g. methanol) (Atkinson and Arey,
2003). However, significant deposition has been reported, for instance, for mono- and
sesquiterpenes as well (Bamberger et al., 2011; Ruuskanen et al., 2011). As shorter
wavelength radiation is absorbed by oxygen (O 2) ozone and water vapor, only compounds
that absorb radiation of wavelengths of ≥ 290 nm are destroyed by photolysis. Therefore,
the most important sinks for the majority of the VOC are chemical reactions with the
atmospheric oxidants (Atkinson and Arey, 2003).
Of the three oxidants O3 has the weakest diurnal cycle in the boreal regions and is always
present in the atmosphere (e.g. Mogensen et al., 2015). In the arctic atmosphere ozone
concentrations have been reported to be close to zero after the polar sunrise in the spring
(Pratt et al., 2013). This drop in the ozone concentrations was connected to the rise of
reactive bromine concentrations. Concentration of OH• is low during the night time, as it is
mainly formed from the photolysis of O3. Nitrate radicals are only present during the dark
time, because they are photolysed in the presence of sunlight. The lifetime of a VOC with
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respect to an atmospheric oxidant depends on the oxidation reaction rate constant and the
concentration of the oxidant in question. As the group of plant-emitted VOCs is versatile,
also lifetimes of these compounds vary ranging from less than a minute to years. For
example, isoprene lifetime with respect to the hydroxyl and nitrate radicals is on the order
of hours and with respect to ozone days. For mono- and sesquiterpenes these lifetimes are
shorter, from seconds to hours. (Atkinson, 2000; Atkinson and Arey, 2003)
Hydroxyl and nitrate radicals react with VOCs by either addition to a carbon – carbon
double bond or by hydrogen abstraction from carbon – hydrogen bond (and sometimes
from a hydrogen – oxygen) bond. Both reactions lead to the formation of highly reactive
alkyl radical (R•), which is immediately further oxidized by oxygen (O 2) to form an alkyl
peroxy radical (RO2•, see figure 2). As shown in Figure 2, the formed RO2• reacts further
via one or several of the following pathways: hydroperoxyl radicals (HO2), nitrogen
dioxide (NO2), nitrogen oxide (NO) or other alkyl peroxy radicals (Atkinson and Arey,
1998, 2003; Atkinson 2000). Also ozone oxidizes VOCs by addition to carbon – carbon
double bond forming a primary ozonide, which quickly breaks down to a carbonylcontaining compound and an energy rich biradical called Criegee intermediate. These
formed Criegee intermediate can undergo rapid (time scale of 1 ns) unimolecular
decomposition yielding to several products including e.g. OH• radicals. However, Criegee
intermediate can be stabilized in collisions with the air molecules, resulting to stabilized
Criegee. Also the stabilized Criegee can go through unimolecular decomposition, but its
lifetime (of the order of 1 s) is long enough for it to react with compounds such as carbonyls
or sulfur dioxide (SO2). The reaction with SO2 is important relative to SOA formation
because this reaction forms sulfuric acid (H2SO4), which in turn initiates new particle
formation (Kulmala et al., 2013). Thus, in addition to the three main oxidants, stabilized
Criegee intermediates may have a substantial contribution to the atmospheric oxidation
capacity. (Kroll et al., 2001; Taatjes et al., 2008; Donahue et al., 2011; Mauldin et al., 2012;
Boy et al., 2013; Berndt et al., 2014; Sipilä et al., 2014).

Figure 2. A schematic illustration of the oxidation of VOC molecule R due to hydroxyl and
nitrate radicals (Figure recreated from Atkinson and Arey, 2003).
17

VOCs affect local air quality by participating in the ozone production in the lower
troposphere in the presence of NO (Chameides et al., 1992; Atkinson and Arey, 2003). On
a regional scale, they participate in formation and growth of secondary organic aerosol
(SOA; e.g. Bonn and Moortgat, 2003; Tunved et al., 2006; Kroll and Seinfeld, 2007), as
many of the oxidation products of BVOCs have low enough volatility to condense on
particles that are freshly formed in gas-to-particle phase transition (Kulmala et al., 2004,
2013; Riipinen et al., 2012; Schobesberger et al., 2013; Riccobono et al., 2014), growing
these particles to climatically relevant sizes. Recent studies have revealed that the peroxy
radicals formed during the oxidation processes, can be autoxidized via intramolecular
hydrogen abstractions. This autoxidation results in formation of extremely low volatility
compounds (ELVOC), which enhance formation and growth of the atmospheric particles
in the boreal forest environment (Ehn et al., 2014; Rissanen et al., 2014).
Once aerosol particles have grown large enough (above 100 nm), they affect the climate
directly by scattering (cooling effect) and absorbing (warming effect) solar radiation. They
also have an important indirect effect because they can act as cloud condensation nuclei
(CCN), i.e. particles around which the cloud droplets are formed. CCN influence the
climate by modifying the cloud properties such as cloud cover, lifetime, albedo and
precipitation (Kerminen et al., 2012; Boucher et al., 2013). On the global scale about half
of the CCN are derived from nucleation via condensational particle growth (Merikanto et
al., 2009).
Even though the atmospheric reactivities of OH•, NO3• and O3 towards a multitude of
compounds are known, there are still large gaps in atmospheric oxidation chemistry
knowledge. Especially the atmospheric oxidation capacity of hydroxyl radicals is still
imperfectly known and subject of many studies (e.g. Di Carlo et al., 2004; Lelieveld et al.,
2008; Hofzumahaus et al., 2009; Sinha et al., 2010; Dolgorouky et al., 2012; Noelscher et
al., 2012). Figure 3 summarizes the different atmospheric processes of the VOCs.
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Figure 3. A schematic illustration of the atmospheric processes of the VOCs. This
illustration was made based on a schematic figure by J. Williams (Williams and Koppmann,
2007).

3. Methods
3.1 Measurement sites
The measurements presented in this thesis were mainly done at the SMEAR II site in
Hyytiälä, southern Finland Papers I, III, IV and V) and at the Spasskaya Pad site in eastern
Siberia (Papers II and V). In addition to data from these two stations, Paper V includes
data from nine other measurement stations on three different continents, i.e. Europe, North
America and Africa (Figure 4).
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Figure 4. Map of the measurement sites, the data from which are discussed in this thesis:
Hyytiälä (1), Spasskaya Pad (2), Värriö (3), Vavihill (4), Melpiz (5), Hohenpeissenberg
(6), K-puszta (7), San Pietro Capofiume (8), Botsalano (9), Morgan Monroe State Forest
(10) and Egbert (11).

Although the two sites of SMEAR II and Spasskaya Pad are located nearly at the same
latitude (Figure 4), the meteorological conditions are very different from each other. The
climate at the SMEAR II is classified as subarctic (or boreal) (Dfc) in the Köppen-Geiger
climate classification (e.g. Kottek et al., 2010). The annual mean temperature is 3 ºC and
the yearly precipitation is 700 mm, while the mean temperatures of the warmest month of
July and coldest month of January are 15 and -9 ºC, respectively (Ilvesniemi et al., 2010).
Of the 40 km × 40 km land area surrounding the site 70% is covered by forest (Haapanala
et al., 2007). The measurement site itself is located in a rather homogenous Pinus sylvestris
forest that was sown in 1964. Other tree species include Picea abies and broadleaved tress
such as Populus tremula and Betula sp. and the understory vegetation consists mostly of
Vaccinium vitis-ideae and Vaccinium myrtillus and mosses (Ilvesniemi et al., 2010). The
nearest village Korkeakoski is about 6 km to the southeast and the nearest big city Tampere
(c.a. 200 000 inhabitants) is about 50 km to the southwest from the site. The L. sibirica
measurements presented in Paper I were performed about 500 meters southeast from the
SMEAR II site on a field where the five-year-old L. sibirica sapling had been planted three
years prior the measurements.
The Spasskaya Pad flux measurement site is run by the Institute of Biological Problems of
Cryolitozone of the Russian Academy of Science. It is located in eastern Siberia on the
west bank of the Lena River, and the region is underlaid by permafrost. The mean annual
precipitation and mean temperature are 260 mm and -10 ºC, respectively, and the mean
temperature of the warmest month of July is 19 ºC and the coldest month of January is -40
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ºC (Dolman et al., 2004). The climate is classified as continental subarctic with severe
winter (Dfd) in the Köppen-Geiger classification (Kottek et al., 2006). Larix cajanderi
forest extends over kilometers in all directions except for a small Betula sp. grove c.a. 500
meters south from the site. Below the L. cajanderi trees, there are some small trees and
shrubs such as Salix sp and the undergrowth is dominated by Vaccinium vitis-ideae (Ohta
et al., 2008; Iida et al., 2010). City of Yakutsk with 270 000 inhabitants is about 30 km
southwest from the site.

