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Abstract

Particulate matter (PM) in the atmosphere influences weather and climate and may have
important health impacts. Regional scale chemical transport modelling aims to describe the
composition of particulate matter, to track different sources, estimate their relative
importance, and to give realistic predictions of responses to changes in emissions and
atmospheric conditions. The focus of this thesis is the modelling of an important constituent
of PM — carbon containing PM.

The EMEP MSC-W chemical transport model is used for European policy making regarding air
pollution, to provide scientific support to the convention on long-range transboundary air
pollution (CLRTAP). The organic aerosol (OA) treatment in the EMEP model has been
extended to include more realistic primary OA emissions, and new schemes for the formation
of secondary OA, based on the volatility basis set method.

Long-term model simulations of OA and elemental carbon (EC) over Europe have been
performed for the period 2002-2010. The model results were compared to observations,
including source-apportionment data. Total organic carbon concentrations matched
measured concentrations for summer periods, but problems were found during winter, with
poor agreement between modelled and measured organic carbon, and tracers of wood-
burning. To tackle these problems a new inventory for emissions of OA and EC from
residential wood combustion (RWC) was developed. Total European OA emissions from RWC
are almost 3 times larger in the new inventory than in the old one. According to the new
inventory, about 60% of the primary OA emissions in Europe are due to RWC. EC emissions
are to a larger extent due to fossil fuel combustion; RWC emissions contribute about 1/5 of
the total anthropogenic fine particle EC-emissions in Europe.

The model results indicate that many sources contribute to OA in Europe. During summer,
fossil fuel combustion, biomass burning and biogenic secondary OA all contribute
considerably. RWC is the dominant OA source during winter, contributing more than 50% to
the model OA. According to the model results, non-fossil sources contribute more to regional
scale OA than fossil fuel, except in the Po Valley during summer. EC comes mainly from fossil
fuel during the warm seasons, but EC from RWC is important during winter.

Modelling is useful to investigate potential impacts of newly discovered sources of organic
aerosol. Biotic stress-induced emissions (SIE) were investigated in this thesis. The fractions of
stressed trees in European forests were estimated, based on observed tree damage. Emission
estimates for sesquiterpenes, methyl salicylate and unsaturated Ci7-compounds, and the SOA
yield from the oxidation of these SIE, were based on plant chamber experiments. The model
results suggest that SIE may contribute substantially to SOA in Europe. During some periods,
SIE may contribute more to OA than the non-stressed biogenic emissions of volatile organic
compounds. Thus, further research on SIE is warranted.

Keywords: organic aerosol, elemental carbon, chemical transport modelling, residential wood
combustion, biotic stress induced emissions, source apportionment, EMEP MSC-W model
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ASOA anthropogenic secondary organic aerosol

AVOC anthropogenic volatile organic compound

BC black carbon
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c effective saturation concentration
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oC organic carbon

0Czs OC in PMzs

oM organic matter

OM2s OM in PMzs

PM particulate matter

PM1 particulate matter with diameter less than 1 pm
PM2s particulate matter with diameter less than 2.5 pm
PM1o particulate matter with diameter less than 10 pm
POA primary organic aerosol

RWC residential wood combustion
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SOA secondary organic aerosol
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1 Introduction

1.1 Particles in the atmosphere

Particulate matter (PM) in the atmosphere has been a widely studied subject for many years
(for recent reviews, see [1], [2]). Interest has largely been for two reasons - the importance of
PM for weather and climate (e.g. impacts on clouds, precipitation and radiation) [3] and the
potential impacts on human health [4]. PM also has important impacts on visibility [5] and
some particle components may contribute to acidification and eutrophication of ecosystems

(e.g. [6]).

Particles in the atmosphere come in a wide range of sizes, from nanometer-sized clusters up
to about 100 pm diameter dust particles. In general the largest particles fall rapidly to the
ground and in the present work only particles with diameters less than 10 um (PM1o) have
been included; these often remain long enough in the atmosphere to be subject to long-range
transport. A lot of air quality regulations have focused on PM1o (since these particles have
been considered to have the potential to penetrate past the larynx when inhaled [7]) but
more recent EU legislation [4], [8] has also included limit concentrations on particles smaller
than 2.5 um (PMz2s) These “fine particles” are able to penetrate deeper into the lungs to a
higher degree than coarser PM.

The focus of this thesis is the modelling of an important constituent of PM in the
atmosphere — particulate carbonaceous matter — i.e. carbon containing PM.

At many locations a large fraction of both PM1o and PMzs consists of carbon-containing
particles (carbonaceous aerosol particles); e.g. 10-40% (mean 30%) of the total
concentration of PMio at rural and natural background sites in Europe consisted of
carbonaceous material, during a one-year measurement campaign 2002-2003 [9]; another
overview [10] of PM at a large number of European sites (including both urban and rural
locations) showed even larger fractions of carbonaceous material in PMzs, on average about
40%.

Carbonaceous aerosol particles consist largely of organic matter (OM; often denoted organic
aerosol, OA) and so-called elemental carbon (EC; sometimes denoted “black carbon”, BC,
because it is usually strongly light-absorbing); some types of mineral dust particles also
contain carbonate carbon.

Carbonaceous aerosols may include a huge number of different components, with varying
properties (light-absorption, volatility, hygroscopicity etc.). Many different sources, both
anthropogenic and natural (biogenic) contribute to carbonaceous particles; they may either
be directly emitted to the atmosphere, e.g. during incomplete combustion, or be formed in the
atmosphere from gaseous precursors.
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1.2 The EMEP MSC-W model

The EMEP MSC-W model [11] is a chemical transport model (CTM) developed within the
European Monitoring and Evaluation Programme for Transboundary Long-Range
Transported Air Pollutants (EMEP; www.emep.int) at the Meteorological Synthesizing
Centre-West (MSC-W). The model is used to simulate a wide variety of air pollutants,
including photochemical oxidants and inorganic and organic aerosol particles. It is used
within the EMEP programme to provide scientific support to the convention on long-range
transboundary air pollution (CLRTAP, see e.g. [12]). The EMEP MSC-W model is an important
tool for European policy making regarding air pollution; in the initial years of the EMEP
programme the main focus was on transboundary transport of acidifying and eutrophying
pollutants. Later photochemical ozone pollution also became an important issue. More
recently the potential impact of particulate matter on human health has led to an increased
interest in being able to model also PM and its different constituents with the model.

A thorough description of the standard EMEP MSC-W model, including the driving
meteorological data from numerical weather prediction models, is given in [11]. The model
has been extensively compared with measurements of many different compounds (e.g. [13]-
[18]; and Papers I and IV in this thesis). A research version, including a new treatment of
organic aerosol, is described in detail in Paper I; details about the modelling of elemental
carbon are given in Paper IV and [19].

The model domain used in this thesis covers all of Europe and some surrounding areas (see
Fig. 4.1 in Sect. 4.4.1). It has a horizontal resolution of ca. 50 km x 50 km (at Lat. 60°N).
Twenty vertical levels are used to cover the troposphere; the lowest model level is ca. 90 m
thick and the top of the model is at 100 hPa.

The EMEP MSC-W model assumes a very simplified size distribution of particulate matter.
The model uses two size modes for particles, fine and coarse aerosol; fine particles are
assumed to be in the accumulation mode, and to have a log-normal size-distribution with a
mass-median diameter of 330 nm and geometric standard deviation of 1.8; the assigned sizes
for coarse mode particles vary somewhat with compound [11]. The simplified treatment of
the aerosol size-distribution in the EMEP model is justified by the fact that the model is
mainly designed to calculate PM1o and PM2zs mass closure (concentrations and chemical
composition), which has been the main priority within the EMEP/CLRTAP framework.

The EMEP model includes several different photo-oxidant and aerosol chemistry schemes; in
this thesis the standard chemical mechanism “EmChem09” from [11] was used for treating
the chemistry of inorganic compounds and the gas-phase chemistry of volatile organic
compounds (VOCs). The chemistry scheme is based on the “lumped molecule” approach to
handle VOC-emissions and chemistry, which means that a small number of surrogate VOCs
are used to represent the huge number of different VOCs that are emitted to the atmosphere,
e.g. o-xylene represents all aromatic VOCs and n-butane all alkanes heavier than ethane. A
detailed description of the EmChem09 chemistry scheme, including lists of all reactions and
reaction rates can be found in [11]. A major part of the work presented in this thesis deals
with the extension of the EmChem09 scheme with models to treat the organic aerosol.

The EMEP model treats both anthropogenic and natural emissions of various organic and
inorganic gases and particles. In this work, anthropogenic emissions of VOCs, and inorganic
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pollutants (NOx, SOz, NH3 etc.), from different source sectors were taken from the standard
EMEP emission inventory, mainly based on officially reported national emission data from
the countries that are parties to the CLRTAP. These emission data are available from
www.emep.int. Detailed information about the anthropogenic emission data can be found in
the annual Inventory Review reports published by the EMEP Centre on Emission Inventories
and Projections (CEIP; www.ceip.at).

Carbonaceous aerosol emissions from anthropogenic sources were mainly taken from an
inventory by Denier van der Gon et al. (the EUCAARI-inventory; see Papers I, [V and V) but for
residential wood combustion emissions a new inventory was developed and tested in Papers
IV and V (see Sect. 5).

Vegetation is an important source of organic aerosols. Biogenic emissions of isoprene (CsHs)
and monoterpenes (Ci0H1e) from vegetation are calculated in the model taking into account
effects of light and temperature etc. Biogenic VOC (BVOC) emissions are discussed further in
Sect. 4.4.1.

Vegetation fires (open-burning wildfires, agricultural fires and prescribed burning) are also
important sources of carbonaceous aerosol particles. Two different emission inventories,
based on satellite observations of fires, have been used in this thesis. In Paper I the Global
Fire Emission Database (GFEDv2, [20]) with 1° x 1° spatial resolution and 8-day temporal
resolution was used. In the later studies (Papers I1I-V) the “Fire INventory from NCAR version
1.0” (FINNv1, [21]) was used; this inventory provides daily emissions with a high horizontal
resolution (1 km x 1km).


http://www.ceip.at/
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Measurements of carbonaceous aerosol
2 Measurements of carbonaceous aerosol

2.1 Terminology

The terminology for carbonaceous aerosol can be confusing, especially regarding the strongly
light-absorbing component of the particles (often denoted black carbon, BC) [22].

In this thesis the term “soot” is used for light-absorbing particles emitted from combustion
sources, which is a common usage of the term [23]. Depending on the source and the
combustion efficiency, and atmospheric processing of the particles, soot particles may have
varying composition and light-absorbing properties. Sometimes the term “soot carbon” is
used for carbon particles with the typical properties of (fresh and uncoated) soot particles
from combustion, consisting of aggregates of almost purely carbon 10-50 nm spherules [24].

» o«

The following definitions are used for “organic carbon”, “elemental carbon” and “black
carbon” in this work:

e  Organic Carbon (OC) is the particulate carbon that volatilise in an inert atmosphere
below a defined temperature; OC-concentrations (and concentrations of elemental
and total carbon) are determined by thermal analysis techniques (Sect. 2.2).

e Elemental Carbon (EC) is the particulate carbon that does not volatilise in an inert
atmosphere below a defined temperature.

e Black Carbon (BC) concentration is the estimated concentration of light-absorbing
particles based on optical (light-absorption) measurements (Sect. 2.3).

The relation between EC and BC concentrations is not simple as is discussed in detail in Paper
IV. Sometimes the terms BC and EC (and even soot) are used as synonyms, since EC is often
assumed to consist entirely of light-absorbing carbon; however this is not necessarily true, as
discussed in Sect. 2.2.

Both optical and thermal measurement techniques are important. Optical methods measure
climate-relevant properties of the particles while the thermal methods measures the
carbonaceous aerosol mass, which is usually what is modelled in chemical transport models.

2.2 Thermal analysis techniques - TC, OC and EC

The total carbon (TC) content of particulate matter, and the OC and EC concentrations, can be
measured using thermal analysis of particles collected on filters (see e.g. [25] and Papers II
and IV).

The thermal analysis methods are usually reliable for determining the total carbon
concentration in the filter sample [26]. The separation of the TC into EC and OC fractions is
more problematic. Many different EC/OC separation methods have been employed (see e.g.
[26]); in most of them the collected particle sample is heated in a step-wise procedure,
initially usually in an oxygen free atmosphere and at later steps with oxygen added. The
evolved carbon is converted into CO2, which can be measured using infrared spectroscopy, or
reduced to CH4, and measured using a flame ionization detector. Organic components are
assumed to leave the filter at lower temperature (< 500°C) than the EC and this difference in
thermal stability can be used to separate the OC from the EC in the sample.

5
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There are a number of problems with the EC/OC separation techniques (e.g. [25], [27] and
references therein) that leads to large uncertainties in the EC/OC split of the TC. Many
intermethod and interlaboratory studies have been performed and EC concentrations are
often found to differ by a factor of 2 between commonly used methods (e.g. [28]) and
differences up to a factor of 7 have been reported [25].

Potential problems include:

e some organic material may be highly refractory and have similar thermal and
oxidative properties as EC and thus may be measured as (false) EC; this would lead
to overestimation of EC and underestimation of OC and may be especially important
for biomass burning aerosols (e.g. [24], [29])

e EC can be oxidised earlier than expected, e.g. due to presence of species that catalyse
the oxidation, such as K and Na; this could lead to an underestimation of EC (and
corresponding overestimation of OC) [30]

e pyrolysis of organic compounds (charring) on the filter during the heating phase
may transform the OC to EC (e.g. [31], [32]) leading to an overestimation of EC

Some of these problems can be reduced (at least partially) by using various correction
techniques. To correct for the charring problem, thermal optical analysis (TOA) techniques
have been developed that monitor the reflectance or transmission of the filter during analysis
(see e.g. [25]). However, charring correction techniques are based on faulty assumptions
regarding the behaviour of the charred organics and the “native” EC [31]; this limits the
possibility to accurately separate OC from native EC for particles that contain OC components
that are prone to charring. Charring corrections may lead to an underestimation of EC due to
the fact that pyrolytic carbon may have a greater attenuation coefficient than EC [31]. It is
interesting to note that the EC-concentrations determined using the same temperature
protocol for the TOA, and only differ in the choice of reflectance or transmission based
charring correction, can be very different; reflectance based EC has been found to be much
higher than transmission based EC (e.g. a factor of 1.7 higher in [32] and about a factor of two
in [31]).

