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Measurements of Volatile Organic Compounds - from Biogenic Emissions to
Concentrations in Ambient Air

Taina Maria Ruuskanen
University of Helsinki, 2009

Volatile organic compounds (VOCs) affect atmospheric chemistry and thereafter also
participate in the climate change in many ways. The long-lived greenhouse gases and
tropospheric ozone are the most important radiative forcing components warming the climate,
while aerosols are the most important cooling component. VOCs can have warming effects on
the climate: they participate in tropospheric ozone formation and compete for oxidants with
the greenhouse gases thus, for example, lengthening the atmospheric lifetime of methane.
Some VOCs, on the other hand, cool the atmosphere by taking part in the formation of aerosol
particles. Some VOCs, in addition, have direct health effects, such as carcinogenic benzene.
VOCs are emitted into the atmosphere in various processes. Primary emissions of VOC
include biogenic emissions from vegetation, biomass burning and human activities. VOCs are
also produced in secondary emissions from the reactions of other organic compounds.
Globally, forests are the largest source of VOC entering the atmosphere. This thesis focuses
on the measurement results of emissions and concentrations of VOCs in one of the largest
vegetation zones in the world, the boreal zone.

An automated sampling system was designed and built for continuous VOC concentration and
emission measurements with a proton transfer reaction - mass spectrometer (PTR-MS). The
system measured one hour at a time in three-hourly cycles: 1) ambient volume mixing-ratios
of VOCs in the Scots-pine-dominated boreal forest, 2) VOC fluxes above the canopy, and
3) VOC emissions from Scots pine shoots. In addition to the online PTR-MS measurements,
we determined the composition and seasonality of the VOC emissions from a Siberian larch
with adsorbent samples and GC-MS analysis.

The VOC emissions from Siberian larch were reported for the fist time in the literature. The
VOC emissions were 90% monoterpenes (mainly sabinene) and the rest sesquiterpenes
(mainly o-farnesene). The normalized monoterpene emission potentials were highest in late
summer, rising again in late autumn. The normalized sesquiterpene emission potentials were
also highest in late summer, but decreased towards the autumn. The emissions of mono- and
sesquiterpenes from the deciduous Siberian larch, as well as the emissions of monoterpenes
measured from the evergreen Scots pine, were well described by the temperature-dependent
algorithm. In the Scots-pine-dominated forest, canopy-scale emissions of monoterpenes and
oxygenated VOCs (OVOCs) were of the same magnitude. Methanol and acetone were the
most abundant OVOCs emitted from the forest and also in the ambient air. Annually,
methanol and mixing ratios were of the order of 1 ppbv. The monoterpene and sum of
isoprene — 2-methyl-3-buten-2-ol (MBO) volume mixing-ratios were an order of magnitude
lower. The majority of the monoterpene and methanol emissions from the Scots-pine-
dominated forest were explained by emissions from Scots pine shoots. The VOCs were
divided into three classes based on the dynamics of the summer-time concentrations:
1) reactive compounds with local biological, anthropogenic or chemical sources (methanol,
acetone, butanol and hexanal), 2) compounds whose emissions are only temperature-
dependent (monoterpenes), 3) long-lived compounds (benzene, acetaldehyde). Biogenic VOC
(methanol, acetone, isoprene-MBO and monoterpene) volume mixing-ratios had clear diurnal
patterns during summer. The ambient mixing ratios of other VOCs did not show this
behaviour. During winter we did not observe systematical diurnal cycles for any of the VOCs.
Different sources, removal processes and turbulent mixing explained the dynamics of the
measured mixing-ratios qualitatively. However, quantitative understanding will require long-
term emission measurements of the OVOCs and the use of comprehensive chemistry models.

Keywords: Hydrocarbons, VOC, fluxes, volume mixing-ratio, boreal forest
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1 Introduction

Volatile organic compounds (VOCs) are emitted from biogenic and anthropogenic
sources. Primary emissions of VOCs include biogenic emissions from vegetation,
biomass burning and human activities. In addition, VOCs are produced in secondary
emissions from the reactions of other organic compounds. Globally, biogenic
emissions are estimated to be ten times higher than anthropogenic emissions, with
only densely-populated and urban areas being dominated by anthropogenic emissions
(e.g. Muller, 1992; Miiller et al., 2008; Piccot et al., 1992; Guenther et al., 1995;
Simpson et al., 1995; 1999; Lindfors et al., 2000, Hellén et al., 2006a).

Biogenic VOC (BVOC) emissions are usually of the order of 0.2-10% of the
carbon assimilated by a plant, depending on the vegetation, time of the year,
temperature or water availability (e.g. Sharkey et al.,, 1996; Guenther, 2002;
Kesselmeier et al., 2002). However, for a few days the emissions can amount up to
20-70% of the assimilated carbon e.g. when the plants are under water or heat stress
(Kesselmeier et al., 2002). The estimated VOC fluxes are small in relation to net and
gross primary productivity, however, the VOC emissions can be of the same order of
magnitude as net carbon uptake in tropical (Guenther, 2002) and Mediterranean
vegetation zones (Kesselmeier et al., 2002). The estimates of the VOC emissions vary
largely and are problematic due to the variation, within- and between-species, of the
amount and composition of the emitted VOCs from the plant, the strong seasonality of
the emissions, and the large number of emitted compounds. Compounds emitted by
the vegetation include isoprenoids or terpenoids including: isoprene (CsHsg), 2-methyl-
3-buten-2-ol (MBO, formally formed from one isoprene unit and OH-group aka
CsH100) monoterpenes (two isoprene units aka CioHig) and sesquiterpenes (three
isoprene units aka CisHz4). Another important group of emitted compounds comprise
of oxygenated VOCs (OVOCs), mainly of methanol (CH40), acetone (C3HgO) and
acetaldehyde (C,H;O), and also minor contribution of methyl-ethyl-ketone (MEK,
C4HgO) and methyl-vinyl-ketone (MVK, C4HsO). The BVOCs are emitted by all
vegetation: including trees, shrubs, crops, grass. On the global scale, the largest
BVOC sources are the tropical and other forests, with their large isoprene,
monoterpene and methanol emissions (Guenther et al., 1995; 2006). The tropical,
temperate and boreal forests cover areas of the same order of magnitude 17.6, 10.4
and 13.7 million km?, respectively (IPCC 2000). However, the total carbon stock,
including all vegetation but not carbon stored in soil, of the tropical forests is 212
gigatons of carbon (GtC), while the boreal forest store 88 GtC and temperate forests
only 59 GtC (IPCC 2000). Global VOC emission estimates are, so far, most reliable
for isoprene. Guenther et al. (2006) estimated that of the global isoprene emissions
75% is from the tropical vegetation zone from which 45% is from forests and 28% is
from shrubs. The rest are from arid shrubs (11%), and only few percents of the global
isoprene emissions are from Mediterranean and boreal zones. However, unlike the
isoprene emitting tropical forest, the boreal forest tree species are mostly monoterpene
emitters. Tarvainen et al. (2007) calculated that of the terpene emissions from boreal
forests in Finland over 80% are monoterpenes, and less than 10% isoprene and
sesquiterpenes, respectively. Using the annual estimate of VOC emissions (Tarvainen
et al., 2007) and the annual carbon uptake, measured at SMEAR 11 (Suni et al., 2003),
the VOC emissions are between 0.3 and 0.7 % of the assimilated carbon in the boreal
forest in Finland. A similar value was estimated for a boreal fen: the proportion of
assimilated carbon emitted as VOC is of the order of 0.5% (Aurela et al., 2007).
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Biomass burning is an important source of VOCs into the atmosphere.
Globally biomass burning is a large source of aromatic hydrocarbons (including
benzene, CgHg, and toluene, C;Hg), nitriles (including acetonitrile, C,H3N), and
OVOCs (Crutzen & Andreae, 1990; Andreae & Merlet, 2001; Karl et al., 2007;
Yokelson et al., 2007). In urban and residential areas in Finland for the winter
concentrations of VOC the wood combustion can be distinguished from other VOC
sources in the ambient air (Hellén et al. 2006a). However, since the emitted VOCs are
the same from all types of biomass burning, it is impossible to distinguishing between
controlled biomass burning, such as wood combustion in fireplaces, from
anthropogenic or natural fires.

Boreal forest BVOC emissions have been widely studied (e.g. Isidorov et al.,
1985; Rinne at al., 1999; 2000a; 2000b; Janson, 1993; Hakola et al., 2000; 2003;
Lindfors & Laurila, 2000; Lindfors et al., 2000; Janson & de Serves, 2001; Spanke et
al., 2001; Karl et al., 2003; Hellén et al., 2004; 2006a; Hayward et al., 2004; Spirig et
al., 2005; Haapanala et al., 2007; Tarvainen et al., 2005; 2007). Traditionally the
focus has been on isoprene and monoterpene emissions. Direct emissions after
synthesis depend on enzyme Kinetics and thus are light and temperature driven
whereas the emissions from storage pools depend on diffusion and thus are driven by
temperature only (Grote & Niinemets, 2008). Emitted terpenoids depend on the plant:
an aspen (Populus tremula) emits isoprene but not monoterpenes; while Scots pine
(Pinus sylvestris) does not emit isoprene and emits monoterpenes. Isoprene storage
pools are small and the synthesis and emission rates are practically equal, whereas
mono- and sesquiterpene of conifers are stored in large resin ducts and synthesis and
emission rates can be effectively decoupled (Grote & Niinemets, 2008). These have
been modelled with a) leaf temperature and b) photosynthetic photon flux density
(PPFD) and leaf temperature that have both been normalized with a species-specific
basal emission rate (Tingey et al., 1980; Guenther et al., 1993; Guenther, 1997; Schuh
et al.,, 1997, Grote & Niinemets, 2008). Often, air temperature is used for the leaf
temperature and visible light is used for the PPFD, which is the intensity of solar
irradiation of wavelengths used in photosynthesis. The emission response to
environmental conditions depends on the physiological state of the plant, the
development stage and the age of leafs or needles as well as on acclimation to the
environment during previous hours or days (Grote & Niinemets, 2008). Annually and
inter-annually, changes in BVOC emissions can be parameterized by leaf maturity,
past weather conditions, growth environment, as well as nutrient and water
availability (Guenther et al., 2006). The emissions of monoterpene from Scots pine
are dominated by emissions from storage pools, and thus they are well described by
the temperature algorithm (Shao et al., 2001). However, emissions of some
monoterpenes have been observed to also depend on irradiation (Shao et al., 2001). In
addition, the monoterpene emissions of Scots pine are very sensitive to mechanical
stress: rough handling can increase them by 50-fold (Juuti et al., 1990). The mono-
and sesquiterpenes are even emitted from conifer needle litter (Isidorov et al., 2003)
and tree stumps (Hakola et al., 2008). Monoterpene emissions from Scots pine and
other boreal evergreens have a clear seasonality. Their basal emission rates change
during the growing season (e.g. Shao et al.,, 2001; Komenda & Koppmann, 2002;
Staudt et al., 2000; Hakola et al., 2003; 2006; Back et al., 2005; Tarvainen et al.,
2005). The understanding of BVOC emissions has advanced tremendously in the past
decades. However, some old questions remain unanswered and new ones have
emerged. At the moment, the key gaps in the knowledge of emissions of BVOC from
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the Eurasian boreal forests are the lack of mechanistic models with both direct
emissions from synthesis and those from storage pools, as well as, understanding
emission mechanisms of OVOCs (Rinne et al., 2008).