3.2 Emission measurements
VOC emissions from plants can be measured with different techniques including plant
enclosure and flux measurements. Emissions of a single plant can be studied by enclosing
either the whole plant or part of it (leaf, shoot or branch) into a chamber. Ecosystem scale
emissions are studied using flux methods such as eddy covariance and gradient flux
method. Both eddy covariance and gradient method have been applied for VOC fluxes at
the SMEAR II site (Rinne et al., 2000a, 2007; Taipale et al., 2011; Rantala et al., 2014),
and other measurement sites in the boreal zone (Rinne et al., 2000b; Holst et al., 2010). At
Spasskaya Pad eddy covariance method has been employed for water vapor and CO 2 fluxes
(e.g. Dolman et al., 2004; Ohta et al., 2008; Iida et al., 2009). During the summer of 2009
VOC fluxes were measured using eddy covariance at Spasskaya Pad, but the data has not
been published yet.
Papers I and II present emissions rates of two different Larix species, L. sibirica (Paper
I) and L. cajanderi (Paper II), measured using dynamic enclosure technique. These two
papers are the first ones to report quantitative VOC emission rates of Larix species. In the
dynamic enclosure technique a shoot or a branch is enclosed into a chamber through which
VOC free air is continuously pumped with a constant flow and emission the rate is
determined from the concentration difference between incoming and outgoing air. This
technique has been used in emission studies for different plant species in the boreal zone
(Hakola et al., 2001, 2006; Haapanala et al., 2009). The advantage of the dynamic chamber
technique is that it is a direct and simple method to determine the emission rates.
Furthermore, also the highly reactive sesquiterpenes, which cannot be detected in the
ambient air due to their fast reactions, can be measured with this method. Nevertheless,
when using this technique one has to make sure that conditions inside the chamber (e.g.
temperature and light) are similar to the ambient conditions. Additionally, enclosing the
plant may cause mechanical stress to the plant and, therefore bias the emissions.
The measured L. sibirica was a five-year-old sapling, and for each of the six measurement
period (ca. 24 hours each) a whole branch was enclosed into the chamber as the branches
were small enough. The sapling was growing on a field and the chamber was placed about
0.5 meters above the ground so it was easily accessible and measurements could be
maintained around the clock. The emission rates of L. cajanderi were measured from two
mature trees and from both trees one shoot was enclosed to a chamber for each of the three
measurement periods (6−7 days each). As the emission measurements were done at the
upper canopy of the L. cajanderi trees from a 15-meters-high scaffolding tower, they were
conducted during daylight hours (8:00−21:00) only due to safety reasons.
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All the chambers were made by wrapping a (Teflon coated) frame in Teflon film, which
was also equipped with three ports for the incoming and outgoing air and for the
temperature sensor (Figure 5). Oxidation of the VOCs inside the chamber was prevented,
by removing ozone from the ingoing air by MnO2-coated copper nets. The branches/shoots
were enclosed into the chamber several hours before the sampling started in order to avoid
mechanical stress, which could lead to elevated emissions. After each measurement period
the enclosed branch or shoot was cut and dried in an oven and, the dry needle mass
weighted (see Hakola et al., 2006 for more details about the chambers).

Figure 5. Dynamic shoot chamber set-up used for studying the emission rates of L. sibirica
(left) and L. cajanderi (right).
The branch/shoot scale VOC emission rate (Erate, µg gdw-1 h-1) is determined as
=

(

)

,

(1)

where Cin and Cout (µg cm-3) are the concentrations of the incoming and outgoing air,
respectively, F (l min-1) is the flow of the ingoing air and m is the dry needle mass. An
example of the measured emission rates is given in Figure 6. The concentration
measurements were done by collecting one hour samples of both incoming and outgoing
air onto stainless steel sampling tubes filled with adsorbent material. The adsorbents were
sealed and stored in the fridge until the end of each measurement campaign. After each
campaign at both Hyytiälä and Spasskaya Pad sites, the adsorbent samples were transported
to Helsinki and analyzed off-line with a GC-MS at the Finnish Meteorological Institute.
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Figure 6. Monoterpene (MT) and sesquiterpene (ST) emission rates from two L. cajanderi
trees A and B (top) and temperature and photosynthetically active radiation (PAR, bottom).

3.3 Parametrized emission potentials
The magnitude of the plant-generated VOCs and their impact on regional and global air
chemistry is estimated by models. In order to be reliable, these models need to capture
important relationships between environmental conditions and emissions, and to take into
account spatial and temporal variations of the emissions. Hence, the models need accurate
emission measurements for both input parameters and model validation. Moreover,
emission rate studies done for different plants, in different ecosystems or under different
environmental conditions can be compared, when emission rates are standardized.
Emission rate of a certain compound from a plant can be controlled by the physiological
factors, which regulate the availability of the terpenoid synthesis precursors and by enzyme
activity at final steps of terpenoid synthesis i.e. the synthesis rate. Also physico-chemical
properties of the compound, such as diffusion, can also regulate the emission rate in case
the compound is stored within the plant. How the emission rate of a compound from a
certain plant is shared between these two factors depends on the plant’s capacity for storing
the VOC in question. Conifer trees can store mono- and sesquiterpenes in resin canals and
ducts. This means that the synthesis and emission rates of these compounds are not
connected, and what controls their emissions from conifer trees is how easily they can be
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released from the plant tissues. This release is mainly controlled by the temperature.
Emission rates of compounds that have only limited storage inside the leaves are directly
proportional to the synthesis rate and, thus, to the factors that control the synthesis, most
importantly light and temperature. In case of conifer trees, e.g. isoprene and methyl butenol
(MBO) are emitted directly after the synthesis, while broadleaved trees have very limited
storage for all compounds and also mono- and sesquiterpenes are emitted directly after the
synthesis. (Grote and Niinemets, 2007)
A simple and widely used way to parametrize terpenoid emissions is to use temperaturedependent emission algorithm for compounds that are stored inside the plant tissues and
light- and temperature-dependent emission algorithms in the case of compounds that cannot
be stored (Guenther et al., 1993, 1995, 1997). Both algorithms have been extensively used
for terpenoid emission studies of different conifer and broadleaved tree species growing in
boreal environment (for a review see Rinne et al., 2009). In Papers I and II both the pool
algorithm (Guenther et al., 1993) and the light- and temperature-dependent de-novo
algorithm (Guenther et al., 1997), were used to calculate the emission potentials of monoand sesquiterpenes for two different Larix species L. cajanderi and L. sibirica.
The pool algorithm (Guenther et al., 1993) assumes that the emission is only driven by the
leaf temperature as it controls the evaporation of the mono- and sesquiterpenes from the
storage pools:
(

=

)

,

(2)

where Erate and Epool (µg gdw-1 h-1) are the measured emission rate and the emission rate in
standardized temperature T0 (30 ºC), respectively, β is a temperature dependence
coefficient (ºC -1) and T the leaf temperature. As the leaf temperature was not directly
measured we used the temperature inside the chamber instead.
The de-novo algorithm (Guenther et al., 1997), which was originally developed for
isoprene, assumes the emission to originate directly from the synthesis. Therefore, the
emissions depends on both light and temperature:
=

(3)

In equation (3) Esynthesis is the emission that has been normalized to the temperature and
light conditions of 30 ºC and 1000 µmol photons m-2 s-1, respectively, and CL and CT are
semi-empirical functions that depend on light and temperature, respectively.
In reality emissions from many tree species are neither solely from the storage nor de novo,
but a combination of the two. Ghirardo et al. (2010) proposed a hybrid algorithm that
considers both emissions by combining equations (2) and (3)
=

[

+ (1 −

) ].

(4)

In equation (4) E0 is the standardized emission potential and fdenovo the fraction of the de
novo emission. They also determined the fraction of the de novo emission of the
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monoterpene emissions of three common boreal conifer trees (L. decidua, P. abies and P.
sylvestris) and two broadleaved trees (B. pendula and Quercus ilex). Of the monoterpene
emissions of L. decidua, only 10% was de novo, while for Picea abies and P. sylvestris the
fraction of de novo emissions was higher: 34 and 58%, respectively. For both broadleaved
trees almost 100% of the emission was directly from the synthesis. The hybrid algorithm
proposed by Ghirardo et al. (2010) is, however, problematic when the measured emission
dataset is small for algorithm fitting. For example the emission dataset of L. cajanderi in
Paper II was too small.
Emissions of the non-terpenoid BVOC, such as methanol, acetone or acetaldehyde have
not been studied as extensively as the terpenoid emissions. Therefore there are no reliable
emission algorithms build on the biochemical or physical reasoning for the emissions of
these compounds that could be used for modelling their emissions (Rinne et al., 2009).

