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Emission Measurements of Biogenic Volatile Organic Compounds in
Multiple Scales
Sami Antero Haapanala
University of Helsinki, 2012
Abstract
Volatile organic compounds (VOCs) are reactive trace gases abundant in the
atmosphere. As strongly reactive constituents they have many impacts on the
atmospheric chemistry. To properly understand the processes involved in VOC
cycles within the biosphere and atmosphere, we must have comprehensive
knowledge on the biogenic and anthropogenic emissions and atmospheric
concentrations. In this thesis, the emissions of VOCs were measured in many
scales from various Fennoscandian ecosystems, utilizing several methods.
First, enclosure method was applied to study the branch scale VOC emission from
mountain birch. The measurements were conducted during two successive
growing seasons. Significant emissions of sesquiterpenes were observed in the
first year but not in the second one. Second, relaxed eddy accumulation (REA)
method was used to study the ecosystem scale emissions of light hydrocarbons
from a wetland. In addition to methane, the only significant emission was that of
isoprene. Isoprene emission potential was found to be about 680 μg m-2 h-1. The
REA method was further developed by studying the possible stability dependency
of the method. Another ecosystem scale flux measurement method, disjunct eddy
accumulation (DEA), was applied to study monoterpene emissions from a timber
felling area. The emissions of monoterpenes were very high for a few months
after felling, peaking at 5200 μg m−2 h−1. Despite of the short period those
emissions seem to be of great importance for the atmospheric VOC burden. Third,
profiles of boundary layer concentrations of some biogenic and anthropogenic
VOCs were measured using a hot air balloon as a platform. Landscape scale
emissions were inferred using the concentration data.
Overall, our understanding of the previously poorly known VOC emissions from
some Fennoscandian ecosystems was increased. This study highlights the
importance to quantify emission hotspots of even marginal ecosystems to get
comprehensive understanding for emission inventories and future predictions. The
correct choice of measuring methods and experiment setup is essential for reliable
field data.
Keywords: VOC, isoprene, monoterpenes, sesquiterpenes, emission, turbulent
fluxes, ecosystem
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Nomenclature

ABL

Atmospheric Boundary Layer

ASL

Atmospheric Surface Layer

BVOC

Biogenic Volatile Organic Compound

DEA

Disjunct Eddy Accumulation

EA

Eddy Accumulation

EC

Eddy Covariance

ECD

Electron Capture Detector

EZ

Entrainment Zone

FID

Flame Ionization Detector

ISR

Intermediate Storage Reservoir

PTFE

Polytetrafluoroethylene

PTR-MS

Proton Transfer Reaction - Mass Spectrometer

REA

Relaxed Eddy Accumulation

SNR

Signal-to-Noise Ratio

VOC

Volatile Organic Compound
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1 Introduction
Volatile organic compounds (VOCs) are a diverse group of gaseous, reactive,
carbon containing compounds. Since the pioneering days of Went (1960), the
importance of VOCs in the atmospheric chemistry and physics has been gradually
understood. Emerging concern about the climate change has increased our interest
towards the complex processes within biosphere-atmosphere continuum. As a
consequence, the multiple roles of VOCs have become under intensive research.
VOCs are released into the atmosphere by various biogenic (of natural origin) and
anthropogenic (of human origin) sources. Globally, the biogenic sources are
estimated to dominate the VOC emissions by a factor of about ten (Piccot et al.,
1992; Guenther et al., 1995). Anthropogenic sources include fuel production,
distribution and consumption, solvent use, chemical industry and biomass
burning. Biogenic sources mean plants, soils and oceans. Plants emit a large
number of different VOCs. The known emitted compounds include isoprene
(C5H8), monoterpenes (C10H16), sesquiterpenes (C15H24), MBO (2-methyl-3buten-2-ol; C5H10O), alcohols, carbonyls, and many others (e.g. Koppmann,
2007).
A small portion of the carbon assimilated by plants ends up as VOCs in the
complex processes inside plant tissues. Some portion of the VOCs produced by
plants is released directly whereas some VOCs are stored within the plants (e.g.
Grote & Niinemets, 2008; Ghirardo et al., 2010). For example coniferous trees
store a large amount of monoterpenes in their resin ducts and part of the emission
is passive evaporation of stored VOCs from those in-plant reservoirs. In addition,
plants actively produce and release VOCs for many, partly unknown, purposes.
These include plant-to-plant signaling, plants defending themselves against
herbivory or extreme environmental conditions, etc. (see e.g. Yuan et al., 2009
and Loreto & Schnitzler, 2010 for overview).
VOCs are important for the atmosphere in many ways. Once emitted to the
atmosphere, VOCs take part in many reactions and undergo chemical
transformations. These reactions are initiated mainly by atmospheric oxidants:
ozone (O3), hydroxyl radical (OH∙) and nitrate radical (NO3∙). Nitrate radical is
abundant in the troposphere only in the nighttime due to fast photolysis in the
presence of sunlight. The compounds resulting from the oxidation processes of
higher molecular weight VOCs are often less volatile and capable of condensing
into liquid or solid phase (see Calogirou et al., 1999 for review). Therefore, the
VOCs or their oxidation products can act as a precursor for aerosol particle
growth (e.g. Kavouras et al., 1998; Kulmala, 2003). By affecting the number, size
and composition of aerosol particles, the VOCs have indirect effect on the
radiation balance of the atmosphere (IPCC, 2007). Depending on the specific
8