The ambient concentrations of monoterpenes in a boreal forest are dominated
by local and regional emissions, since their lifetimes are generally of the order of
hours or less (Spanke et al., 2001; Karl & Guenther, 2004). Sesquiterpenes are even
more reactive and can be effectively removed from the ambient air even during short
range transport. For example, B-caryophyllene, the major sesquiterpene emitted from
Scots pine is (e.g. Hakola et al., 2003; 2006), has an atmospheric lifetime of the order
of minutes (Shu and Atkinson, 1995). Methanol, however, has an atmospheric lifetime
of the order of days or weeks (Atkinson, 1994) and thus can be transported over long
distances. Biogenic emissions are clearly the dominant source of methanol into the
atmosphere, as reviewed by Heikes et al. (2002). They estimated that secondary
formation from methane oxidation is the second-most-important source, contributing
about 10% of the global budget. In addition a few percents of methanol come from
primary anthropogenic emissions and biomass burning. Once emitted, the fate of a
VOC depends on numerous processes that are sketched out in Figure 1.

Organic compounds take part in ozone formation in the troposphere, and react
with OH, ozone and NOs, thus affecting the oxidative capacity of the atmosphere and
air quality (e.g. Chameides et al., 1992; Fehsenfeld et al., 1992; Simpson, 1995;
Atkinson & Arey, 2003). Some VOCs also have direct health effects, such as
carcinogenic benzene. The oxidation products of VOCs may remain volatile and
undergo further oxidation until they eventually form CO, and H,O. Oxidation also
forms less volatile organic compounds that can deposit on surfaces or take part in
secondary aerosol formation by condensing on pre-existing particles (review by Kroll
& Seinfeld, 2008). The organic compounds may also take part in aerosol particle
nucleation, e.g. Zhang et al. (2004) suggest that organic acids enhance new particle
formation of sulphuric acid in the atmosphere. Atmospheric particles are formed
practically everywhere in the world in various different environments (review by
Kulmala et al., 2004b), and it has been estimated that 20-90% of the particulate mass
in troposphere is organic (review by Kanakidou et al., 2005). Globally, the majority of
the organic particulate matter is from secondary organic aerosol (SOA) formation and
the minority from different primary emissions (Kanakidou et al., 2005). Even in aging
urban pollution plumes the majority of the organic particulate matter is from
secondary organic aerosol formation of anthropogenic VOCs and minority from
primary emissions e.g. from fossil fuel burning (de Gouw et al., 2008). The SOA-
formation includes both growth of pre-existing aerosol particles and formation of new
particles. On global scale majority of the SOA precursors are biogenic VOCs
(Kanakidou et al., 2005). However, determining the key compounds is very difficult
and only few of the compounds have been identified. Isoprene, as an example, was
thought not to take part in SOA formation before Claeys et al. (2004) determined its
oxidation products in aerosol particles over tropical forests. Later studies have
suggested that isoprene related SOA formation is common and that even marine
aerosols grow from the isoprene produced by phytoplankton (Meskhidze & Nenes,
2006). Secondary organic aerosol formation has been observed over boreal forests
(e.g. Kulmala, 2003; Kulmala et al., 2004a; Tunved et al., 2006; Bonn et al., 2008).
Organic compounds that have been identified in the aerosols include oxidation
products of monoterpenes (e.g. Kavouras et al., 1999; Yu et al., 1999; Kourtchev et
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al., 2008) and isoprene (Claeys et al., 2004a; 2004b; Kourtchev et al., 2005). Even
new particle formation or nucleation from natural BVOC emissions from boreal forest
has been suggested (Bonn et al., 2008; Boy et al., 2008), but so far this has only been
directly measured in laboratory conditions (VanReken et al., 2006).

_ ‘gk (i"’f \
NOX - - - " \: G\‘E
P P o E(
P m‘;@ E{ Aerosol
o L
NO OH \\
‘\5\(\1 §
e &
£aCC 12
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% Advection, convection,
VO C N Photochemlcal wet & dry deposition,
Oxidation d chemistry, washout,
V pro ucts biological uptake, etc.

\

Figure 1. Schematic figure of the various processes which determine the fate of VOCs in
the atmosphere, revised from Williams & Koppmann (2007).

In order to understand the various ways in which VOCs participate in
atmospheric processes, reliable measurements of VOC composition and how it varies
on different spatial and temporal scales are required. The traditional analytical
methods for VOC measurements have been chromatographic analysis of VOCs
trapped in different adsorbents such as Tenax-TA and Carbopack-B - suitable for
hydrocarbons, or derivative adsorbent DNPH-coated Cjg-cartrages - suitable for
carbonyls. In recent decades the detection levels of analytical methods have come
down to the ambient level. This has enabled the use of such instruments online,
without sampling and pre-treatment to concentrate the measured compounds. These
online measurement methods enable long-term datasets with high time resolution.
One of the new instruments is proton transfer reaction - mass spectrometry (PTR-
MS), and it has been widely applied in atmospheric online concentration
measurements (for a review see de Gouw & Warneke, 2007). The PTR-MS is able to
detect ambient concentration of a wide range of compounds including monoterpenes,
aromatic hydrocarbons and OVOCs (methanol, acetone etc). The PTR-MS is a fast
online method that has also enabled direct micrometeorological flux measurements of
VOCs. Its use was introduced with the eddy covariance method by Karl et al. (2001)
and with the disjunct eddy covariance method using grab samples by Rinne et al.
(2001) or consecutively-detected masses by Karl et al. (2002). The results presented
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in this thesis are based on PTR-MS measurements that have been complemented with
traditional adsorbent samples.

This thesis focuses on the measurements of emissions and concentrations of
VOCs in one of the largest vegetation zones in the world, the boreal zone. We
measured 1) emissions from Siberian larch (mono- and sesquiterpenes) and Scots pine
(monoterpenes), 2) monoterpene and oxygenated VOC (OVOC) above-canopy fluxes,
and 3) VOC volume mixing-ratios in the air of a Scots-pine-dominated forest. The
measurements were conducted at the SMEAR 1l station and the Hyytial4 Forestry
field station. The main aim was to understand the factors influencing the seasonal and
diurnal variation of the volume mixing-ratios of the major VOCs in the ambient air;
with the following sub aims (Figure 2):

e To develop and present a method for continuous, long-term stand-
alone VOC measurements, with quantitative calibration and volume
mixing-ratio calculations.

e To quantify major VOCs (including several oxygenated VOCs) in
boreal forest air and their changes on different temporal scales, their
diurnal patterns and their seasonality.

e To measure canopy-level emissions of monoterpenes, methanol,
acetone and acetaldehyde and compare them with up-scaled emissions
from the shoot-level.

e To determine, for the first time, the VOC emission composition of the
Siberian larch (Larix sibirica) and how it changes during the growing
season. Siberian larch is a dominant, natively grown, tree species in the
boreal vegetation zone area from western Russia to central Siberia.

e To determine the emission potentials and driving environmental
variables of the terpenoid emissions of two different kinds of conifer:
monoterpenes from the evergreen Scots pine (Pinus sylvestris) and
mono- and sesquiterpenes from the deciduous Siberian larch.
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Figure 2. Schematic figure of the main aims of the measurements of VOCs from
emission to ambient concentrations.
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2 Experimental methods

The measurements were carried out at the SMEAR Il measurement station (Station
for Measuring Forest Ecosystem-Atmosphere Relations (Hari & Kulmala, 2005) at
Hyytiala in southern Finland (61°51°N, 24°17°E, 180 m above sea level). The
measurements were done during the years 2004-2007 (Figure 3). The area is part of
the southern boreal zone and mostly covered by forest (70%) dominated by Scots pine
(Pinus sylvestris) with some Norway spruce (Picea abies), aspen (Populus tremula)
and birch (Betula). A detailed description of the surroundings is given in Paper VI.
The Scots pine forest at the SMEAR Il site was sown in 1962 after a controlled
burning and during these studies the height of the trees was about 16 m. Chamber
measurements (methods in more detail in sections 2.1 and 2.3.1) of VOC emissions
were conducted at the top of the crown of the trees to minimize shading effects. A
scaffolding tower was used to access the Scots pine crowns for the VOC emissions
measurements from the 40-year-old trees at SMEAR Il (Paper 1). The VOC
emissions from Siberian larch (Larix sibirica) (Paper Il) were measured from 5-year-
old trees that had been planted at the Forestry Field station three years before the
study. Ambient volume mixing-ratios inside and above the canopy (methods in more
detail in sections 2.2 and 2.5) and above-canopy fluxes (methods in more detail in
sections 2.2 and 2.4.) were measured from another scaffolding tower about 30 metres
from the chamber measurements (Picture 1).

T [

25.8.-22.9.2004
Scots pine emissions, PTR-MS

continuous (Paper 1)
+ o+t o+ o+

30.5.-27.9.2006
Siberian larch emissions, adsorbents
. 1-hour samples in 6 days (Paper Il)
14.-17.7.2005
above-canopy flux, PTR-MS
continuous (Paper IIl)

2.-22.7.2004

air volume mixing-ratios (VMR), PTR-MS 27.3.-26.4.2007,
continuous (Paper 1V) air VMR, PTR-MS
continuous (Paper V)
12.6.2006-24.9.2007
air VMR, PTR-MS
continuous (Paper VI)
| [ | [ [ | |
1.7.2004 1.1.2005 1.7.2005 1.1.2006 1.7.2006 1.1.2007 1.7.2007

Figure 3. The timeline of the VOC measurements and the main measurement method
used in Papers I-VI.
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Picture 1. The measurement tower used for the VOC volume mixing-ratio and above-
canopy flux measurements at SMEAR 1.
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2.1 Adsorbent samples of VOCs

Adsorbent samples were used to determine VOC concentrations in the ambient air
(Papers I and 1V), as well as to determine shoot-scale emissions from concentrations
in the ingoing and outgoing air of the chambers (Papers | and 11, see section 2.3.1).
The samples were taken each for one-hour at a time and during a period from few
hours to few days at a time. The adsorbents were packed in stainless steel tubes filled
with Tenax-TA and Carbopack-B. The sampling and analysis procedures are well
documented (Hakola et al., 2003; Hakola et al., 2006).