3.4 VOC concentration measurements
When VOC concentrations are measured using off-line sampling (i.e. samples are collected
in suitable canisters or adsorbents at the measurement site and analyzed later in a
laboratory), the sample is usually taken directly from a chamber or ambient air. However,
when VOC concentrations are measured in-situ, for practical reasons the distance between
sampling inlet and the mass spectrometer is often relatively long meaning that the inlet line
is also long, from few tens to over 100 meters (Rantala et al., 2014; Yáñez-Serrano et al.,
2015,). For example, at the SMEAR II site the ambient VOC concentrations are measured
from different heights of a measurement tower. From 2010 until end the of 2013 the VOC
concentrations were measured at six heights varying between 4 and 63 m, and the sample
was drawn from each height into a measurement cabin via a 100-m-long inlet (Rantala et
al., 2014). As from January 2013, two more measurements heights were added to the
measurement cycle since the tower was extended and the highest inlet height is currently
125 m and all the inlet lines are 150-m-long.
Long inlet lines are challenging because they may cause losses of VOCs, not only by
diffusion of the molecules to the walls, but also by chemical degradation. Diffusion losses
are minimized by choosing an inert inlet material as inert as possible and sample flow that
keeps the residence time short (often the sample flow is some tens of liters per minute). For
example, PTFE (polytetrafluoroethylene) and FEP (fluorinated ethylene propylene) are
commonly used as good inlet materials and they are also relatively light weight, which
facilitates the installation. Kolari et al. (2012) reported that in case of a relatively new PTFE
tubing, that had been used for 5 months, no decrease of VOC concentrations was recorded
when 2-m-long inlet was replaced with a 50-m-long one. When the same test was repeated
one year later with the same tubing, due to accumulation of dirt inside the tube, increasing
the inlet length from 2 to 50 m, decreased the measured concentrations by a similar factor
of 20% as showed by an earlier study by Spirig et al. (2005). However, even when using
inert inlet line of minimized length, over time dirt may accumulate on the inlet walls, which
may cause diffusion losses as well.
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In case the VOCs need pre-concentration, i.e. the sample is collected for a given time before
the concentration analysis, it is crucial to remove ozone from the sample in order to avoid
oxidation. Ozone can be removed with ozone traps or filters, such as the MnO 2 nets used
in studies presented in Papers I and II. Another means of ozone removal is a heated
stainless steel sampling inlet (e.g. Helmig et al., 2003; Hellén et al., 2012). Hellén et al.
(2012) showed that by heating a stainless steel tube to 120 °C all ozone is removed without
influencing the VOC concentrations. However, the ozone removal capacity of this method
decreases gradually with time and the tube needs to be changed regularly. Additionally,
when long sampling inlet is needed, heating the inlet to such a high temperature is often
not practical.

3.5 GC-MS
Chromatography is an old and widely used technique, which was first utilized by a Russian
plant scientist M.S. Tswett in the early 1900s. Effective development of chromatography
started in 1940s, and the first gas chromatograph was invented in 1950s (Riekkola and
Hyötyläinen, 2000). The working principle of the three different GC-MS instruments used
in this study is explained here based on three books, i.e. Riekkola and Hyötyläinen (2000),
Harris (2007) and Ellis and Mayhew (2014). The instrumental details are explained in
Papers I, II and V.
In gas chromatography ‒ mass spectrometer (GC-MS, Figure 6) the measured compounds
are separated with the gas chromatograph (GC) and subsequently detected with the mass
spectrometer (MS). The GC is essentially a narrow (0.10−0.53 mm) and long (15−100 m)
tube, called a capillary column, placed inside an oven. The inner walls of the capillary
column are coated with a stationary phase formed by a thin layer (0.02−10 µm) of viscous
polymer such as polysiloxane, which has high enough viscosity and boiling point for it to
stay on the walls when the oven is heated. The stationary phase material depends on the
compounds one want to measure. For example, for hydrocarbons a stationary phase
composed of a non-polar substance is best, while a polar stationary phase is good for
oxygenated VOCs such as alcohols, aldehydes and ketones.
The sample is desorbed into a continuous flow of an inert carrier gas (e.g. helium or
nitrogen), which is flowing through the capillary and onwards to the mass detector. The
sample and the carrier gas together form a mobile phase. Different molecules have distinct
chemical properties and, therefore, partitioning between the compounds in the mobile and
stationary phase varies leading to the separation of the compounds when sample moves
along the column. Consequently, the time the different molecules spend in the column
depends on how long they are retained by the stationary phase (i.e. their retention time) and
they are entering the mass spectrometer separately.
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Figure 6. Gas chromatograph-mass spectrometer

After the compounds that are separated by their retention times in the column enter the MS,
they are ionized by electron ionization (EI) and detected individually with a quadrupole
mass spectrometer. In EI gas molecules are ionized by bombarding them with energetic
electrons, which are generated with a hot filament. When electrons hit the molecules of a
certain compound, they fragment in a characteristic and repeatable way. Quadrupole mass
analyzer, into which the positively charged ions are then guided, consists of four parallel
rods. Diagonally opposing rod pairs are connected electrically and an alternating radio
frequency voltage of opposing phases is applied to both of the rod pairs. Additionally a
direct current voltage is superimposed on the alternating one. When the ions travel along
the rods, for a given voltage ratio, only ions of a certain mass-to-charge (m/z) ratio will get
to the detector and other ions just collide with the rods. The mass spectrometer can be used
either for recording a full mass scan or for monitoring selected ions. Regardless of the used
scanning mode, the peaks of the resulting spectra are identified by comparing them to a
well-known spectra library (such as NIST Mass Spectral Search program for the
NIST/EPA/NIH mass spectral library Version 2.0 f).
The VOC sample is introduced into the GC using thermal desorption, which means that
sample collected into an adsorbent tube is heated and concentrated in a cold trap. In the
Papers I and II the VOC samples were collected into stainless steel adsorbent tubes filled
with Tenax-TA and Carbopack-B and analyzed after the campaign in the laboratory of the
Finnish Meteorological Institute. In the in-situ instruments the sample can be collected
directly into a cold trap. The GC-MS instruments (namely GC-MS1 and GC-MS2) used in
the BVOC comparison study (Paper V) were in-situ instruments. In case of GC-MS1
VOCs were collected on a two-stage adsorbent system. First, the VOCs were collected on
sampling trap at room temperature and after that the compounds were refocused on a
microtrap at −40°C to improve separation of the compounds in the analytical column. The
compounds were then rapidly desorbed from the trap to the GC. In case of GC-MS2 VOCs
were collected into a microtrap at 15 ºC and desorbed directly into the GC from this trap.
Regardless of which of the VOC collection technique is used, the sample volume is
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important, because too high volume can cause VOCs to break through the trap or adsorbent
tube, while a very low volume might not be enough for the sensitivity of the GC-MS.

3.6 PTR-MS
Proton transfer reaction mass spectrometry has been developed from the flowing afterglow
technique, which was introduced in the 1960s, and it can be used to study ion – molecule
reaction kinetics. In this technique reagent ions are produced in an inert buffer gas (by e.g.
electron impact) and a flowing inert gas, such as helium, is moving them along a flow tube
where also the sample molecules are introduced. The disadvantage of several primary ions
forming when using flowing afterglow technique was overcome by developing a selected
ion flow tube, in which a quadrupole filter allows only selected primary ions to pass to the
flow tube. In 1994 W. Lindinger and co-workers from the University of Innsbruck coupled
a mass selected hydronium (H3O+) source with a flow drift tube and showed that it is an
efficient way to measure VOCs in air. The same group introduced PTR-MS in 1995 and
now instead of selecting primary ions with a mass filter, a hollow-cathode discharge source
was used for producing hydronium ions. Additionally the flow drift tube was replaced with
a drift tube, where the sample is pumped directly without carrier gas (see Lindinger et al.,
1998; Blake et al., 2008; Ellis and Mayhew, 2014 for more about the history of PTR-MS).
PTR-MS was first commercialized in 1998 by Ionicon Analytik GmbH (Austria), which is
also the manufacturer of the three proton transfer reaction mass spectrometers (PTR-MS)
used in this study (Papers III, IV and V). All the three PTR-MS instruments used in this
study are similar high sensitivity quadrupole PTR-MS instruments.
PTR-MS can measure the volume mixing ratios (VMR) i.e. concentrations down to the pptv
(parts per trillion, 10-12) levels with time resolution of less than a minute. However, because
of the one Thomson (Th, mass-to-charge ratio) mass resolution, PTR-MS cannot
distinguish isobaric compounds which have the same nominal mass. The instrument
consists of three parts: a discharge ion source to produce the primary hydronium ions, a
drift-tube reactor, where the proton transfer occurs, and quadrupole mass spectrometer for
the selection and detection of both primary and product ions (Figure 7). PTR-MS
instrument has been described in several publications and the short description given here
is based on Lindinger et al. (1998), de Gouw and Warneke (2007) and Ellis and Mayhew
(2014).
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Figure 7. A schematic illustration of the PTR-MS. Primary ions are produced from water
vapor in the ion source and transported to the drift tube where they collide with the
molecules of the sample air. Molecules that have higher proton affinity than that of water
are protonated in the collisions. After being protonated, the sample ions as well as and
primary ions are separated with quadrupole mass spectrometer and detected with secondary
electron multiplier. (http://www.ionicon.com/information/technology/expert-information)

The hydronium primary ions are produced by pumping water vapor trough the discharge
of a hollow-cathode ion source, where water molecules are colliding with high energy
electrons and ionized by the EI. An advantage of using hydronium ions as primary ions is,
that the contaminant ions (O+, OH+ and H2O+) are forming hydronium as well in further
reactions with water molecules. From the ion source, the hydronium ions are guided to the
drift-tube via a venture-type inlet, which ensures a radially uniform distribution of gas when
entering the drift tube. Also the sample air is continuously pumped into the drift tube,
without any pretreatment. When the sample air travels through the drift-tube, the VOCs are
colliding with the hydronium ions and become protonated (i.e. ionized) in case their proton
affinity is higher than that of water:
H O + R → H O + RH .

