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Abbreviations and Concepts

o Accumnlation mode particles — Aerosol particles with a GMD larger than about
100 nm, but smaller than 1 pm.

e ACPM — Ambient carbon particulate monitor: an instrument that measures
the organic and elemental carbon mass fraction of aerosol particles.

o Aitken mode particles — Aerosol particles with a GMD between 30 and 100 nm.

e _APCA — Absolute principal component analysis: a soutce/receptor model
with a mathematical approach, which is useful as a first test, and when
sources are not known in detail.

o Background — See Rural.

e (CCN — Cloud condensation nuclei: aerosols that can activate to form cloud
droplets.

o Coagulation — The sticking of particles together as a consequence of the inertia
between them.

o Coarse particles — Particles with a GMD larger than 2.5 pm, often referred to as
smaller than 10 pm.

o  Condensation — The condensation of gases to aerosol particles.

e (COPREM — Constrained physical receptor model: finds non-negative
solutions, with a user-friendly function to beforehand choose the level of
knowledge of sources.

e (CoagS — Coagulation sink of smaller particles to larger ones.
e (S — Condensation sink of gases on the aerosol population.

o (C

vapour

— Concentration of vapours that can condense on aerosols.

o Dispersion modelling — The modelled levels of pollutants in a whole region/city
or in the vicinity of the emissions based on meteorology and emission data as
input.

e DM.A — Differential mobility analyser, the heart of the DMPS: probes sorts
particles according to their size.

e DMPS — Differential mobility particle sizer: an instrument that measures the
particle number size distribution.

e (IN,/dt— The observed formation rate of aerosol particles larger than 3 nm in
diameter during formation events (smaller than J5).

®  Domestic burner — Small-scale domestic wood combustion device heating small
compartments, e.g. one room (e.g. wood stoves, tiled stoves, open fires, etc).

®  Dry particle size — The size of aerosol particles at RH<~30%.

o Euwission factors — The emission of a certain pollutant per kg fuel burned, per
vehicle km driven, or relative to other emitted species.

o Fine particles — Particles smaller than 2.5 pm in diameter).



Forcing — The radiative response in W m™ to radiation changes (both short-
and long-wave radiation) in the atmosphere.

Formation event — See Nucleation event.

GMD — Geometric mean diameter.

GF — The growth of aerosols from the dry size when exposed to higher
relative humidity.

GR — The rate at which formation mode aerosols grow by condensation of
gases on the aerosols.

HD1” — Heavy-duty vehicles (heavier than about 3.5 metric tons).

Health impact assessments — Studies that rely on calculations based on an
assembly of epidemiological studies to estimate effects on health resulting
from exposure to aerosol particles.

Inlet — Device that separates particles before they enter the instrumentation, it
is often size-selective, e.g. PM2.5-inlet.

J1;— Formation rate of aerosols larger than 1 and 3 nm in diameter
respectively. Corrected for polydisperse coagulation losses.

LD/ — Light-duty vehicles (lighter than about 3.5 metric tons).

N,,,— The number of formation mode aerosols at the end of the day
following a nucleation event.

NOy - NO and NO,,.

Nucleation event — The formation of new small nanometre-sized particles in air
observed during the day-time.

Nucleation mode particles — Aerosol particles with a GMD smaller than about 30
nm.

Particle size distribution — The concentration of particles as a function of particle
size.

PIXFE — Particle-induced X-ray emission: Accelerator-based method to
measure the content of elements (lightest Al).

PM — Particulate matter: often the total mass of particles.

PM710 — Total mass of particles smaller than 10 pum in diameter (the inhalable
fraction).

PM?2.5 — Total mass of particles smaller than 2.5 pm in diameter (fine
particles).

PMF — Positive matrix formulation: source/receptor model, which finds non-
negative solutions, and is useful in situations where detailed information on
sources is not available.

O — Vapour production rate of gases that can condense on aerosols.
Re-suspended — Previously deposited particles that leave the surface due to
wind or turbulence.

RH — Relative humidity.

Rural — Far away from local sources (e.g. the countryside, forest, etc.).



Source/ Receptor modelling - Modelling of source contributions at a receptor site
of pollutant levels based on measured data as input.

Source profile — Matrix in source/receptor modelling that gives information
about how different compounds are emitted relative to each other from a
specific particle source.

TEOM — Tapered element oscillation microbalance monitor: an instrument
that measures the PM2.5 or PM10 in real time.

ToIN — Total particle number concentration.
Trajectory — A line that depicts the movement of an air parcel.
Ultrafine particles — Particles smaller than 100 nm in diameter.

Urban — 1n a city, either close to the source (e.g. pavement, so called
“kerbside” or “street level”) or further away (e.g. roof of a high building,
park, suburb, etc., so-called “urban background”).

Wood-log boiler — Small-scale domestic wood combustion device that heats an
entire home.