2.1.1 VOC sampling

The sampling time was about one hour and sampling flow rate about 100 ml min*.
The sample flow was measured before sampling. In the chamber studies, ozone was
removed from the air to prevent oxidation of the adsorbed molecules during the
sampling. This was done with MnO,-coated copper nets (Pollmann et al., 2005) prior
to the chamber. This procedure did not produce measurement artefacts in the emission
measurements. However, in ambient measurements, the MnO;-coated copper nets
removed some compounds including 10% of the camphene and all of the linalool, but
not a- and B-pinene, limonene or A*-carene (Hakola et al., 2003). After sampling the
adsorbents were stored in a refrigerator.

2.1.2 Analysis

The adsorbent tubes were analyzed using a thermodesorption instrument (Perkin-
Elmer ATD-400), connected to a gas chromatograph (GC) (HP 5890) with a HP-1
column (60 m, i.d. 0.25mm) and a mass-selective detector (HP 5972). The samples
were analyzed for a number of compounds, depending on the study. Oxygenated
VOCs, such as methanol and acetone, cannot be measured using these techniques.
However, the analysis always contained the most abundant monoterpenes in the
boreal forest, a- and B-pinene, A-carene and camphene. The monoterpene detection
limits were of the order of 1-6 pptv, depending on the compound in question.

2.2 Online VOC measurements

Online measurements of VOCs (Papers I, 111-VI) were conducted with a proton
transfer reaction - mass spectrometer (PTR-MS, lonicon GmbH, Innsbruck, Austria).
This is a fast-response analyzer suited for the measurement of VOCs with a higher
proton affinity than water. Compounds that can be measured with the instrument
include methanol, acetone, benzene and monoterpenes. The method does not separate
compounds with the same molecular mass, and thus, as in the case of monoterpenes,
we measured their sum. The measurement set-up, summarized in Figure 4, included
online measurements of ambient volume mixing-ratios (section 2.5), shoot-scale
emissions (section 2.3.2) and ecosystem scale fluxes (section 2.4).
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=] | 22 m, DEC

Cabin:
PTR-MS

Figure 4. Schematic presentation of the measurement set-up that was used in the
ambient volume mixing-ratio, the above-canopy flux, and the online shoot emission
measurements. The automated chambers were sampled with 64-m-long heated and
covered Teflon (FEP) tubes in autumn 2004 and again after March 2007. In October
2006, ambient measurements were reduced to three heights below, in and above-the
canopy at 4, 14 and 22 m heights. Each height was sampled with 30-m-long Teflon
(PTFE) tubes, 8 mm id, each with a flow of 15 1 min” before October 2006 and 17.5 1
min™' after. The tubes were heated after November 2006. A zero air generator with a 11
min™' flow was used until November 2006, when it was changed to another one with a 3.5
1 min™ flow. In June 2006 - March 2007 ambient volume mixing-ratios at each height
and a mass scan at a height of 14 m were measured every second hour; during the
following hour zero air and above-canopy fluxes were measured. Measurements of shoot
fluxes were included in the measurement cycle March 2007 - September 2007, when the
timing changed and everything was measured every third hour.
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2.2.1 PTR-MS

The use of PTR-MS in atmospheric measurements of VOCs is summarized by de
Gouw and Warneke (2007). The PTR-MS analyzer is described in detail by Lindinger
et al. (1998) and Hansel et al. (1998). The measurement time of the PTR-MS was
allocated between ambient volume mixing-ratio (Papers IV-VI, section 2.5) and mass
scan measurements (not presented here), and at times to shoot-scale emission
measurements (Paper 1, section 2.3.2) and ecosystem scale flux measurements with
the micrometeorological disjunct eddy covariance method (Paper 111, section 2.4).

The instrument is comprised of four main components: an ion source, a drift
tube, a quadrupole mass filter and an ion detector/amplifier. The pressure inside the
instrument is lowered with a membrane pump and three turbo molecular pumps from
an initial pressure close to ambient down to about 10™ mbar in the detection chamber.

A constant flow of pure water vapour into the hollow cathode ion source
produces primary ions HsO" and protonated water clusters (H,0),H3:0" (n =1, 2, 3..).
In the drift tube VOCs, denoted as R, with a higher proton affinity than water
(700 kJ mol™) undergo proton transfer reaction with primary ions:

H;0* + R > RH" + H,0. (R1)

Most VOCs that are detected with the PTR-MS method are also protonated in the
proton transfer reaction with water clusters or in ligand switching reactions and a
rearrangement of products that result in:

(H20),H30" + R 2> RH™ + (H20)n+1, where n=1, 2... (R2)

Also, depending on the organic compound in question, reverse reactions and complex
ion chemistry can occur, but for simplicity we will not consider these here. Since the
proton transfer from a protonated water cluster (R2) requires more energy than for
proton transfer from protonated water (R1), compounds with a proton affinity close to
that of water are only protonated by the primary ion. However, all of the compounds
we reported (Papers I, 111-V1) have proton affinities that are clearly higher than that
of water. The distribution of protons to primary ions and protonated water clusters
depends on 1) the water vapour flow into the ion source, 2) the pressure in the
reaction chamber, 3) the applied electric field in the reaction chamber, and 4) the
humidity of the sample air.

The initial inlet flow into the instrument is 10 ml min™*; a small fraction of this
is led into the reaction chamber. Only a fraction of the protonated molecules is
directed into the quadrupole mass spectrometer (QMS) that selects one mass (more
accurately mass-to-charge ratio) to pass into the secondary electron multiplier (SEM)
-detector. All of these steps and the detection of molecules are more or less compound
or mass dependent, resulting in a discrimination of the transmission of compounds
through the PTR-MS. The differences between the transmissions of different
compounds depend on the instrument set-up and operation parameters. Often the
transport and detection is most effective for compounds that weigh about 80-100 amu
and less effective for lighter and heavier compounds. Correspondingly, also the
detection limits depends on the measured mass.
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The detection limit of a compound can be lowered by extending the duration
of the detection of the mass in question. In general, integration, or dwell, times of the
order of 1-10 seconds are sufficient for measurements of VOCs volume mixing ratios
of the order of 10-100 pptv (de Gouw & Warneke, 2007). However, the detection
limits of different compounds vary substantially and depend also on the background
signal and fragmentation. We estimated detection limits for the individual
measurements of VOCs with integration time of 2 seconds (Paper V1). For example,
the detection limit was 18 pptv for benzene and 300 pptv for methanol, which has a
high background signal. Neither of the example compounds is considered to fragment.
Altogether, integration time between 0.2 and 10 second were used for the VOC
measurements (Papers I, 111-VI1). However, detection of atmospheric volume mixing
ratios of heavy and fragmenting compounds can require much longer detection time.
As an example the sesquiterpenes are a group of compounds known to fragment in the
PTR-MS. Kim et al. (2008) suggest that the observation of about 20 pptv of
sesquiterpenes (measured from a major ion at the unfragmented mass 205 amu) can be
achieved with a dwell time of 10 minute or more.

2.2.2 Calibration procedure

Two types of calibration procedures were used. Initially, only the relative
transmission of compounds with various molecular masses was determined (Papers |
and V). In spring 2005 a gas calibration set-up was built, and this enabled regular
calibration of the PTR-MS instrument (Papers I11, V and V1); this will be presented
here in chronological order.

The transmission measurements (used in Papers | and 1V) resulted in relative
transmission factors that were used for calculating concentrations, or more accurately
volume mixing-ratios, from the measurement signal. The transmission of each
compound was measured by inserting an unknown amount of the compound into a
plastic bag to obtain a relatively stable concentration that was high enough to cause a
drop of the order of 10% in the primary ion signal. It was assumed that the flow of the
primary ion into the reaction chamber remained effectively constant, and that the only
change was due to the proton transfer reaction R1. It was also assumed the
concentration of the primary ion was much larger than the concentration of the
protonated VOC ([Hz0']>>[VOCH®]). The transmission of the compound was
calculated:

Al (H,0%)

trans(VOCH ") = ——————"—,
v ) AI(VOCH )

(Ea. 1)
from the ratio of the change in the primary ion signal I(HsO") and the protonated
VOC signal I1(VOCH™), both signals being measured in as counts per second (cps).
The transmissions were normalized so that the highest transmission was 1, and
extrapolated for lighter and heavier masses.

The measured transmissions give information on the mass discrimination of
the instrument and, by comparing successive transmission curves, of the changes in
the instrument operation over time. The measured relative transmissions of the
compounds mentioned in Table 1 were used to determine a transmission curve for the
range of measured masses.
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Table 1. Compounds used in calibrations of the PTR-MS. In transmission an unknown
amount of the VOC was added to ambient air. The standard A was used in the calibrations
conducted in March and April 2007 and the standard B was used in July and August 2007.
The manufacturer (Apel-Riemer Environmental, Inc.) estimated that the uncertainty of the
volume mixing-ratio (VMR) was not more than 6% for cis-3-hexenol and methyl-vinyl-
ketone (in A) and not more than 5% for the other compounds. In the last column are given the
proton transfer reaction rate coefficients (k) reported by Zhao & Zhang (2004).

proto- VOC formula | not trans- | VMR in | VMR in k
nated frag- mission gas A gas B [10° cm’s?]
mass men- Cal-lb- [ppmv] [ppmv]
[amu] ting ration
33 methanol CH,0O . # 1.03 1.05 2.33
42 acetonitrile CoH3N . 1.08 1.01 4.47
45 acetaldehyde | C,H,O . 1.06 0.99 3.36
47 ethanol C,HgO 1.06 -
59 acetone C3HgO # 1.09 1.05
69 isoprene CsHs 1.09 1.02
71 methacrolein C4HsO . 1.08 - 3.55
71 methyl vinyl C4HgO . 0.92 0.92 3.83
ketone
73 methyl ethyl C4HgO . # 1.08 1.06 3.48
ketone
79 benzene CeHs . 1.07 1.03 1.97
93 toluene C;Hg . # 1.07 1.04 2.12
101 | cis-3-hexenol CeH12 0.96 -
101 hexanal CeH1o 0.97 0.90
107 m-Xxylene CsHio . 1.07 1.03 2.26
107 o-xylene CsH1o . 1.07 1.05 2.32
121 1,2,3- CoH12 . - 0.98 2.40
trimethyl
benzene
129 naphthalene CioHs . - 1.00 2.59
137 a-pinene CioHis # 1.05 0.93
182 1,2,4-tricloro | CsH3Cl3 . - 1.01
benzene

*» These compounds do not fragment significantly in the drift tube of the PTR-MS.
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From spring 2005 onwards the PTR-MS was calibrated (Papers 111, V and
V1) for the online VOC measurements weekly or every second week as presented in
Paper V. Prior to the calibration, the SEM voltage was checked and adjusted if
raising the detector voltage by 100 V resulted in more than a 20% change in the
primary ion signal. The calibration started with the determination of the background
signal by half-an-hour of measurements of VOC-free air that was obtained from the
ambient air with a zero air generator. Model 1001 zero air generator (Parker
ChromGas), with a flow of 1 I min™, was used until November 2006 and model 3501,
with 3.5 I min™ flow or less thereafter.