(5)

In this equation the VOC in question is denoted with R.

Hydronium ions perform proton transfer to a majority of VOCs, however, they do not react
with the main components of air (nitrogen, oxygen, argon, carbon monoxide). VOCs that
react with hydronium ion include unsaturated and aromatic hydrocarbons and many of the
oxygenated VOCs such as alcohols, aldehydes and ketones. As the VOCs gain one proton
in the proton transfer reaction, their mass increases by one atomic mass unit (amu) and they
become singly charged. GC-MS measures not only the mass, but also the retention times
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of the VOCs, thus the strong fragmentation of the measured compounds during the
ionization does not affect the analysis. PTR-MS, however, measures only the mass of the
VOCs and an advantage of the hydronium ion is that the proton transfer it performs is a
rather soft method and, therefore, most compounds do not fragment. After the drift-tube,
the ions are guided to a similar quadrupole mass spectrometer as in the GC-MS, and the
signal of one mass-to-charge ratio at a time is measured by a secondary electron multiplier.
The count rates (cps, counts per second) of both primary and product ions are measured.
As PTR-MS has a mass resolution of one Thomson (Th, i.e. mass-to-charge-ratio), different
compounds with the same nominal mass cannot be distinguished. Therefore PTR-MS is
not suitable for exact identification of the measured compounds. A newer version of PTRMS employs a time of flight mass spectrometer (PTR-Tof-MS) instead of the quadrupole
one and the instrument has mass resolution high enough to separate isobaric compounds
(for description of PTR-Tof-MS see e.g. Graus et al., 2010; Ellis and Mayhew, 2014).
Our group has been using PTR-MS for long-term stand-alone field measurements, which
means that the measurements as well and data processing need to be done as consistently
as possible. Paper III presents a way to maintain and calibrate long-term measurements of
a quadrupole PTR-MS, and how to process the measured data consistently. In Paper IV
the reliability of the quadrupole PTR-MS measurements was evaluated by measuring
concentrations of selected VOCs simultaneously with two similar PTR-MSs and two GCMSs in Hyytiälä.
3.6.1. Volume mixing ratio calculation
Paper III presents all the details of the calculation procedure we use for calculating the
VMRs from the measured count rates. Hence, only the main principle is discussed here.
The number concentration of the target ions RH+ is calculated as:
[ ]∆

[RH ] = [H O ] 1 −

≈ [H O ] [R]∆ ,

(6)

where k is the proton transfer reaction rate coefficient, [R] and [H3O+] are the number
concentrations of the measured compound R and hydronium ions, respectively, and ∆t is
the reaction time. Zhao and Zhang (2004) have reported proton transfer reaction rate
coefficients for many of the commonly measured VOCs. The approximation in equation
(6) is valid when the total amount of VOCs reacting with the hydronium ions is low enough
i.e. when the hydronium ion concentration can be assumed to remain constant. When the
approximation is valid, the concentration of RH+ ions is directly proportional to the
measured count rates of compound R and hydronium ions I(RH+) and I(H3O+),
respectively.
Equation (6) can be rewritten as
[R] =

∆

(

(

)

)

(

(

)

)

,
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(7)

where T(RH+) and T(H3O+) are the transmission efficiencies of RH+ and H3O+,
respectively. The transmission efficiencies, whose numerical values vary between zero and
one, are mass dependent and they can vary over the time (for more details see de Gouw et
al., 2003; Amman et al., 2004; Steinbacher et al., 2004).
The mixing ratio calculation is hindered by two things. First, although proton transfer
reaction is in many cases non-dissociative, some compounds (including e.g. monoterpenes)
undergo fragmentation. In Paper III the fragmentation is considered by introducing a
fragmentation coefficient F(RH+), which represents the ratio of RH+ ions to all ions
produced in the proton transfer reaction for compound R. For compounds that do not
fragment, F(RH+) is unity. Second, when ambient air is measured, some water is always
present in the drift tube, which leads to the hydration of the hydronium ions and, thus, the
formation of water cluster ions H3O+(H2O)n (n = 1,2,3,…n). Both the fragmentation and
cluster formation are limited by applying a homogenous electric field (E) over the length
of the drift-tube. Increasing E or rather the reduced electric field E/N (N is the density of
the buffer gas, i.e. air in the case of ambient measurements) increases the kinetic energy of
the ions and reduces the water cluster formation. However, sufficiently large increase of
the kinetic energy enhances the fragmentation. Typically E/N values between 120 and 140
Td (Towsend, 10-17 V cm-1) are used, as these values have been observed to be a good
compromise in minimizing both the fragmentation and water cluster formation (Warneke
et al., 1996, 2001; Tani et al., 2003 and de Gouw and Warneke, 2007).
As ambient air contains water, ample amount of H3O+H2O clusters are formed in the drift
tube during ambient air measurements even with the optimized E/N. For compounds whose
proton affinity is high enough, the presence of water clusters is not a problem because they
are, in addition to reaction with hydronium ions, protonated in the reaction with H 3O+H2O
as well. Therefore, in Paper III both H3O+ and H3O+H2O ions are used in the data
calculation in order to remove the effect of changes in relative humidity on the measured
concentrations. However, for compounds (such as benzene and toluene), whose proton
affinity is between that of H3O+ and H3O+H2O, changes in relative humidity affect the
sensitivity. The sensitivity of PTR-MS for these compounds is reduced at high relative
humidity (Warneke et al., 2001).
Additionally most compounds have instrumental offset (i.e. background signal) due to
desorption of impurities either inside the PTR-MS or the sampling inlet. The background
signals are determined by regular measurements of VOC free air (referred to as zero air)
and subtracted from the measured ambient signals. The zero air generator is connected
directly to the PTR-MS with its own inlet and sampling between the ambient air and zero
air is controlled with an automated three way valve.
Taking into account fragmentation, water cluster formation and the instrumental
background signals, equation (7) becomes:
[R] =

∆
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)

)
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)

)

31

(

(

(

)

)

(

)

−

)

,

.(8)

The variable pdrift is the drift-tube pressure and variables denoted with zero refer to the
background measurements (i.e. zero measurements). The drift-tube pressures are included
in the calculation because we want to take into account the possible fluctuation of the drifttube pressure. During the measurements presented in Papers III and IV background
signals were measured every two or three hours by measuring about ten background data
points for each compound. The average of the nearest background measurement is then
subtracted from each measurement point.
In order for the concentrations measured at different times or even with different
instruments to be comparable, the count rates need to be normalized. We do this by
normalizing primary ion (both hydronium and water cluster) signals to the count rate Inorm
of 106 cps and pressure pnorm of 2 hPa (see Paper III). Now the concentration of compound
R can be written as:
[R] =

∆

(

(

) (

)

(RH )

)

and VMR (in ppbv) can be calculated as:
VMR = 10
=

[ ]
(

(

) (

)

)

(RH )

(9)

,

(10)

where µ0 is the reduced ion mobility, N0 is the number density of air at the standard
conditions (1 atm and 273.15 K), L is the drift-tube length, E is the electric field over the
length of the drift-tube and N is the density of the air in the drift-tube. In order to calculate
the VMRs using equation (10), we need to know the transmission of each measured
compound.
After the VMR calculation protocol was published in Paper III we have been employing
the calculation protocol routinely for the data collected with our two quadrupole PTR-MS
instruments.