1. Introduction

One of the reasons for concern about ambient anthropogenic aerosols in
Sweden is the effect they have on health when inhaled in the human respiratory
system. An epidemiological study shows that a reduction of annual mean values
of PM10 (the total mass of airborne particles smaller than 10 pm diameter) by 5
ug m” in Gothenburg and Stockholm, could reduce the death rate by about 300
individuals per year in these cities (Figure 1). In these cities, traffic and long-
distance transported pollutants are the largest sources of anthropogenic PM10.
Health impact estimates by Hansson (2003) also show that elevated levels of
PM10 from domestic wood combustion may lead to an increase in death rate of
about 90-330 people each year in Swedish cities, where wood combustion is
common during wintertime. Another assessment estimates that the long-range-
transported fraction of PM10 may be responsible for as much as 2/3 of the
estimated excess mortality of about 5300 people each year in Sweden due to
anthropogenic aerosols (Forsberg et al., 2005).
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Figure 1:  Nuwmber of ‘preventable” early deaths per 100 000 residents (95% confidence

limits) associated with a 5 pg m” reduction in annual mean values of PM10
in 19 cities (from Medina et al., 2004).

Not only health is under close surveillance by Scandinavian aerosol
researchers; anthropogenic aerosol particles also affect the regional climate in
these countries. One example is shown in Figure 2, where it can be seen that the
sulphate aerosols have the ability to cool the climate in northern Europe through
participation in cloud formation.
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Figure 2:  The average annual temperature response in northern Europe due to
anthropogenic sulphate aerosol forcing on cloud reflectivity. The magnitude of the
temperature response over the sea should be regarded with caution (from

Efkman and Rodhe, 2003).

Since aerosol particles affect both health and climate, it is important to find
their sources. Only then is it possible to take measures to reduce harmful particle
concentrations.

Many research groups are involved in characterizing the emissions from
different aerosol sources and their contribution to particle pollution in Swedish
cities. This work is part of this research. Two sources were characterized, namely
the emissions from traffic and domestic wood combustion. These are the most
important local sources of aerosol pollution in Swedish cities. A small-scale
wood stove fuelled with birch logs was used to measure the emissions of PM2.5
and the particle number size distribution from wood combustion (Paper I). The
emissions of PM2.5, PM10, and the particle number size distribution were also
measured in a car tunnel, in Stockholm, Sweden (Paper II) to characterize the
traffic source. Measurements were then performed to calculate the contribution
from these sources to urban pollution. Paper III reports on the contribution to
the particle number size distribution in a northern Swedish town called Lycksele.

In addition, there are background sources contributing to the particle levels
in Sweden, which may be natural or anthropogenic in origin. A measurement
campaign was undertaken in Vavihill, a background station in southernmost

10



Sweden, to calculate the contribution to PM10 and PM2.5 from long distance-
sources (Paper V). Furthermore, data on the particle size distribution collected
over 2 years at Vavihill were characterized to investigate the so called new
particle formation events (Paper VI), which is another important source of
aerosols in Sweden. Formation events were studies separately in “clean” and
“polluted” environments. Finally, a study was performed to investigate the
relative importance of urban and long-distance sources in PM10 and the particle
number concentration in Copenhagen, Denmark, and Vavihill (Paper IV).
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2. The Aerosol, Climate and Health

2.1 The Atmospheric Aerosol

An aerosol is defined as a suspension of solid or liquid particles in a gas (Hinds,
1999). There are always particles present in the atmosphere, which means that
the air we breathe is an aerosol. This atmospheric aerosol can have many
sources, some of which are natural and others anthropogenic in origin, and they
can be divided into different size classes (modes). The production of aerosol
particles can be primary (in the immediate vicinity of the source) or secondary
(from gas to particle conversion in the atmosphere), and various kinds of aerosol
particles are described below.

1. Mechanically generated (primary), from the wind acting on the sea
surface, creating particles around a few hundred nm (accumulation
mode) to several um in size (coarse mode). The wind and vehicles
acting on the ground or roads also generate coarse particles.

2. Primary, formed by condensation in the cooling vapour within tenths
of a second or few seconds after combustion, from motorized
vehicles, chimneys, wood combustion, etc., creating particles with sizes
around 10 nm diameter (nucleation mode) or around 40-100 nm
(Aitken mode).

3. Secondary, from nucleation of gases during so-called gas-to-particle
conversion, forming particles below 10 nm diameter (nucleation
mode). Condensation of gases to pre-existing (larger) particles can also
be included in this definition.

4. Cloud droplet evaporation, shrinking the droplet particle to aerosol
particles between 0.1 and 1 um diameter (accumulation mode).