composition of the VOC mixture present in the atmosphere, the resulting particle
population may have different properties and thus different radiative forcing.
Within the lower troposphere, the presence of VOCs affects ozone concentration.
In clean air, where NOx concentration is low, the oxidative reactions between
VOCs and ozone consume both thus decreasing the ozone concentration.
However, large concentration of VOCs together with NOx present in polluted air
may also lead to ozone formation (Seinfeld & Pandis, 1998; Atkinson, 2000).
Ozone concentration in the lower troposphere is of great importance since in too
high concentrations it is toxic to plants and animals (e.g. Iriti & Faoro, 2008 and
the references therein). Moreover, ozone is also a significant greenhouse gas.
Increasing ozone concentration in the troposphere leads to positive radiative
forcing which is, however, partly counterbalanced by negative forcing due to
stratospheric ozone depletion.
By consuming atmospheric oxidants and thus affecting the oxidative capacity of
the atmosphere, the VOCs alter the lifetimes of atmospheric reactive constituents.
For example, the main sink of atmospheric methane is oxidation by tropospheric
OH∙. By consuming the OH∙, the presence of VOCs will slow down the oxidation
of methane thus making its lifetime longer and atmospheric concentration higher
(Kaplan et al., 2006). That will have small positive effect on radiative forcing
(IPCC, 2007). Similarly to methane, reduced oxidative capacity of atmosphere
will increase the CO concentration in the atmosphere. Furthermore, CO is
produced from oxidation of VOCs.
As the VOCs are obviously important for understanding the chemistry and
physics of the atmosphere, much effort has been made to measure them.
Traditionally, the VOC concentrations have been analyzed using various gas
chromatographic methods. These methods are well established and accurate but
labor-intensive. Lately, proton transfer reaction mass spectrometry (PTR-MS;
Hansel et al., 1995; Lindinger et al., 1998) has become a key instrument in VOC
science, mostly as a result of its relatively high time resolution. The major
disadvantage of the PTR-MS is the limited capability of separating compounds
with the same mass.
To get a comprehensive understanding of VOCs in the atmosphere and biosphere,
both atmospheric concentrations and source/sink strengths of different VOCs
must be measured. Emission or deposition rates in a small scale (leaf, branch,
surface community) are measured using enclosures. In the ecosystem scale,
emission or deposition fluxes are measured using a repertoire of
micrometeorological methods. The mean surface emission in the landscape scale
can be estimated using boundary layer budget or mixed layer gradient methods.
Even larger scale regional fluxes can be inferred from the boundary layer
9

concentration measurements using atmospheric transport modeling. However, in
the case of reactive VOCs this requires very sophisticated air chemistry modeling
simultaneously.
The objectives of this work were to evaluate different methods to measure VOC
emissions from natural sources in different scales, to evaluate existing
measurement systems and further develop them, and to characterize the
previously poorly known VOC emissions from some ecosystems in Fennoscandia.
The specific aims were:








to determine the branch scale emissions of mono- and sesquiterpenes from
mountain birches (Betula pubescens ssp. czerepanovii (Orlova) HämetAhti) and to evaluate their possible importance to the atmospheric VOC
burden in high latitudes;
to determine the ecosystem scale emissions of light hydrocarbons,
halogenated hydrocarbons and methane from a boreal fen, and to construct
a field deployable REA (Relaxed Eddy Accumulation) measurement
system for this purpose;
to determine whether forest felling causes significant emissions of
terpenoids, and to construct a field deployable DEA (Disjunct Eddy
Accumulation) system for this purpose, and
to compare landscape scale emissions, obtained from boundary layer
concentration data, to previously measured ecosystem scale fluxes over
boreal forest zone.
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2 Background
2.1 Atmospheric boundary layer
Atmospheric boundary layer (ABL) is the lowest part of the troposphere.
Properties of this layer are influenced by the Earth’s surface in the time scale of an
hour or less. The flow within the ABL is characterized by turbulence, i.e. chaotic
changes in the velocity field. Similar fluctuations occur in other properties of the
air, namely scalar concentrations, density and temperature. Wind shear, typical for
the air flow above a surface, produces turbulent kinetic energy. During the
daytime, convection triggered by the solar heating at the surface is another
important source of turbulent kinetic energy into the ABL. In the nighttime the
turbulence is suppressed by the thermal stability (Stull, 1988).
Turbulent eddies cover a large size range from sub-millimeter up to the length
scale limited by the ABL height (usually between 100 m and 2 km). Turbulent
energy formation occurs in the largest length scales. Turbulent energy is then
being transported into smaller and smaller eddies. In this inertial sub-range
turbulent energy is not produced nor dissipated. Finally, the turbulent energy is
transported into smallest eddies and dissipated into heat by molecular viscosity.
Atmospheric boundary layer can be separated into several sections (see Fig. 1). At
the bottom of the ABL there is a sub-layer called atmospheric surface layer
(ASL). Within the ASL, but well above the roughness elements of the surface (i.e.
trees, buildings etc.), the surface fluxes of energy and matter are considered to be
independent of height. This is an important layer for surface flux measurements to
be discussed below in the Section 2.2. Closer to the roughness elements, up to
about their height plus inter-element spacing, the assumption of constant flux is
not valid. Moreover, the statistical properties of turbulence are dependent also on
the distance from the roughness elements, i.e. horizontal location (Arya, 2001).
The upmost zone of the ABL is defined as entrainment zone (EZ) where the
interactions between the ABL and free troposphere take place. During the
daytime, between the surface layer and the entrainment zone there is a mixed
layer as a result of strong convective mixing. In the mixed layer the properties of
air (e.g. trace gas concentrations, potential temperature) are almost constant in
height and they are not directly affected by the surface below but rather by the
average conditions within a scale of hundreds of kilometers (Gloor et al., 2001).
In the nighttime, as the convective mixing ceases, the mixed layer gradually
becomes residual layer and a stable nocturnal boundary layer evolves from bottom
as a result of surface cooling (Stull, 1988). During the high latitude winter the
daily pattern of the ABL structure disappears due to absence of solar radiation,
and the boundary layer may remain stable throughout the day.
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Figure 1. Schematic illustration of typical boundary layer structure
and daily development during summer season. Modified based on Stull
(1988).