3.6.2. Calibration
The transmission can be determined by calibrating the PTR-MS for the compounds of
interest. Before the transmission can be calculated, one needs to know the normalized
sensitivities of the measured compounds. The sensitivities can be determined by calibrating
the PTR-MS for these compounds. In case of compound R, the calibration is done by
measuring a known VMR of this compound, i.e. by defining what the normalized count
rate of compound R is when a known VMR is measured. Our two PTR-MSs are calibrated
by diluting a standard gas mixture that contains 13−16 VOCs of different sizes (in the range
of about 1 ppm) with zero air. During the measurements presented in Papers III and IV,
three different gas standards (all manufactured by Apel-Riemer Environmental Inc., USA)
were used. At the time of the measurements of Paper III, the calibration was done by
diluting 50−120 ml min-1 of standard gas from a 60 l standard gas bottle (initial pressure
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140 bar) to 1000−3000 ml min-1 of zero air. In this set-up, the standard gas flow is regulated
manually. Since the fall of 2011, calibrations have been mostly done with an automatic
calibration method using mixing units that dilute a standard gas flow of ca. 6 ml min-1 to a
zero air flow of ca. 1000 ml min-1. These mixing units consist of a 1 l (40 bar) standard gas
cylinder and two mass flow controllers, which regulate the standard gas and the zero air
flow automatically.
When the comparability of these two calibration set-ups was tested (Paper IV), similar
sensitivities were obtained with the manual and automatic calibration method for the
majority of the calibrated compounds (see table A1 in Paper V). However, when the same
test was performed for two different PTR-MS, some differences were found. Excluding
methanol, higher sensitivities were recorded with PTR-MS2 than PTR-MS1 for all
compounds (this instrument numbering is the same as in Paper V). This difference can be
partly due to the different E/N values used for the instruments nevertheless, the main reason
is the different transmission efficiencies among PTR-MS instruments. Additionally, the
sensitivity uncertainties, which were calculated as standard deviation of multiple
calibrations, were lower for PTR-MS2 than for PTR-MS1. The automatic calibration
system resulted in high methanol sensitivity uncertainties for both instruments (63% for
PTR-MS1 and 25% for PTR-MS2). We concluded that the metal surfaces of the relatively
new automatic calibration units interact with methanol more than the older surfaces of the
manual calibration system leading to higher uncertainty.
Generally, it is not possible to calibrate PTR-MS for all the different compounds one might
want to measure. Therefore, in Paper III we introduced a method that determines a relative
transmission curve for the mass range of 19−170 amu using the normalized sensitivities of
selected VOCs that are calibrated.
The normalized sensitivity (Snorm, ncps ppbv-1) for a calibrated compound R is
=

(

)

(11)

and for each calibration a new relative transmission curve can be determined using the
normalized sensitivities calculated for the calibrated compounds. Only calibration
compounds that do not fragment significantly in proton transfer reaction are used when
determining the relative transmission curve. By combining equations (10) and (11), the
relative transmission coefficient becomes:
(RH )

= 10

.

(12)

The relative transmission curve is then fitted using the relative transmissions that are
obtained from the calibration and five empirically determined parameters, which are
explained in Paper III. When the relative transmission curve has been resolved, the VMRs
of those compounds that are not directly calibrated are calculated as:
VMR = 10

∑
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(13)

where m is the number of product ions formed in the proton transfer reaction between
compound M and the primary ions. For compounds that do not fragment, m is one.

3.6.3. Error estimations for the VMRs
There are several factors that cause uncertainty in the PTR-MS measurements, and the total
uncertainty can be calculated using the Gaussian propagation of uncertainty when the
uncertainties of all steps of the data processing are known. Paper IV presents how we
calculate the total uncertainty of the PTR-MS, which can be divided into two parts:
uncertainty of the signal (DUsignal) and uncertainty of the calibration (DUcalibration):
∆

=∆

+∆

(14)

The signal uncertainty is the sum of the uncertainties of the measured signal and the
background signal. First, both the measured count rates (cps) and count rates of the zero
measurement need to be converted to counts (Icounts and Icounts,zero), which is done by
multiplying them by their dwell times. Both Icounts and Icounts,zero are then normalized with
primary ion (H3O+ and H3O+H2O) counts, which are obtained by multiplying the count rates
of the primary ions by their dwell times. However, as the primary ion signal is much higher
than the measured signals and the zero signals, and we assume that it remains
approximately constant during the time when the Icounts and the nearest Icounts,zero are
measured, we omitted the primary ion signal uncertainty from the error calculation.
PTR-MS statistics follow the Poisson distribution, hence the uncertainty of a single
measurement point (DImeas) is calculated as the square root of the counts. The uncertainty
of one background measurement (DIzero) was calculated as the standard deviation of the
measurement points of one zero air measurement.

The calibration uncertainty originates from the uncertainty of the sensitivity (DS) and the
uncertainty of the calibration gas standard (∆Ustdgas), i.e. the uncertainty of the
concentrations in the calibration gas standard (Dccal). We determined the sensitivity
uncertainty from laboratory measurements in which a series of calibration measurements
were performed under the same instrumental conditions by assuming that the ratio of the
sensitivity and its uncertainty is constant. The sensitivity uncertainty is simply the standard
deviation of the calibration measurement series. The manufacturer of the calibration gas
standard reports relative uncertainty (Dccal), of ± 5% for the concentration of each VOC
compound in the calibration gas mixture.
Thus, for one measurement point the total uncertainty of our PTR-MS measurements is:
∆ =

∆

VMR

+

∆

+(D VMR ) + Dc
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In case of n measurement points, the total relative uncertainty is:
∆

=

∑

∆

VMR

+ (∆ ∑ VMR) + ∆c

+∑

∆

∑ VMR

VMR
.

(16)

Now VMR is the average VMR of n measurements. Different measurement points are
independent of each other, and the total precision can therefore be calculated using the
Gaussian propagation of error. However, as the sensitivity and calibration uncertainties are
constant, the total systematic error is calculated as a linear sum of the errors of single
measurement points.

4. Results
4.1 VOC emissions of L. cajanderi and L. sibirica
4.1.1 Emission spectra
All of the shoot or branch scale emission studies that have been conducted on the boreal
conifer tree species have shown monoterpenes to dominate the mass based emissions
spectra (see e.g. Rinne et al., 2009; Figure 8) and such was the case also for both L. sibirica
and L. cajanderi (Papers I and II). Monoterpenes accounted for about 60 to 90% of the
total emissions of both trees. Its proportion was lowest in the beginning of the summer and
gradually increasing over the course of the summer.
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Figure 8. Terpenoid emission spectra of boreal conifers L. cajanderi (Paper II), L. sibirica
(Paper I), P. abies and P. sylvestris in June. Emission of p. abies have been measured at
three different locations: Sodankylä (Sod) in the northern Finland, Järvenpää (Jär) in the
southern Finland and at SMEAR II (SME), while P. sylvestris emissions have been
measured at SMEAR II.

In case of L. sibirica, substantial and constant throughout the summer sesquiterpene
emissions (about 10%) were found as well (Paper I). The rest of the terpenoid emissions
were comprised of isoprene, MBO and 1,8-cineol. At the end of the growing season, the
sesquiterpene emissions declined notably, and their contribution declined to about 3%.
Based on the results of Paper I, substantial sesquiterpene emissions were expected from
L. cajanderi as well (Paper II). However, this was not the case, as sesquiterpenes only
accounted for about 1−2% of the total terpenoid emissions. In addition to monoterpenes,
linalool contributed prominently to the emission spectra of both measured trees – varying
between 7 and 37% for tree A and 3 and 19% for tree B. Linalool emissions were highest
in June and decreased during the summer.
The monoterpene emission spectra of both L. sibirica and L. cajanderi remained fairly
constant throughout the growing season. Some differences were found in the emissions of
these two Larix species. Emission spectrum of L. sibirica was be dominated by sabinene,
which was not detected for L. cajanderi. In general sabinene has not been reported to
dominate the monoterpene emissions of any boreal tree species, though it has been
identified from the emissions of both P. abies and P. sylvestris (Figure 9). Other important
monoterpenes from L. sibirica were ∆3-carene, α- and β-pinene which accounted for about
20%, 10% and 10%, respectively. The rest of the monoterpene emission included limonene,
β-phellandrene, terpinolene, tricyclene, α-phellandrene and camphene. In case of both
measured L. cajanderi trees A and B, similar monoterpene emission spectra were observed;
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however, the emission total rates of tree B were substantially higher than those of tree A.
About half of the monoterpene emissions were comprised of ∆3-carene, while α- and βpinene accounted for 20−30% and 10−15% of the total, respectively. Also camphene,
limonene, terpinolene and p-cymene were detected. Monoterpene emission spectra of L.
cajanderi were somewhat similar to the emission spectra of P. abies and P. sylvestris
(Figure 9).

Figure 9. Monoterpenes emitted by boreal conifers L. cajanderi, L. sibirica, P. abies and
P. sylvestris in June. Emissions of P. abies have been measured at three different locations:
Sodankylä (Sod) in the northern Finland, Järvenpää (Jär) in the southern Finland and at
SMEAR II (SME), while P. sylvestris emissions have been measured at SMEAR II.