The agreement between different TOA measurement protocols seems to be especially poor
for wood smoke samples (e.g. [33] and references therein), which is not surprising since
wood smoke typically include substantial amounts of alkali metals (that may catalyse the
combustion of EC so that it occurs simultaneously with OC volatilisation in the thermal
analysis) and may include varying amounts of refractory organic components that could be
detected as EC in the analysis (e.g. [29], [30]).

Note that the EC measured by thermal analysis methods (including TOA) may include some
refractory organic compounds that are not strongly light-absorbing. The names elemental and
organic carbon are thus somewhat misleading since they give the impression that the OC-
fraction contains all the organic compounds of the particles and that EC-fraction consists of
pure (“inorganic”) carbon. The amount of truly elemental carbon (i.e. graphite, diamond or
fullerenes) in the atmosphere is very low and the EC-fraction can contain significant amounts
of non-carbon atoms; it consists at least partly of organic compounds. More precise names
would be refractory carbon (instead of EC) and non-refractory carbon (for OC) [23].



Measurements of carbonaceous aerosol

Another potential complication when using thermal analysis methods is that, in addition to
OC and EC, particulate matter may also contain carbonate carbon, mostly from various types
of mineral dust [34]. Unless the carbonate carbon is taken into account in the thermal
analysis method applied (e.g. by removal of the carbonate by acid pre-treatment of the filter)
any carbonate captured on the filter may be detected as either EC or OC, depending on the
form of the carbonate and the measurement protocol used [32]. The fraction of carbonate
carbon in TC is expected to be low in Europe; at regional background sites usually < 5%
according to [32] but higher contributions can occur, especially in regions affected by
windblown dust, and in southern Europe carbonate carbon concentrations are expected to be
significant [35], [36]. Mineral dust was not investigated in the work included in this thesis
and carbonates are thus not included in the modelling presented here.

In addition to uncertainties related to the EC/OC separation there are also substantial
uncertainties related to OC collection artefacts [37] — organic gas-phase compounds may
adsorb to the quartz fiber filter, used to collect the particles, and be detected as OC in the
thermal analysis (or as EC if they are pyrolysed), this effect also leads to an overestimation of
the total particulate carbon concentration (positive artefact); since many organic aerosol
components are semi-volatile negative artefacts may also occur due to evaporation of
collected particulate OC. OC sampling artefacts are often handled by using backup filters to
estimate the positive artefact and/or denuders to remove as much as possible of the organic
vapours before the particle collection (e.g. [38] and Paper II). Usually the positive artefact is
more important than the negative ([37], [38] and references therein). The positive artefact
can be substantial, e.g. it has been estimated to contribute between 25 and 50% to OC for
wood smoke measured on bare quartz filters [38]; in the same study even larger artefacts
were observed for diesel exhaust.

The uncertainties involved in the EC/OC separation and the very poor agreement between
thermal analysis methods using different measurement protocols have led Reid et al. [27] to
the, rather disappointing, realization that reported EC and OC concentrations must be
considered only as semi-quantitative, and that the best one can hope for is consistency. This
should be remembered when comparing modelled OC and EC concentrations to
measurements. Since EC concentrations are usually much lower than OC the relative
uncertainty of the measured EC is much larger than for OC. Introduction of a standard
procedure for thermal analysis of carbonaceous aerosol in Europe would at least mean a step
towards consistency [32].

2.3 Light-absorbing carbon and optical measurements - BC
Various forms of light-absorbing carbonaceous particles are formed during combustion.
Major sources include diesel engines, power plants and ship engines using heavy fuel oil or
coal, residential (small scale) burning of solid fuels (wood, coal), agricultural field burning
and vegetation fires [39]. The light-absorbing carbon emissions include both strongly
absorbing soot particles and various moderately-to-weakly absorbing particle components -
so called brown carbon [24], [40]. Brown carbon may include a large number of different
compounds and can both be produced during low-temperature and/or inefficient combustion
(for example tarry material or char, from biomass burning and lignite combustion (e.g. [41],
[42]), and through heterogeneous or condensed phase atmospheric reactions [40].
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Often the concentration of light-absorbing carbon is estimated from optical (light-absorption)
measurements. There are several different optical measurement techniques available to
determine the light-absorption of the aerosol; either the particles can be collected on filters
before the analysis or the absorption can be directly measured in the aerosol (in situ) [43]. In
Paper IV only data from filter-based instruments were used. These have some advantages
over in situ measurements (simplicity, low-price, insensitivity to gaseous absorption) but
they are prone to a number of artefacts (e.g. [24], [43]); based on studies comparing different
filter based techniques with more reliable in situ instruments systematic errors of up to a
factor of two in the absorption coefficient can be expected [24].

The light absorption (unit: m1) can be transferred into a BC mass concentration (in pg m-3)
using some mass absorption cross section (MAC) [23] corresponding to a certain type of light-
absorbing particles (e.g. MAC=7.5 m2 g1 at 550nm, has been suggested for fresh (uncoated)
BC [23]). Once in the atmosphere the fresh BC-emissions may become coated with various
non-absorbing compounds (e.g. sulfate, organic molecules, water). Such coatings may lead to
enhanced absorption and it has been estimated that the absorption of aged BC is about 1.5
times greater than that of freshly emitted (externally mixed) particles [44]. Other studies
have indicated even greater absorption enhancements - a factor of two or more (see e.g. [24]
and references therein).

Light-absorption measurements may also to some degree be influenced by other absorbing
components than black carbon, including brown carbon and absorbing mineral dust [24].

The BC concentrations determined by optical methods using a constant MAC-value are thus
not corresponding to the real mass concentrations of the light-absorbing particle components
but to the mass of the “reference” particles (used to determine the MAC-value) that would
lead to the same absorption as the observed samples [23], [24].

Paper IV includes a comparison of EC-concentrations determined by thermal analysis
methods and BC-concentrations determined by simultaneous optical measurements at seven
sites in northern, western and central Europe. The relationship between the EC and BC (as
given by MAC values) differs widely between the sites, and the correlation between EC and BC
also varies a lot between the stations, with a high correlation at three sites (r~0.9) but poor
correlation (r<0.6) at three of the others. These variations can, at least partly, be due to the
uncertainties discussed above for both measurement types but they also illustrate the fact
that BC measurements are not easily comparable to model EC results.

2.4 Source apportionment (Paper II)

It is often interesting to know not only the total concentration of particulate matter, or total
concentration of organic aerosol or elemental carbon, but also the contributions from
different sources to these concentrations. A number of different source apportionment
methods have been developed, see for example the review of source apportionment of PM in
Europe by Viana et al. [45].

The source apportionment data used in this thesis are based on a tracer methodology initially
developed for the CARBOSOL project [46]. It is based on measurements of various tracers for
different emission sources; examples of tracers include levoglucosan from wood burning
emissions [47], cholesterol from meat cooking (e.g. [48]), mannitol from fungal spores [49],
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cellulose from plant debris [50], and the ratio of the radioactive isotope 14C to the stable 12C to
estimate what fractions of the measured carbon are of fossil and modern origin [51]. The
methodology includes an uncertainty analysis by taking into account measurement
uncertainties and uncertainties/variabilities of the different tracer-to-source type
concentrations relationships; this is described in detail in [46]. A variant of the methodology
was used in Paper II to estimate the contributions of biomass combustion, other biogenic
sources and fossil fuel sources to elemental and organic carbon at a rural site in southern
Sweden. These results were also used for evaluating the EMEP model performance. One of the
conclusions of the study was that the model severely underestimated OC from biomass
combustion during winter. The source apportionment data from Paper II were also used in
Papers IV and V when evaluating a new emission inventory for residential wood combustion
(Sect. 5).

An extensive review has recently been published by Noziere et al. [52] covering the molecular
identification of organic compounds in the atmosphere. This includes a lot of information
about different compounds that can be useful as tracers (or in their terminology “markers”)
of different organic aerosol sources, including both primary emissions and secondary organic
aerosol.

A major uncertainty for source apportionment studies aiming at separating fossil fuel sources
from modern carbon sources is that 14C measurements may be contaminated by so called “hot
carbon” or “super-modern carbon”, i.e. higher 14C concentrations than the one expected in the
contemporary atmosphere [53]. *C contamination can e.g. occur near nuclear installations,
incinerators burning radioactive waste or at facilities using 14C as a tracer. If the 14C-
contamination is high the source apportionment would indicate > 100% modern carbon in
the particles. This should be taken as an indication that the site should not be used for
sampling PM, with the intention of making 14C-based analysis. Lower levels of 14C
contamination are much more difficult to detect and will lead to overestimation of the
biogenic contributions to OC and EC, and underestimation of the fossil fuel sources. Presently,
the extent of this problem is unknown; Buchholz et al. [53] suggest that “Super modern PMzs
samples are uncommon, but not rare” and they have seen “unnaturally elevated 14C levels in
PM in at least some samples from about 10% of the sites surveyed”. Even relatively remote
sites may occasionally show elevated 14C concentrations [53] but the problem is likely more
common in industrial/urban areas — even in the highly polluted Mexico City region, with
very large emissions from fossil fuel sources, COz is usually enriched in 14C [54], which makes
it impossible to separate fossil from non-fossil sources by radiocarbon analysis. Considering
these problems it seems that radiocarbon techniques may be of more limited use for
determining the contributions from fossil and modern sources to carbonaceous aerosol
particles in urban areas than previously realised, at least without supporting measurement of
other source specific tracers. High apparent contributions from biogenic sources may be due
to 1#C-contamination. This issue also seems to affect some rural sites in Europe, but the
causes and extent are still under investigation [55].

Another issue is that the most commonly used tracer for wood combustion, levoglucosan
(produced during low temperature combustion of cellulose and hemicellulose [56]) may not
be stable in the atmosphere. Recent studies have shown that it may react with OH both in the
gas-phase [57], [58] and aqueous phase (deliquescent particles and cloud droplets) [59], [60]
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leading to relatively short estimated atmospheric life-times of ca 1-5 days, depending on
season and atmospheric conditions. The importance of this degradation of levoglucosan in the
ambient aerosol is still not clarified [61] but, especially during summer, it may lead to a
depletion of levoglucosan during long range transport. This would lead to an underestimation
of the biomass burning contribution to OC and EC in the source apportionment studies,
especially for sources far away from the sampling site, and a corresponding overestimation of
the biogenic secondary organic aerosol contribution to OC.

Levoglucosan may also be emitted during combustion of lignite (brown coal) and
levoglucosan emission factors from lignite have been found to be similar or even somewhat
higher than for wood burning [62]. This means that source apportionment studies using
levoglucosan as a tracer for wood burning will also apportion carbonaceous particles from
lignite burning to the “wood burning” fraction. Since lignite is a fossil fuel, and all of the
“wood burning carbon” is considered non-fossil in the source apportionment method applied,
the biogenic secondary organic aerosol contribution to OC will be underestimated by the
same amount as the wood burning OC is overestimated. In regions where lignite is used as
fuel (e.g. parts of Poland, the Czech Republic and Bulgaria) levoglucosan should thus be
considered as an indicator of a mixture of burning wood and lignite [62]. A possible way to
discriminate between wood and lignite combustion could be to include other tracers of
biomass burning — galactosan and mannosan seem to be absent or be emitted to a lower
degree during lignite combustion [62].

Source apportionment studies are more complicated than just measuring total
concentrations; they also often involve large uncertainties in the source-determination.
Regardless of this, they are crucial when evaluating the performance of chemical transport
models and emission inventories as discussed in Sect. 5. Without source apportionment data
it is difficult to determine likely causes of model deviation from observed concentration and
almost impossible to determine if “good” agreement between model results and
measurements for OA-concentrations are for the right reasons or if it is because of
“fortuitous” cancellation of errors or tuning of model parameters and/or emissions. It seems
that only source apportionment data can constrain model parameters and emission
estimates, in a reasonable way, for atmospheric organic aerosol modelling.

10
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3 Elemental Carbon (EC) modelling (Paper IV)

The deposition efficiency determines the atmospheric residence time (and thereby the
potential for long-distance transport) of non-volatile and unreactive particulate matter, such
as most of the EC in the ambient atmosphere. Dry deposition is slow for accumulation mode
particles and the most efficient removal is often by wet deposition.

Freshly emitted soot particles are often hydrophobic or have limited hygroscopicity (e.g.
[63]-[65]). This means that they do not easily become cloud condensation nuclei (CCN), and
thus do not contribute to cloud formation, and that they are not very efficiently removed by
precipitation.

Hydrophobic soot particles can become hydrophilic after processing (“aging”) in the
atmosphere (e.g. [66]). Important processes include condensation of hydrophilic material
(e.g. inorganic or organic vapours), coagulation with hydrophilic particles, and heterogeneous
oxidation that can transform hydrophobic surface coatings into hydrophilic forms.

The timescale for the conversion of soot from hydrophobic to hydrophilic forms is variable
and uncertain. Modelling studies have used different assumptions. A number of studies have
assumed simple exponential decay rates for the conversion with life-times of about 1-2 days
(e.g. [66], [67]) while other models have included more physical schemes taking into account
coagulation and condensation to estimate the aging time (for an intercomparison and
evaluation of BC in seventeen different global aerosol models, see [68]).

Some EC-containing particles may be hygroscopic already at the point of emission if they
contain enough hydrophilic material, e.g. sulphuric acid from fuels with relatively high
sulphur content (e.g. [69]) or inorganic salts common in biomass burning emissions (e.g. [27],

[70]).

3.1 The EMEP MSC-W model for EC

The EMEP MSC-W model treatment of EC is relatively simple. Emissions of EC in PM25 (ECz.5)
are split into a hydrophilic and a hydrophobic fraction. The hydrophilic fraction is assumed to
be internally mixed with the soluble inorganic and organic aerosol components and for these
particles in-cloud scavenging is assumed to be very efficient (scavenging coefficient
Win=1 x 108, see [11], corresponding to an exponential life time of 1 hour in a precipitating
cloud with precipitation rate = 1 kg m-2 hour-1). In Paper IV the hydrophobic EC was assumed
to have a low in-cloud scavenging coefficient (Win=5 x 104) (4 times lower than the value
assumed by Simpson et al. [11] but higher than the zero in-cloud scavenging used by Tsyro et
al. [19]). The collection efficiency for below-cloud scavenging is low for all fine particles in the
model, so wet deposition is inefficient for the hydrophobic EC. Dry deposition is also slow for
accumulation mode particles under most conditions.