The coagulation of nucleation and Aitken particles and the condensation of
gases on pre-existing particles lead to the transformation of the two modes into
one aged Aitken mode, around 100 nm diameter, or to the accumulation mode,
above 100 nm diameter. During cloud formation, the accumulation mode
particles and the largest Aitken particles are activated into cloud droplets, and
therefore wet deposition in the form of precipitation presents the greatest sink
of Aitken and accumulation mode particles. The average lifetime of an
accumulation aerosol particle is about one week due to wet deposition. Dry
deposition is important as a sink for coarse and nucleation mode particles.

The aerosol population as function of size in the atmosphere will consist of
a combination of aerosol modes. This is called the aerosol size distribution and
an idealized atmospheric distribution is illustrated in Figure 3, together with the
processes through which the different modes are formed. The size distribution is
an important measure for aerosol scientists, since it gives information about the
transformation and evolution with time and the sources of the aerosol particles

(see e.g. Birmili et al., 2001).
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Figure 3:  Simplified and idealized size distribution of atmospheric aerosols showing the
different modes, including sources, transformations and sinks.

The chemical composition of the aerosol naturally varies since it has
different sources. Species found in the liquid and solid phases of the particles are
organic and elemental carbon, sulphuric acid, ammonium, salt ions, metals,
oxides, poly-aromatic hydrocarbons, etc. (Heintzenberg, 1989). However, the
organic content of the aerosol is today not well known, since analytic methods
are lacking to characterize the many species present (Jacobsson et al., 2000).

2.2 Airborne Particles and Health

No threshold value has been found below which no health effects are revealed
for PM10, which means that health effects can be observed in relatively clean
environments such as Scandinavia. In general, short-term and long-term
epidemiological studies have shown that an average increase in mortality of
about 1% is expected at an elevation of PM10 levels of about 10 ug m™ (for
PM10 concentrations normally found in ambient environments, Pope and
Dockery, 1999). Besides mortality, increases in hospitalization and disease are
dependent on PM levels. The main diseases associated with aerosol particles are
cancer, asthma, and cardiovascular and pulmonary diseases.

Many epidemiological studies rely on PM10 or PM2.5 as an indicator of
particle pollution. However, these indicators can have several sources at the
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same time, at one measurement location, e.g. exhaust emissions from traffic,
long-distance-transported pollutants, and dust generated by vehicles. Therefore,
health effects resulting from different sources should be differentiated and the
relation between health effects and type of aerosol may be stronger when other
more source-specific indicators are considered.

A large fraction of PM10 in a number of urban areas consists of wind-
blown and re-suspended road dust generated by moving vehicles (Johansson et
al., 2005), which is totally independent of the particles produced in car exhaust.
Consequently, epidemiological studies should be performed on the coarse
fraction of PM10 separately to investigate the health effects of re-suspended
particles. These coarse particles have significant effects on pulmonary diseases
that are as great as, or greater than, the fine fraction, observed in both
international studies and in a study conducted on the coarse fraction in
Stockholm, Sweden (Forsberg and Segerstedt, 2004). The effects on mortality
are, however not conclusive for these particles.

It is more likely that the combustion-related fraction, i.e. the fine fraction of
PM10, will have the greatest effects on mortality and on cardiovascular diseases
in urban areas (Le Tertre et al, 2002). Furthermore, several laboratory
experiments have already shown that diesel particles can have adverse health
effects (short review by Pagels, 2005). Few studies have been performed on the
health effects of fine particles arising from domestic wood combustion.
Substantial quantitative information was only found for acute asthma in relation
to PM10. However, the relative risk is higher, where wood combustion is
considered a major particle source than in other environments (Boman et al.,
2003). Thus, there is no reason to believe that the PM effects in areas where
wood combustion is widespread are less considerable than elsewhere.

The anthropogenic fraction of background PM2.5 and PM10 is rather high
in southern Scandinavia, especially during dry episodes when winds come from
southerly directions. However, no studies have been performed to the best of
the author’s knowledge on the health effects of these particles.

A large fraction of coarse particles are deposited in the nose and throat of
human subjects, while the ultrafine particles have a greater probability of
reaching the bronchi and the lungs, including alveoli (Figure 4). The ultrafine
particles are also more numerous in urban areas, and may therefore be an
important indicator of health effects of combustion particles. Health effects have
been observed for these particles in several epidemiological studies worldwide
(review by Ibald-Mulli et al., 2002). However, the mechanisms and chemical
composition that are important in particle-mediated diseases are still not well
understood, although significant progress has been made in the area (references

found in Pagels, 2005).
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Figure 4:  Predicted total and regional deposition following light exercise (nose breathing)
based on the International Commission on Radiological Protection (ICRP)
deposition model. Average data for males and females combined. Deposition
takes place in the alveoli (the decpest region in the lungs, where gas exchange
takes place) (Al), the tracheobronchial region (middle level, where the bronchus
start to branch) (IB) and the head airways region (nasal cavity and throat)
(from Hinds, 1999).