It has been shown that the emission spectra of different tree individuals of the same tree
species can vary considerably. Bäck et al. (2012) reported the VOC emissions of 40 P.
sylvestris trees growing at the SMEAR II site and found large variation in the monoterpene
emission spectra of those trees. Also Figure 9 shows large differences in the emission
spectra of individual P. abies and P. sylvestris trees.

4.1.2. Emission potentials
Both Larix species had a distinct daily emission pattern which followed both temperature
and light (Figure 6 and Figure 1 in Paper I). Though it should be noted, however, that
temperature and radiation are strongly coupled in field conditions, especially in the summer
in the high latitude boreal forest; hence it can be difficult to differentiate whether the
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emissions are driven by temperature, light or both. In case of both Larix species, emission
rates decreased towards the end of the summer. Notable seasonal variation has been
reported for different plants (Kesselmeier and Staut, 1998). This variation can be associated
with plant growth and phenology such as bud burst, flowering or shedding of leafs. For
example, Hakola et al. (1998) discovered high monoterpene emissions from Populus
tremula and Salix phylicifolia, which are normally substantial isoprene emitters, during the
bud burst and leaf, growth and the isoprene emissions started only when the leaves where
fully grown. Aalto et al. (2015) reported episodes of monoterpene emission bursts during
the early stages of the photosynthetic recovery in the spring.
There was also a substantial difference in the emission rates of the two measured L.
cajanderi trees as the emissions from tree B were up to ten times higher than those of tree
A. Some previous studies have shown emission potentials to vary significantly between
different tree individuals of, for example, Betula pubenscens (Hakola et al., 2001), Betula
pubescens spp. czerepanovii (Haapanala et al., 2009) and Pinus sylvestris (Bäck et al.
2012).
Mono- and sesquiterpene emission potentials of both tree species were determined using
both pool (equation 2) and synthesis (equation 3) algorithms, and the same fitting
parameters were used for both trees species (Papers I and II). The monoterpene emission
potentials calculated using pool algorithm with constant β were 5.2−21 µg gdw-1 h-1 for L.
sibirica, 1.5−2.2 µg gdw-1 h-1 for L. sibirica A and 0.46−19 µg gdw-1 h-1 for L. cajanderi B.
Respective values for sesquiterpenes were: 0.40−1.8, 0.02−0.03 and 0.04−0.36 µg gdw-1 h1
. Thus, monoterpene emission potentials of L. cajanderi and L. cajanderi tree B were
somewhat comparable, while emission potential of L. cajanderi tree A was clearly lower.
The high sesquiterpene emissions of L. sibirica are reflected by its high sesquiterpene
emission potential, which is actually almost as high as the monoterpene emission potential
of L. cajanderi A. Several studies have been conducted on the monoterpene emissions from
other boreal tree species, and the normalized monoterpene emission potentials of between
0.2 and 8.3 µg gdw-1 h-1 have been reported for different tree species (see table 2 in Rinne et
al., 2009). Thus with respect to L. cajanderi the results of our study are more or less in the
same range as the previous measurements while the emission potentials of L. sibirica were
higher than those of other boreal trees.
In order to get an idea of how the above canopy monoterpene concentrations due to L.
cajanderi emissions compare to the monoterpene concentrations above the forest
dominated by P. sylvestris, the ambient monoterpene concentrations measured at
Spasskaya Pad and SMEAR II were plotted against ambient temperature (Figure 10). The
relation between the ambient concentration and temperature is similar at both sites,
indicating comparable monoterpene emissions from both forests when the temperatures are
the same. However one should keep in mind that atmospheric concentrations are a
consequence of a large number of different complicated processes including
losses/formation due to oxidation and atmospheric dilution and mixing. Thus temperature
is not the only driving factor.
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Figure 10. Daily mean above canopy monoterpene concentrations (in ppbv) measured with
a PTR-MS as a function of temperature (in ºC) at Spasskaya Pad and SMEAR II.

4.2. Intercomparison of the ambient concentration measurements
The measurement consistency of two PTR-MS and two GC-MS instruments was tested by
performing parallel measurements at the SMEAR II between April 13 and May 14, 2012
(Paper V). Each instrument measured concentrations of several different compounds,
however, only methanol, acetaldehyde, acetone, benzene and toluene were measured with
both PTR-MSs and at least one of the GC-MSs. As such, they were selected for the
comparison study. Methanol and acetaldehyde concentrations were measured with three
instruments PTR-MS1, PTR-MS2 and GC-MS1, while acetone, benzene and toluene
concentrations were measured with all four instruments.
4.2.1 Measurement uncertainties
The total uncertainty of PTR-MS1 for all the five compounds (methanol, acetaldehyde,
acetone, benzene and toluene) measured during the comparison campaign arose almost
entirely from the calibration uncertainty, as the contribution of the signal statistics was less
than 1% (table 1 in Paper V). In case of PTR-MS2, due to the low sampling frequency, the
signal uncertainty was so high that it contributed considerably to the total uncertainty. The
total measurement uncertainties of all the four instruments were below 30% for all
compounds, with the exception of the methanol uncertainty of PTR-MS1 (61%) and the
toluene uncertainty of PTR-MS2 (45%).
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4.2.2 Differences between the instruments by compound
The correlation between instrument pairs were studied using scatter plots (figure 5 in Paper
V) and by calculating Pearson’s correlation coefficients (R) between the instruments (table
3 in Paper V). The overall consistency of the instruments was investigated by calculating
the mean of all correlation coefficients, the root mean square (RMS) difference of the
scatterplot slopes from the 1:1 line (see equation 14 in Paper V), and the RMS of the
intercepts for each compound.
Methanol
All tree instruments measured similar concentration patterns for methanol (figures 2 and 3
in Paper V). However, large differences in the concentration ranges were found (the range
between 25 and 75 percentile, see figure 4 in Paper V). The mean correlation coefficient
was 0.90, however the linear regression slopes were dissident from the 1:1 line: 1.80 and
0.42 for PTR-MS1 vs. PTR-MS2 and PTR-MS1 vs. GC-MS1, respectively. The cause of
the poor regression slope values was likely associated with the challenges that methanol
measurements of both PTR-MS and GC-MS are known to encounter. PTR-MS is difficult
to calibrate for methanol because methanol deposits on the metal surfaces of the calibration
system (de Gouw et al., 2003), which reduces the sensitivity and can lead to increased
concentration readings. In case of GC-MS due to its water solubility, methanol may be
party removed from the sample during the water removal.
Acetaldehyde
A similar concentration range of acetaldehyde was measured with all three instruments,
although the concentration trends were divergent. The mean correlation was 0.50 and the
RMSslope was 0.50. Additionally, the intercepts of both instrument pairs differed
considerably from zero, which was likely due to differences in the instrumental
backgrounds. The reason for the mismatching acetaldehyde concentration patterns is not
totally clear. However, in air masses that have strong biogenic influence other compounds
may be detected with the same mass 45 amu as acetaldehyde when using PTR-MS (de
Gouw et al., 2003).
Acetone
Comparable time trends of acetone were measured with two PTR-MS instruments and GCMS1, and the measured concentration ranges were also alike. GC-MS2 recorded similar
concentration patterns as the other instruments, but the concentration values were
systematically lower. The cause of these lower concentrations was probably that sampling
time of GC-MS2 (60 minutes) was too long for acetone, leading acetone to break through
the micro trap. Consequently, acetone concentrations recorded with GC-MS2 were too low.
A robust average correlation coefficient (0.88) was found for acetone. The strongest
correlation coefficient was between the two PTR-MS instruments (0.97), while the lowest
was between the two GC-MS instruments (0.77). Also the observed slope values between
PTR-MS1 and both GC-MS1 and PTR-MS2 were close to unity. Because of the low
concentration readings of GC-MS2, slope values between GC-MS2 and the other
instruments were somewhat deviant from unity, which increased the RMSslope (0.54) as well.
When the GC-MS2 measurements were omitted from the RMSslope calculation, the value
was very close to zero (0.02).
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Benzene
Similarly to acetone, comparable concentration patterns of benzene were measured with
PTR-MS1, GC-MS1 and GC-MS2 while PTR-MS2 recorded slightly more fluctuating
concentration trends. A very good correlation was found for benzene measurements
between all instrument pairs with mean correlation coefficient being 0.88. Also the RMSslope
of 0.23 was reasonably good.
Toluene
In the case of toluene, the concentration ranges of PTR-MS1, GC-MS1 and GC-MS2 were
the same; however because of high toluene detection limit, the toluene concentrations
measured with PTR-MS2 were biased towards high concentration values. Despite the
similar concentration trends, correlation between the instruments was only moderate. The
average correlation coefficient was 0.62, while the RMS slope was rather far from 1:1 line, at
0.45. The best correlation was between the two GC-MS instruments (0.77); however, the
slope was only 0.6. The worst correlation was between the two PTR-MS instruments
(0.50). Between these instruments the slope was 1.36. Because the toluene concentration
remained below the detection limits of the PTR-MSs for a large amount of the time during
the campaign, the number of data points used for the correlation analysis of toluene was
less than half of the number of data points used for the other compounds.
Prior to Paper V, few studies on field comparison of in situ VOC measurements with PTRMS and GC-MS have been conducted (de Gouw et al., 2003, 2004; Kaser et al., 2013;
Warneke et al., 2015). Additionally, the correlation studies of in situ measurements of
different PTR-MS instruments are sparse, de Gouw et al. (2004) studied the correlation
between two PTR-MSs, while Kaser et al. (2013) and Warneke et al. (2015) studied the
correlation between a quadrupole PTR-MS and a PTR-Tof-MS (PTR-MS with a time-offlight mass spectrometer). In case of acetone and benzene, the results of Paper V were in
a good agreement with the above mentioned studies. For methanol the correlation
coefficients of this study were comparable with the previous studies (de Gouw et al. 2003,
2004; Kaser et al. 2013). Yet, the slope values of this study were clearly less robust than in
the previous studies, indicating that all the instruments captured methanol concentration
trends, but suggesting that the quantitative concentration values of all three instruments
should be regarded with suspicion. In case of acetaldehyde and toluene, the correlations of
this study were weaker than those reported by de Gouw et al. (2003), Kaser et al. (2013)
and Warneke et al. (2015).