2.2 Surface flux measurement methods
Interaction between the atmosphere and the biosphere is determined by the energy
and matter fluxes between the two. Considering ecosystem scale fluxes, energy
and matter transport by turbulent eddies is orders of magnitudes more efficient
than molecular diffusion. Therefore, measuring just the vertical turbulent transport
above an ecosystem determines the energy and matter transport between the
ecosystem and the atmosphere.
Eddy covariance (EC) is a direct method to measure turbulent fluxes (e.g. Kaimal
& Finnigan, 1994; Aubinet et al., 2000). For the flux calculation, high-frequency
time series of wind components and mixing ratio of the compound of interest are
measured near the same point. Afterwards, the average values ̅ are removed from
the time series to yield the fluctuations
̅ and subsequently the
covariance between the time series of vertical wind speed fluctuations w’ and
mixing ratio fluctuations c’ is calculated to yield the flux density F,
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̅ ̅̅̅̅̅,

(1)

where ̅ is the average density of air during the measurement period.
The theory behind the EC method makes several assumptions of the conditions
and environment where the EC measurements are conducted. First of all, the
conditions must be stationary, so that the statistical properties of turbulence do not
change in time. Second, the terrain must be horizontal and uniform so that the
average vertical wind and horizontal net flux become negligible. In addition, the
turbulence must be intense enough so that the turbulent transport dominates over
other transport mechanisms. To properly interpret the results, the flux source area
(footprint) must be uniform within a certain range. Eq. (1) is an idealized form of
the flux calculation. In reality, the flux needs to be corrected for finite frequency
response of the analyzers, displacement of the sensors and density fluctuations
caused by humidity and temperature variations.
Established practice is to calculate EC fluxes over a time span of 30 minutes,
however a range of about 15 minutes to several hours have been used. It is
important to select long enough averaging period so that all relevant turbulent
time scales are represented. On the other hand, the period should be short enough
to keep the conditions stationary.
For several compounds, such as carbon dioxide, water vapor, ozone and methane,
the eddy covariance measurements are easy to carry out due to existence of fast
response analyzers. For many other compounds, such as VOCs, availability of fast
response analyzers is limited. To overcome such practical problems, some
variants of the EC method have been developed.
Desjardins (1977) proposed an eddy accumulation (EA) method which is,
similarly to EC, a direct technique to measure turbulent fluxes. In EA the
properties of air (e.g. temperature), or the air itself to be analyzed afterwards, is
sampled into two separate reservoirs depending on the sign of the vertical wind
velocity. The sampling must be done at an amount proportional to the vertical
wind velocity which in the case of trace gas flux measurement requires the
sampling flow to be adjusted according to the instantaneous vertical wind
velocity. The vertical flux density F is calculated from the averaged measurands
̅̅̅̅̅

̅̅̅̅̅̅̅̅̅

,

(2)

where ̅̅̅̅̅ and ̅̅̅̅̅̅̅̅̅ are the mean vertical velocities during updrafts (w>0) and
downdrafts (w<0), respectively. cUP and cDOWN are the mean concentrations of the
13

updraft and downdraft samples, respectively. In practice, EA system is extremely
difficult to implement for trace gases which should then be accumulated using
flow proportional to the instantaneous vertical wind velocity.
Businger and Oncley (1990) proposed a method where the requirement of the
sampling flow to change along with vertical wind velocity can be avoided. In this
method, relaxed eddy accumulation (REA), sample collection is conducted based
on the direction of the vertical wind velocity only, independent of its magnitude.
The vertical flux density F becomes
,

(3)

where β is a theoretically or empirically determined dimensionless coefficient of
proportionality, σw is the standard deviation of vertical wind velocity and cUP and
cDOWN are the mean concentrations of the updrafts and downdrafts, respectively.
Eq. 3 can be theoretically derived using joint probability distribution of w and c.
In order to increase the concentration difference between the reservoirs, a
sampling threshold (dead band) is often used around w=0. Between the threshold
values the air samples are not collected at all. Increased concentration difference
is often a great advantage since the accuracy of chemical analysis of trace species
is limited. If the dead band is dynamic, i.e. proportional to the running mean of
the standard deviation of the vertical wind speed, it will keep the coefficient β
constant and independent of atmospheric conditions such as stability and
turbulence intensity (e.g. Paper II and the references therein). The optimal dead
band width to maximize the signal-to-noise ratio (SNR) is discussed by e.g.
Oncley et al. (1993). They conclude that the dead band of about w>±0.6σw gives
the best signal-to-noise ratio, however the maximum of SNR is broad.
In addition to the continuous measurements, turbulent fluxes can be determined
from a discontinuous time series. Disjunct eddy covariance (DEC) is a method
where the flux is calculated in a similar manner than in the EC method, but using
a subset of the continuous time series (see Rinne and Ammann, 2012). In the
disjunct eddy accumulation (DEA), fast grab samples are taken at regular intervals
(e.g. every 30 s). Each sample is stored in the updraft or downdraft reservoirs
according to the direction of the vertical wind at the time of the sample grabbing
and the amount of the sample is determined by the magnitude of the vertical wind
(Rinne et al., 2000). The resulting concentrations can be analyzed using slow
methods, e.g. gas chromatography. Disjunct methods will give unbiased estimates
of turbulent fluxes. However, the random error is significantly increased as a
result of small number of samples (Rinne et al., 2008; Turnipseed et al., 2009).