2.3 Airborne Particles and Climate

Apart from health effects, the atmospheric aerosol has a significant impact on
climate. Firstly, the particles scatter sunlight back into space, and they are also
able to absorb it (the so-called direct effect, Haywood and Boucher, 2000).
Secondly, since all cloud droplets are originally formed on aerosols, changes in
aerosol number concentration and composition will change the cloud frequency
and lifetime, as well as the size and chemical composition of the droplets, also
altering the solar reflectivity (the indirect effect, Haywood and Boucher, 2000).
The net cooling resulting from the direct and indirect effects of the
anthropogenic aerosol may be of the same order of magnitude as the warming
potential of greenhouse gases, as can be seen in Figure 5, although the
uncertainty is very large.

A special type of aerosol particle that was studied in the present work and
which may affect climate is that formed during so-called particle formation
events in background environments. In the atmosphere there are many
tavourable conditions for the formation of nanometre-sized particles which can
grow to detectable sizes and eventually participate in cloud formation (Pirjola et
al.,, 2004), and many such events have been detected worldwide (review by
Kulmala et al., 2004). One example of such an event in southern Sweden is
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shown in Figure 6, where events occur on about 1/3 of all days. In Scandinavia,
these particles usually grow by condensation of sulphuric acid and some other
unknown compounds from the photo-oxidation of organic species in the boreal
forest (Boy et al, 2005; Kulmala et al, 2004). In other, more polluted
environments, events are also frequently observed (Laaksonen et al., 2005) and
may be important for the production of cloud condensation nuclei (CCN).
However, ammonia and sulphate should be more important for particle
formation and growth (Smith et al., 2005 and Zhang et al., 2004) than in the

boreal forest.

Global and annual mean radiative forcing (1750 to present }

3
1| Halocarbons
2t N,O
°|T CHy
£ .l Co,
- Trop. FF Mineral Aviationeinduced
2 P- Oy (be) dust {._.AI__,\ Solar
B E $ E |_I_i Contrails Cirrus ’_I—l
: 0 == =T | G,
T i X
ki Swat. O FF X Lang-
« {oc) BB use
-tr Sulphale (albedo)
Trop. aergsa!
indiract effect
{1st typed
-2 T

H M 1] L VL VL VL VL VL VL VL VL

Level of scientific understanding (LOSU}
Figure 5:  Estimates of globally and annually averaged anthropogenic radiative forcing due

to changes in concentrations of greenhouse gases and aerosols, from pre-
industrial times to the present time (IPCC, 2001). The aerosol forcing includes
sulphate aerosols, fossil fuel combustion (FF), organic carbon (oc), black carbon
(bc), mineral dust, the indirect effect and aviation-induced clonds. Trop. and
Strat. are abbreviations of Tropospheric and Stratospheric respectively. Letters
presented in the lower part of the diagram indicate the level of scientific certainty
(H=high, M=medium, 1. =low and V'1.=very low).
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Figure 6:  Typical particle number sige distribution for a particle formation event day in

Vavibill, Sweden (56 °N 01" N, 13° 98" E, 172 m above sea level) on May
16, 2003 (from Kristensson et al., 2005).
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3. Source Characterization Analysis

The methods used to characterize the sources and apportion the particle
pollution to these sources are described below.

3.1 Emission Inventories

To be able to differentiate the various sources of air pollution at different sites,
knowledge of the emissions from each of the sources is required. Since traffic
and domestic wood combustion sources have not previously been well
characterized, this was undertaken.

3.1.1 Domestic Wood Combustion Emission Inventory

Particle emissions from domestic wood combustion were measured and
presented in Paper I. The measurements were performed on a wood stove,
which is the most frequently used small-scale combustion device in Sweden.

The characterization implies several measurements on a commercial
soapstone stove (Woodstock Fireview, USA, weight 220 kg, dimensions 0.72 X
0.66 x 0.51 m) burning birch logs, typically used in Swedish homes. The wood
burning cycle was initiated by lighting split-wood (500 g) and a newspaper. A
second wood load was inserted at 7 minutes (1.0 kg), a third wood load at 17
minutes (2.0 kg) and a fourth wood load at 45 minutes (2.0 kg). Flue gas samples
were collected for 90 minutes, excluding the first minute of paper burning.

The passage of the flue gases through the instruments is depicted in
Figure 7. The gases were first diluted with dry, compressed, particle-free air
(RH<5%), and then passed through a counter-flow arrangement through the
outer concentric tube enclosing the sample flow tube. This meant that the
sampled flue gases were gradually cooled to near room temperature, while the
dilution air was heated to a temperature close to that of the flue gases. The
average dilution ratio (DR) was typically 20-30.