The efficiencies of the zero air generators used were determined in laboratory
measurements. The zero air generators effectively removed the compounds used in
the calibrations, except for the model 1001 generator which was unable to remove all
of the toluene. After the zero air measurement, a VOC calibration gas standard (Apel-
Riemer Environmental Inc.) was added to the system for one and a half hours. The
standard gas contained compounds associated with most measured masses (Table 1).
The standard gas flows resulted in volume mixing-ratios of the order of 50 ppbv with
the smaller and 15-20 ppbv with the larger zero air generator. After this, the standard
and zero air flows were measured, and finally zero air was measured for another half-
an-hour. The flows were measured with a primary flow meter (Bios International
Corp., DryCal DC-2M) that was connected into the system only during the flow
measurements. In addition to the weekly calibrations, the zero air generators were
used to measure the background signals of VOCs every second or third hour during
the online measurements.

2.2.3 Calculation of volume mixing-ratios

The volume mixing-ratio calculations were initially based on relative transmissions
and reactions with the primary ion signal (Papers I and 1V). The calculation was then
improved with the use of coefficients from direct gas calibration, with the subtraction
of the frequently-measured background signal, and with the use of water cluster
abundance in addition to the primary ion (Paper Il1). Eventially, in the final papers
(Papers V and V1), we also included normalization of the measurement signals, more
accurate isotope ratios and different transmissions for primary ions and water clusters.
The calculation methods are presented here in the order in which the accuracy of the
volume mixing calculations was enhanced.

For Papers | and 1V, the volume mixing-ratios of compounds that contributed to the
measured masses were calculated based on reaction R1 and equation Eg. 1, as
suggested by the manufacturer (lonicon GmbH, 2004), by:
I(VOCH +)109VmTamb pamb ) (Eq 2)
L=
" [ Keet, 1(H,*07) -500
transHay

VMR

]N al, p,trans .. Fuoc

where 1(H3"®0") is the signal of the 20O isotope of the primary ion in counts per
second (cps) multiplied by the isotope *°0: *20 ratio (500:1), I(VOCH™) is the signal
of the protonated compound in cps. T is temperature in Kelvin, p is pressure in Pa, Kyoc
is the reaction rate constant, t. is reaction time in seconds, trans is the unitless
transmission factor and Fyoc the unitless fragmentation fraction. Vy, is the molar
volume in moles per litre of the ideal gas at 273.15 K and 1013.25 hPa, Na is
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Avogadro’s constant of molecules in a mole. Subscript r refers to the reaction
chamber and amb to the ambient conditions, where constant temperature and pressure
were used. For the monoterpene emission study in Paper I we used a kyoc of 2.44 10
cm® s (specific for each compound in question, e.g., Tani et al. 2003), an Fy,c of 0.65
and a transy,c of 0.36. During all of the measurements the PTR-MS was operated at a
reaction chamber pressure of about 2.0 hPa, and a temperature of 50 °C; the parameter
E/N, affecting fragmentation pattern, was about 106 Td and the reaction time about
120 ps.

Eqg. 2 was also used for the ambient volume mixing-ratios during July 2004
(Paper 1V). The ky. time constant value of 2.10° cm® s* was used for all
compounds. The only compounds that were considered to fragment were the
monoterpenes. The monoterpenes were measured as the sum of the unfragmented
protonated mass M137 and the main protonated fragment M81. The background
signal was measured from VOC-free air after the campaign, and the signal was
subtracted from the measured volume mixing-ratio.

For the volume mixing-ratio calculation for the above-canopy fluxes in July
2005 (Paper I11) water clusters and calibration coefficients were also included.
Taking into account reactions R1 and R2, and assuming linear response to change in
mixing-ratio we derived that:
VMR, =

| (VOCH *) I(VOCH ™).
O-VOC 18 16 16 - 18 16 16 (Eq 4)
5001(H,*0") + I(H,*0H,*0") 5001 (H,®*0")+I(H,*0H,*0")

The calibration coefficient oyoc (in ppb) was determined for each VOC from direct
standard gas calibration and calculated by solving Eg. 4 with respect t0 cyoc. The
measurement signals (in cps) of each VOC, I(VOCH"), primary ion I(Hs*0")
containing 20 isotope multiplied by isotope °0: *80 ratio (500:1) and water cluster
I(H,*°OH3™0") were measured during each measurement cycle. The VOC
background signals 1(VOCH").r, in cps were obtained from VOC-free air
measurements every second hour.

For the quantitative long-term measurements (Papers V and V1) the accuracy
of the online VOC measurements was enhanced from the initial procedure by 1) using
coefficients from direct and regular gas standard calibrations of the measured
compounds when possible, 2) normalizing all calculations to a set primary ion and
water cluster count rates and reaction chamber pressure 3) including protonated water
clusters in all calculations 4) introducing the factor o, the ratio of the transmission
coefficient for a water cluster to that of the primary ion, 5) taking hydrogen and
oxygen isotopes into account when calculating primary ion and water cluster signals,
and 6) subtracting the background signal that was measured between VOC
measurements. Taking the above and Eq. 4 into account and reformulating (presented
in more detail in Paper V) the VOC volume mixing-ratios were calculated using:

=10° Py :uONO £ tranSHs(y

VMR, = 5
I norm Prom KvocL N° Foctrans,qc

I(VOCH™"), .., (Eq. 5)
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where 10° converts the fraction to parts per billion (ppb), subscript r denotes reaction
chamber (drift tube) and norm denotes normalization (lnorm is 10° cps and Prorm is 2
hPa). trans is the unitless transmission coefficient, p is pressure in Pa, [, is the
normalized ion mobility of the primary ions cm s™. N is the number density of the air
in the drift tube and Ny is the number density of air at standard pressure and
temperature (1013.25 hPa and 273.15 K). kv is the reaction rate constant in cm® s™ of
the proton transfer reaction from the primary ion to the VOC in question. L is the
length of the drift tube in cm (reaction chamber), E is the applied electric field (in V
cm™) in the drift tube (reaction chamber), F.o is the unitless fragmentation factor.
I(VOCH™")norm is the normalized ion count rate in cps of the measured compound and
thus can be written as:

|(VOCH "), = I(VOCH*)(

I(H,0) +al (H20H30+)j1( D, jl
|

norm pnorm

-3 IVOCH )., j (Eq. 6)

norm norm

( I (H30+)zero,i + adl (HZOH30+)zero,i Jl( pr,zero,i

where I(HsO") is in cps 487-1(M21), M21 stands for mass 21, equal to the measured
primary ion isotope Hs'0*. I1(H20 H30™) is in cps 243-1(M39), and M39 stands for
mass 39, equal to the measured water cluster isotope with one 20 isotope. In the
primary ion and water cluster coefficients, the abundances of the oxygen and
hydrogen isotopes are taken into account. n is the number of zero air measurements,
zero denotes the measured background signal, and factor a is the unitless ratio of the
transmission coefficient of a water cluster to that of the primary ion:

trans .
o =—00 (Eq. 7)

transH30+

For the compounds that existed in the gas standard, the normalized
sensitivities in cps ppb™ were determined, assuming linear response to change in
volume mixing-ratio, from direct calibrations:

_ I (\/OCH Jr)l’\Of‘m

Snorm -
VMR

(Ea. 8)

ppb

The atmosphere contains a wide range of VOCs, and in addition the VOC
composition can change, for example seasonally, at a given place. Thus all the
relevant compounds were not included in the calibration gas standard. The
transmissions of VOCs relative to the transmission of the primary ion were
determined, according to Egs 5 and 8, as:

trans :m =10° P HoNo £ (Eq. 9)

Jrel )
voc,re tranSH30+ I kvoc L N 2 “norm

norm pnorm

and a transmission curve was fitted to these measured values. Thus relative unitless
transmission factors were determined from 20 to 170 amu, i.e., for all masses in the
measurement range.
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One major problem that remains is that reaction coefficients are not available
for all compounds, and especially measurements of VOC water cluster proton transfer
rates are lacking. Also a marginal error comes from different reaction times, as the
water clusters are heavier and spend more time in the reaction chamber than do the
primary ions (Dotan et al., 1976). These problems can be bypassed by direct
calibrations with measured compounds. In practice this would require a calibration
system that would enable the use of liquid standards and the adjustment of compounds
used in the direct calibration to fit the composition of the VOC in the measurements.
However, at the present, flexible calibration systems that could be used for the
calibration of VOCs in ambient concentrations are not available.

2.3 Shoot emissions

Manual dynamic flow-through chambers (section 2.3.1), with one-hour adsorbent
samples, were used to determine 1) the VOC emissions and their seasonal changes
from a Siberian larch (Paper I1) and 2) the monoterpene emission spectra from a 40-
year-old Scots pine (Paper 1). Automated chambers were used for online
monoterpene emission measurements from a Scots pine (Paper I, section 2.3.2). A
temporal resolution of a few minutes was achieved with the automated chamber
system that was originally built for CO, measurements. All chambers were open in
between the measurements. Branches were selected so that shading was minimized
and the measured shoots were fully sunlit.

2.3.1 Manual flow-through chambers

The volume of the cylinder-shaped Teflon enclosure (Picture 2), with a transparent
Teflon film cover, was approximately 20 litres (Hakola et al., 2006). We assumed that
equilibrium between the gas and the Teflon was reached during the one-hour
sampling time. Possible memory effects caused by the Teflon, that Helmig et al.
(2003) observed, were not estimated. The enclosure had inlet and outlet ports, where
the air samples were collected onto adsorbent tubes simultaneously. The flow-through
the enclosure was about 5 | min™ and a small fraction of it was taken for the VOC
sample.