14

2.3 Flux estimates inferred from the mixed layer concentrations
Landscape scale surface fluxes can be inferred using concentration measurements
within the mixed layer. In the mixed box approach, the mixed layer is considered
to be a well mixed box where the sources (surface flux) and sinks (chemical
degradation and entrainment) together with horizontal advection define change of
the concentration of a compound. A complete mass conservation equation can be
written in the form
̅̅̅̅̅̅̅̅̅ ̅̅̅̅̅̅̅

,

(4)

where c is the mean concentration within the mixed layer, U is wind speed along
the mean wind direction,

is horizontal concentration gradient along the

direction of U, ̅̅̅̅̅̅̅ and ̅̅̅̅̅̅ are the turbulent fluxes at the top and bottom of
the mixed layer, respectively, zi is the height of the mixed layer, and S represents
the chemical sources and sinks within the mixed layer. This representation
assumes the vertical flux profile to be linear within the mixed layer, and that the
horizontal turbulent flux and the mean vertical advection are negligible (Guenther
et al., 1996).
To calculate the surface flux using practically feasible measurements, we need to
further simplify the expression. Assuming that the concentration has reached a
steady state and is homogenous in space we can neglect the two leftmost terms of
Eq. (4). If we further assume entrainment flux at the top of the boundary layer to
be negligible, the surface flux can be written as
̅̅̅̅̅̅

,

(5)

Entrainment flux can be assumed negligible in case of rapidly reacting
compounds, such as VOCs, since the chemical sink dominates strongly. For
VOCs without significant sources above the surface, the chemical sink term S can
be written as
∑

,

where

(6)

is the mean concentration of the VOC along the vertical column,
are the concentrations of relevant oxidants and
are the second
order reaction rate constants between the VOC and oxidant in question. Finally,
the surface flux density can be calculated from
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̅̅̅̅̅̅

∑

.

(7)

2.4 Dependence of BVOC emissions on temperature and light
The emission rates of biogenic VOCs are generally dependent on temperature.
The emissions originating purely from existing storage pools within plan tissues,
such as resin ducts in coniferous trees, are often explained by
),

exp(

(8)

where I is the observed emission, IS is the standard emission potential in
temperature TS, γ is the temperature sensitivity factor (β in Papers III, IV and V)
and T is the actual temperature (Guenther et al., 1993). This formulation is based
on empirical observations on monoterpene emission from plants, and it resembles
the temperature dependence of vapor pressure of those compounds. Despite of its
simplicity, this relationship is found to be very useful to predict e.g. monoterpene
emissions from variety of plants.
Some compounds are not stored within the plants but are emitted almost directly
after biosynthesis. In addition to temperature, synthesis rate of VOCs follow
photosynthesis and thus available light. Commonly applied, semiempirical
description for such emission is
,

(9)

where I is the observed emission and IS is the standard emission potential at
photosynthetic photon flux density of L0=1000 μmol m-2 s-1 and leaf temperature
of T0=30°C. CL is a light dependency factor predicting rate of electron transport,
saturating at L0 and it is defined as
,

√

(10)

where α and CL1 are empirically determined coefficients and L is the
photosynthetic photon flux density. CT is a temperature dependency factor
explaining the enzymatic activity within chloroplast, having its maximum below
40°C. CT is defined as
exp
exp

,

(11)
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where CT1, CT2, CT3 and TM are empirically determined coefficients, TS is the
standard temperature (303 K), R is the universal gas constant and T is the
measured temperature (Guenther et al., 1993; Guenther, 1997). This type of
algorithm is found to explain well e.g. isoprene emission (e.g. Rinne et al., 2002;
Kuhn et al., 2004).
In practice, the emissions from many plants are a combination originating from
storage pools and directly from de novo biosynthesis. This can be modeled using
hybrid algorithms that are rarely applied to flux measurement data (Steinbrecher
et al., 1999; Spanke et al., 2001; Holzke et al., 2006; Taipale et al., 2011; Paper
IV) and have recently been shown to be justified by well controlled laboratory
experiments (Ghirardo et al., 2010). The approach used in Paper IV is a linear
combination of the Eqs. (8) and (9). The weight coefficients are determined to
maximize the level of explanation of the measured flux.
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3 Experimental methods and the measurements
3.1 Study sites
The measurements presented in this thesis were conducted in two areas in
Fennoscandia (see Fig. 2). The studies of Papers I, II, III and V were carried out
in southern Finland, near the SMEAR II –measurement station in Hyytiälä
(61°51'N, 24°17'E, 181 m above sea level). The station is further described by
Hari & Kulmala (2005). The Hyytiälä area belongs to the south boreal vegetation
zone. Coniferous forests, dominated by Norway spruce (Picea abies L.) and Scots
pine (Pinus sylvestris L.), account for about 70% of the area. The long-term mean
annual temperature of the area is about 3°C and the mean precipitation about 700
mm (Drebs et al., 2002).
The study presented in Paper IV was carried out in northern Sweden, in the
Stordalen Nature Reserve (68°20'N, 18°49'E, 388 m above sea level), near Abisko
village. The area is located in the northern border of north boreal vegetation zone.
The long-term mean annual temperature of the area is about -1°C and the mean
precipitation 300 mm (Alexandersson et al., 1991).

Figure 2. A map of Fennoscandia indicating the locations of the
measurement sites Hyytiälä and Abisko.
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3.2 Field measurement methods
Several methods for measuring the fluxes of VOCs were used in this study. The
methods cover a large range of size scales, from branch scale up to landscape
scale. Each method has pros and cons and consequently the selection of method
depends on the specific needs.