In the standard model version all anthropogenic ECzs emissions from fossil fuel sources and
residential combustion are assumed to consist of 80% hydrophobic and 20% hydrophilic EC.
This split was initially used in the ECHAM general circulation model [71] and has then been
widely used in different models (see e.g. [66]).

In contrast to the anthropogenic emissions, all of the EC emitted from open biomass fires
(wildfires and agricultural burning) is treated as hydrophilic in the model version used in

11
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Paper IV. Many studies have shown that biomass burning particles tend to be CCN active
already at the point of emission or age very rapidly in the atmosphere so that they may be
considered as hydrophilic in regional scale models (e.g. [72]-[74]).

The rate of transformation of hydrophobic EC to hydrophilic (the aging rate), initially
introduced in the EMEP model in [19], is loosely based on the work by Riemer et al. [75].
They simulated aging of diesel soot in a polluted environment and constructed a simple
parameterization of aging rates dependent on time of day and altitude. Aging was most
efficient during daylight hours, when condensation of sulphuric acid and ammonium nitrate
on the soot particles dominated. Aging was slower at low altitudes (close to the sources) than
above the source region. In the standard EMEP model, the timescale (e-folding time) for EC
aging is 8 h (rate 3.5x10-5 s-1) for the three lowest model levels (up to ~300 m). At higher
altitudes aging is more rapid with a lifetime of 2 h for the fresh EC. During the dark hours
(sun below the horizon) the EC aging rate is low, 9.2x10-6 s-1, corresponding to a lifetime of
30 h. The slow rate at night is due to aging by coagulation (condensation was not effective
during night in [75]). Sensitivity tests of the aging assumptions were performed in Paper IV.

Support for the rapid hydrophobic to hydrophilic transformation of soot in daytime has been
given by a number of recent field studies; the conversion rate can be quite fast during
daytime and CCN activation of soot may occur on a timescale of hours (e.g. [76]-[78]). This is
also supported by a recent laboratory study by Lambe et al. [79], who investigated the
transformation of soot particles from hydrophobic to hydrophilic by heterogeneous OH
oxidation and condensation of hydrophilic organic or inorganic coatings on the soot particles.
The results of Lambe et al. suggest that the CCN activation of soot is primarily due to
secondary coatings. Another recent study [80] indicates that heterogeneous oxidation by OH
and ozone of organic coatings on soot particles may be fairly rapid during daytime, in
moderately polluted environments, and can occur on comparable timescales as the aging by
condensation.

The parameterisation of the aging rate in the EMEP model is based on simulations for
polluted conditions and this could mean that the rate is too high in cleaner regions of the
atmosphere. On the other hand the largest EC emissions occur in polluted regions and, at least
in some areas, rapid aging of EC may also occur by condensation of biogenic secondary
organic aerosol on the soot particles [79], [81].

3.2 Modelled EC

In Paper IV elemental carbon concentrations in Europe were modelled for the years 2005-
2010. The model results were compared to EC concentrations at eight sites in northern,
western and central Europe (measured by thermal analysis techniques) and at seven of the
sites also to optical (BC) measurements.

To evaluate the model sensitivity to the assumptions regarding EC hygroscopicity and aging,
three different model setups were tested in Paper IV. In addition to the standard aging
scheme described above (Sect. 3.1) the model was also run with two alternative schemes:

e “FRESH” assuming that all EC is hydrophobic (treated as externally mixed,
neglecting aging). This leads to more efficient long-range transport of EC than the
standard version and gives a maximum estimate of EC.

12
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e  “AGED” assuming that all EC is internally mixed and hygroscopic when emitted.

Fig. 3.1a shows the modelled six-year mean surface level concentration of EC25 (2005-2010)
using the standard model setup. The highest modelled EC concentrations are found in urban
and industrialized areas; in densely populated parts of western and central Europe the mean
concentration of EC generally range from 0.4 to 1.2 pug m-3 (or somewhat higher in emission
hotspots). Fossil fuel sources dominate the modelled surface level EC25 (more than 70% in
most countries, see Fig. 3.1b). Residential wood combustion contributes substantially to EC in
some countries (e.g. France, Austria, Norway, Finland, Latvia and Romania), where 30-50 %
or more of the modelled EC2s come from this source. Open biomass fires may also emit
substantial amounts of EC into the atmosphere during fire episodes but, according to the
model simulations, the long-term (six-year mean) contributions from these emissions to
near-ground ECzs is relatively low (<10%) except in parts of the Ukraine and Russia. The
total modelled ECzsfrom biomass burning (residential combustion + open fires) is shown in
Fig. 3.1c.

Figure 3.1 (a) Six-yeaf mean concentration of elemental carbon in PMz.s (ECz5) for 2005-201 0, calculated
with the standard model setup, (b) ECzs from fossil fuel combustion, (c) ECzsfrom biomass combustion.
Unit: ug (C) m=3.

Figure 3.2 Relative difference in model calculated elemental carbon in PM1 (EC10) between a model version
that treats all EC as hydrophobic (FRESH) and the standard model version that includes aging of EC. Unit: %
higher model simulated EC1o with the FRESH version. Six-year average for the years 2005-2010.
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The model performed well when compared to (long-term average) EC concentrations for
most of the sites examined in Paper IV (especially when considering the large uncertainties in
EC measurements discussed in Sect. 2.2); the model bias was low (within +20%) for six of the
eight sites (Fig. 3.3). The model variability was lower than the observed one (Fig. 3.4), and the
mean absolute error of the modelled concentrations compared to the EC measurements was
36-45% at five of the eight sites, but higher for the three others (64-75%); the correlation
coefficients r between modelled and measured EC, ranged from 0.45 to 0.91 (Table 3.1).

The AGED model version gave very similar results to the standard model version. This is due
to the relatively rapid aging rate used in the model. For most of the investigated sites the bias,
mean absolute error and correlation were slightly better with the standard model version
than with the AGED version.

The FRESH model version leads to substantially higher EC-concentrations than the standard
version (Figs. 3.2 and 3.3). At most of the sites included in Paper IV the FRESH model
overestimated EC concentrations, and the standard model version led to better agreement for
average EC concentrations. For the more remote sites the measured EC concentration was in
between the modelled EC using standard aging and the FRESH scenario. Considering the
limited number of sites included in the study, the relatively small differences in model results
between the different model versions, and uncertainties in both emissions and
measurements, it is difficult to draw firm conclusions regarding the aging rates based on the
data presented in Paper IV. However, the results for the majority of sites investigated indicate
that the standard aging scheme may lead to somewhat too-rapid aging of the EC. This
confirms that the aging scheme, which was originally constructed to simulate EC aging in
polluted environments, may be less realistic for the cleaner parts of Europe.

Table 3.1 Comparison of modelled EC to measured EC. N=number of measurements,
Obs=Measured average EC-concentration, Model (r)=Modelled average EC concentration for the
same time periods (r=correlation coefficient), MAE=Mean Absolute Error. Observed, Model, and
MAE are given in ug/m3. Relative MAE values are given in parentheses (relative to the observed
mean). Data from the years 2005-2010 but data coverage differs greatly between the stations.

Station N Obs Model (1) MAE

Aspvreten (SE) 357 0.25 0.22 (0.63) 0.11(43 %)
Birkenes ECpmi10 (NO) 537 0.13 0.11 (0.76) 0.06(44 %)
Birkenes ECpm2.5(NO) 534 0.11 0.094 (0.71) 0.05(45 %)
Harwell (GB) 672 0.52 0.45 (0.45) 0.33(64 %)
Hyytiala (FI) 248 0.18 0.16 (0.71) 0.07(41 %)
Mace Head (IE) 9 0.11 0.11 (0.91) 0.04(36 %)
Melpitz ECpm10 (DE) 2157 1.71 0.53 (0.55) 1.20(70 %)
Melpitz ECpm2.5 (DE) 2100 1.43 0.45 (0.64) 0.99(70 %)
Overtoom (NL) 224 0.76 0.89 (0.51) 0.31(41 %)
Vavihill (SE) 143 0.19 0.32 (0.53) 0.14(75 %)
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Figure 3.3 Comparison of measured EC to model results from simulations using three different assumptions
regarding the EC hygroscopicity and atmospheric aging. The diagram shows average EC concentrations for
the periods with measurements: measured (striped); FRESH = model with all EC treated as externally mixed
and hydrophobic, no aging (white); STD = standard model version, including atmospheric aging of EC
(grey); AGED = model with all EC treated as hydrophilic already at emission (black); unit: ug (C) m-3. Note
that data are from different periods for different stations (see Paper IV).
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Figure 3.4 Scatterplots of measured and modelled EC for seven European measurement stations: (a)
Aspvreten ECio, (b) Birkenes EC:s, (c) Harwell EC1o, (d) Hyytidld ECi, (e) Melpitz ECs, (f) Overtoom ECzs,
and (g) Vavihill EC1o. The measured EC are divided into logarithmically spaced concentration bins. Each
order of magnitude is divided into 10 bins. The points represent the median of the model results for each
concentration bin of measured EC. The vertical lines show the range of model results for each bin. Solid lines

represent 1 : 1 lines. Dashed lines represent 2 : 1 and 1 : 2 lines, and dotted lines represent 10 : 1 and 1 : 10
lines. Unit: ug (C) m=3.
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4 Organic aerosol (Paper )

Organic compounds usually make up most of the carbonaceous aerosol; e.g. about 90% of the
carbonaceous material in PM1owas organic matter, while only 10% was EC, at 12 rural sites
in Europe [9]. Organic components are also major contributors to submicron particulate
matter (PM1). A recently published study, using aerosol mass spectrometry showed that 20-
63% of the total PM1 mass was due to organic aerosol at 17 European sites [82].

The chemistry of atmospheric organic aerosols is highly complex and an extremely large
number of different chemical components may be involved (e.g. [83]-[87]). The complexity
means that any attempt at large scale modelling of organic aerosol needs to be simplified. For
overviews of both chemically detailed (explicit and semi-explicit) models and empirical
models, see [84], [88]. Increased model complexity does not necessarily lead to improved
agreement with observations as shown in a recent evaluation and intercomparison of organic
aerosol in thirty-one global models [89].

A new model for treating organic aerosols was implemented and tested in the EMEP MSC-W
model (Paper I). The new organic aerosol scheme is based on a semi-empirical approach, the
so called volatility basis set (VBS) approach [90], further described in Sects. 4.3 and 4.4.

Organic aerosol is often divided into two types: primary organic aerosol (POA) — directly
emitted organic particles; and secondary organic aerosol (SOA) — formed in the atmosphere
after oxidation of organic molecules initially emitted in the gas-phase [91]. POA will be
discussed in Sects. 4.1 and 4.3, and SOA in Sect. 4.4.

4.1 Primary organic aerosol (POA) emissions

4.1.1 Combustion

Different forms of combustion are the dominant anthropogenic sources of primary organic
aerosol. Small-scale (residential) combustion is a very important source (see Sect. 5), partly
because a lot of wood burning is used and partly because the emissions are usually not
cleaned efficiently in the small scale appliances used. Another important source is emissions
from vehicles - both from the fuel and lubrication oil [92]. Older vehicles are typically
emitting much more than modern cars with (well-functioning) modern exhaust cleaning
technology [93], [94]. Small off-road engines (e.g. lawnmowers, trimmers, diesel generators)
can have very high emissions per amount of fuel used, but the total POA emissions from these
sources are likely relatively small compared to emissions from road traffic [95], but see [96].
Shipping also emits substantial amounts of particulate matter, including a large fraction
organic aerosol [97]; the OA (and total particle) emissions are expected to decrease due to
new fuel regulations leading to a change from heavy fuel oil, with high sulphur content, to
low-sulphur fuel (e.g. [97], [98]).

Vegetation fires (open biomass fires; including both agricultural burning and natural
wildfires) are large sources of organic aerosol (e.g. [21], [27]) on the global scale and in some
parts of Europe.

Primary organic aerosol emissions from combustion sources are semi-volatile [99], [100].
The emissions consist of a large number of different organic compounds with varying
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volatilities. Most of these components have not been individually identified so the emissions
are largely uncharacterized, consisting of an “unresolved complex mixture” [100]. However,
emission inventories have so far assumed fixed POA emission factors for different sources,
and chemical transport models have usually treated the organic emissions as consisting of a
completely non-volatile fraction (the POA emissions from the inventory) and a completely
volatile fraction (VOC, entirely in the gas-phase).

Since emission measurements typically have been done at high concentrations (small
dilution) a substantial part of the POA emissions may evaporate when the emission plume is
diluted in the atmosphere [100], [101]. The “traditional” assumption that the POA-emissions
in the inventory are entirely non-volatile may lead to substantial overestimation of
particulate POA-concentrations in the atmosphere (e.g. [101], [102]). The real particulate
POA concentration will depend on the degree of dilution (and the background concentration
of OA that the emitted semi-volatile compounds can partition to) and temperature.

4.1.2 Other primary organic aerosol emissions

A number of natural sources of primary organic aerosol particles exists [103]. Important
examples include: pollen and pollen fragments, fungal spores, bacteria, viruses, plant debris
(cellulose), animal debris, oceanic OA [104], lichen. Many of the primary biological aerosol
particles (PBAP) are relatively large (> PM1o) and deposit efficiently, but at least at some
locations a significant fraction of PM1o may consist of PBAP (e.g. [105]). In the work presented
in this thesis the PBAP are not explicitly included.

Cooking (e.g. frying and charbroiling) may be an important source of primary organic aerosol,
especially in urban areas. Aerosol mass spectrometry studies in Europe have found large OA
contributions from cooking in a number of cities (Ziirich, London, Manchester, Barcelona and
Paris [82], [106]-[109]). The emission inventories used in this thesis only included small
contributions from cooking and this source has not been explicitly studied here. Addition of
cooking emissions to the inventory would raise the model calculated OA in urban areas but
the impacts this source could have in Europe on regional scale are still unknown.

4.2 Gas-particle partitioning of the organic aerosol

To large extent organic aerosol particles consist of molecules that are semi-volatile, which
means that they can exist simultaneously in the gas-phase and particulate phase. Gas-to-
particle partitioning of organic molecules can occur by absorption into an organic solution or
adsorption on particle surfaces [110]. Absorption is usually assumed to be the dominant
partitioning mechanism for ambient aerosols (e.g. [83], [90], [111]).