4.3 Effect of Global warming on BVOC emissions and its effect on aerosol
number concentration
The effect of the global warming on the BVOC emissions is not totally understood.
However, it is known that changes in temperature, precipitation and carbon dioxide (CO2)
concentration are likely going to influence the BVOC emissions by enhancing the plants’
photosynthetic assimilation of CO2, and as the synthesis of many VOCs is closely linked
with photosynthesis, increase VOC emissions as well (Bäck and Hari, 2009). These
changes are expected to be particularly significant in the Arctic and boreal regions where
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the global warming has been predicted to cause the highest temperature increase (IPCC,
2013). However, studies on planted Populus doltoides trees growing in agriforest
ecosystem showed reduced isoprene emissions under elevated CO2 concentrations, despite
the increased forest biomass (Rosenthiel et al., 2003). The rise in atmospheric CO2
concentration can also enhance productivity and total biomass of the forests, influencing
VOC emissions on a regional level. Warming can alter the availability of water and
nutrients and lengthen the growing season, which again would influence the VOC
emissions. Changes in water and nutrient availability and longer growing season would
probably, at least in the long run, change the geographic distribution of the boreal forests.
In the north the tree line of boreal monoterpene emitting trees would move towards the
tundra, while in the southern edge of the zone coniferous forests would turn to mixed forests
with broadleaved trees such as Quercus or Acer (Rinne et al., 2009 and references therein).
Replacing coniferous trees by isoprene emitting broadleaved trees would change the
emission dynamics of the forests and, thus, alter the atmospheric chemistry as well. It could
influence e.g. the SOA formation as isoprene has been reported to inhibit the new particle
formation (Kiendler-Scharr et al., 2009; Taraborrelli et al., 2012). Nevertheless, the net
effect of global warming on BVOC emissions is expected to be positive.
Radiative forcing is defined as the difference in the vertical net irradiance (W m-2) due to
the factors that alter the balance between incoming and outgoing energy at the tropopause.
The forcing is positive when the amount of incoming energy is higher than is going out,
and thus means a warming effect on the climate. In case the outgoing radiation surpasses
the incoming radiation, the effect is cooling and thus the forcing is negative. (IPCC, 2013)
Climate feedback mechanism in turn is a phenomenon that results from climate warming
and either magnifies or mitigates the warming, i.e. a mechanism that induces a positive or
a negative radiative forcing (IPCC, 2013). Different climate feedbacks that are associated
with ecosystems have been reviewed by Arneth et al. (2010). They also estimate that by
the end of the current century, the total radiative forcing may be up to 0.9−1.5 W m-2 K-1,
which is an estimated sum of several different feedbacks. For example, fossil-fuel and landuse induced increase in greenhouse gas emissions is estimated to account for 0.4−0.9 W m2
K-1.
While black carbon causes positive radiative forcing, other aerosol particles, such as
organic carbon, induce a direct negative forcing (Andreae, 2007; Ramanathan and
Carmichael, 2008). Thus a negative feedback mechanism linking enhanced BVOC
emissions and CCN number concentration has been proposed (e.g. Kulmala et al., 2004;
Spaclen et al., 2008). Spaclen et al. (2008) used a global atmospheric model to study the
effect of the climate warming induced BVOC emissions (i.e. increased emissions) from the
boreal forest on the CCN number concentration. They estimated that on a regional level the
CCN concentration will double, which would result in a cooling radiative forcing of
between -1.8 and -6.7 W per square meter of forest within latitudes 60 and 90 ºN.
We studied the feedback between warming-induced increase in BVOC concentrations and
aerosol particle number concentration in Paper V by the following four-stage mechanism:
1. increasing temperature increases BVOC emissions
2. BVOC are oxidized rapidly forming lower volatility VOC, which condense on
aerosol particles and accordingly enhance particle growth
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3. number concentration of CCN increases
4. cloud droplet concentration increases resulting in an increase of cloud albedo,
consequently less solar radiation penetrates the atmosphere and the climate is
cooled.
The connection between rising BVOC concentration and CCN was studied by analyzing
data from 11 different measurement sites located in varying environments (Figure 4. and
Supplementary Information of Paper V). We used number concentration of particles with
dry diameter larger than 100 nm (N100) as a proxy for CCN, and studied how their number
concentrations are connected with temperature and the precursor vapor concentrations in
both gas and particle phase. The strength of the feedback was estimated by binning all the
daily mean N100 concentrations to bins of daily mean temperature with one ºC resolution.
It was then assumed that the effect of one ºC warming on the concentrations can be
evaluated by comparing the daily concentration to the concentration of the same percentile
in the one degree warmer bin.
As the aerosol particles are mixed efficiently within the atmospheric boundary layer (BL),
the height of which depends on temperature, the temperature dependence of the CCN
sources cannot be investigated directly by studying the concentrations of the CCN sources.
Therefore, we calculated a columnar aerosol number burden (B100), which is the number
concentration of particles larger than 100 nm within a BL column that is assumed to be
well mixed. This was done by multiplying the measured N100 with the boundary layer
height, which was calculated from the NCEP/DOE AMIP-II Reanalysis 2 database (for
details see Supplementary methods of Paper V). An increase due to increasing temperature
was observed for the B100 at all the measurement sites at T > 5 ºC (figure 2 and
Supplementary figure 2 in Paper V).