The air flow rate through the stove was calculated by injecting sulphur
hexafluoride (SFy) as a tracer into the flue pipe at a controlled flow rate (E, g h™)
about 1 metre from the sampling point. The SF, concentration (C, g m™) was
measured with a MIRAN 1B2 IR spectrophotometer (Foxboro Instruments,
Foxboro, MA, USA) and the total air flow rate (V, m’ h™) was then calculated as:

V=E/C. 1)

The concentration expressed as the amount of species emitted per kg of
fuel burned, could then be written as:

C (kg)=C (m?) DRV t/m, 4 (2)
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where t is the sampling time and m_,, 4 the mass of wood inserted.
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Figure 7:  Schematic illustration of experimental set-up during the wood combustion
emission inventory. MEC — Mass flow controller, DMPS — differential
mobility particle sizer, TEOM — tapered element oscillating microbalance
monitor, SAM —  stationary  aerosol  monitor, DNPH - 24-
dinitrophenylhydrazine, PAH — polycyclic aromatic hydrocarbons, BTX —

benzene, toluene and xylenes, and CO — carbon monoxide.

Emission factors were calculated for PAH, PM2.5, PM0.9, the particle
number size distribution, elements in aerosols heavier than aluminium, and
tinally a number of gaseous species.

3.1.2 Traffic Emission Inventory

The traffic emission measurements presented in Paper II, which included
measurements of gases and PAH (polycyclic aromatic hydrocarbons) besides
particles, were performed during the winter of 1998/1999 in a tunnel in
Stockholm, Sweden called the Soderled tunnel. By conducting measurements at
two sites in the tunnel, one 370 m from the entrance and the other 965 m from
the entrance, it was possible to calculate the total exhaust emission from the
number of vehicles passing through the tunnel per hour, per km, E,:

tot*

AC-V
Eot = D 3
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Here, D=0.595 km is the distance between the two sites, AC the corresponding
difference in species concentration and V the total air flow through the tunnel
calculated from the wind speed, w using SF; as a tracer. V was 79.5w+15 (m’ s™).
E, the average emission factor for the vehicles passing through the Soderled
tunnel, expressed as the amount of species emitted per vehicle km driven, was
simply derived from the total emission factor by dividing by the total number of
vehicles (N). Speed dependent average emission factors were also calculated for
different intervals, and ranged from 45 to 90 km h™,

To be able to differentiate the emission factors for each category of
vehicles, heavy duty vehicles (HDV) and light duty vehicles (LDV), the total

emission factor was rewritten as:
EtOt :ELD NLD+EHD NHD (4—)

where B, and E;; are the emission factors for the two vehicle types. By
rearranging the terms in Equation (4), the emission factor for HDV could be
calculated with regression analysis using NHD/NLD as the independent variable
and E,,/NLD as the dependent vatiable:

tot

Euw _p  NHD

— —E,——+E
NLD ™ NLD )

However, Equation (6) proved to be much more suitable for the calculation of
E,p, with NLD/NHD and E_/NHD as the independent and dependent

variables, respectively:

tot

E,, NLD

=Eyp +Ep ——
NHD P """ NHD ©6)

The differentiation of emission factors according to vehicle type was possible for
NOy, carbonyls, and the particle number size distribution.

The regression analysis of By, and E;, could be further divided into four
discrete speed intervals for NOy and the particle size distribution. However,
these did not yield significantly better agreement with measured data than did the
speed-independent emission factors, since the speed dependency is not strong.
Therefore, an attempt was made to transform the speed-dependent emission
factors into a continuous speed scale. The preliminary calculations with discrete
speed intervals suggested that the speed dependency should have the form of a
third-degree polynomial, i.e.

Eyp=2a v’ +b v’+c v+d (7)
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and
E, p=e v*+fv>+gv+h. 8)

A first estimate of the 8 parameters (a to f) was obtained by fitting the four
emission factors calculated from the discrete speed intervals with a third-degree
polynomial. The agreement with measured concentrations could then be
improved by minimizing the expression:

C

PR [C(%Sm) -_cm(%sm)J2
n

, ©)

where C(965 m) is calculated from Egs. (3), (4), (7) and (8), C.,(965 m) is the true

measutred concentration at 965 m, C the average of the two, and n the number
of measurements (~550 for the particle size distribution and ~1500 for NOy).

This yielded emission factors for PAH, PM10, PM2.5, the coarse PM2.5
fraction, the exhaust PM2.5 fraction, organic and elemental carbon fractions of
PM2.5, the particle number size distribution, elements in particles heavier than
aluminium, and finally a number of gaseous species.

3.2 Source Apportionment Analysis

In order to calculate the contributions from different sources, source/ receptor
modelling was used. Receptor modelling was used in the northern Swedish city
of Lycksele to determine the contributions from domestic wood combustion,
traffic, and background particles to the particle number size distribution in an
urban area, where wood combustion is widely used during wintertime (Paper
III). The contributions from long-distance-transported sources to PM2.5 and
PM10 in Vavihill were calculated using metals as tracers (From the particle-
induced X-ray emission analysis method, PIXE) (Paper V).