A common simplifying assumption is that the organic components in the particles can be
described as a (pseudo-ideal) mixture in equilibrium with the atmosphere [88]. Assuming
that the gas-particle partitioning of the semi-volatile organic compounds occurs through
absorption into a condensed organic aerosol phase, the fraction of a compound, i, in the
condensed phase, &, can be written [90]:

i\
Ei=<1+F:A) ;COAzzciEi' €Y
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where Cp, is the total mass concentration of absorbing organic aerosol; C; is the total
concentration (gas + particle phase) of the compound i; and C; is the effective saturation
concentration of compound i. C; is the inverse of the frequently used gas-particle partitioning
coefficient, Kp, (e.g. [112]),

Ccr = & -1 )
L Cipart Kp ’

where Cl.gaS and Cipa” are the concentrations of compound i in the gas-phase and particulate
phase. Eq. 1 is a convenient way of expressing the gas-particle partitioning but it is important
to remember that the effective saturation concentrations (C;) are semi-empirical properties
of the organic aerosol components, and they include the activity coefficients of the
compounds in the organic aerosol mixture. If one assumes that the individual activity
coefficients remain constant under different atmospheric conditions (i.e. that the organic
aerosol behaves as a pseudo-ideal solution), then the C; for a given component will also
remain constant [91].

The gas-particle partitioning depends on the total organic mass concentration Cp, (Eq. 1).
This means that the fraction of a given semi-volatile compound that is in the particle phase
will be higher near large emission sources than in remote parts of the atmosphere - the
organic aerosol will tend to evaporate upon dilution [90].

The partitioning is also temperature dependent; the volatilities of the organic compounds
decrease with temperature. An expression for the temperature dependence of C{ can be
derived from the Clausius-Clapeyron equation [113],

T, AH,, i [ 1 1
¢/ (T) = Ci*(Tref)rTejrexp [ ;ap'l <T ; - T)]’ 3)
re

where T is the temperature; Ci*(Tref) is the effective saturation concentration, at a reference
temperature Tr.r; AH,qp ; is the enthalpy of vaporisation; and R is the ideal gas constant.

Compounds with effective saturation concentrations C*(298K) in the range 0.01-1 000 pg m-3
are denoted SVOCs - semi-volatile organic compounds, since they can occur simultaneously
in the gas and particle phase at least in some parts of the atmosphere; sometimes the term
LVOC (low volatility organic compounds) is used for the C*-range 0.01-0.1 pg m-3 [91]. Higher
volatility compounds with C* from 104 pg m3 to 106 ug m=3 are usually called IVOCs -
intermediate volatility compounds; these are almost entirely in the gas-phase except at very
extreme conditions. However, due to their relatively low volatility, IVOCs (and SVOCs in the
gas-phase) are expected to easily form secondary organic aerosol after oxidation in the
atmosphere (see Sect. 4.4).

4.3 Volatility basis set (VBS) treatment of POA

To be able to take the effects of volatility into account Donahue et al. [90] suggested that the
static description of POA emissions as a fixed non-volatile emission is replaced by a dynamic
treatment of the emissions as a set of lumped/surrogate species that span a wide range of
volatilities, using a VBS of effective saturation concentrations (C*) from 0.01 pug m3 to
1 000 000 pg m3, with the different volatility bins separated by powers of 10 (at 298K).
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Emissions of organic compounds more volatile than C* = 3x106 pg m3 are assumed to be
included in the VOC-emissions in the emission inventories but a large fraction of the lower-
volatility organics (C* < 3x106 pg m3) are likely missing in the traditional emission
inventories; the amount of low-volatility organics that is missing is uncertain but it has been
estimated that these are underestimated by a factor 2-3 [91].

To be able to better describe the evolution of OA in the atmosphere the primary organic
aerosol emissions should thus not be described as non-volatile emissions but as emissions of
varying volatilities (SVOC and IVOC emissions; possibly including some fraction of
non-volatile OC). Until recently, volatility distribution estimates were only available for a few
emission sources [100], [114], and, since they were based on measurements of mass collected
on quartz filters, IVOCs were not included (except as a “positive” measurement artefact [38]).
The volatility distributions were constructed from gas-particle partitioning data for the POA
measured at varying temperatures or exhaust concentrations [101], [114]. This approach has
several drawbacks [101] and the volatility distributions determined from fits of gas-particle
partitioning data are not unique; many different combinations of volatility distributions, total
emissions and enthalpies of vaporisation can satisfy the same data [115], [116].

In Paper [, the VBS approach to treating the primary organic aerosol emissions was
introduced in the EMEP MSC-W model. All POA emission sources were assumed to have the
same volatility distribution for the semi- and intermediate volatility OC (S/IVOC) emissions;
the distribution was initially determined for diesel exhaust and assuming that the mass of the
missing IVOC-emissions is 150% of the POA-inventory emissions [100], [102].

Recently a number of new studies of the gas-particle partitioning of different emission
sources have been performed at the Carnegie Mellon University [101], [116]-[118]; just as in
earlier works, only the SVOC part of the emissions is covered in these studies — detailed
knowledge of the IVOC emissions is still missing.

4.4 Secondary organic aerosol (SOA)

Secondary organic aerosol may form in the atmosphere after chemical transformations of
relatively volatile (primary emitted) organic compounds into less volatile compounds that
partition to the particle phase. Here a brief overview will be given of some aspects of SOA
important for this thesis, and of the way SOA formation was implemented in the EMEP model.
For reviews of SOA formation (and other aspects of SOA) see [84], [85], [119].

Volatile organic compounds may form SOA after oxidation in the atmosphere. SOA formed
after gas-phase oxidation of VOCs has been studied (and modelled) for a long time and until
fairly recently most chemical transport models only considered SOA from VOCs (VOC-SOA)
[88]. Sometimes the VOC-SOA is called “traditional” SOA, to separate it from SOA formed from
primary emissions of S/IVOCs. There is no fundamental difference between the formation of
SOA from S/IVOCs and that from VOCs but some confusion may arise from the fact that SVOCs
can be both primary OA and at the same time precursors for SOA.

Important SOA precursors include both VOCs emitted from vegetation (biogenic VOCs, or
BVOCs; discussed in more detail below) and VOCs of anthropogenic origin (AVOCs). Usually
aromatic compounds are the most important AVOC-precursors; e.g. SOA-yields from photo-
oxidation of toluene can be very high [120].
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Since S/IVOCs are relatively low-volatile compounds they have a large potential to form
particulate SOA after oxidation in the atmosphere [96], [100], [121]. This means that the
major anthropogenic primary OA sources are important anthropogenic SOA (ASOA) sources
as well.

4.4.1 SOA from biogenic VOC-emissions

Globally, emissions of biogenic VOCs by forests and other vegetation are the major sources of
organic compounds to the atmosphere; Guenther et al. [122] estimated that the annual total
global BVOC emissions are about 1000 Tg, which can be compared to an estimate of the total
anthropogenic VOC-emissions of ca 130 Tg for the year 2000 [123]. The global BVOC
emissions are dominated by isoprene (~50%), monoterpenes (~15%) and methanol (~10%)
according to the MEGAN2.1 model estimates [122]. However, there are large regional
variations in the emissions; in a recently published BVOC emission model for Europe [124]
the European BVOC emissions are estimated to be dominated by oxygenated VOCs (methanol,
formaldehyde, formic acid, ethanol, acetaldehyde, acetone, acetic acid) (43-45% of the total
BVOC emissions) and monoterpenes (33-36%) while the isoprene emissions are somewhat
lower (18-21%). In most of the papers included in this thesis only BVOC emissions of
monoterpenes and isoprene were included. For the whole EMEP model domain the annual
total (2007) monoterpene emissions were about 20 Tg and the isoprene emissions 9 Tg
(Fig. 4.1).
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Figure 4.1 Biogenic emissions of monoterpenes (left) and isoprene (right) in the EMEP model
domain for the year 2007. Unit: mg m-2.

The uncertainties of the BVOC-emissions estimates are large — Guenther et al. [122] estimate
that for a few compounds (including isoprene and methanol) the uncertainties in the annual
global emissions are about a factor of two while the uncertainties for the most abundant
monoterpenes (and a few other compounds) are about a factor of three; for most other
species uncertainties are higher. It should also be noted that the uncertainties for specific
times and locations can be much larger than those for the annual global emissions.
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Emissions of BVOCs are considered as being constitutive if produced and released by
unperturbed (non-stressed) vegetation. Most BVOC-emission algorithms for regional scale
application include only constitutive emissions and these are assumed to be controlled by
meteorology (especially temperature and light) and phenological cycles [11], [122]. Induced
BVOC-emissions from stressed plants will be discussed in Sect. 6.

Oxidation of BVOCs in the atmosphere contributes to the formation of ozone and leads to
formation of biogenic SOA (BSOA) [84]. Many BVOCs are unsaturated (e.g. isoprene, a-pinene
and sesquiterpenes) and react with all of the main oxidants in the atmosphere (OH, 03, NO3).
Some of the BVOC oxidation products have low vapour pressures and may form SOA by gas-
to-particle transformation.

Monoterpenes have been considered as the most important BSOA precursors due to large
emissions combined with high SOA-yields seen in smog-chamber experiments (e.g. [83], [85]
and references therein). Although isoprene emissions can be very large, the SOA-formation
from this compound has been thought to be minor due to high volatilities of its oxidation
products [125]. However, during the last decade a number of studies have indicated that
isoprene oxidation may potentially lead to substantial SOA-formation via a number of
different mechanisms [126]. Chamber studies of the SOA yield from isoprene show a high
degree of variability and the reasons for this are not fully understood. A very recent study
[127] suggests that the light-source used in the experiments could be an important factor, and
that studies using natural light or artificial lamps with emissions similar to the solar spectrum
produce substantially less SOA than studies using fluorescent lamps with no emissions at long
(> 400 nm) wavelengths; this was interpreted as an indication that SOA mass yields from
isoprene in the atmosphere could be lower than suggested by a number of chamber studies.

The SOA-yields from oxidation of sesquiterpenes (SQT) are high (e.g [128], [129]) but SQT
emission estimates are very uncertain [130], global SQT-emissions have been estimated to be
relatively low [122] and the SQT-emissions may to a large extent not be constitutive, but
rather induced by stress (e.g. caused by insect infestations [130]-[132]; see Sect. 6); for these
reasons many SOA-models have neglected SQT emissions. In this thesis SQT emissions were
only included in Paper IIl and in some further sensitivity tests presented in Sect. 7.

A number of studies have shown that BSOA is often a major contributor to ambient OA at
rural, and even some urban, sites in Europe (e.g., [46], [105], [133], [134] and Paper II). BSOA
has been estimated to contribute approximately half of the total OC on a global scale [84]; the
uncertainty of this estimate is very large - BSOA contributions as small as 1/8 and as large as
2/3 were also considered plausible.

4.4.2 Volatility basis set treatment of SOA
SOA formation from S/IVOCs

A simplified approach to treat SOA formation from S/IVOCs was introduced in the EMEP
model in Paper I. The method is based on the POA oxidation scheme by Robinson et al. [100]
and Shrivastava et al. [102]. The POA emissions are distributed over different volatilities,
using a 9-bin VBS as described in Sect. 4.3. The gas-phase fraction of the S/IVOCs reacts with
OH radicals and each reaction results in a shift of the compound to the next lower volatility
bin (one order of magnitude lower volatility; this is a conservative volatility reduction typical
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of the addition of a carbonyl group to the reacting compound [102]). In addition, a small
increase in mass is included for each oxidation step (+7.5% to account for added oxygen and
other non-carbon atoms [100]).

Separate model components are used for three different S/IVOC sources: fossil fuel sources,
residential biomass combustion and vegetation fires. Separate model species are also used for
primary components and oxidised (aged) components, to be able to separate POA from SOA.

As an example of how the S/IVOC reactions are treated in the model, reactions R1 and R2
show the first two oxidation steps for the surrogate species for fossil fuel OA emissions with
effective saturation concentration C* = 103 ug m-3 (denoted FFUEL_ug1000):

FFUEL_ug1000(g) + OH — oxFFUEL_ug100 + 0.075 O_FFUEL_ug100 (R1)
oxFFUEL_ug100(g) + OH — oxFFUEL_ug10 + 0.075 O_FFUEL_ug10 (R2)

The oxFFUEL_ugX model compounds also partition between the gas and particle phases and
the particulate fraction of these contribute to the SOA concentration. The additional model
species (O_FFUEL_ugX) are used to keep track of the 7.5% mass increase.

The reaction rate for the OH-oxidation (both R1 and R2) is set to 4x10-11 cm3 molecule-ls1
(taken from [100]). This rate is about a factor of 2 higher than typical OH-reaction rates for
large n-alkanes [135]. Reducing the rate by a factor of twoled to underestimation of SOA-
formation, when comparing to a smog-chamber study of diesel exhaust, while the original
scheme reproduced the SOA mass fairly well after about 1-3 hours of oxidation but
overpredicted SOA at longer times [102]. An alternative scheme with slower reaction rate
(2x10-11 cm3 molecule1s'1) in combination with more added mass per reaction (+40%) and a
larger drop in volatility (two orders of magnitude per reaction) has been constructed [136] to
fit observed oxygen-to-carbon ratios in laboratory experiments on oxidation of wood smoke
better than the scheme from [100].

These atmospheric reactions mean that the initially emitted IVOCs will gradually be
transformed into less volatile compounds that start to contribute to the particulate OA.

The simple VBS-based S/IVOC scheme for primary OA emissions and SOA formation is a first
attempt at including the effect of unspeciated (IVOC) emissions and treating the organic
aerosol in a more realistic way than to assume non-volatile POA emissions and to only include
SOA-formation from VOCs. Unfortunately the scheme is poorly constrained by available
experimental data. The volatility distributions of the POA emissions from different sources
are not uniquely defined (Sect. 4.3), the amount of IVOC emissions from different sources is
uncertain, and most of the IVOCs are unspeciated, which means that their reactivities and
SOA-forming potentials are uncertain.