Figure 11. Concentration of N100 as a function of monoterpene (MT, left) and isoprene
(right) concentration at T > 5 ºC. The lines present bivariate regression fits and the 95%
confidence intervals are given in the parenthesis. The inset shows N100 as a function of
organic aerosol mass (mOA). Direct proportionality is indicated by the line (Paper V).
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This increase in B100 was assumed to result from the condensational growth of the small
particles by the oxidation products of the BVOCs (mainly terpenoids). Indeed, a strong
correlation between monoterpene and N100 concentrations was found as shown by Figure
10. For isoprene this correlation was weaker. The linear dependency between monoterpene
and N100 and the similar exponential temperature dependencies of monoterpene
concentration, organic aerosol mass and N100 (Supplementary Figure S5 and Table S2 in
paper V), reveals BVOC emissions as the most important factor for the observed
temperature dependency of N100 and B100.
If the observed temperature dependence is assumed to remain constant when the climate is
warming, our results show that there is a negative aerosol-climate feedback mechanism in
the continental biosphere. Strength of this feedback was calculated based on the change in
direct and cloud albedo effects. The cloud albedo effect was estimated directly from the
measured N100 by investigating its changes due to temperature, and the direct effect was
calculated from the changes in the total volume of the measured particle populations and
in modelled BL height due to warming. These calculations resulted in the mean annual
feedback of up to -0.3 W m-2 K-1, which was dominated by the cloud albedo effect.
Strongest feedback was observed at the most northern and remote boreal sites, while at the
most polluted sites, the effect was positive as the N100 decreased with the increasing
temperature (at T<15 ºC). Thus, at the more polluted sites anthropogenic aerosol emissions
mostly exceeded the natural production of CCN-sized particles, meaning the anthropogenic
cooling effect by anthropogenic particles was partly surpassing the biogenic feedback. The
decrease in N100 was assigned to follow from higher BL and thus more efficient mixing at
warmer temperatures. When looking at the B100, the similar decreases are either absent or
less prominent. The negative forcing approximately doubled during the growing season,
although the positive values did not vary over the course of the year. The highest feedback
strength was observed in the cleanest boreal sites. Considering the forests (excluding
rainforests) and croplands, which cover about 10% of the total terrestrial area, an overall
total global feedback of -0.1 W m-2 K-1 was estimated.
In addition to causing a negative feedback mechanism, the biogenic contribution of B100
may affect the outcomes of anthropogenic emission regulation policies by reducing the
expected climate warming impact of the decreased anthropogenic emissions. Based on our
study, the minimum level of the B100 is set by the biogenic SOA, and the aerosol cooling
effect will partly remain regardless of the reductions in anthropogenic aerosol and precursor
emissions, especially in the cooler regions.
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5. Review of papers and author’s contribution
This thesis consists of five following papers and an introductory review. I am alone
responsible for the introductory review of the thesis.
Paper I presents seasonal shoot scale terpenoid emission spectra and emission rates from
one of the major Siberian tree species, Larix sibirica. The measured tree was a planted 5year-old sapling growing on a field in southern Finland. During each measurement period,
one hour VOC samples were collected over 24-hour period. We started the measurements
in June, when the needles appeared to be fully grown. Subsequently, VOCs samples were
collected for a few days each month until September, when the tree started to shed its
needles. We tested different emission algorithms to normalize the measured emission rates
and to determine the factors that control the emissions. I participated in both the planning
and conducting of the measurements during each measurement period, helped to interpret
the data and commented the manuscript.
Paper II presents the terpenoid emission spectrum and shoot scale emission rates of
another major Siberian tree species Larix cajanderi. We measured shoot emissions of two
mature L. cajanderi trees growing in their natural habitat in Eastern Siberia during three
campaigns in June, July and August of 2009. Hourly VOC samples were collected onto
adsorbents from a 15-meters-high scaffolding tower using the dynamic flow through
technique. Due to practical reasons, measurements were performed during the daylight
hours (8:00−21:00). Different algorithms were tested for normalizing the emission rates. I
was responsible for the VOC sampling at the field site, data analysis and also wrote most
of the paper.
Paper III introduces the measurement set-up and data processing protocol for PTR-MS,
which can be used for long-term ambient VOC measurements. We introduce a way to
determine an instrument specific relative calculation curve suitable for calculating the
volume mixing ratios of those VOC that cannot be directly calibrated. We also show that
reliable long-term measurements with PTR-MS require regular calibration. I had a major
contribution to the calibrations and maintenance of the PTR-MS, helped to interpret the
data and commented the manuscript.
Paper IV presents the results of a comparison campaign that was conducted to test the
reliability of the measurements and data processing protocol of the PTR-MS by taking
parallel measurements in ambient conditions with two PTR-MS and two GC-MS
instruments. We measured concentrations of methanol, acetaldehyde, acetone, benzene and
toluene at a rural boreal forest site in southern Finland. The paper shows how well the VOC
measurements of the four different instruments correlated. We also tested the comparability
of two different PTR-MS calibration methods and show and introduce a method to estimate
the measurement uncertainty for PTR-MS. I participated in the planning and measurements
during the campaign, performed all the PTR-MS calibration tests, did most of the data
analysis and wrote the majority of the paper.
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Paper V introduces a feedback mechanism connecting the VOC emissions from
continental biosphere to climate via aerosol particles. We used long-term observations of
concentrations of aerosol particles and their precursor vapors as well as aerosol
compositions from 11 different continental mid- and high-latitude sites to investigate the
biosphere-atmosphere interactions. Number concentration of particles larger than 100 nm
was used as a proxy for CCN, and the dependence between the number concentration of
CCN and their precursor gases and temperature was investigated. These observations
together with the boundary layer CCN burden, which was derived using the calculated
boundary layer heights, were used to study how the warming climate will affect the
radiative forcing caused by CCN. I was responsible for the VOC measurements and data
processing at the SMEAR II site and participated in the measurements at the Spasskaya
Pad site. I also wrote part of the methods and commented the paper.
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6. Conclusions
Similarly to the emissions of other measured conifer tree species, the terpenoid emissions
of L. sibirica (Paper I) and L. cajanderi (Paper II) were dominated by monoterpenes
(about 60−90% of the total). Substantial sesquiterpene emissions (about 10%) were
detected from L. sibirica. Substantial emissions of linalool emission were detected for L.
cajanderi, especially in June. In case of L. sibirica, the most emitted monoterpene was
sabinene followed by ∆3-carene, α- and β-pinene. The monoterpene emission spectra of L.
cajanderi were similar to the emission spectra of other conifer tree species P. abies and P.
sylvestris as it was dominated by ∆3-carene, α- and β-pinene. The monoterpene emission
potentials using the pool algorithm with constant β were 5.2−21, 1.5−2.2 and 0.46−19 µg
gdw-1 h-1 for L. sibirica and the two L. cajanderi trees A and B, respectively. In case of L.
cajanderi, the emission potentials were of the same magnitude as those reported for other
boreal tree species, while the emission potentials of L. sibirica were higher than those of
other boreal trees. Also relatively high sesquiterpene emission potential of 0.40−1.8 was
found for L. sibirica.
When interpreting our emission measurements of the Larix species, one should keep in
mind that emissions of only one L. sibirica and two L. cajanderi trees were measured, and
based on our results we cannot conclude anything about the intra species variation on the
emissions. Besides, the young age of the L. sibirica sapling may have influenced the
emission spectra. According to the study on two L. cajanderi trees, it seems that there can
be substantial variation in the magnitude of the emission rates. Also the emission spectra
of different individual trees can vary substantially as shown by Bäck et al. (2012).
Considering that all the trees studied by Bäck et al. (2012) were growing in the same place,
one could expect large intra-species variation in the emissions of the same tree species
growing in different locations. Thus, while our results give good first estimates on the
emissions of Larix species, more measurements are still needed.
Paper III presents our method for PTR-MS calibration and VMR calculation, and it
showed that when PTR-MS is used for long-term ambient measurement, it needs to be
calibrated regularly with a standard VOC mixture in order to maintain the accuracy of the
measurements. As in most cases, it is not possible to calibrate PTR-MS for all the
compounds one wants to measure; we, therefore, presented a way to determine an
instrument specific relative transmission curve, which can be used for calculating VMRs
of compounds that are not calibrated. This automatic and straightforward method enables
consistent data analysis, which is important when long-term measurements are carried out.
When ambient concentrations of methanol, acetaldehyde, acetone, benzene and toluene
were measured simultaneously with two PTR-MS and two GC-MS instruments at SMEAR
II (Paper V), a robust correlation was found for benzene and acetone measurements
between all instrument pairs. The mean correlation coefficient was 0.88 and the slope
values were reasonably close to unity for both compounds. For acetaldehyde and toluene,
the correlation was only moderate, with average correlation coefficients of 0.50 and 0.62,
respectively. In case of acetaldehyde, we could not find any clear reason for the weak
correlation. Toluene concentrations were below the detection limits of the PTR-MS
instruments for a considerable amount of the time, which biased the compared
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concentrations towards higher values and additionally reduced the amount of data points
used in the analysis. Despite a very strong correlation between the methanol measurements
of different instruments (mean R = 0.90), the slope values were far from unity, with an
RMS difference of 0.87 from the 1:1 line. Thus, all instruments captured the methanol
concentrations well, but one should regard the quantitative concentration with caution. It is
important to keep in mind that, when the deviation of the correlation slopes from unity
originates from uncertainty in the instrument sensitivity, the emission measurements of
these compounds also have similar uncertainty. This applies to e.g. eddy covariance,
surface layer gradient and chamber techniques. The results of this study show that when
performing long-term ambient measurements, occasional comparison measurements are
needed in order to validate the measured concentration, even if regular calibration is
performed.
A negative aerosol-climate effect, which is driven by the increase of BVOC emissions due
to climate warming, was hypothesized in Paper V. This cooling feedback may affect the
outcomes of anthropogenic emission restriction policies, by potentially decreasing the
expected climate warming impact due to decreased anthropogenic emissions. Based on our
analysis the minimum level of the B100 is set by the formation of biogenic SOA. Thus, even
if the emissions of both aerosol particles and their precursors are reduced by regulation,
part of the aerosol cooling effect will remain. This is especially true in the boreal zone. In
order to fully understand the strength of the cooling, better understanding on the sources
and formation processes of both biogenic and anthropogenic aerosol particles is needed. It
is particularly important to know by how much the BVOC emissions will increase.
Additional studies on the temperature dependence of N100 are needed, especially in tropics,
subtropics and isoprene-rich environments. It should also be kept in mind that increasing
BVOC emissions may have warming climate effects as well, for example via extending the
methane lifetime and thus strengthening the warming greenhouse effect.
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