The Siberian larch had been planted in the field three years earlier (Paper I1).
The VOC emission measurements were started when the Siberian larch needles
appeared fully grown and ended when they started to shed. The emission rates were
measured during a few days every month from June to September in 2006. During
each period, samples were taken in varying conditions of light (from dark to fully
sunlight) and temperature (between 5 and 40°C). A new fully lit shoot, at various
heights, was inserted at least four hours before each measurement period and a purge
flow was maintained in the chamber at all times. The Siberian larch shoots were cut
directly after each measurement. Dry needle weight was determined by drying the
needles at 75°C until a consistent weight was achieved. Temperature was measured
inside the enclosure and photosynthetic photon flux density (PPFD) at the SMEAR II
station located 650 m away. The photosynthetic activity and respiration of the
Siberian larch was monitored with an infrared gas analyzer (EGM-4, PP-systems,
Hitchin, UK) from the sample ports every time the VOC sample cartridges were
changed.
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Picture 2. The VOC emission measurements from a Siberian larch with manual flow-
through chamber (Paper I1).

The Scots pine measurements with the manual chamber were conducted at the
tree crown from a branch of the same tree as was used for the online measurements
(Paper 1). The shoot was inserted well before the two-week campaign, and remained
inside the chamber for the whole period. The transparent Teflon film cover also
remained over the shoot the whole time. However, the lid of the chamber was
removed in between sampling. One-hour samples were taken daily at midday from the
Scots pine according to the procedures used by Hakola et al. (2003). The needle area
and weight of the Scots pine shoot was estimated based on measurements of similar
branches.

The VOC emission rate and carbon dioxide exchange rate was determined
according to:

(C; -C,)F
Eoe =——, (Eq. 10)
m
where C; is the concentration in pg per cm™ in the outgoing air, C, is the
concentration in pg per cm™ in the ingoing air, F is the flow rate in litres per second
into the enclosure, and m is the biomass inside the enclosure in grams of dry needle

weight (Qaw)-

2.3.2 Automated online chambers and PTR-MS set-up

Online measurements were applied to measure monoterpene emissions from a 40-
year-old Scots pine (Paper I). The shoots were inserted several months before, and
remained inside the chamber for the two week campaign. The needles were gently
bent into the horizontal plane and debudded of new shoot growth. The needle area and
weight of the Scots pine shoot was based on previous measurements of similar shoots.
In addition, the gas exchange from an empty chamber was measured to determine
measurement artifacts. The effect of surface contamination was demonstrated by
inserting a cut branch inside the empty chamber for four days, after which emissions
from the contaminated surfaces were measured for the following days up to the end of
the campaign.

28



The automated chambers were 1-litre rectangular boxes built from metacrylat,
except for a quartz glass cover wall (Picture 3). However, in 2007 VOC emissions
were measured using a 3.5-litre cylinder-shaped acrylic plastic chamber (Picture 4).
The acrylic plastic parts were coated in spring with a fresh Teflon (Fluoro Ethylene
Propylene (FEP)) film. For a detailed description on the automated chamber see
Raivonen et al. (2003) and for the sampling set-up Altimir et al. (2002). The chambers
were closed intermittently three times an hour for less than two minutes at a time,
resulting in 70 measurements per day. During closure, air was drawn from the
chambers into the gas analyzers along heated and covered 64 m long Teflon (FEP)
sampling lines and replaced by ambient air at an equal flow rate. The tube flow was
lower in between sampling. The measurement started when the chamber was open and
ambient atmospheric concentrations were measured.

Picture 3. The monoterpene emission measurements from a Scots pine with an
automated online chamber August-September 2004 (Paper I).

Picture 4. The onoerpene emission measurements from a Scots pine with an
automated online chamber, March-September 2007 (unpublished data).

The changes in concentration during the chamber closure were used to
determine the gas fluxes. We estimated that during a closure the monoterpene
concentration reached a steady state in the chamber. The emission of monoterpene
was determined in ng m™ s™, using initial and final concentrations, by the mass
balance equation, rather than mass as in Eq. 10, with area:

g, - C=C)F Eq. 11
o = (Eq. 1)

where C, is ambient (initial) concentration, and Cs is final concentration, determined
at the end of the measurement period and considered constant, the concentrations
were converted from ppbv to units of ng cm™. F is the flow rate in litres per second
and A is the all-sided shoot needle area in cm™.
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2.3.3 Determination of emission potentials
The observed emission rate of VOCs is parameterized as:

Evoc =Eo7 s (Eq. 12)

where v is a unitless activity factor depending on the environmental conditions. Ey is
the basal emission rate or emission potential (typically expressed per dry needle
weight in ng gaw™ h™) in standard conditions (traditionally at 30°C and 1000 pmol
photons m? s™) and specific to a given vegetation type. The emission potential has
been observed to change seasonally, and was determined separately for each
measurement period, as described by Tarvainen et al. (2005).

The temperature dependence of VOC emissions (E(T)) from the Siberian larch
(Paper I1) and of monoterpenes from the Scots pine (Paper 1), was investigated using
a temperature-dependent emission algorithm (e.g. Tingey et al., 1980, Guenther et al.,
1993):

E(T)=E, exp|B(T —30°C]), (Eq. 13)

where Ey is the fitted emission potential, and g is the emission factor (expressed in
°C™). We tested how well this algorithm described the measured emissions. Emission
inventory models typically use a constant B value (0.09 °C™) and emission potentials
were also calculated with this value. We also tested how well the VOC emissions of
the Siberian larch (Paper 11) were described by the temperature and light-dependent
isoprene algorithm (Guenther, 1997):

E(T,PPFD)=E,y(T,PPFD), (Eq. 14)
with one fitted parameter (Ep) and
[%/(T—m]
(T, PPFD) { ?Cu } e (Eq. 15)
AN - 242 Cro(T-Ty) '
Ve e Lo

where 2 is photosynthetic photon flux density (PPFD) in pmolm™s®, here T is
temperature in Kelvin, Ts is the standard temperature (303.15 K), R is the universal
gas constant (J mol™ K™), and ¢ (=0.0027), C.1 (=1.066), Cr1 (=95 000 J/mol),
Cr2 (=230 000 J/mol), C13 (=0.961) and Ty (=314 K) are empirical constants given by
Guenther (1997).

2.4 Above-canopy fluxes

The disjunct eddy covariance (DEC) method was used to determine the fluxes of
methanol (M33), acetaldehyde (M45), acetone (M59) and monoterpenes (M137 and a
fragment at M81) above the Scots pine canopy (Paper Il1). Each VOC signal was
measured for 0.5 seconds at a time and the primary ion isotope (M21) and water
clusters (at several masses) for 0.2 seconds at a time. The measurement cycle lasted
about 6 seconds, resulting in a dataset for each compound with a 0.5 second
measurement every 6 seconds. Air was drawn from a VOC sampling point at a height
of 22 metre through a 8 mm inner diameter (id) Teflon (PTFE) tube at a flow rate of
15 | min. Next to the sampling point the three-dimensional wind speed was
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measured at a rate of 10 Hz with a sonic anemometer (Gill Instruments Ltd., Solent
HS1199).

2.4.1 Calculation of flux using the Disjunct Eddy Covariance

The above-canopy flux was calculated using the disjunct eddy covariance (DEC)
method developed by Rinne et al. (2001) as the covariance of the vertical wind speed
and the VOC volume mixing-ratio:

f =<W‘C‘>=%Zn:wi'ci', (Eq. 16)

where W’ is the momentary variation of vertical wind speed (m s™) from the
45-minute average value and ¢’ (ng cm™) is the corresponding momentary variation of
the VOC volume mixing-ratio.

The momentary values must be measured with a fast-response instrument,
within one second, to take into account the rapid fluctuations in the flux. In traditional
eddy covariance (EC) the values are measured continuously. Using a disjunct time
series does not lead to systematic errors. However, the disjunct sampling does
increase the random uncertainty of the measured flux value. In field comparisons of
the EC and DEC methods, Ammann et al. (2006) and Rinne et al. (2008) observed
that the sampling lines and instrumentation caused larger discrepancies to the
measured flux than the actual disjunct measurements. The major systematic errors
came from the sampling, from the residence time inside the tube and interactions
between the measured species and the tube walls. The time lag due to the transfer time
in the tubing was determined by finding the maximum covariance, which is a standard
method used in CO, flux measurement networks (Aubinet et al., 2000).

2.5 Ambient volume mixing-ratios

Concentrations of VOCs vary diurnally and seasonally. For calculation of the volume
mixing-ratios see section 2.3.3 (for Papers I, 111-V1) and for operation parameters see
section 2.3.1. The VOC composition changes over time at any given location. We
must take into account the fact that, using the PTR-MS, we might not observe this
change for compounds with the same molecular mass. As an example, during the
summers M69 is likely to be dominated by isoprene and 2-methyl-3-buten-2-ol
(MBO) emitted from regional vegetation; during winter, on the other hand, M69 is
dominated by compounds from anthropogenic sources. In addition, compounds can
have several sources and processes contributing to the ambient volume mixing-ratio.

The integration, or dwell time, used depended on the abundance of the
measured mass. The integration time of the primary ion isotope at M21 was only
0.2 s, monoterpenes were observed at M137 for 2-10 s, while even 20 seconds was
too short to observe a significant signal of sesquiterpenes at mass M205. For
comparison of the online measurements, adsorbent samples (see 2.1) were taken from
a corresponding height inside the canopy (Paper 1V).

Sampling artifacts are minimized by the use of open path sensors and by
minimizing the residence time in the sampling line. However, many methods, such as
the PTR-MS, require air flow into the instrument and sampling is inevitable. This is
also the case when the same instrument is used for measurements from different
locations, e.g., from several heights. In the quantitative long-term ambient
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measurement described in Papers V and VI we estimated that the average sample
residence time was 6 seconds or less, since we used a flow rate of 15-17.5 I min™. The
sample flow is limited by a reasonable tube diameter and the pump capacity. It is
often desirable to keep the pressure drop in the tube reasonable. For example the
PTR-MS operational pressure must be above 0.6 bar, and this was achieved with the
use of 8 mm id tubes.

The sampling line material is also a trade-off of properties. Glass is an inert,
smooth material: however, installing and fastening a 30-metre-long rigid and easily-
broken glass tube to a measurement tower is not realistic. For the sample lines, Teflon
(PTFE) tube was chosen since it is flexible and chemically inert. However, Teflon is
porous, and some compounds may linger on the surface, as Helmig et al. (2003)
observed. Initially, the sampling system was a few metres long 1/8 inch Teflon tube
that sampled air from two metres height (Paper 1V). For the quantitative long-term
measurements (Papers V and V1), the set-up consisted of sampling from several
heights below, in and above the canopy, as well as background signal and calibration
measurement systems (details of the set-up are shown in Figure 4).
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3 Review of the papers

The papers in this thesis are based on studies of VOCs measurements conducted at the
SMEAR Il station and the Hyytiald Forestry field station. We have measured 1)
terpenoid emissions from Siberian larch (mono- and sesquiterpenes) and Scots pine
(monoterpenes) shoots using manual and automated chambers, and 2) monoterpene
and oxygenated VOC (OVOC) emissions above as well as 3) VOC volume mixing-
ratios below, inside and above the canopy of a Scots-pine-dominated forest. The focus
of this thesis is on the VOCs of biogenic origin.