An alternative to this way of treating the unspeciated organic emissions has been proposed
by Jathar et al. [94]. They determined the SOA yield of the unspeciated organics from different
sources and for each source they chose a single surrogate n-alkane species, with as similar
SOA-formation potential as possible as the mixture of unspeciated organics in smog chamber
experiments. These surrogate species can be used in chemical transport models to represent
the total amount of unspeciated emissions, including evaporated semi-volatile POA emissions.
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SOA formation from VOCs

A VBS-scheme for treating SOA formation from oxidation of VOCs was also added to the EMEP
model in Paper I. A small 4-bin VBS is used to model SOA formed both from anthropogenic
and biogenic VOCs [137]. The four bins include only SVOCs and cover the effective saturation
concentration (C*) range 1 - 1000 pg m-3. The parameterisation of the SOA-formation from a
given model-VOC can be written:

VOC + oxidant — VOC-peroxy radical (R3)
VOC-peroxy radical + NO = a1,high-NoxP1 + 02 high-NoxP10 + @3,high-NoxP100 + Q4 ,high-NoxP1000 (R4)
VOC-peroxy radical + HO2 = a1jow-NoxP1 + a2 1ow-NoxP10 + 3, 10w-NoxP100 + 0t4,ow-NoxP1000 (R5)

where P1, P10, P1oo and Piooo are the four different semi-volatile surrogate species, with C* =1,
10, 100 and 1000 pg m3, and the yield coefficients ai-a4 may be different for low- and high-
NOx conditions. Table 4.1 shows the mass yields ai used for the different SOA precursor VOCs.

SOA formation from monoterpenes can be initiated by gas-phase oxidation by any of the three
oxidants O3, OH or NOs but for isoprene only oxidation by OH leads to SOA formation in the
model. The isoprene + NO3 reaction has been shown to produce SOA in laboratory studies
with fairly high yields (4-24%) [138] but isoprene is only emitted during daytime and it
reacts rapidly with OH so only a minor fraction of it will remain at night when the
concentration of NOs3 radicals can be significant. For all anthropogenic VOCs the SOA-
formation is initiated by OH-reactions; model alkenes (surrogate species propene) also react
with ozone but this reaction does not lead to SOA-formation in the model.

Table 4.1 Mass yields (a) of semi-volatile surrogate species, with saturation concentrations,
C'(298K), of 1, 10, 100 and 1000 pug m-3, for the EMEP model SOA precursors for the high- and
low-NOx cases (corresponding to peroxy radical reaction with NO and HO, respectively).

a-values (mass based stoichiometric yields)

Precursor High-NOx Case (R4) Low-NOx Case (R5)

1 10 100 1000 1 10 100 1000
Alkanes 0 0.038 0 0 0 0.075 0 0
Alkenes 0.001 0.005 0.038 0.15 0.005 0.009 0.06 0.225
Aromatics 0.002 0.195 0.3 0.435 0.075 0.3 0.375 0.525
Isoprene 0.001 0.023 0.015 0 0.009 0.03 0.015 0
Terpenes 0.012 0.122 0.201 0.5 0.107 0.092 0.359 0.608

Notes: yields are based on [139], and references therein. Alkanes (excluding C:Hs), alkenes (excluding
C2H4) and aromatics are represented by the surrogates n-butane, propene, o-xylene in the EMEP-
chemistry.

4.4.3 Atmospheric aging of SOA

An important issue regarding SOA-formation is the longer-term evolution of the SOA in the
atmosphere. Most smog-chamber experiments have a relatively short duration and the SOA
particle mass yields determined from these studies may be due to only a few reaction-steps
following the initial oxidation of the VOC by O3, OH or NOs. Many of the products from the
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oxidation of common BVOCs (and AVOCs) are semi-volatile; a large fraction of this semi-
volatile SOA will be in the gas-phase under normal atmospheric conditions. Most of these gas-
phase molecules likely react rapidly with OH (and in some cases also with other oxidants).
These reactions may lead to addition of functional groups to the molecule (e.g. carbonyls,
hydroxyl or nitrate groups); when this happens the products will have lower volatilities than
the reacting molecule and they will partition to the particulate phase to a higher degree [119].
The oxidation can also lead to fragmentation of the molecule into smaller pieces usually with
higher volatility than the reacting molecule. Fragmentation reactions become increasingly
important as the oxidation state of the organic aerosol component increases and given
enough time the final outcome of oxidation of organic molecules would be CO2 [140].

The atmospheric oxidation of the aerosol, consisting of both functionalization and
fragmentation reactions, is often called aging and it may potentially lead to large changes in
the degree of oxidation of the particulate OA, compared to the fresh particles, and also to
substantial increase in particulate SOA-mass [141].

Many types of reactions can occur in the condensed phase (see e.g. [84], [119]) but in the
models used in this thesis only gas-phase reactions have been included (note however that
some effects of rapid condensed phase reactions may be included in the SOA-yields in the
experiments used in the VBS-parameterisation [85]). The homogeneous gas-phase aging by
reaction with OH-radicals is likely much faster than aging in the particle phase by
heterogeneous uptake of oxidants, except for molecules with very low volatilities [88]; but
the time scale of heterogeneous reactions is shorter than typical atmospheric residence times
for submicron particles so these reactions may also be important during long-range transport
of the particulate organic compounds [88], [141]. At least two studies [142], [143] have
shown that UV radiation may lead to fragmentation of o-pinene SOA and this could
potentially be an important sink process for SOA in the atmosphere.

In Paper [ different assumptions regarding the aging of SOA were explored. For S/IVOC
species, from primary OA emissions, multi-generational aging was allowed without
fragmentation (as described in Sect. 4.4.2); this simplification was based on the assumption
that the POA emissions to a large extent consist of large relatively unsubstituted alkanes for
which fragmentation reactions are uncommon [102].

Three different model schemes (based on [144] and [145]) were implemented for VOC-SOA:

e No aging of VOC-SOA, i.e. only including the first-generation products (4-bin VBS;
Table 4.1.

e Aging of both biogenic and anthropogenic VOC-SOA; the 4-bin VBS SVOC-surrogate
species, produced in reactions of type R4 and R5, were allowed to react with OH
radicals in the gas-phase with the reaction rate 4x10-12 cm3 molecule-! s1, with each
oxidation reaction leading to a reduction of the volatility by a factor of 10 and a net
mass increase of 7.5% to account for addition of oxygen. This scheme allows multi-
generational aging of the VOC-SOA, and no fragmentation is included. This can lead
to very large SOA-yields, since eventually most of the first-generation SVOC
products will be transformed into LVOC (C*'=0.1 pg m3) that partition almost
completely to the particle phase. The use of a very low aging rate (an order of
magnitude lower than the aging rate for the S/IVOC-SOA species) delays this
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process but Lane et al. [144] anyway found that this aging scheme led to serious
overestimation of OC concentrations in rural areas in eastern USA.

e No aging of biogenic VOC-SOA but aging of anthropogenic VOC-SOA, using the OH-
reaction rate 1x10-11 cm3 molecule-1s-1as suggested in [145].

4.4.4 Dry deposition of SOA vapours

The particulate phase OA from the VBS-scheme is assumed to be in the accumulation mode
(and internally mixed with the inorganic aerosol). The particles are assumed to be
hygroscopic, which means that wet deposition through in-cloud scavenging is efficient (see
Sect. 3.1). Wet deposition is usually the most important removal mechanism for non-volatile
accumulation mode particles, since dry deposition is very slow under most conditions.
However, for semi-volatile components (such as SOA) deposition losses can also occur in the
gas-phase. The dry deposition velocities of most of the semi-volatile SOA components (and
IVOCs) are unknown and it is difficult to estimate appropriate deposition velocities for the
lumped species representing the complex mixture of SOA-components in the VBS-based
schemes used in this thesis. Neglecting dry deposition of SVOC(g) may lead to overestimation
of the particulate OA concentration [146]-[149]. The importance of dry deposition of
anthropogenic organic vapours from long-chained alkanes (typical primary S/IVOC-emission
components) seems to be limited [147] while the semi-volatile gas-phase products from
oxidation of biogenic and anthropogenic VOCs may be highly water soluble and may be
efficiently taken up through plant stomata and by wet surfaces, leading to efficient dry
deposition [146], [148], [149]. In the work presented in this thesis the dry deposition velocity
of all oxidised semi- and intermediate volatile organic components in the gas-phase was
assumed to be the same as for acetaldehyde (see [11] for a detailed description of the
handling of dry deposition in the model). This means very low deposition velocities during
winter (typically less than 0.1 cm s-1) and slightly higher during summer (ca 0.1 - 0.4 cm s-1).
These low deposition velocities may lead to overestimated atmospheric residence times for
SOA in the model. A sensitivity test assuming very efficient dry deposition of biogenic SOA
components in the gas phase is included in Sect. 7.

4.5 Results - out of wood?

In Paper I four different VBS-based organic aerosol schemes were implemented in the EMEP
model and tested in long-term simulations for Europe covering the six years 2002-2007.
Model results were compared to various types of measurements at 27 sites in Europe. Here
some of the findings/conclusions of Paper I are briefly summarised.

Several sources contributed significantly to organic aerosol in Europe. Biogenic and
anthropogenic SOA and vegetation fires were all important contributors to modelled OA
during summertime. During winter both residential wood burning and fossil fuel sources
contributed substantially to organic aerosol in Europe, according to the model simulations.

Model results were very sensitive to the assumptions regarding the partitioning of the POA
emissions and the aging of primary S/IVOC species and SOA components. The treatment of
POA as S/IVOCs, subject to atmospheric aging, had a large impact on the results with a lot of
evaporation of POA in emission areas, followed by gas-phase oxidation of the evaporated
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components and transformation into ASOA. The evaporation led to a substantial decrease in
modelled total organic aerosol in urban high-emission areas — on the regional scale the ASOA
formation from the aging of the S/IVOC emissions more than compensated for the
evaporation losses, and led to increased total OA concentrations and a higher degree of
oxidation of the model OA. The traditional treatment of POA as completely non-volatile is
unrealistic (as discussed above) but large uncertainties are introduced by the addition of a
poorly constrained amount of IVOCs and an uncertain aging scheme.

Adding aging of the VOC-SOA to the model increased the calculated OA concentrations
further, especially over the Mediterranean Sea; here, large amounts of highly oxidised SOA
accumulated in these model versions, as a consequence of multigenerational aging without
fragmentation reactions. Some of the SOA-yields found when adding multi-generational aging
are very high, higher than those seen in smog-chambers, and it is likely that the neglect of
fragmentation reactions for highly oxidised SOA-components leads to overestimation of SOA
formation.

For summer periods the VBS-scheme that included multi-generational aging of all SOA tended
to give results in slightly better agreement with observations than the other model versions
(Fig. 4.2). There is a clear possibility that the results were improved for the wrong reasons -
e.g. increased BVOC-emissions might give similar effects as increased aerosol yields or aging
rates for BSOA; high ASOA yields predicted by the VBS-scheme might be masking problems
with missing or underestimated POA emissions.

Although Paper I showed that simple VBS-based organic aerosol models can give good
agreement with measured concentrations of OC (and TC) for summer conditions, it is clear
that more observational studies are needed to constrain the VBS parameterisations and to
help improve emission inventories.

None of the model/emission combinations tested was able to reproduce winter levels of
particulate carbonaceous matter in Europe. At most sites OC concentrations during winter
were underestimated (Fig. 4.2), and the comparisons to source-apportionment studies
showed very poor agreement for OC from wood burning. Large overestimation occurred at
two Norwegian sites but large underestimation at all other sites. These results from Paper |
(also supported by results from Paper II) were an important motivation for the development
and testing of a new European emission inventory for residential wood combustion (Papers
IV and V).
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Figure 4.2 Organic carbon concentration in PMio (OCio). Filter measurements from European sites (2002-
2007) and corresponding model concentrations. The upper plots show data from the summer half-years
(May-October; 671 measurements), and the lower plots data from winter half-years (November-April; 687
measurements). Model versions (from left to right): NPNA - non-volatile primary OA emissions, no aging of
SOA; PAP - POA emissions (including additional IVOCs) distributed over different volatilities (9-bin VBS) and
subject to atmospheric aging reactions, no aging of VOC-SOA; PAPA - similar to PAP but including aging of
anthropogenic VOC-SOA (oxidation rate 1x10-1! cm3 molecule s1); PAA - similar to PAP but including aging
of all VOC-SOA (oxidation rate 4x1012 cm3 molecule’s1). For details see text.
coefficients (r) and mean absolute error (MAE) for the four different model versions are given above the

plots.
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5 Emissions from residential wood combustion
(Papers IV and V)

Small scale combustion of biomass fuels (especially wood) has long been recognized as a
major source of particulate matter during the cold seasons in large parts of Europe (e.g. [150]
and references therein). Several modelling studies have indicated that winter-time emissions
of PM may have been severely underestimated in the past (e.g. Papers I and II, [151], [152]).

It is difficult to estimate total emissions from residential wood combustion (RWC) for several
reasons. For example, it is hard to obtain reliable statistics for fuel wood use, since it is often
non-commercial and falls outside the economic administration; this has led to substantial
underestimations of fuel wood consumption. Another complication is that many different
types of appliances are used for residential wood combustion, with large differences in
particle emissions per unit of fuel burnt; modern combustion equipment emits much less
than old stoves and fireplaces. The actual combustion conditions (and thereby emissions)
depend a lot on the user, and different customs regarding how to burn wood may have a large
influence on emissions.

Emission inventories based on national reporting (e.g. the emissions available at the EMEP
Centre on Emission Inventories and Projections, CEIP; www.ceip.at) may also include large
inconsistencies between different countries due to differences in assumed emission factors
even for the same appliance types. This can partly be due to the influence of the combustion
type, fuel parameters and different operating conditions, including ignition methods [153].
Another very important factor is the different sampling and measurement protocols or
techniques used by different countries. Some methodologies sample particles on a heated
filter, through a probe, from undiluted flue gas at relatively high temperatures (e.g. 160°C),
thereby only capturing non- or low-volatile particles, often denoted “solid particles” (SP) in
the emission sampling studies [153], while others include some dilution and cooling of the
sample in a dilution tunnel and measure particles at relatively low temperatures (e.g. < 35°C
in the Norwegian standard NS 3058-2 [154]) and thereby capture both the solid particles and
a larger fraction of the condensable (semi-volatile) particles.

5.1 A new emission inventory

A new bottom-up emission inventory for carbonaceous aerosol emissions from residential
combustion of biofuels in Europe is described in Papers V and IV. In this new inventory,
emission factors for different appliance types were based on dilution tunnel sampling. For a
given appliance type the same emission factor was used for all countries (the average
(dilution tunnel) emission factor from the different reported values). This means that the new
inventory has a consistent approach for residential wood combustion, independent of
individual country emission factor choices used for official reporting.