3.2.1 REA method
As discussed in Section 2.2, relaxed eddy accumulation (REA) is a
micrometeorological method to measure ecosystem scale net flux. In Paper I it
was used to measure the flux of isoprene and some other light hydrocarbons over
a wetland. As opposite to the direct flux measurement method, eddy covariance,
the REA method does not need fast chemical analysis of the compounds. This is
important for VOCs as there are only a few compounds that can be analyzed in
real time at a rate adequate to eddy covariance method.
In the REA method, samples of updraft and downdraft air are accumulated into
two reservoirs. Sorting the updraft and downdraft air parcels is based on the
instantaneous vertical wind speed measured by a 3-D sonic anemometer. Because
the sorting of samples is conducted online, no coordinate rotations or other post
processing corrections are possible. Therefore, it is essential to ensure that the
sonic is orientated correctly of avoid vertical wind measurement to be
contaminated from horizontal wind components. The flux density is directly
proportional to the concentration difference between the reservoirs, and to the
standard deviation of the vertical wind velocity (see Eq. 3).
In our implementation (see Fig. 3), the REA valves allowing updraft and
downdraft samples to be collected were located on the mast, just below the sonic
anemometer. Upstream of the valves there were ozone scrubbers to remove ozone
from the air samples. This is important since otherwise the O3 would destroy
VOCs from the samples before analysis (e.g. Helmig et al., 2004 and the
references therein). A dead-band valve was used in order to maintain a constant
flow and pressure downstream of the reservoirs, when both sampling valves are
closed. The samples were accumulated into bags made of Tedlar. The bags were
located inside airtight containers that were slightly under pressurized by a
constant drain flow of about 1 l min-1. The valves and tubes that were in touch
with the sample air were made of PTFE (polytetrafluoroethylene) to prevent
VOCs from sticking into the surfaces and thus causing memory effect in the
measurements. The REA system employed a dynamic dead-band with sampling
threshold of -0.5σw>w>0.5σw, where σw is a running mean of the standard
deviation of the vertical wind velocity. Dynamic dead-band was considered to
maintain β constant and no tracer measurements were used to define β separately
for each period (Paper II).
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After a 30 minutes sampling period, the sample air from the bags were pumped
into electro polished stainless steel canisters to be analyzed in the laboratory. Also
the pump had Teflon membranes in order to minimize contamination of the
samples.

Figure 3. Schematic illustration of the structure of the REA flow
system used in Paper I. Blue color indicates parts made of PTFE.

3.2.2 DEA method
Besides REA, another micrometeorological method, disjunct eddy accumulation
(DEA), was used (Paper V). The aim in the present study was to measure
monoterpene flux from a forest cut area. In the DEA system (see Fig. 4), a sample
of air was grabbed very quickly (in about 0.1 s) into an intermediate storage
reservoir (ISR). As the ISR an electro polished stainless steel bottle was used. The
bottle was evacuated to below 10 hPa (about 1% of the atmospheric pressure)
before each sampling cycle. The under pressure inside the ISR allowed it to fill
with the sample air during the short valve opening without a pump in the sampling
line. At the same time with the sample grabbing, the vertical wind speed measured
by a 3-D sonic anemometer was recorded. As in the case of REA, no post
processing including coordinate rotation is possible when using DEA.
After each sampling, a portion of the sampled air was passed into the updraft or
downdraft reservoir based on the direction of the vertical wind at the time of the
sampling. The amount of sample passed into the reservoir was directly
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proportional to the vertical wind velocity at the time of the sample grabbing. As a
result, a direct flux measurement was achieved. Cartridges filled with Tenax TA
and Carbopack II adsorbents were used as the final reservoirs. To collect enough
samples we operated the DEA for 55 minutes. A disadvantage of the DEA method
is the small amount of samples per flux reading which causes large random error
in the measurement (e.g. Rinne et al., 2008; Turnipseed et al, 2009).

Figure 4. Schematic illustration of the structure of the DEA flow
system used in Paper V. Blue color indicates parts made of PTFE.

3.2.3 Mixed box budget method
In Paper III, the landscape scale emissions of VOCs were estimated using mixed
box budget method (e.g. Guenther et al., 1996). In this method, we assume a
closed and well mixed box within the atmospheric boundary layer, where the
sources (surface flux) and sinks (chemical degradation and entrainment) of a
compound are in balance. For compounds with relatively short atmospheric
lifetime, as many VOCs are, we can neglect the entrainment at the top of the
boundary layer as the chemical degradation is much faster. For monoterpenes, the
entrainment flux is shown to be less than 20% of the chemical degradation
(Guenther et al., 1996; Spirig et al., 2004; Paper III). To calculate the chemical
degradation rate within the boundary layer, we need to know the average
concentration of the compound of interest, the concentrations of relevant oxidizers
as well as the corresponding reaction rate constants. In the study presented in
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Paper III the concentrations of VOCs were measured throughout the boundary
layer using a light aircraft and a hot air balloon as the platform.

3.2.4 Enclosure method
In addition to meteorological flux measurement methods, enclosure method was
used. Enclosures are an established method to study the gas exchange in the small
scale (e.g. Livingston & Hutchinson, 1995). In this method, the object of interest
(e.g. plant leaf or branch, soil surface etc) is closed in an enclosure where the gas
exchange can be studied. Assuming negligible chemistry inside the enclosure, a
complete mass balance of the enclosure can be written as
,

(12)

where V is the volume of the enclosure, cC is the concentration inside the
chamber, F is the efflux from the enclosed object, cIN and cOUT are the
concentrations in the inlet and outlet air, respectively, and qIN and qOUT are the
flow rates of the inlet and outlet air, respectively. In the case of steady-state
through-flow chamber the time derivative of the concentration can be neglected
and the efflux is calculated from
,

(13)

where q is the net flow through the chamber.
Generally enclosure measurement disturbs the object to be studied. First, the
environmental condition (temperature, humidity, radiation) of the plant are altered
just by placing the plant into the enclosure. In addition, the concentrations of trace
gases in the enclosure can change significantly thus modifying the production
rates and diffusion gradients within the tissues. Particularly in the case of VOC
emission measurements, the enclosure may disturb or even damage the plan
tissues mechanically causing generally the emission to increase. This can be
avoided by careful installation of the chamber, and by letting the plant to recover
from installation before starting the measurements (for a review of good practices
in VOC enclosure measurements, see Niinemets et al., 2011).
Enclosure method was used in Papers IV and V to study the VOC emissions from
specific sources. In Paper IV the emission source was a single branch of
mountain birch and in the Paper V it was a tree stump. The enclosures used in
these studies were made of transparent Teflon film. In Paper IV the enclosure
was constructed over a frame covered by Teflon, and had an internal volume of
about 20 l. In Paper V a Teflon bag with inlet- and outlet ports attached at the top
was used as the enclosure.
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Figure 5. Schematic illustration of the enclosure measurement systems
used in Papers IV and V.