Paper | describes an automated online chamber system for fast-response
measurements of Scots pine shoot monoterpene emission rates on a time-scale of
minutes. The system was combined with continuous measurements of plant
physiological phenomena (CO, exchange and transpiration), exchange of other trace
gases (NOy, O3), and environmental variables (PPFD, temperature and RH) at the
SMEAR 11 station. The system was operated for a month and the monoterpene
emission rates determined were compared with hourly samples from well-established
manual chamber method measurements from an adjacent shoot.

Paper Il presents seasonal isoprene, mono- and sesquiterpene emissions from a
Siberian larch (Larix sibirica) measured throughout the growing season from fully-
grown needles to the start of shedding of the needles. Each month, VOCs were
collected as one-hour adsorbent samples over at least a 24-hour period from the in-
and outgoing air of the manual dynamic flow-through chamber, with simultaneous
temperature and solar radiation measurements. The tree’s CO, exchange was
measured adjacent to the VOC samples to confirm that the tree was photosynthesizing
during daylight hours and respiring in the dark. Each month the emissions were
determined during both daylight and night hours to obtain results in varying light and
temperature conditions. Different algorithms were tested to determine factors
controlling emission rates, emission factors and emission potentials.

Paper 111 presents measurements of VOC fluxes above a Scots pine (Pinus sylvestris)
stand during four summer days and the application of a stochastic Lagrangian
transport model. In the model a simple chemical degradation scheme was used to
evaluate how compounds of different reactivity are chemically removed during their
transport to the measurement point. The sensitivity of the above-canopy fluxes and
their vertical profiles to the oxidation and photolysis were assessed for the compounds
that were observed in the flux measurements, as well as for a more reactive
compound. Measured monoterpene fluxes were fitted with a traditional emission
algorithm and the monoterpene and non terpenoid VOC fluxes were compared with
previous studies of Scots pine emissions.

Paper IV presents the diurnal variation and vertical profiles of atmospheric VOC
volume mixing-ratios, and introduces continuous on-line volume mixing-ratio
measurements of VOCs in and above a Scots pine stand. Factor analysis was used to
classify the measured VOCs, based on the correlation of local meteorology with
ambient summertime volume mixing-ratios, into different groups, and to estimate
factors driving the behaviour of their atmospheric volume mixing-ratios.

33



Paper V presents a method for quantitative volume mixing-ratio calculations,
including the calibration procedure and a measurement set-up, for long-term, stand-
alone field measurements of VOCs with an online PTR-MS. The performance of the
measurement, calibration, and calculation methods were investigated in measurements
of VOC volume mixing-ratios in a boreal forest.

Paper VI presents quantitative long-term online measurements of atmospheric
volume mixing-ratios of methanol, acetaldehyde, acetone, isoprene - 2-methylbuten-
2-ol, benzene, monoterpenes and other VOCs. Seasonal and diurnal variations of the
VOC mixing-ratios, meteorology and inorganic trace gas volume mixing-ratios were
observed at the boreal forest site.
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4 Author’s contributions

I alone am responsible for the summary of this thesis. In Paper I, |1 was responsible
for the measurements, contributed to the data interpretation and the figures and wrote
the main bulk of the article. In Paper Il, | was responsible for the on-line
measurements of monoterpenes, contributed to the data interpretation and to the
figures and wrote the main bulk of the article. In Paper 111, | participated in the VOC
measurements, and wrote part of the VOC volume mixing-ratio measurements
methods. In Paper 1V, | was responsible for the on-line VOC measurements,
participated in the interpretation of the results and wrote the main bulk of the
description of the measurements. In Paper V, | was responsible for the design and
building of the calibration set-up and participated in the development of the volume
mixing-ratio calculation method. In Paper VI, | was responsible for the mixing-ratio
data processing, figures, interpretation of the results and writing the main bulk of the
article.
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5 Results and discussion

In this thesis the development of methods for VOC measurements were central. We
introduced the use of an automated online chamber system for continuous VOC
emission measurements in Paper 1. An automated sampling system (partly presented
in Paper V and summarized in Figure 4) was build for long-term VOC measurements
with a PTR-MS. The PTR-MS measured in three-hour cycles for one hour at a time:
1) the volume mixing-ratio of VOCs in forest air, 2) above-canopy emissions with the
DEC method, and 3) Scots pine shoot emissions with the automated chamber method.
The emission, photosynthetic process and environmental variable measurements allow
development of mechanistic emission models of terpenoid and OVOC emissions with
both plant physiological and physicochemical parameters. The novel approach was to
determine emission dynamics in field conditions together with atmospheric changes.
In addition to the short measurement period presented here (section 4.1.) the long-
term stand alone method enables observation of seasonal changes. The developed
automated sampling system enables systematic and reliable long-term field
measurement system that captures diurnal and seasonal behaviour of biogenic
terpenoid and OVOC emissions and the simultaneous changes in the VOC
concentrations in the atmosphere. Results of simultaneous emission and ambient
volume mixing-ratio measurements are presented for a four day period for
monoterpenes and methanol in chapter 4.1.

The development of systematic maintenance and calibration protocols,
presented in Paper V, were the backbone for the reliable long-term measurements of
ambient VOC volume mixing-ratios presented in Paper VI. Another technical
essentiality for reliable PTR-MS measurements, the volume mixing-ratio calculation
procedure, was developed. The final calculation method (presented in Paper V)
includes 1) coefficients from direct and regular gas standard calibrations of the
measured compounds when possible, 2) normalizing all of the measured VOC signals
to a given primary ion and water cluster count rates and reaction chamber pressure
3) reactions with protonated water clusters 4) different transmission coefficients of
water cluster and primary ion, 5) accounting for hydrogen and oxygen isotopes in the
primary ion and water cluster signals, and 6) subtracting the background signal
measured at regular intervals between VOC measurements.

5.1 Summertime emissions and volume mixing-ratios of
monoterpenes and methanol

A four-day period of unpublished results of measurements made in SMEAR Il is
presented in this chapter. | will introduce and compare simultaneously-measured
1) emissions from a Scots pine shoot, 2) above-canopy fluxes and 3) ambient volume
mixing-ratios below, within and above the canopy in the Scots-pine-dominated forest
for two VOCs, monoterpenes and methanol. These until now unpublished results will
also be compared with the results obtained during different years between 2004 and
2007 that have already been presented in Papers I and 111-VI.

The monoterpene emissions from the shoot exhibited a clear diurnal pattern
with daily maximum in the afternoon (Figure 5). The DEC method is based on
turbulent transport of the emissions, and measurement become unreliable at night
when mixing is suppressed; the typical diurnal emission pattern is thus less distinct for
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the above-canopy fluxes than for the branch scale measurements. Similar diurnal
pattern was observed in the measurements from shoots in autumn in Paper | and from
canopy-level measurements in summer in Paper Il1l. The diurnal afternoon emission
maximum is typical for Scots pine, and is related to the variation of temperature
(e.g. Janson, 1993; Tarvainen et al., 2005; Hakola et al., 2006). The majority of the
Scots pine monoterpene emissions originate from evaporating storage pools in mature
needles, although a part of the monoterpene emissions have been observed to depend
on irradiation (Shao et al., 2001). However, separating the influences of irradiation
and temperature on emissions is problematic in field measurements. That was also the
case, during the four-day period when the air temperature clearly followed the solar
radiation measured as the photosynthetic photon flux density (Figure 5).

The monoterpene emission rates measured with the DEC method above the
canopy and by the automated online chamber method were between 10 and
270 pgm2h™ and between -30 and 360 ugm?h™, respectively (Figure 5). The chamber
measurements of a Scots pine shoot were up-scaled to canopy-scale by assuming that
all emissions originated from the needles and that the needle mass per ground area
ratio was 540 gaw M (for more details see Paper I11). Chemical degradation during
the transport was studied in Paper I1l. We estimated that it could result in a 10% loss
of the emitted monoterpenes before flux measurement. The loss would result in a
lower emission measured with DEC than expected from the shoot measurements.
However, we observed the opposite. In addition to the shoots, minor monoterpene
emissions from the forest floor have been observed in summer at Hyytiala (Hellén et
al., 2006b) and from a mixed Scots pine — Norway spruce forest floor (Janson et al.,
1999). The midday monoterpene emissions (Figure 5) measured with the automated
online chamber method were lower and with the DEC method higher than the midday
emissions measured previously from the same site. However, the obtained flux values
vary even when determined with the same method. Rinne et al. (2000b) and Spanke
et al. (2001) determined independently monoterpene emissions with the gradient
method during a two-day period in August and obtained midday emission values of
300 pgm 2 h™* and 200 ugm 2 h'?, respectively. The automated online chamber
measurements resulted in negative values at night, probably due to measurement
artefacts such as deposition to the chamber walls.