All source/receptor models are based on the assumption that the measured
concentration of species i at the receptor point, x;; (where j is the "
measurement) can be expressed as a sum of contributions from the p different
sources (Henry et al., 1984):

p
Xi,igz ai’k fk,j (10)
k

where a;, is the source profile for source k, and f,; is the contribution from
source k to the jth measurement, when the contribution is given in absolute
amounts. Three different models were used for the studies presented in Papers
[T and V.
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3.2.1 The APCA Method

In Paper V, the absolute principal component analysis (APCA) model was
applied to PM data to obtain information on which sources influenced the
background station Vavihill in southern Sweden, and a first approximation was
made of the source profiles.

APCA begins with autoscaling of data, which means adjusting the mxn
(m=number of species measured, n=number of data points) data matrix around
its mean and dividing with the arithmetic standard deviation. Each measurement
is in the m-space, where the first principal component (PC) line from the origin
will define the direction in the m-dimensional measurement space along which
most of the variance is explained. The second orthogonal PC line will explain
most of the remaining variance, and so on, until a satisfactory proportion of the
variance has been explained (equal to p if there are p significant sources). By
applying singular value decomposition (SVD) to the data set, these orthogonal
PC lines are produced, where:

Z(1,))=B(Lk) Gk, (11)

B is the score matrix, describing the contribution of each principal component
(physical source) to the measurements, and G is the loading matrix
corresponding to the source profile. In SVD, G is equally negative and positive,
but orthogonal rotation of the PC axes (usually VARIMAX) modifies the
loadings to give them a more physical meaning. Finally, the method of Swietlicki
and others (1996) is used to transform B in the PC analysis back into source
contributions with absolute values.

3.2.2 The COPREM Model

The second model applied in Paper V was the COPREM model (the constrained
physical receptor model, Wihlin, 2003). Unlike APCA it does not employ
orthogonality and imposes constraints on the non-negativity of source
contributions and profiles. Also it weighs each measurement error separately by
iteratively minimizing the following expression:

) n m ( K
=2 5 (12)
joi

i

where G;; is the measutement error. Thus, measurements with smaller errors will
be given more weight, making the analysis more physical. COPREM also makes
use of the source profiles and the number of sources inferred from the APCA
analysis, thereby introducing more constraints into the method. An iterative
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method is used, in which the minimization of % is performed by solving the
equations for the local minima:

6)(2

=0
and
2
2o
ik (14)

alternatively. Solving Eq. (13) corresponds to the situation where the source
profile is exactly known, and the analysis strives to find the source strengths (see
chemical mass balance, CMB models, Henry et al., 1984), while solving Eq. (14)
corresponds to the situation where nothing is known about the source profile
prior to the model run, as in the PC analysis. COPREM was used in Paper 111,
since source profiles were known beforehand.

3.2.3 The PMF Mode/

The third and final model that was used in Paper V was PMF (positive matrix
factorization) (Paatero, 1997). PMF also uses constraints on the non-negativity
of solutions and Eqs. (12) and (14) to obtain a source profile and source strength
matrix when there is no previous knowledge of the source. The important
advantages of PMF over COPREM are that it gives more robust solutions, is
less sensitive to outliers and requires no knowledge of the sources beforehand,
while COPREM provides more realistic source profiles if knowledge on the
profiles is provided as input data.

3.3 New Particle Formation Characterization

Almost 2 years of particle number size distribution data were analyzed from the
Vavihill station in southern Sweden (Paper VI). From the data set, new particle
formation events were classified by type and frequency of occurrence, which
gives the opportunity to quantify the contribution that they make to the aerosol
loading in the atmosphere. In conjunction with the measurements of other
properties of these formation events, it becomes possible to study the dynamics
of secondary formation and to provide a tool for climate modellers predicting
the climate effect of formation events. Since formation events occur only once
each day around midday at Nordic latitudes, the days are often termed “event
days”.
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3.3.1 Classification of Events

Events are divided into five categories.

1. Non-events:  There exists no doubt that no formation has occurred, or
the formation is too small or intermittent to have any
effect on the aerosol population.

2. Un-defined: It is not possible to determine whether the small particles
come from events or not.

3. Class II: A definite event. The classification is based on one or more
of the following criteria: formation not observed at the
smallest sizes, too many interruptions in formation,
impossible to perform physical characterization of the
event, no growth by condensation of the event particles,
not lasting more than about 3 hours.

4. Class Ib: An event in which it is possible to calculate the growth
rate, although sometimes difficult. This type may include
interruptions in the events, or other phenomena that
distort the formation event.

5. Class Ia: A “perfect” nucleation, i.e., clear growth for at least 10
hours with no interruptions. Different methods of
calculating the growth rate of nucleation mode aerosols
(see below) give similar results.