In this open dynamic enclosure method (see Fig. 5), a known airflow is pumped
into a chamber through an inlet port. Inlet air is purged from ozone to avoid VOC
losses inside the chamber and adsorbent tubes. The outlet port allows excess air to
exit from the enclosure thus maintaining a constant pressure inside. As the
chamber is not completely airtight, some part of the airflow exits other routes. For
the chemical analysis, small amounts of the inlet and outlet air are collected as
described below in Section 3.2.2. Finally, the emission rates of the compounds of
interest are calculated using Eq. 13 and normalized to the dry leaf biomass (Paper
IV) or to the enclosed stump area (Paper V).

3.3 Sampling and chemical analyses
3.3.1 Light VOC analysis
Light C2-C6 hydrocarbons were analyzed from air samples. The samples were
collected in previously evacuated electro polished stainless steel canisters with
internal volume of 0.85 l. The samples were always passed through ozone trap
(MnO2 coated copper nets) to avoid ozone to enter the canister and destroy the
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VOCs before the analysis. When analyzed, the samples were first preconcentrated in two cold traps and subsequently passed into a HP-6890 gas
chromatograph with flame ionization detector (FID) and electron capture detector
(ECD). A calibration was conducted using a gaseous standard mixture of 27
different hydrocarbons. For further information, see Hakola et al. (2000) and
Hellén et al. (2006).
3.3.2 Analysis of terpenes and aromatic hydrocarbons
Concentrations of terpenes and aromatic hydrocarbons were analyzed from
adsorbent samples collected into a cartridge filled with Tenax TA and Carbopack
II adsorbents. Similarly to the light hydrocarbon sampling, ozone was scrubbed
from the air sampled, or from the enclosure inlet air. The adsorbent samples were
analyzed using a thermodesorption unit (Perkin Elmer ATD-400) connected to a
HP-5890 gas chromatograph with a mass-selective detector (HP-5972). A fivepoint calibration was conducted using liquid standards in a methanol solution.
For further information, see Hakola et al. (2000) and Hellén et al. (2006).
3.3.3 Methane analysis
Methane concentrations were analyzed from 40 ml air samples taken into
polypropylene syringes. The samples were analyzed within 24 h of sampling
using an HP-5890A gas chromatograph equipped with 6 ft1/8” analytical column
and a FID.
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4 Results and discussion
4.1 Emissions of VOCs from selected ecosystems
4.1.1 Emissions of hydrocarbons from a boreal fen
The REA measurement technique was successfully applied to measure the fluxes
of methane, C2-C6 hydrocarbons and some halogenated hydrocarbons from a
boreal fen, Siikaneva (Paper I). The measurements were conducted during two
successive summers, 8 Jul - 6 Oct 2004 and 14 Apr - 1 Jul 2005. Methane fluxes
varied between 0 and 10 mg m-2 h-1, the average value being 4.3 mg m-2 h-1. This
is in the same range as the average methane fluxes of 7.9 mg m-2 h-1 and 3.5 mg
m-2 h-1, measured at the same site using enclosures (Riutta et al., 2007) and eddy
covariance (Rinne et al., 2007), respectively.
Isoprene was the only detected non-methane hydrocarbon emitted by the fen. The
emission typically varied between 0 and 500 μg m-2 h-1. Isoprene emission from
plants follows leaf temperature and available light (e.g. Guenther, 1997; Fall &
Wildermuth, 1998). The measurement data was fitted to Eq. 10 (see Figure 6).
The resulting isoprene emission potential was 680 μg m-2 h-1. This agrees well
with the previous results by Janson and DeServes (1998) who reported isoprene
emission potential of about 700 μg m-2 h-1 from flarks of boreal fens. Hellén et al.
(2006) found considerably lower isoprene emission potential of about 220 μg m2 -1
h at the same wetland using enclosure measurement data. However, their
measurements were conducted in lower temperature and illumination levels (i.e.
lower CT and CL) which raises a question whether the emission is not well
explained by Eq. 10. This conclusion was also supported by our dataset. If we
take into account only the data CTCL<0.2 the resulting emission potential becomes
as low as 330 μg m-2 h-1.
At the fen, chambers suffered from severe condensation on the inner surface. This
effect was pronounced during high radiation and temperature conditions. This
effect may at least partly explain the observed discrepancy between the REA and
chamber results. In these conditions REA method would be preferred to get
reliable results.
Despite of the special emphasis, no fluxes of halogenated hydrocarbons were
detected. Varner et al. (1999) and Dimmer et al. (2001) have reported significant
emissions of halogenated hydrocarbons from wetlands. Those wetlands, however,
are close to oceans and thus sea spray may be the source of chlorine in the
wetland, needed to form large amounts of the observed halogenated compounds
(Hellén et al., 2006; Blei & Heal, 2011).
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Figure 6. Isoprene flux from a boreal fen as a function of light and
temperature activity factor C L C T of the isoprene emission algorithm
described by Guenther (1997). Data adapted from Paper I and from
Hellén et al., (2006).

The experimental isoprene emission factor obtained in Paper I was later utilized
in an emission inventory for boreal area (Tarvainen et al., 2007). According to the
inventory, about 16% of the isoprene emission of the Finnish boreal area
originates from wetlands. As wetlands nowadays cover significant area only in the
Northern Finland, the local differences might be significant and in the north
boreal area up to 31% of the isoprene emission originates from wetlands.