Monoterpene emissions from boreal conifer trees are traditionally modelled as
a function of temperature (Tingey et al., 1980; Guenther et al., 1993). The determined
temperature dependency of monoterpene emission, expressed as p-coefficient in Eq.
13, was 0.17°C™ when measured from a Scots pine shoot in Paper I, 0.11°C™ when
measured at the canopy-scale in Paper 111 and varies generally between 0.05°C™ and
0.2°C™ (e.g. Juuti et al., 1990; Hakola et al., 2006; Janson & de Serves, 2001;
Komenda & Koppmann, 2002; Tarvainen et al., 2005). The standardized emission
potential was initially 7.2 ug gew™ h™, increasing after a frost night to 19.7 pg gaw ™ h™
in Paper 1. A value of 2.5 pg gaw” h™ was determined in Paper I11. Both methods,
automated online chambers in Paper | and DEC in Paper |11, resulted in higher
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Figure 5. Results of online monoterpene measurements at SMEAR 11 from summer 2007
(all calculated from M137). A) air temperature and photosynthetic photon flux density
(PPED), B), monoterpene emission measured from a shoot in an automated online
chamber and up-scaled to canopy level using a biomass of 540 ggym™?, C) monoterpene
flux above the canopy determined with the DEC method, D) turbulent mixing time-scale
at above-canopy height z=22 m (t = z/u*), and E) monoterpene volume mixing-ration in
ambient air at three heights.
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emission potentials than previously determined at the same site using the gradient
method (Rinne et al., 2000a) and manual chambers with adsorbent sampling and CG
analysis (Hakola et al., 2006). However, there is a large variation between branches of
different ages on the same tree (Komenda & Koppmann, 2002), as well as between
different seasons (Janson & de Serves, 2001; Komenda & Koppmann, 2002;
Tarvainen et al., 2005; Hakola et al., 2006). Tarvainen et al. (2005) also observed a
large seasonal variation in the standardized monoterpene emission potential of Scots
pine, being highest, 4.9 ng gew™ h™, during early summer, 0.9 pg ga™” h™ in late
summer and increasing again to 4.8 pg gav- h™ in the autumn. The seasonal
behaviour of the monoterpene emission is affected by complex physicochemical
controls of VOC synthesis and emissions related to the biological processes within
needles (e.g. Niinemets et al., 2004; Bé&ck et al., 2005; Grote & Niinemets, 2008). For
the deciduous trees the effect of phenology is very clear, as in the case of isoprene
from aspen (Populus tremula), and the emissions begin 2-3 weeks after leafing and
cease before the leaves are shed (Hakola et al., 1998). However, also evergreen trees
may have seasonal controls in the activation of monoterpene synthesis, as well as the
following emissions, as suggested by Grote & Niinemets (2008). In addition to the
acclimation to the growth climate and nutrient availability, the needle age may affect
the monoterpene emissions and the synthesis capacity appears to be largest during the
first year when the needles are grown (Grote & Niinemets, 2008). However, majority
of the emission measurements are done in controlled conditions, due to limited
resources often only from one-year old shoots or during a short period ranging from
few days to few weeks and thus the seasonal and inter-annual changes in synthesis
and emission capacity are not captured.

The ambient air volume mixing-ratios are affected by the emission rate, loss
due to photochemistry and dilution by turbulent mixing (Figure 6). The ambient
monoterpene volume mixing-ratio median was 0.2 ppbv during these four days,
slightly lower than the summer medians reported in Paper VI. High momentary peaks
in the monoterpene mixing-ratio are seen in Figure 5 and were observed also in
Papers IV-VI. The monoterpene volume mixing-ratio in rural and remote locations is
low in winter and high in summer (Hakola et al., 2003; Paper VI). Night-time
maximum is typical for the diurnal pattern of the summer-time monoterpene volume
mixing-ratio in a conifer boreal forest, as observed in Papers IV and VI, due to the
temperature-dependent emissions and the daily cycle in turbulent mixing.

Methanol emissions between 10 and 200 pgm? h™* were determined from
canopy-scale measurements with the DEC and automated online chamber method
(Figure 7 and 8). The Scots pine shoot emissions were up-scaled with a needle mass
per ground area ratio of 540 ggw M. The methanol emissions from shoot-level and
above-canopy measurements showed a clear diurnal pattern following that of solar
radiation and evapo-transpiration (Figure 7). The lowest emissions were measured by
night and the highest before noon. Unlike monoterpenes, methanol is water-soluble,
and emissions from Scots pine are affected by the opening of the stoma (Nemecek-
Marshall et al., 1995; Niinemets & Reichstein, 2003). Harley et al. (2007) observed
stomatal and temperature-controlled methanol emission as well as an emission burst
after dark periods as predicted by Niinemets & Reichstein (2003). Niinemets &
Reichstein (2003) link methanol emissions to the opening of stomata and partitioning
between the water and gas phases. Due to the water solubility of methanol,
measurement artifacts are susceptible to formation of water films in the sampling
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system. Kolari et al. (2004) observed that water vapour is adsorbed onto the surface of
the heated sampling tubes when the relative humidity is higher than 75%. The
observed water fluxes, measured with the automated online chamber set-up, are about
60% of the actual flux (Kolari et al., 2004) and it is likely that the effect is in the same
range for methanol fluxes. However, deposition of methanol on wet surfaces, such as
dew formed during night-time, may even affect the ambient volume mixing-ratios.
Emissions determined with the DEC and automated online chamber methods followed
well the ambient temperature (Figure 8). However, since during the four-day period
methanol emissions, temperature, the opening of stoma and evapo-transpiration all
followed solar radiation, we could not distinguish between the effects of the different
Processes.
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Figure 6. Possible effects of changes in environmental variables on volume mixing-ratios
based on the annual variation of summer measurements of monoterpenes and methanol.
Signs + and - indicate positive and negative response and (?) that the influence is
uncertain. The arrows in the centre portray turbulent eddies that transport compounds
and dilute local emission. Adapted from Figure 13 in Paper VI, published under
Creative Commons Attribution Licence.
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Figure 7. Results of online methanol (M33) measurements at SMEAR 11 from summer
2007. A) air temperature and photosynthetic photon flux density (PPFD), B), shoot
water flux, from evaporation and transpiration in the automated online chamber C)
methanol emission measured from a shoot in the automated online chamber and up-
scaled to canopy level using a biomass of 540 gq4,m™, D) methanol flux above the canopy
determined with the DEC method, and E) methanol volume mixing-ratio in ambient air
at three heights.

41



The methanol volume mixing-ratio was between 0.4 and 5 ppbv during the
four-day measurement period (Figure 7), and similar values were measured during
three summers in Papers IV and VI. The diurnal cycle of the methanol volume
mixing-ratio, with afternoon maximum observed here and also in Paper 111, can be
explained by the emission pattern of methanol. Although the monoterpene emissions
peak only a few hours later, their mixing-ratio is highest at night-time. The differences
are mainly due to the different emission processes leading to different diurnal
patterns: methanol emissions are both light and temperature-controlled, and emissions
diminish at sunset, while monoterpene emissions are governed by temperature, and
continue through the night. The methanol and monoterpene emissions were of the
same order of magnitude. However, the ambient volume mixing-ratios of methanol
(Figure 7) were almost an order of magnitude larger than those of the monoterpenes
(Figure 5). This is due to their different lifetimes; these were investigated in Paper
I11. Many monoterpenes are oxidized in less than an hour; the lifetime of methanol,
however, is several days. Due to its long lifetime and wide-ranging emissions,
methanol is often the dominant oxygenated hydrocarbon in the rural atmosphere (e.g.
Fehnsenfeld et al., 1992). About 90% of the methanol emissions on the global scale
come from biogenic sources (Heikes et al., 2002). At the SMEAR |1 site the majority
of the ambient methanol and monoterpenes probably come from the trees of the
surrounding forests during the summer (Figures 5 and 7). The differences between the
sources and processes affecting methanol and monoterpene emissions and their
ambient volume mixing-ratios are summarized in Figure 6.
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Figure 8. Methanol (M33) emissions measured at SMEAR 11 13.-17.6.2007 as a function
of air temperature. The methanol emission measured from a shoot in an automated
online chamber is up-scaled to canopy level using a biomass density of 540 gq,m?;
methanol flux above the canopy was measured using the DEC method. The lines indicate
an exponenotiléal fitting to temperature: up-scaled shoot E; = 16.1 e ®*** and above-canopy
E.=18.8e "
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5.2 Biogenic VOC emissions

In addition to the monoterpene and methanol emissions from Scots pine, presented in
the previous chapter, we measured the seasonal VOC emission spectra and
determined emission potential of Siberian larch (Paper 11) and determined
monoterpene emission potentials of Scots pine in autumn (Paper 1). In addition, we
compared the canopy-scale emissions of monoterpenes and methanol, acetone and
acetaldehyde (Paper I11).

Monoterpene and sesquiterpene emissions from Siberian larch were reported
in Paper Il for the first time in literature. About half of the monoterpene emission
was sabinene and the rest was mostly A3-carene, B- and a-pinene. The major
sesquiterpene emitted was a-farnesene; during spring and summer it contributed to
about 10% of the terpenoid emissions. Before the Siberian larch shed its needles the
sesquiterpene emissions declined to a third. The mono- and sesquiterpene emissions,
measured from mature needles until the end of growing season, were well described
by a temperature-dependent algorithm. The monoterpene emission potentials
(according to Eq. 13) were between 0.056 and 21 pg gen'h™ using a p value of
0.09°C™. The sesquiterpene emission potentials (according to Eq. 13) were between
0.4 and 1.8 pg gaw"h™ using a B value of 0.143 °C™. In a review of sesquiterpene
emissions from vegetation, Duhl et al. (2008) summarized that the emissions typically
increase with temperature. Comparing sesquiterpene emissions is problematic, since
practices in reporting them are not standardized. The temperature dependency we
determined was of the same magnitude as the values determined in other studies as
synthesised by Duhl et al. (2008).

Monoterpene emissions from a Scots pine shoot during autumn (Paper 1), a
time when Scots pine is hardening for the winter, were well described by temperature-
dependent algorithm. The emissions had clear diurnal patterns, with maxima in the
afternoons and minima during the night-time. The normalized monoterpene emission
rates were increased three-fold after a cold night from 2.1 to 4.4 pg gaw-h™. We
observed also that mechanical stress and re-emissions from chamber walls can cause
notable measurement artefacts.

Oxygenated VOC (OVOC) and monoterpene fluxes were measured in June
2005 above a Scots pine canopy (Paper I11). The combined flux of oxygenated VOCs
(methanol, acetone and acetaldehyde) was of the same order of magnitude as the
monoterpene emissions. The average monoterpene emission rate was 460 pgm=2h™,
while methanol, acetone and acetaldehyde emission rates were 160, 120 and
45 pgm2h™, respectively. Compared to earlier chamber measurements of Scots pine
shoots the acetone emissions were of the same order of magnitude (Janson et al.,
1999; Janson & de Serves, 2001) and had a similar diurnal pattern (Janson et al.,
1999). The chemical degradation of the monoterpenes was estimated to be about 10%
during the transport from the emission to the measurement point, and less for the
OVOCs.
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5.3 Dynamics of ambient VOC concentrations

We measured the diurnal (Papers IV-VI) and seasonal (Paper V1) patterns of VOC
volume mixing-ratios. The summertime diurnal patterns of monoterpenes differed
from those of the other VOCs that were emitted from local sources (Papers IV and
V1). The methanol, acetone and isoprene-MBO volume mixing-ratio diurnal maxima
were before midnight a few hours earlier than the typical diurnal monoterpene
maximum at midnight.