The new emission inventory (TNO-newRW(C) is based on an EC and OA emission inventory
developed within the EUCAARI project (for further details about the EUCAARI inventory see
Paper V). The inventory covers Europe from 10°W to 60°E and 35°N to 70°N; it includes
Turkey but emissions in Africa and Kazakhstan are not included. The inventory has a
relatively high spatial resolution, using a 1/8° x 1/16° longitude-latitude grid (ca 7 x 7 km).
The RWC emissions within each country are distributed based on population density,
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weighted with estimated local wood-availability (based on forest land-cover maps) and with
a higher weight for rural than urban areas since urban houses are less likely to have wood
stoves [155]. It should be noted that the spatial distribution of the emissions does not take
into account local factors such as legal restrictions, cultural traditions and the availability of
energy distribution networks. This likely leads to overestimated emissions in some urban
areas (e.g. the larger cities in the UK, where residential combustion of solid fuels is restricted)
and, as a consequence, underestimated emissions in rural areas.

The new emission inventory changed the total primary organic aerosol emissions from wood
combustion substantially, but not in the same way for all countries. The total OC-emissions
from residential wood combustion (for the whole UNECE-Europe domain) in the EUCAARI
emission inventory were about 350 Gg C / year — in the new emission inventory the
estimated emissions are almost three times larger: ca 980 Gg C / year. For all countries except
Norway the new inventory has higher emissions than the old inventory. Fig. 5.1 illustrates
how the total anthropogenic primary particulate OC emissions differ between the new
inventory and the EUCAARI inventory for some selected countries. According to the new
inventory, residential wood combustion is the totally dominant anthropogenic source of
primary organic aerosol emissions in Europe - about 60% of the POA is estimated to be
emitted by RWC (Fig. 5.2a).

The model impact of the large differences in total emissions between the two inventories is
illustrated in Fig, 5.3, which shows model simulated annual average organic aerosol
concentrations in Europe using the two inventories (using a model version including aging of
both primary S/IVOC-components and SOA-components in the gas-phase; the PAA model
scheme from Paper I).

Although emission estimates based on dilution tunnel measurements capture a lot more of
the emitted OC than solid particle measurements, a large fraction of the semi- and
intermediate-volatility organic compounds emitted from RWC will be in the gas-phase also at
the temperatures achieved in the dilution tunnel (e.g. ~30°C). Since residential combustion is
especially important during periods with low temperatures it is likely that some of the SVOCs
that do not condense at the dilution tunnel conditions will do so at cold winter temperatures.
The more volatile S/IVOCs may be oxidised in the atmosphere and the oxidation-products
may condense as particulate SOA (see Sect. 4.4).

In Paper V the TNO-newRWC inventory and the (older) EUCAARI inventory were used in
model simulations with the EMEP model for the three-year period 2007-2009. Comparisons
of modelled wood burning OC to Scandinavian source apportionment studies showed much
better agreement with the new inventory than with the EUCAARI inventory. However, only a
relatively limited amount of source apportionment data, from five sites, was used in Paper V
and further evaluation of the new inventory is needed, using additional measurements for
other regions in Europe; such work is planned for the near future.

The modelled total particulate organic carbon concentrations were also compared to long-
term measurements at six sites in countries where the differences in emissions between the
two inventories are large. At all sites the correlation between modelled and observed
wintertime OC increased and the mean absolute error of the model OC was lower at most of
the sites with the revised inventory than with the old one.
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Figure 5.1 Total emissions of particulate organic carbon (sum of all anthropogenic sources; PMzs-fraction)
for selected countries according to the old (EUCAARI; white bars) and new (TNO-newRWC; black bars)
emission inventories. For the new inventory the emissions from residential wood combustion (RWC) are also
shown (grey bars). Unit: kt Cyr.

For most countries the differences in estimated EC emissions from residential wood
combustion between the TNO-newRWC and EUCAARI inventories are smaller than the
changes in OC emissions (see Paper IV for a discussion about the reasons for the differences
in the EC-emissions). Total European ECzs emissions from RWC are 26% higher in the new
inventory compared to the old one. However, for Norway the new inventory has substantially
lower EC-emissions than the old inventory and model simulations with the new inventory led
to much better agreement with source-apportionment data from Norwegian sites based on
tracers of wood burning (Paper 1V).

RWC emissions contribute about 1/5 of the total anthropogenic ECzs-emissions in UNECE-
Europe according to the new emission inventory. This makes it the second largest source
after road transport (Fig. 5.2b).
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OC emission inventory: OC < 2.5 pm, all sources,
UNECE-Europe 2005 (total: 1 641 kt/yr)

processes
(5%)

= Combustion in energy industries (1%)
m Residential wood combustion (60%)
m Other residential combustion (3%)
® Combustion in manufacturing industry (1%)
® Industrial production processes (5%)
m Extraction and distribution fossil fuels (0%)
= Road transport (6%)
= International shipping (5%)
Other mobile sources and machinery (9%)
= Waste treatment and disposal (4%)
© Agriculture (7%)

EC emission inventory: EC < 2.5 pm, all sources,
UNECE-Europe 2005 (total: 773 kt/yr)

= Combustion in energy industries (3%)
m Residential wood combustion (18%)
m Other residential combustion (10%)
= Combustion in manufacturing industry (1%)
® Industrial production processes (5%)
m Extraction and distribution fossil fuels (1%)
= Road transport (26%)
w International shipping (16%)
Other mobile sources and machinery (12%)
= Waste treatment and disposal (5%)
© Agriculture (5%)

Figure 5.2 Relative contribution from different source sectors to emissions of (a) particulate organic carbon
(0C:5) [left] and (b) elemental carbon (ECzs) [right] in Europe in 2005. The emissions are based on the new
emission inventory (TNO-newRW(C) for residential wood combustion and the emission inventory developed
within the EUCAARI project for other sources.

Figure 5.3 Model simulated annual &verage concentration of total organic matter in PM25(2007) using two
different emission inventories for residential wood combustion; Left: the revised TNO-newRWC inventory;
Right: the “old” EUCAARI inventory. Unit: ug m-3. For details about the model set-up and organic aerosol
scheme used, see Paper V.
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6 Biotic stress-induced emissions (Paper III)

6.1 Stress-induced emissions

In addition to the constitutive BVOC-emissions, discussed in Sect. 4.4.1, vegetation also emits
organic compounds in response to various types of stress — so called stress-induced
emissions (SIE). Some types of stress lead to very large induced VOC-emissions and many of
the emitted compounds are highly reactive and can form large amounts of organic aerosol
after oxidation in the atmosphere [156]. The potential impact of SIE in northern and central
Europe on organic aerosol concentrations is investigated in Paper III.

Stress factors that can lead to induced emissions can be divided into biotic factors (infestation
by insects, fungi, viruses etc.) [157] and abiotic factors (e.g. heat stress [131], drought,
exposure to ozone and other oxidants, and UV-radiation; for reviews of induced BVOC-
emissions due to abiotic stress factors see [158], [159]).

The stress-induced emissions may aid the affected plant in several ways (e.g. [159]-[161]);
induced VOCs may:

e reduce oxidative stress and increase the resistance to high temperatures (e.g,
isoprene, monoterpenes and sesquiterpenes)

e deter herbivores from feeding and ovipositing
e attract herbivore predators and parasitoids
e have antimicrobial effects

e Dbe used for internal, and plant-to-plant, signalling to stimulate defence mechanisms
within the plants

Stress-induced emissions vary with the plant type affected, the severity of the stress and the
cause of stress. A large number of different VOCs may be emitted, e.g. ethene, methanol, so
called green leaf volatiles (various Ce alcohols, aldehydes and esters), monoterpenes,
sesquiterpenes and phenolic VOCs (e.g. [160], [161]).

The severity of the stress is an important factor [162]; e.g. severe heat stress that cause
irreversible damage to the plant may lead to reduced emissions [131] and bark beetle attacks
on trees may initially lead to a substantial increase of monoterpene (MT) emissions followed
by a drastic decrease if the tree dies as a consequence of the attack [163].

Experiments at the Jiilich Plant Atmosphere Chamber have shown that both methyl salicylate
(MeSA) and sesquiterpenes (Fig. 6.1) released from trees infested by aphids are very efficient
in forming SOA [132]; the SIE in the experiments were large compared to the constitutive
emissions of monoterpenes and the particle mass yields for MeSA and SQT were about 3-4
times larger than for the MT. Inspections of European forests [164] suggest that non-infested
and unstressed plants are uncommon — some degree of stress is the normal state of
vegetation. This means that SIE may account for a significant part of the SOA formation in
European forests.
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Figure 6.1 Left: Methyl salicylate — MeSA. Right: B-farnesene, (a sesquiterpene) used as an alarm
pheromone by aphids and also produced and emitted by many plants.

Almost all large-scale modelling of organic aerosol so far has neglected stress-induced
emissions and only considered constitutive BVOC-emissions. One reason for this is that the
SIE are very uncertain, variable, and difficult to predict. Inherent difficulties include episodic
character, time lags of emissions, dependencies on plant history, adaption to stresses and
scaling of emissions from leaf level to regional scale; Arneth and Niinemets [157] discuss the
difficulties of simulating insect induced emissions in dynamic vegetation models. Realistic,
predictive detailed simulation of biotic SIE in regional scale models is presently not feasible.
However, the potentially large impact of SIE on organic aerosol formation means that it is
important to assess the order of magnitude of the impact of SIE. If SIE has a large impact on
SOA4, it is worth putting more effort into investigating this in detail.

Paper III is a first estimate of the potential impact of biotic stress induced emissions on
organic aerosol concentrations in Europe. Plausible emission scenarios for current conditions
were constructed and projections of possible effects of SIE in the future were investigated. In
addition a special type of biotic SIE of more regional character was considered. A summary of
the methodology and a brief discussion of the results are given in the following sections.

6.2 Emission factors for infested trees

Emissions, due to insect infestations on Northern/Central European trees were estimated
based on plant-chamber experiments performed on infested trees in the Jilich Plant
Atmosphere Chamber (JPAC) [132]. The emission factors for SIE from infested trees were
based on the observed ratio of SIE to monoterpene emissions in the JPAC. Two emission
scenarios were constructed:

e (Case 1 was based on measurements on a Norway spruce infested by aphids; this
tree was found to emit substantial amounts of sesquiterpenes. The SQT/MT
emission ratio was 2.4.

e (Case 2 was based on chamber data from experiments with a combined stand of
birch, spruce and pine, with the spruce having a high degree of aphid infestation;
this experiment showed large emissions of both methyl salicylate and
sesquiterpenes. The emission ratios were MeSA/MT=3.5 and SQT/MT =4.9.

The stress induced SQT and MeSA emissions were of de novo type [131], which means that
they are emitted in connection with biosynthesis and occur only during daylight hours. For
this reason the SIE were only switched on during daytime in the model scenarios.

34



Biotic stress-induced emissions (Paper 11I)

6.3 Fraction of infested trees

To construct continental scale emission scenarios for SIE (for Europe north of Lat. 45° N) the
observed emission factors from infested trees in JPAC were combined with estimates of the
fractions of infested trees in Central and Northern Europe. The estimate for present-day
conditions was based on surveys of the European forests, presented in European and national
forest damage reports, provided by ICP Forests (the International Co-operative Programme
on Assessment and Monitoring of Air Pollution Effects on Forests operating under the UNECE
Convention on Long-range Transboundary Air Pollution, http://www.icp-forests.org/) [164]-
[166].

Insects are reported to be the most frequent cause of damage to trees in Europe and insect
infestations are well distributed over northern and central European forests [165]. Further,
Fischer et al. [165] state that tree defoliation may be a useful warning system for the
response of forests to different stress factors; they rate trees with > 25% defoliation as being
damaged. The fraction of damaged trees is relatively large in northern and central Europe: for
northern (boreal) forests 11% of the trees were rated as damaged by [165] and similarly the
Finnish forest damage report [166] stated that about 10-12% of the pines had a high degree
(>25%) of defoliation; central and north-central forest types have even larger fractions of
damaged trees (19-28% reported in [165]).

In Paper III (Case 1 and 2) the fraction of trees with significant defoliation was used as a
rough estimate of the fraction of stressed trees. Since the JPAC experiments on infested trees
only included central and northern European tree species only SIE in the area north of
Lat. 45° N were considered. The fraction of currently stress-affected trees were assumed to be
10% for latitudes greater than 60° N and 20% between 45° N and 60° N.

Model emission scenarios with higher degrees of infestation were also considered.
Hypothetical severe-case future scenarios of SIE were constructed by assuming that insect
infestations affect trees that today are at >10% defoliation. This corresponds to about 2/3 of
the trees in central Europe [165] and about 50% of the trees in boreal forests [166].

6.4 Regional episodic infestation by bark lice

A special type of regional insect infestation was also studied in Paper III — a two-month
infestation of honeydew generating lice on spruce trees in Baden-Wiirttemberg (south-west
Germany). Honeydew produced by the spruce shoot aphid Cinara pilicornis (and other bark
lice) is important for forest honey production and detailed observational data, collected by
bee-keepers, exist in Baden-Wiirttemberg (www.stockwaage.se). The relation between

infestation and forest-honey production is well known to bee-keepers — in a good honey
year the infestation is widespread and lasts through the summer months.

A Norway spruce infested by Cinara pilicornis was studied by Mentel et al. [132]. The coupled
insect - tree system emitted large quantities of long chained Ci7-alkenes (mainly
8-heptadecene; 6,9-heptadecadiene; and 3,6,9-heptadecatriene). These C17-BVOCs were very
reactive and the SOA-yield for the C17-BVOCs was found to be very high: 33 mass-%. The
amount of C17-BVOCs emitted was also very high compared to the monoterpene emissions
(emission ratio C17-BVOC/MT = 18). Elevated SQT emissions were also observed in this
experiment, the emission ratio was SQT/MT = 1.
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Case 3 in Paper III simulates a year with wide-spread infestation (a good honey-year). All
spruce in Baden-Wiirttemberg (38% of all trees) were assumed to be heavily infested during
June and July. This is an extreme case, but the bark lice may also infest other tree species, and
some years even deciduous trees may be infested and contribute to honeydew production.

Since the day-time emissions of C17-BVOCs in the experiment [132] were about 2-3 times
higher than during night, only daytime emissions were included in the model (just as for SQT
and MeSA in Case 1 and 2). This means that a potentially significant night-time production of
SOA from C17-BVOCs is neglected.

6.5 Stress-induced emission scenarios

Combining the emission factors for the infested trees with the estimated fractions of infested
trees led to five different scenarios for stress induced emissions on large and regional scales.