4.1.2 Emissions of VOCs from mountain birches
Branch scale emissions of linalool, monoterpenes and sesquiterpenes from
mountain birches were measured in Abisko, northern Sweden during two growing
seasons (Paper IV). These measurements show large emissions of monoterpenes
and sesquiterpenes from the leaves. A very special feature in the sesquiterpene
emission was the dramatic change of the emission rate and composition between
the two successive years. During the first year, sesquitepene α-farnesene was
emitted at the average rate of about 2300 ng gdw-1 h-1 and β-caryophyllene at the
average rate of about 300 ng gdw-1 h-1. One year later, α-farnesene emission was
not detected at all and the emission of β-caryophyllene had dropped to less than
20 ng gdw-1 h-1. The emissions of monoterpenes were almost equal during these
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years, the average emission rates being 1100 ng gdw-1 h-1 and 1200 ng gdw-1 h-1 in
the first and second year, respectively.
We speculated that the high sesquiterpene emission may be caused by the
herbivory outbreak that occurred in the area a couple of years before. There is a
strong evidence that herbivory damage causes increased terpenoid emissions from
plants (Paré & Tumlinson, 1999; Holopainen, 2004; Duhl et al., 2008), also from
mountain birch and they may last several years (Ruuhola et al., 2007; Mäntylä et
al., 2008). However, there are also other factors that may affect the observed
change in the emissions. From that dataset it was also obvious that both monoand sesquiterpene emission approaches zero in low illumination. This suggests the
emissions to originate directly from biosynthesis, and not from storage pools,
which was later confirmed for Silver birch (Betula pendula L.) by Ghirardo et al.
(2010) employing 13CO2 labelling experiments.

4.1.3 VOCs emitted from forest felling areas
Increased VOC emissions due to forestry operations were studied in Paper V.
Coniferous trees store large amount of monoterpenes within resin ducts, and they
become easily available when wood tissue is damaged (Juuti et al., 1990). The
sparse literature on the issue have demonstrated increased emissions of
monoterpenes from logging areas (Schade et al., 2003) and increased air
concentrations close to forestry work (Strömvall & Petersson, 1991; Räisänen et
al., 2008a). We measured the specific emissions from tree stumps using
enclosures as well as the ecosystem scale flux, including emissions from stumps
and logging residue, using disjunct eddy accumulation. The results show large
emissions of monoterpenes from fresh stumps and logging residue. The highest
landscape scale emissions were 5200 μg m−2 h−1. The emissions decay rapidly in
time and after about six months from the logging, the emissions become
negligible. We upscaled the results to represent annual forestry operations in
Finnish Scots pine forests. The resulting annual monoterpene release is about 15
kilotonnes per year. For comparison, Tarvainen et al., (2007) estimated the annual
monoterpenes release from Finnish forests to be about 114 kilotonnes. Despite of
the short emission period, the amount of monoterpenes released into the
atmosphere seems to be significant at least in the local scale.
Our results suggest the total release of monoterpenes to exceed the initial
monoterpene content of the logging debris left on the site. Table 1 show the
estimated amount of each debris fraction left on the site, the average monoterpene
content of the fraction based on literature (Manninen et al., 2002; Lin et al., 2007;
Räisänen et al., 2008b; Isidorov et al., 2010), and the resulting total monoterpene
mass of the fraction. The total monoterpene content of the debris fall in the range
of 2.4 – 6.7 g m-2 which is somewhat lower than the monoterpene release of 8.5 g
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m-2 obtained in the study of Paper V. This discrepancy may be explainable by the
microbial production of monoterpenes from the derbis biomass as discussed e.g.
by Isidorov & Jdanova, 2002 and Isidorov et al., 2010. This interesting
observation needs further studies to verify our result and to quantify the different
sources within the felling area.
Table 1. The amount, estimated monoterpene content and the resulting
monoterpene mass per land area of each of the debris fraction found in the seed
tree felling area.
Fraction of
Amount of the Estimated
Mass of
the debris
fraction in the
monoterpene content monoterpenes in
area
in the fraction
the fraction
-2
-1
needles
280 gdw m
2.5 – 8.0 mg gdw
0.7 – 2.2 g m-2
brushwood
1000 gdw m-2
1.0 – 1.6 mg gdw-1
1.0 – 1.6 g m-2
-2
-1
roots
1800 gdw m
0.4 – 1.6 mg gdw
0.7 – 2.9 g m-2