This classification was developed by Dal Maso et al. (2005). Ideally, the
classification should be performed by at least two independent researchers to
ensure that it is objective. In this way events are classified as un-defined, if at
least one person judges the day to be an un-defined day. The distinction between
class Ia, Ib and II events is also rather straightforward, for example, a class Ib
event is downgraded to a class II event, if it is impossible to calculate the growth
rate of the event.

3.3.2 Physical Characterization of Events

The parameters used to characterize the events include the growth rate of the
growing nucleation mode (GR, nm h™), the “apparent” formation rate of
aerosols above 3 nm in diameter which is derived from the particle number size
distribution (dN,/dt, cm™ s'), the formation rate of the freshly activated
particles cotrected for coagulation losses (J;, cm™ s, assuming they are 1 nm in
diameter), the vapour concentration of the vapours that are responsible for the
growth of the formation aerosols (C,, ..., cm™), the vapour production rate (Q,
cm” s, the condensation sink of vapours to the pre-existing larger aerosols (the
aerosols that existed before the formation event), and finally the number
concentration of nucleation mode aerosols at the end of the formation event day
(N,.» cm”) and their geometric mean diameter (GMD, nm). Most of the
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calculations have been developed in a semi-automatic software environment
presented by Dal Maso et al. (2005).

To be able to calculate the GR, the particle number size distribution
spectrum is first fitted with a log-normal fitting method developed by Hussein et
al. (2005) which gives the GMD of the different size modes. A straight line is
then fitted to the GMD of the growing nucleation mode during the relevant time
interval (until the end of the day, or until the growth is interrupted). The log-
normal fitting also gives the final number concentration of nucleation mode
acrosols at the end of the GR calculation period (N, ). An alternate method of
calculating the GR is based on the fitting of a normal mode to each size bin
during the whole nucleation period (the “channel method”, Laakso et al., 2002)
(in contrast to the above method, where a complete spectrum is fitted on each
occasion). The channel method is used only as a supplement to the first, and
gives an indication of whether the first fit was good or not.

Following the GR calculations, an attempt is made to calculate dN,/dt. For
this calculation, the region where the particle number concentration is increasing
with time following the start of the formation event is selected. Here, a straight
line is fitted as a function of time to the particle number concentration of the
nucleation mode, which is again obtained from the log-normal fitting.

The number size distribution is calculated for dry aerosols. However, the
particles grow when exposed to ambient humidity. Since the condensation sink
is larger for larger particles, this means that the sinks are underestimated when
they are calculated for a dry particle size distribution. For this reason, these
parameters are calculated at ambient humidity. Parameterization was performed
based on the ambient humidity and hygroscopic growth factors in Hyytidla,
Finland. The parameterization was originally taken from Brazilian data (Zhou,
2001), but applied to Finnish situations (Laakso et al., 2004). The Finnish GF are
probably not always applicable to GF in Sweden. However, it is better to do the
GF correction, than to neglect it (Dal Maso et al., 2002). The growth factor for
the size distribution then becomes:

GF=(1-RH/100)"“?) y=-3.11-10>-dp/dp,-0.0847 (15)

where dp, is 1 nm diameter, and d, the diameter of the aerosols in the size
distribution. Figure 8 shows an example of this calculation, where the relative
humidity (RH) is higher in the morning and evening than around midday. The
GF is weighted according to a mixture of less hygroscopic and more hygroscopic
particles, i.e. two separate growth modes were not used. Note that the GF
corrected condensation sink was calculated based on a dry particle size
distribution.

One of two ways is usually adopted to express the condensation sink, either
as a number reflecting the surface area available for condensation (m™), or as a
rate at which gases condense on the particles (s*). The second method requires a
priori knowledge of the condensable vapours (often called CS), while the former
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method (Kerminen et al., 2004) does not require any prior knowledge of what
might condense on the particles (often called CS'). CS is later used to calculate
Q, and CS§' to calculate J,.

17-Sep-2003
_.1000% :
— T ——
= 2
o) 3
& 100F ]
© E =
o a2 3
o i -
5 o> - 1
o
10[.
m"l!‘“ﬁ.. "\ - ‘\ A ==
0 4 8 12 16 20 24

dN/dlogDp (cm™)

10 100 1000 10000 100000

Growth factor corrected size distribution spectra

~ 1000
E E E
= 3
5 |
.8 100 ]
S = 5
L 3 »
e E E
F d o
o E
10%—‘» M

‘\ B — ‘v [

0 4 8 12 16 20 24

Time of day

Figure 8:  GF-corrected particle number size distribution (Sep. 17, 2003) in the lower
spectrum together with the dry spectrum in the upper part.
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To obtain CS', the air mean free path must be calculated (Hinds, 1999):

1

ﬂ/. =
air \/Enﬂd%

(16)

where n is the concentration of molecules in the air, and d_=3.7-10"" m the

collision diameter. For realistic atmospheric conditions, A,;,=63 nm. The
calculations then continue with the Knudsen number,

Kn=2M,/d,, 17)

where the index i1 refers to the discrete size bins of the size distribution
measurements, and d ; is the geometric mean diameter of this interval. Kn,
ranges from 37 to 0.15 (upon going from 3.4 nm to 850 nm diameter). The

transitional correction factor is then calculated (BB,,).