The SIE in the scenarios are summarised in Table 6.1. The scenarios constructed to simulate
present day stress-levels in central and northern Europe (Case 1 and Case 2) includes
substantial emissions of SQT. In the “north-central” European region (45-60°N) SQT
emissions are estimated to be ca 50% (Case 1) or 100% (Case 2) of the daytime MT
emissions. MeSA-emissions may also be very large if stress induced emissions similar to those
seen in the plant chamber experiments used as input for Case 2 are common in the European
forests — for the boreal forests (Lat > 60N) MeSA emissions are estimated to be 35% of the
daytime MT emissions and for the north-central European forests 70%.

Table 6.1 Biotic stress-induced emissions (SIE) of sesquiterpenes (SQT), methyl salicylate
(MeSA) and unsaturated C17-BVOC (C17) in the different model scenarios. The SIE are expressed
as mass based fractions of the daytime model emissions of monoterpenes (MT).

Scenario Area SQT/MT MeSA/MT C17/MT
Case 0 everywhere 0.05 - -
Case 1 Lat>60° N 0.24 - -
45°N<Lat<60°N 0.48 - -
Lat<60°N 0.05 - -
Case 2 Lat>60°N 0.49 0.35 -
45°N<Lat<60°N 0.98 0.70 -
Lat<60°N 0.05 - -
Case 1F Lat>60°N 1.2 - -
45°N<Lat<60°N 1.6 - -
Lat<60°N 0.05 - -
Case 2F Lat>60°N 2.45 1.75 -
45°N<Lat<60°N 3.27 2.33 -
Lat<60°N 0.05 - -
Case 3 Jun-Jul, Lat: 47.8-49.8° N, 0.38 - 6.8
Lon: 8.0-10.2°E
Elsewhere (and rest of year) 0.05 - -
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6.6 Modelling of SOA formation from biotic SIE

Simplified mechanisms for SOA formation from biotic stress-induced emissions of
sesquiterpenes, methyl salicylate and unsaturated Ci7-compounds were implemented in the
EMEP model. The SOA yields for the SQT, MeSA and C17-compounds were based on measured
yields in the Jilich Plant Atmosphere Chamber [132].

Since limited information is available regarding SOA formation from these stress-induced
BVOC-emissions, simple fixed SOA yields were used, based on the experimental data. The SIE-
SOA was treated as non-volatile in the model simulations since no information about the
volatility distribution of the SIE-SOA was available.

The following SOA-forming reactions were included in the model:

SQT + Ox — 0.17 SQT-SOA (R6)
MeSA + OH — 0.22 MeSA-SOA (R7)
C17-BVOC + Ox — 0.33 C17B-SOA (R8)

where Ox denotes a general oxidant (OH, O3 or NO3).

For SQT the SOA-yield was based on the experimental yields from aphid-infested Norway
Spruce trees (17 mass-%) [132]; the same SOA-yield was assumed for all SQT-emissions in
the model. For MeSA and C17-BVOC the SOA yields were 22 and 33%, respectively.

SOA-formation from SQT is rapid; in the model the OH and O3 oxidation rates (R6) were set to
1.97x10-10 cm3 molecule? st and 1.16x10-1* cm3 molecule! s, respectively, based on the
rates for 3-caryophylllene oxidation from the Master Chemical Mechanism (MCM v3.2 [167],
via website: http://mcm.leeds.ac.uk/MCM).

MeSA is much more stable in the atmosphere [168] and, based on experimental data from
JPAC, the OH-reaction rate (R7) was set to 4 x 10-12cm3 molecule-! s-1. This low rate means
that a significant fraction of the MeSA will remain during night and reaction with NO3 radicals
should also be considered:

MeSA + NO3 — o MeSA-SOA (R9)

The reaction rate for the NO3 reaction is not known and neither is the possible SOA-yield (a).
Canosa-Mas et al. [168] assumed that MeSA could react as fast with NO3 as phenol does but,
as discussed in Paper III, MeSA may be more stable than phenol; for example, the MeSA+OH
reaction (from the JPAC experiments) is seven times slower than the phenol+OH reaction.
Since the atmospheric chemistry of MeSA is poorly known, several sensitivity tests were
performed in Paper IlI, using different assumptions regarding the MeSA+NO3 reaction and
SOA yield. The MeSA+NOs3 reaction was either neglected (kro= 0) or assumed to occur with
the rate kro = 5.4 x 10-13 cm3 molecule! s1 (seven times slower than the phenol+NO3
reaction; this is roughly in line with preliminary results from laboratory experiments at
JPAC). The SOA-yield for the MeSA+NOs3 reaction was either assumed to be 0 or 22% (the
same as for the OH-reaction). Sensitivity tests of different assumptions regarding the MeSA
deposition losses were also performed (see Paper III).
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In paper III, the constitutive BVOC-emissions (and the AVOC and primary OA emissions) were
treated with a slightly modified version of one of the VBS-models described in Paper [; the
PAP version (Partitioning and atmospheric Ageing of Primary S/IVOC emissions) was chosen
as the base case. This means that atmospheric aging of semi-volatile compounds formed from
the oxidation of biogenic and anthropogenic VOCs was excluded — only first-generation
BSOA and ASOA from these reactions were included.

6.7 Impact of biotic stress-induced emissions in Europe

6.7.1 Current situation scenarios

A one-year simulation (for 2007) was performed with the EMEP model for each of the SIE-
scenarios in Table 6.1. Since most of the BVOC-emissions (including the SIE) occur during the
warmer seasons, results were extracted for the 6-month period April-September. In Fig. 6.2
the biogenic SOA due to only the constitutive BVOC-emissions (Case 0) is compared to the
organic aerosol formed due to the stress-induced emissions in the two present-day scenarios
(Case 1 and 2).

e (Case 1-type stress-induced emissions (only SQT-emissions) at the estimated
present-day level of infestation lead to moderate levels of SIE-SOA (< 0.3 ug m3 in
most of Europe for the 6-month (Apr-Sep) mean, corresponding to between 20 and
40% of the total modelled BSOA in most of Europe north of Lat. 45° N).

e Biotic SIA including MeSA (Case 2) leads to much higher modelled SIE-SOA
concentrations, between 0.6 and 1 pug m=3 in large parts of eastern and central
Europe — clearly higher than the modelled unstressed BSOA concentrations during
the same period. For Case 2 between 50 and 80% of the total BSOA is SIE-SOA, for
most of Europe north of Lat. 45° N.

Although the emission scenarios considered in Paper III for the current situation (Case 1 and
2) are rough estimates, they do not lead to unrealistic modelled organic aerosol
concentrations. Modelled OC concentrations at the forested site Hyytidld in south-central
Finland were compared to measurements. Modelled OC using Case 2 emissions was slightly
closer to observations than with Case 1 emissions and both SIE-scenarios were in better
agreement with observations than the reference scenario that did not explicitly treat biotic
stress emissions. It should be noted that the improved results for total OC when adding SIE
does not prove that the stress-induced emissions are correctly modelled; the improvement
could also be due to compensation of underestimated constitutive BVOC-emissions, or
underestimated SOA-formation from the BVOC-emissions (e.g. due to neglect of aging
reactions).

6.7.2 Regional episodic infestation of Cinara pilicornis

The model scenario simulating a two-month severe infestation of spruce in Baden-
Wiirttemberg by the forest-honey generating bark louse Cinara pilicornis (Case 3 in Paper III)
leads to very large organic aerosol formation in the infested region. The calculated increase of
background PMzs concentration in Baden-Wiirttemberg due to the SIE is about 3 ug m-3 and it
is larger than 0.5pg m3 in all of southern Germany. For Baden-Wiirttemberg this
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corresponds to an increase in the calculated background PMzs of about 50-70%. Although
this model scenario can be considered a worst-case scenario for lice infestation in Baden-
Wiirttemberg (and best-case for honey production) it should be pointed out that the bark lice
can also infect other tree species and that Cinara pilicornis (and other bark lice) are found
throughout Europe (Fig. 6.3). If the type of C17-BVOC emissions found in [132] (during 10
days) occurs over extended time periods also in real forests the impact on SOA-formation in
Europe would be large. As pointed out by Mentel et al. [132] very little is known about
biogenic emissions of Ci7-compounds. Considering their very high SOA-forming potential,
illustrated in Paper III, further studies seem worthwhile — a better understanding of the
origin of the emissions (from the plant or insect) and whether other aphid species than
Cinara pilicornis may emit the same (or similar) compounds are important issues to
investigate.

Figure 6.2 Model calculated 6-month mean (Apr-Sep) concentrations of biogenic SOA and biotic stress-
induced OA (SIE-OA); (a) BSOA from constitutive emissions (reference simulation, Case 0), (b) SIE-OA in
Case 1 (biotic stress with sesquiterpene (SQT) emissions), (c) SIE-OA in Case 2 (biotic stress with emissions of
SQT and methyl salicylate). Unit: pg m-.

Figure 6.3 Biotic stress (a) ant attended aphids on spruce shoot (b) spruce infested by pineapple gall
adelgid (c) group of spruce shoot aphids, Cinara pilicornis(?).
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6.7.3 Implications of Paper III

A large number of different biotic stressors exist in the environment and many plants are
obviously infested at least to some degree. The inspections of European forests suggest that
totally non-infested plants are not likely to be common and thus some stress is the normal
state of vegetation.

It is clear that SIE can dominate SOA formation on the laboratory scale but up-scaling of the
laboratory results to large scale is uncertain. The SIE scenarios investigated in Paper III are
based on experiments on a limited number of tree species and stressors. The large number of
different stressors (both biotic and abiotic) in the environment means that the true stress-
induced emissions that occur in nature will behave in a much more complicated way than in
the simplified model scenarios, both regarding speciation and the temporal variation of the
SIE. This approach used to model SIE-SOA in northern and central Europe is a first step, and
may lead to over- or underestimations of the importance of SIE-SOA. However, without
consideration of SIE-SOA, modelling scenarios will remain unrealistic.

The results from the European scale simulations with the EMEP model show that, for some
periods, stress-induced emissions may be more important for organic aerosol production
than the constitutive emissions of BVOC.

If growing conditions for trees change rapidly on the time-scale of the life span of individual
trees, due to e.g. climate change, established vegetation may be unable to adapt to the new
conditions and become more vulnerable to different stressors; this could lead to increased
stress-induced emissions and as a consequence higher SIE-SOA concentrations.

MeSA is emitted by many different plants due to different types of stressors, both biotic and
abiotic. Furthermore the MeSA + OH reaction has a high SOA-yield. This means that MeSA
may be a very important BSOA-precursor in many areas. MeSA reacts rather slowly with OH
and this means that the atmospheric residence time may be relatively long and that night-
time reactions with NO3 radicals may be important. However, the rate of the MeSA + NO3
reaction is not known and neither is the SOA-yield for the reaction. Sensitivity tests
performed in Paper III using different assumptions regarding the MeSA + NOs3 reaction
indicate that it is worthwhile to try to determine the SOA-yield from the reaction
experimentally, since a large fraction of MeSA may react with NO3 rather than OH.

The results from Paper III point to the need to determine stress-induced emissions by field
measurements. Such measurements are difficult for SQT, due to their high reactivities and
resulting short atmospheric lifetimes, but MeSA should be easily detectable in the
atmosphere, if the model assumptions in Paper Il regarding emissions and reactivity are
realistic. MeSA has indeed been observed [169] in and over a walnut forest canopy at levels
comparable to those found in Paper III.
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7 Putting it all together

During the work with this thesis many different model sensitivity tests have been performed;
some of them were presented in Papers I and I1I-V. Based on the findings in Papers I-V, some
additional model simulations have been performed to update the estimates of the organic
aerosol concentrations in Europe and of the relative importance of the major sources of the
aerosol. In this section some results from these recent model simulations are presented.

The organic aerosol schemes used here are based on the volatility basis set methods from
Paper I, but some modifications have been done, to take into account findings from Paper I
and further developments in Papers III-V:

- the new emission inventory for residential wood combustion (Paper IV+V) was used

- the general background concentration of organic aerosol was set to 0.4 pg m-3,
based on findings in Paper I

- emissions from open biomass fires were taken from the FINNv1 inventory [21],
which has higher temporal and spatial resolution than the fire inventory used in
Paper|

- a small emission of sesquiterpenes was added (equal to 5 % of the daytime
monoterpene emissions; as in Paper III)

7.1 Method

Results from simulations using six different model set-ups are compared here. The first three
versions (a-c) investigate the influence of atmospheric aging of VOC-SOA in the gas-phase:

(a) “PAP” — this version is intended to give a low estimate of the organic aerosol. It is
based on the PAP method in Paper I (Partitioning and atmospheric Aging of
Primary semi- and intermediate-volatility OC emissions). No aging of VOC-SOA is
included and no explicit stress-induced emissions. This scheme is identical to the
base case simulation (Case 0) in Paper III.

(b) “Agel” — similar to PAP but allows one generation of aging of VOC-SOA; this gives
an intermediate estimate of OA, and may be more realistic than no aging at all
(laboratory experiments have shown considerable SOA enhancements due to
OH-aging [141]).

(c) “PAA” — based on the PAA method in Paper [ (Partitioning of primary OA and Aging
of All semi-volatile OA components in the gas-phase). This model version allows for
multi-generational aging of the semi-volatile OA; this may lead to unrealistically
high SOA yields from VOC-oxidation, as discussed in Sect. 4.4.3. The PAA-version
gives a high estimate of OA but no explicit SIE are included (which means that it is
not a maximum estimate).

The remaining three model versions (d-f) include biotic stress-induced emissions of
sesquiterpenes and methyl salicylate, MeSA (north of Lat. 45°N), using the emission
assumptions from Case 2 in Paper III (see also Sect. 6) and includes SOA formation from the
MeSA+NOs3 reaction, and loss of NOs-radicals due to SOA-forming reactions (for details
regarding the MeSA+NO3 chemistry see Sect 6.6 and Paper III):
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(d) “B2N-PAP”— similar to the PAP-scheme, but including stress-induced emissions.
(e) “B2N-Agel”— similar to the Agel-scheme, but including stress-induced emissions.

(f) “B2N-Agel-DD”— the same as (e) but including rapid dry deposition of biogenic
SOA components in the gas-phase; the deposition is assumed to be as efficient as for
HNOs. This sensitivity test was included to investigate the potential impact of very
efficient dry deposition of SOA-vapours, discussed in Sect. 4.4.4.