4.2 Landscape scale emissions of VOCs from boreal forest zone
In order to take into account emissions from all different ecosystems within the
region, landscape scale flux measurements were applied. In Paper III mixed box
budget method was used to study the emissions of some biogenic and
anthropogenic VOCs. The measurements were conducted early in the spring when
biogenic emissions are still expected to be small due to low temperatures.
However, this period is interesting because the maximum of new aerosol particle
formation events in the boreal zone occurs in the spring (Dal Maso el al., 2005)
and condensable vapors from oxidation of VOCs is assumed to contribute
significantly to the growth of fresh aerosol particles.
Monoterpenes and aromatic hydrocarbons were abundant throughout the mixed
boundary layer. Relatively high concentrations can be explained by low oxidant
concentrations due to early spring. The VOC concentrations showed decreasing
trends upwards. However, the gradients were seldom monotonous. Surface fluxes,
estimated from the average boundary layer concentrations, are shown in Table 2.
Boundary layer concentration data of VOCs was further used to estimate the
production rate of condensable vapors from VOC oxidation. The estimated
formation rate of condensable vapors was in the range of 104 cm-3 s-1. This rate is
about an order of magnitude too small to alone explain the observed aerosol
particle growth rates during nucleation events in Hyytiälä. Similar results were
obtained in previous studies (Kulmala et al., 2000; Spirig et al., 2004; Boy et al.,
2004).
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Table 2. The average landscape scale emission rates of VOCs
measured during the two campaigns near Hyytiälä. Adapted from
Paper III.
Compound
QUEST II
LABACET
21 Mar - 2 Apr 2003
10 - 17 Mar 2006
Emission [μg m−2 h−1]
Emission [μg m−2 h−1]
isoprene
B.D.L.
1.7±0.6
α-pinene
13±8.2
27±16
β-pinene
1.7±1.4
0.4±1.0
3
Δ -carene
3.9±3.2
8.6±8.0
camphene
1.5±1.7
0.3±0.5
Σ MONOTERPENES
20±9
38±18
benzene
1.1±0.6
0.4±0.2
toluene
1.0±0.4
0.9±0.5
p/m xylene
3.3±2.4
4.6±1.7
o xylene
0.9±0.6
4.2±1.6
B.D.L. = Below the detection limit.
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5 Review of the papers and author’s contribution
This thesis consists of five research articles examining the emissions of volatile
organic compounds from natural sources and measurement methodologies of
these emissions.
Paper I studies the ecosystem scale emissions of hydrocarbons from a natural
wetland area. For the measurements, a relaxed eddy accumulation (REA) system
was constructed and used during two successive growing seasons. The
compounds analyzed included methane, C2-C6 substances and halogenated
hydrocarbons. The main findings were large emission of isoprene and lack of
emissions of halogenated hydrocarbons. The observed methane release (on
average 4.3 mg m-2 h-1) was in line with the other measurements at the same site.
Paper II includes simulations of one of the main issues in the REA methodology,
namely the value of proportionality parameter β and its dependence on
atmospheric conditions. The analysis is based on six month dataset of the
measurement data from SMEAR II station in Hyytiälä. The results confirm the
previous findings about the independence of β from the atmospheric stability and
friction velocity.
Paper III describes the measurements of VOC concentrations from atmospheric
boundary layer. These measurements were carried out using a light aircraft and
hot air balloon. From the measured boundary layer mean concentration, the
landscape scale emissions of VOCs were calculated using mixed box budget
method. The results show negligible emissions of isoprene and some emissions of
monoterpenes. Anthropogenic VOCs were abundant throughout the boundary
layer.
Paper IV reports enclosure measurements of VOC emissions from mountain
birches. Special attention was paid to the controls of terpenoid emissions,
including environmental parameters and stress factors of the trees. The results
suggest that mountain birches may occasionally act as very strong sesquiterpene
emitters. Due to their high reactivity, this may have consequences to the local air
chemistry.
Paper V reports measurements of VOCs emitted into the atmosphere due to
forestry operations. The emission rates and composition from tree stumps were
studied using enclosures, and the ecosystem scale emissions from a felling area
using disjunct eddy accumulation (DEA) method. The monoterpene emissions
were remarkably high for a few months after forest felling. The results were
upscaled to represent whole Finland and compared to the results from previous
emission inventory. Despite of the short emission period and relatively low
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coverage of felling areas, timber felling may contribute significantly to the
national monoterpene inventory.
I am alone responsible for writing the summary of this thesis. In Paper I, I was
responsible for constructing the measurement setup (except the REA software),
conducting the field measurements and methane concentration analyses. I
performed the data analysis and wrote most of the paper. In Paper II, I
contributed to the data interpretation and writing the paper. In Paper III, I
participated in the hot air balloon flights by operating the instruments and
samplers, where part of the field data was collected. I was responsible for the
major part of the data analysis and writing the paper. In Paper IV, I conducted
part of the field measurements. I performed the data analysis and wrote major part
of the paper. In Paper V, I was responsible for constructing the DEA
measurement setup and conducting most of the field measurements. I did major
part of the data analysis and writing the paper. Paper II will be included also in
the doctoral thesis of Tiia Grönholm.
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6 Conclusions
We applied several micrometeorological methods and an enclosure method to
study the emissions of VOCs from various natural sources.
We constructed measurement devices for REA and DEA methods, and applied
them successfully for measuring ecosystem scale VOC fluxes from a boreal fen
and from forest felling area. The REA method was further developed by studying
the variability of the β coefficient due to atmospheric conditions. In that study, it
was concluded that β varies randomly around the mean value. The mean value is
only very weakly dependent on the atmospheric conditions such as friction
velocity and stability. This result justifies the usage of a constant β in the flux
measurements using a REA system with a dynamic dead-band. The emissions of
non-methane hydrocarbons from a boreal fen were clearly dominated by isoprene.
Despite of small green biomass on fen, the total terpenoid release was about one
third of the release from local forest. Probably the most important finding of this
work was the large monoterpene emission from felling residue left behind after
forest management. This finding highlights the need to quantify the release of
biogenic VOCs not only from living plants but also from storage reservoirs. High
emissions from storage reservoirs are likely to take place during timber felling and
sawmill or pulp processing. From the atmosphere point of view these emissions
may be as important as undisturbed biogenic emissions, at least in the local scale.
Concentrations of some biogenic and anthropogenic VOCs were measured
throughout the atmospheric boundary layer and used to estimate the landscape
scale fluxes of those compounds. In addition, the production rate of condensable
vapors from oxidation of VOCs was estimated. Supporting the previous literature,
it was concluded that the terpenoid oxidation alone cannot explain the observed
growth rates of aerosol particles.
Branch scale terpenoid emissions of mountain birches were found to be highly
variable between successive years. The reason remains unclear; however there is
evidence that herbivory might have affected the emissions. During the peak
emission years, increased sesquiterpene emissions may affect the local air
chemistry and even favor the growth of aerosol particles.
This work underlines the importance of proper experiment design and selection of
measurement method. To properly understand the mechanisms behind VOC
synthesis and emissions of VOCs from plants, well controlled chamber studies are
essential.
To evaluate the contribution of biogenic VOCs to atmospheric chemistry, larger
scale measurements are valuable since upscaling problems hinder the value of
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chamber works. The chemical analysis of adsorbent or whole air samples by gas
chromatography is laborious and time consuming task. In practice, use of these
methods leads to limited dataset sizes and lengths. On the other hand, it gives
detailed information on the chemical composition of the emissions which in turn
is valuable to understand the details of atmospheric chemistry. This work
encourages well designed and long-term terpenoid emission measurements from
mountain birches and forest felling areas to properly quantify their impact on
atmospheric VOC burden.
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