In Paper VI the diurnal patterns and seasonality of the VOC volume mixing-
ratios in boreal forest air were measured from June 2006 to September 2007. The
volume mixing-ratios of methanol, acetone, isoprene—MBO and monoterpene,
compounds mainly deriving from biogenic emissions and gas-phase chemistry, were
highest during summer and lowest in winter. Benzene, dominated by anthropogenic
emissions and photochemical removal, behaved in the opposite way with winter
maximum. The seasonality of acetaldehyde and methacrolein - methyl-vinyl-ketone
(MACR-MVK) volume mixing-ratios were less distinct. Biogenic VOCs, methanol,
acetone, isoprene-MBO and monoterpene volume mixing-ratios had clear diurnal
patterns during the summers, while other VOCs did not show this behaviour (Papers
IV and VI). The high summer volume mixing-ratios indicate that also the summer
time emissions are higher than in spring and autumn. However, also removal
processes might have the opposite effect on seasonal patterns since OH chemistry is
assumed to slow down in autumn and reach a maximum during midsummer. This
complicates the data interpretation. The ambient concentrations can be used as
information on emissions when used with a model that describes the emission,
transport and chemical processes. During winter we did not observe a systematical
diurnal cycle in the VOCs volume mixing-ratios (Paper VI1).

The measured volume mixing-ratios and their diurnal and seasonal changes
were qualitatively explained by considering the sources, removal processes and
turbulent mixing (Paper VI1). A quantitative description, however, would require the
use of a comprehensive chemistry model with the appropriate emissions, chemistry,
deposition, mixing and transport for each compound in question. Over the whole year,
methanol and acetone were the most abundant VOCs, the annual averages of their
volume mixing-ratios being of the order of 1 ppbv (Paper VI). The methanol volume
mixing-ratio was highest in June (Paper V1) after the time of the fastest growth rate
of new shoots as well as wood in the stem that was observed from the growth of the
new needles and shoots (Lappalainen et al., 2008); MacDonald & Fall (1993) linked
methanol emissions to cell wall growth as they observed that twofold methanol
emissions are observed from young as compared to mature leaves. Both methanol and
acetone volume mixing-ratios were highest in June between 7 and 4 ppb, and lowest
in January between 0.1 and 0.2 ppbv (Paper VI). The seasonality of the sum of
Cs-compounds, including hexanal and hexenol, was less significant. On an annual
level, however, the volume mixing-ratio of the sum of the Cs-compounds was also of
the order of 1 ppb. The monoterpene and isoprene-MBO volume mixing-ratios were
an order of magnitude lower, between summer values of 1 and 0.4 ppbv and winter
values of 0.06 and 0.03 ppb, respectively. The annual median volume mixing-ratios of
other VOCs were: acetaldehyde 0.2 ppb, MACR-MVK 0.1 ppb, benzene 0.1 ppb. The
volume mixing-ratios of acetaldehyde and benzene ranged from undetectable to
1 ppb. The isoprene, MBO and monoterpenes have shorter lifetimes than most

44



OVOCs and their concentrations were dominated by local emissions. Methanol and
acetone have relatively long lifetimes, and in addition to local sources receive
contributions from the long range transport of anthropogenic emissions, as well as
from secondary production from the oxidation of other VOCs.

In Paper 1V, the measured compounds were divided into three classes based
on the correlation of local meteorology with ambient summertime volume mixing-
ratios: 1) The compound class which was correlated with the ambient air temperature
and light included reactive compounds with local biological, anthropogenic or
chemical sources (e.g. methanol, acetone, MVK + MACR, butanol and hexanal). 2)
The compound class which was correlated with the mixing time-scale included
compounds whose emissions are dependent only on temperature (monoterpenes). 3)
The compound class which was not correlated with local meteorology included rather
long-lived compounds (benzene, acetaldehyde).

45



6 Conclusions

VVOCs affect atmospheric chemistry and thereafter also on the climate change in many
ways. IPCC (2007) listed the long lived greenhouse gases (carbon dioxide, methane,
nitrous oxide and halocarbons) and tropospheric 0zone as the most important warming
radiative forcing components, and aerosols as the most important cooling component,
in the industrial era (1750-2005). VOCs can have warming effects on the climate:
they participate in tropospheric ozone formation and compete on oxidants with the
greenhouse gases thus, for example, lengthening the atmospheric lifetime of methane.
Some VOCs, on the other hand, may have a cooling effect on the atmosphere by
taking part in the formation of aerosol particles. In this thesis | added to knowledge
about BVOC emissions and the atmospheric VOC composition: we described, for the
first time in the literature, the composition and seasonality of mono- and sesquiterpene
emissions from Siberian larch (Larix sibirica), an important tree species in the boreal
vegetation zone. We contributed to the knowledge on monoterpene and oxygenated
compound emissions by comparing these from a single Scots pine (Pinus sylvestris)
shoot and from a Scots-pine-dominated forest. We also reported the ambient volume
mixing-ratio composition and seasonality of VOCs measured in a Scots-pine-
dominated forest.

The main conclusions of this thesis are based on the online measurements with
a proton transfer reaction - mass spectrometer, with the exception of the Siberian larch
emission measurements, for which adsorbent samples were analysed with
thermodesorption-GC-MS analysis. The PTR-MS was used in long-term stand-alone
measurements and frequent background signal measurements and systematic
calibrations as well as maintenance, all essential for reliable VOC measurements,
were developed. In the continuous measurements we observed that the PTR-MS has
to be calibrated and the detector, secondary electron multiplier (SEM), operation
voltage checked regularly, at least twice a month. In addition, a volume mixing-ratio
calculation procedure relying on these measurements was developed. An automated
sampling system was built for continuous measurements of emissions and ambient
VOC concentrations with the PTR-MS. The system measures one hour at a time in
three-hour cycles 1) ambient atmospheric volume mixing-ratios of VOCs in the boreal
forest, 2) VOC fluxes above the canopy, and 3) VOC emissions from Scots pine
shoots. The results obtained with the developed measurement system were
systematical and in good agreement with results of previous studies suggesting that it
provided reliable data. However, rigorous validation is still needed.

Siberian larch, a deciduous conifer that accounts for nearly half of the forest in
Siberia (Shepashenko et al., 1998), emitted mono- and sesquiterpenes. The
monoterpenes, mainly sabinene, accounted for 90% of the terpenoid emissions during
summer. The rest of the emissions were sesquiterpenes, mainly o-farnesene. The
normalized monoterpene emission potentials were highest in late summer, rising again
in late autumn. The sesquiterpene emission potentials were also highest in late
summer, but decreased towards the autumn. The emission spectrum was clearly
different from those observed from the native Finnish conifers. However, more
measurements are needed from fully grown mature trees and also from several
individuals since there are clear genetical differences in the emission spectrum even
within species (e.g. in Scots pine).
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The monoterpene emissions from Siberian larch and Scots pine were well
described by the temperature-dependent algorithm (Eq. 13), as were also the
sesquiterpene emissions from Siberian larch. The normalized emission potentials,
according to the temperature-dependent algorithm were: 1) between 0.056 and
21 pg gaw 'h™ for monoterpene emissions from Siberian larch during May-August,
2) between 2.1 and 4.4 ug gqw *h™ for monoterpene emissions from Scots pine during
August-September, and 3) between 0.4 and 1.8 pug gaw “h™ for sesquiterpene emissions
from Siberian larch. The emission potentials were calculated using a  value of 0.09
°C™ for monoterpenes and 0.143 °C™ for sesquiterpenes.

In the Scots-pine-dominate forest, canopy-scale emissions of monoterpenes
and OVOCs (methanol, acetone and acetonitrile) were of the same order of
magnitude. Methanol and acetone were the most abundant OVOCs emitted by the
forest and in the ambient air. The majority of the monoterpene and methanol
emissions from the Scots-pine-dominated forest were qualitatively explained by
emissions from Scots pine shoots. Different sources, removal processes and turbulent
mixing explained the measured volume mixing-ratios. The VOCs were divided into
three classes based on the correlation of local meteorology with ambient summertime
volume mixing-ratios: 1) Correlation with air temperature and light, reactive
compounds with local biological, anthropogenic or chemical sources (methanol,
acetone, MVK-MACR, butanol and hexanal). 2) Correlation with mixing time-scale,
compounds whose emissions are only temperature-dependent (monoterpenes). 3) Not
correlated with local meteorology (benzene, acetaldehyde).

Methanol and acetone were the most abundant VOCs at the boreal forest site;
the volume mixing-ratios of both compounds were between 4 ppbv and 7 ppbv in
June, and 0.1 ppbv and 0.2 ppbv in January. The annual medians of methanol, acetone
and sum of Cg-compounds were of the order of 1 ppbv. Monoterpene and isoprene—
MBO volume mixing-ratios were an order of magnitude lower. The mixing-ratios of
monoterpenes were between summer 1 ppbv and winter 0.06 ppbv and of isoprene-
MBO were between summer 0.4 ppbv and winter 0.03 ppb. Other typical annual
volume mixing-ratio values included: 0.2 ppbv of acetaldehyde, 0.1 ppbv of MACR-
MVK, 0.1 ppbv of benzene, with their mixing-ratios ranging from undetectable to 1
ppb. Biogenic VOC (methanol, acetone, isoprene—-MBO and monoterpene) volume
mixing-ratios had clear diurnal patterns during both summers. Other VOCs did not
show this behaviour. During winter we did not observe a systematical diurnal cycle
for any of the VOC:s.

Future work includes:

e Continuous emission measurements of monoterpenes, methanol and other
VOCs together with environmental variables and photosynthesis, aimed at the
development of mechanistic models describing the diurnal, seasonal and
annual dynamics of BVOC emissions.

e Direct calibration of the PTR-MS with a wider range of measured compounds.
At the moment, only a fraction of the measured compounds are included in the
calibration gas standard. Volume mixing-ratios of other compounds are
calculated using a less reliable method, utilizing a relative transmission curve.
In practice this improvement could be achieved with a combination of: 1) a
calibration gas standard with more compounds, and 2) a calibration system
that could use liquid standards. However, at the moment calibration systems
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using liquid standards for the calibration of VOCs in ambient concentrations
are not commercially available, and thus method development is required.
Continuous measurements of emissions and ambient volume mixing-ratios of
heavier VOCs, such as sesquiterpenes. Separation of VOCs containing oxygen
or nitrogen from hydrocarbons with similar mass. These are feasible with 1) an
online gas chromatographic separation prior a mass spectrometer or 2) a time
of flight (TOF) PTR-MS (PTR-TOF-MS). In contrast to the quadrupole MS,
that is used in the current PTR-MS, the sensitivity increases with the
compounds mass and the instrument can achieve more than a hundred times
better mass resolution.

A comprehensive study of the atmospheric chemistry of the VOCs using
models that describe emission, transport and chemical processes.

Development of the automated online chambers to better suit VOC
measurements. Reducing surface effects is essential, especially for
measurements of water-soluble VOCs, such as methanol, and heavy
compounds that are more susceptible to condensing, such as sesquiterpenes.
Possible steps are: 1) minimizing the surface area in the chamber, 2)
minimizing surface per volume in the sampling lines, and 3) constructing
chambers from physically and chemically inert materials.
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