7.2 Model results

Fig. 7.1 shows the modelled organic aerosol concentrations (total organic matter in PMzs,
OMzs; annual mean 2007) using the six model/emission scenarios. Scenario (c), the PAA
scheme, gives clearly higher concentrations than the other model versions, especially in the
southern part of the model domain. In western, central and northern Europe the total OMzs
concentrations calculated with the PAA scheme are about 15-30% higher than with the low-
estimate PAP scheme (a); in Russia, Belarus, the Ukraine, and southern Europe the difference
is >30% and over the Mediterranean Sea, and southern Italy and Greece, the difference is
even larger (>40%).

The difference between the Agel scheme (b) and the PAP scheme (a) is much smaller — total
OMzs is 5-15% higher with Agel than PAP in almost all of Europe.

Introducing biotic stress induced emissions (scenarios d-f) leads to increased SOA-formation.
The total OM25 concentration in scenario (d) is between 10 and 25% higher than in scenario
(a) in most of the area north of Lat. 45°N (smaller difference in western France and larger in
the easternmost part of the domain shown in Fig. 7.1).

Scenario (e), which includes biotic stress induced emissions for Lat.>45°N and one generation
of aging of VOC-SOA, leads to about as high OMzs concentrations as the PAA-scheme (c) in the
northern parts of Europe (within + 5% in most of the land areas with Lat.>45°N).

The OMzs concentrations are also fairly similar for case (b) and (f). These two model versions
give intermediate OA concentrations (between the low estimate PAP (a) and high estimate
PAA (c) model versions). It is likely that the dry deposition of semi-volatile SOA components
in the gas phase is underestimated in the standard model version. This is expected to lead to a
model overestimation of the organic aerosol, but this could be compensated by an
underestimation of the BVOC-emissions — these two effects could be of similar magnitude
(judging from the similarity between (b) and (f)).

The similarities in modelled OA, between different model schemes (c-e and b-f), illustrate
that there are several different ways to get very similar model results for the OA
concentrations.

A preliminary comparison of modelled organic aerosol concentrations at Finokalia (Crete) to
AMS-data from May 2008 [82] indicates that the (high-estimate) model version PAA (c)
overestimates the (ca 1 month long) campaign average OM concentration severely. The (low-
estimate) PAP (a) underestimates it somewhat, and the other model versions tested for 2008
(Agel (b), B2N-Agel (e), B2N-Agel-DD (f)) all produce monthly mean OA-concentrations
close to the observed average concentration of submicron organic aerosol (2.6 pg m3).
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Figure 7.1 Model simulated total concentration of organic aerosol in PM:s (annual mean, 2007).
Comparison of six different model set-ups (details see text), from left to right: (a) PAP, no aging of VOC-SOA;
(b) Agel, single-generation aging of VOC-SOA; (c) PAA, multi-generational aging of VOC-SOA; (d) B2N-PAP,
PAP-scheme + biotic stress-induced emissions; (e) B2ZN-Agel, Agel-scheme + biotic SIE; (f) B2N-Agel-DD,
Agel + biotic SIE, and rapid dry deposition of BSOA components in the gas phase. Unit: ug m-=3.

In the following, results from the 1-generation aging model version (“Agel”, without stress-
induced emissions, i.e. Case (b) above) are investigated in some more detail to illustrate the
model estimated contributions from different sources to the organic aerosol in Europe.

In Fig. 7.2 the modelled organic carbon concentration in PMzs (OCzs), and the relative
contributions from different sources to OCzs are shown. Many different sources contribute
significantly to the model calculated OCzs. Residential wood combustion is the largest source
in most areas (Fig. 7.2b). Biogenic SOA contributes substantially (>30%) in parts of Russia,
Finland and Sweden (Fig. 7.2e). Fossil fuel sources are important over several ocean areas
(the Mediterranean Sea, North Sea, English Channel and Bay of Biscay) and in Italy, England,
Belgium, the Netherlands and the NW parts of Germany and France, as well as in some high-
emission areas in the Ukraine and Russia (Fig. 7.2d). Open biomass fires also contribute a lot
to the modelled OCzs in regions affected by fires during the year that was modelled; for 2007
the major influence of fires were seen in eastern and south-eastern Europe (Fig. 7.2c).
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Figure 7.2 (a) Organic carbon in PMzs5(0Czs) Unit: ug(C) m=3; and relative contribution from different
sources (in % of the total OCzs): (b) residential wood combustion; (c) open biomass fires; (d) fossil fuel
sources; (e) biogenic SOA; (f) model background OC. Based on annual mean concentration for 2007 from a
model simulation allowing only a single generation aging of VOC-SOA (“Agel”-model see text).

Figure 7.3 Organic carbon in PMz5(0Cz5) — Left: Summer (May-Oct), Right: Winter (Nov-Apr). Six-
month mean concentrations for 2007, from a model simulation using the “Agel”-model (see text).
Unit: ug(C) m=3.
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7.2.1 Seasonal variation

Several important carbonaceous aerosol sources have large seasonal variations. Residential
combustion for heating occurs mostly during the cold seasons while the biogenic emissions
from vegetation are highest during the summer half-year [11]. Vegetation fires are most
common during spring and summer months.

Organic carbon

Fig. 7.3 shows the modelled summer (May-Oct) and winter (Nov-Apr) six-month mean
concentrations of OCzs. In most of northern, central, and western Europe the total OCazs
concentrations are about 0.2-3 pg(C) m-3 higher during winter than summer due to
residential wood combustion. In south-eastern Europe and over the eastern Mediterranean
Sea and Black Sea summer concentrations are about 0.5-2 pg(C) m-3 higher than the winter
concentrations, due to a combination of relatively high concentrations of biogenic SOA,
influences of open biomass fires, and contributions from anthropogenic SOA during summer
in this region (Figs. 7.5a,b,c).

Residential wood combustion is the dominant OC-source in essentially all of Europe during
winter, contributing more than 50% to the model OC in large parts of Europe (Figs. 7.4e and
7.5e). Substantial contributions from fossil fuel sources (>1 pg(C) m-3) occur in northern Italy
(Figs. 7.4f and 7.5f).

During the summer half-year, fossil fuel sources, biomass burning and biogenic SOA all
contribute noticeably to OC. OC-contributions from fossil fuel sources are larger during
summer than winter, according to the model simulation (compare Figs. 7.5c and f). They are
“high” (>0.5 pg(C) m-3) over the Mediterranean Sea and in parts of southern and
central/eastern Europe; the highest concentrations are found in northern Italy
(>1.5 pg(C) m-3; Fig. 7.5c). Biomass burning OC (from vegetation fires + residential
combustion) influence much the same area (for 2007) as the fossil fuel OC, but with larger
impacts in Albania, south-eastern Europe, and in France (Fig. 7.5b). Modelled biogenic SOA is
especially important (>0.5 pg(C) m-3) in parts of eastern and south-eastern Europe
(Fig. 7.5a).

The model results for OCzs indicate that non-fossil sources contribute more to OC than fossil
fuel sources, on the regional scale, during both summer and winter, with the exception of
northern Italy (the Po Valley) where modelled OC contributions from fossil fuel sources are
larger than the non-fossil OC during summer.
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Figure 7.4 Modelled relative contributions to organic carbon (OC:s) from major source categories.
Summer (May-Oct) OC:s from: (a) biogenic SOA, (b) biomass burning (residential wood combustion + open
biomass fires), (c) fossil fuel sources; Winter (Nov-Apr) OCzs from: (d) biogenic SOA, (e) biomass burning,
(f) fossil fuel sources. Six-month mean concentration for 2007, from a model simulation using the
“Agel”- model (see text). Unit: % of the total OCz..

Figure 7.5 Modelled absolute contributions to OCzsfrom major source categories. Summer (May-Oct) OCzs
from: (a) biogenic SOA, (b) biomass burning (residential wood combustion + open biomass fires), (c) fossil
fuel sources; Winter (Nov-Apr) OCzs from: (d) biogenic SOA, (e) biomass burning, (f) fossil fuel sources. Six-
month mean concentration for 2007, from a model simulation using the “Agel”-model (see text).
Unit: ug(C) m=3.
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Elemental carbon

In contrast to the major influence of non-fossil sources for OC, long-term average modelled
elemental carbon is dominated by fossil fuel sources in almost all of Europe (Fig. 3.1,
Sect. 3.2). However, during winter residential wood combustion is also an important
EC-source. Fig. 7.6 shows model simulated concentrations of ECzs, and the contributions from
biomass combustion and fossil fuel sources, for summer (a)-(c) and winter (d)-(f) six-month
periods (2007). Concentrations are higher during winter than summer; in most of western,
central and eastern Europe typically between 0.1 and 1 pg m-3 higher — more in a few
emission hot-spots. Over some ocean areas, especially the Mediterranean Sea, the modelled
summer concentrations of ECz5 are somewhat higher than the winter concentrations.

During the summer half-year almost all of the modelled EC comes from fossil fuel sources
(Fig. 7.6¢), except in France, Austria and a few other areas where there is some influence from
residential wood combustion (Fig. 7.6b).

During winter, residential heating is much more important. In some countries, where the
wood burning emissions are especially high in the new inventory (Papers IV, V), e.g. France
and Romania, the modelled contribution from this source is higher than that from fossil fuel
sources (Fig. 7.6e,f).

Figure 7.6 Elemental carbon in PM:s (ECz5) - comparison of summer (May-Oct) and winter (Nov-Apr)
concentrations. Summer: (a) Total ECz5, (b) biomass burning (residential wood combustion + open biomass
fires), (c) fossil fuel sources; Winter: (d) Total ECzs, (e) biomass burning, (f) fossil fuel sources. Based on
six-month mean concentration for 2007. Unit: ug(C) m-3.
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8 Concluding remarks

A long-term goal of regional scale chemical transport modelling is to be able to describe the
composition of particulate matter in the atmosphere, to track different sources, estimate their
relative importance, and to give realistic predictions of responses to changes in emissions
(both anthropogenic and natural) and atmospheric conditions. Many different sources (with
different seasonal variation etc.) contribute to the organic aerosol and elemental carbon
concentrations in the atmosphere, as shown in this thesis.

The modelled source contributions to the organic aerosol vary substantially depending on the
model assumptions (Paper I). It is possible to model total organic carbon concentrations (and
total carbon) to match measured concentrations for summer periods, in parts of Europe
where measurement data are available (mean absolute error < 50%, Paper I; considering the
measurement uncertainties and sampling artefacts, this can be considered “good”). However,
the agreement between model and measurements may be fortuitous — there are too few
detailed source apportionment studies available (and these techniques have large
uncertainties as well) to be able to say with certainty that the model (and emissions)
accurately describe the real organic aerosol in the atmosphere on the European scale.

Biogenic and anthropogenic emissions of primary organic aerosol and secondary organic
aerosol forming VOCs are highly uncertain (see e.g. Papers |, III, IV, V). In my opinion, the
most important objective at the moment within the field of regional scale carbonaceous
aerosol modelling, is a better description of emissions - both anthropogenic (e.g. the volatility
distribution of different OA-emission sources, and quantification of emissions of intermediate
volatility organic compounds from different sources) and biogenic (both constitutive
emissions and stress-induced emissions). Currently, it is difficult to determine how uncertain
different emission estimates are, and as long as emissions are poorly known it will be hard to
construct reliable regional scale model systems.

The uncertainties in organic aerosol modelling need to be acknowledged. If chemical
transport model results are used as input for other studies or models (e.g. ecosystem impact
studies, population exposure estimates, data assimilation etc.), or for policy purposes, it is
important that the users of the CTM results are made aware of the uncertainties.

To make substantial further progress in describing the atmospheric aerosol in chemical
transport models, I believe that more effort has to be put on measurements - both in the field
and laboratory. Detailed measurements for reasonably extended time periods are needed
(including source apportionment tracers) to constrain the emissions and model parameters
of semi-empirical models of the type used in the work presented in this thesis.

For semi-empirical models with a number of parameters that are not well constrained by
laboratory measurements, comparisons to field measurements may be the best, or only, way
to choose between different parameter values. If model parameters have been tuned to get
agreement with a very limited set of field measurements there is a risk that the model will
give poor results for very different conditions (other emissions, other locations, other
meteorological conditions). For this reason, models that are to be applied on large scales need
to be evaluated for long time periods and at as many locations as possible. In addition, it is
necessary to compare model results not only to measured OC, EC and TC, but also to more
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detailed measurements, such as source apportionment studies (e.g. Paper II) that give
information about the relative contributions from different sources.

As shown in this thesis, chemical transport models in combination with detailed
measurements can be very useful to evaluate emission inventories for different sources, and
to suggest improvements. A good example of this is the problems discovered with poor
agreement between modelled and measured concentrations of OC, and tracers of wood-
burning during winter (e.g. Papers I, II), which led to the development and testing of a new
inventory for residential wood combustion (Papers IV, V).

Modelling studies are useful to investigate potential impacts of newly discovered sources of
organic aerosol, as demonstrated in Paper III, for some types of biotic stress-induced
emissions. Although these types of model simulations, based on up-scaling of laboratory
results, are uncertain they help estimate the potential importance of these sources on the
regional scale and they suggest important areas of future research.
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Errata

11 Errata

Paper I, page 8505 Table 2. Notes for Illmitz: (j 2006) should be (i 2006)

Paper I, page 8527 One author (H. Puxbaum) missing in the reference:

Simpson, D., Yttri, K, Klimont, Z., Kupiainen, K., Caseiro, A.,Gelencsér, A., Pio, C., Puxbaum, H.,
and Legrand, M.: Modeling Carbonaceous Aerosol over Europe. Analysis of the CARBOSOL and
EMEP EC/OC campaigns, ]. Geophys. Res., 112, D23S14, doi:10.1029/2006]JD008158, 2007.

Paper III, page 13655, Sec 3.4, third sentence should read:

For BW, the modelled regional background PMzs concentration is about 50-70% higher than
that in the reference case without SIE, as shown in Fig. 8.

Paper IV, page 8724, second column, sentence on lines 9-13 should read:

Emissions from the open burning of vegetation (from FINNv1) were treated differently; they
were distributed over the nine lowest model layers (up to ~2.6 km height), loosely based on
data from Sofiev et al. (2009).

Paper 1V, page 8729, Fig. 8.

The emission fractions of “Residential wood combustion” and “Other residential combustion”
are switched. The correct fractions should be:

18 % Residential wood combustion and 12 % Other residential combustion.
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