_ 1+ Kni
1+ (4/3a +0.337)- Kn; +4/3a - Kn?

,Bmi

(18)

o is the accommodation coefficient, chosen as 1. B, ranges from 0.02 to 0.90.
CS' is finally calculated from:

CS'=") B idiN; (m?) (19)

where N is the number of particles per m’ in each size interval prior to
nucleation.

The calculation of CS requires certain knowledge on the condensing
species. Sulphuric acid is known to contribute on average about 9% to the
growth of the nucleation mode aerosol during formation events in the Finnish
boreal forest (Boy et al., 2005). The properties of the other condensing gases are
still unknown. Therefore, the condensation was calculated as if all the
condensing gases were sulphuric acid. The air mean free path in Eq. (16) is then
replaced with the vapour mean free path of sulphuric acid (Kulmala, 1998).

ﬂMV
Aiys0, =3:D - () (20)

M,=98.08 g mol” is the molecular mass of the condensing vapour, k is
Boltzmann’s constant (1.38:10% m’® kg s* K'), N, is Avogadro’s number

(6.022:10% mol™), T is the temperature (here chosen to be 283 K). The diffusion
coefficient is given by Kulmala et al. (1998):
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D= I\/Iair Mv

(cm®s™) (21)
1/3 1/3 2
P - (dair + dsuiphuric acid )

where M, =28.965 g/mol. The volumes of diffusivity: d,,=19.7 cm’ mol”, and
d =51.96 cm’ mol' were taken from Reid et al. (1987). This gives

sulphutic acid™

D=0.0998 cm” s for sulphuric acid. Under these assumptions, Mquiphusic_acia= 121

nm. The Knudsen number can now be calculated as above, but with the air
mean free path replaced by the vapour mean free path of sulphuric acid:

CS= 27zDZﬁM idpiNi ). (22)
|

In the molecular regime (Kn>>1, d <10 nm diameter), the condensation
sink is proportional to the second power of the diameter, and in the continuum
regime (Kn<<1, d,>1 pum diameter), the condensation sink is proportional to
the diameter. In the transitional regime, where most of the present particles are
found, it is proportional to d ¥, where x is somewhere between 1 and 2 (Kulmala
et al., 2001).

For the calculation of the formation rate of activated particles (J,), the
following model by Kerminen and Kulmala (2002) was applied:

J = %e?_z em” s (23)
where

n=yCS’/GR (nm) (24)

Y=Yy (dpenn/ 1500m) (T /293K) "7 2y,=0.23 (nm* m* h™")  (25)
d___is the mean diameter of the most abundant condensation sink mode, and

mean

dN,/dt is the “appatent” nucleation rate. In Paper VI, y, was used as an
approximation of y. Three assumptions were made for the calculation of |

1) The only important sink for the nuclei is their coagulation to larger
pre-existing particles.

2 The nuclei grow by condensation at a constant rate.

©) The pre-existing population of larger particles remains unchanged

during nucleus growth.
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It is important to note that the growth rate of nuclei below 3 nm diameter is not
known today, and this alone probably represents the largest uncertainty for the J,
calculations.

Since the diffusion rate of molecules to the particles is known via
knowledge of the growth rate of the nucleated particles and an a priori
assumption about the diffusion coefficient, one can indirectly calculate the
vapour concentration, C,,,,, required to explain the observed growth. A
formula for this can be found in Dal Maso et al. (2002):

dps —dp? (4
Crapour = P { P2 =20 +(——O.623)%(dp2—dp1)

AtDM 8 3a
0.62312 In| =2y 212 1 m?). 26
+ ﬁvn(2/i\,+dplﬂ (mol m™) (20)

If the assumption is also made that the rate of loss of the condensable
vapours is in steady state with the production rate, the production rate, Q
becomes:

Q=8 =CSCyapour (cm™s"). (27)
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4. Instrumentation

The equipment and techniques utilized in the source characterization studies are
briefly explained in the following.

41 TEOM

The tapered element oscillation microbalance (TEOM®, Series 1400a,
Rupprecht and Patashnik Co., Albany, NY, USA) was used in real-time in several
of the experiments to measure PM2.5 and PM10 (Patashnik and Rupprecht,
1999). The operation of the TEOM is based on the change in eigenfrequency of
an oscillating filter that is generated by the continuous accumulation of mass on
the filter. The mass, M, measured every 2 seconds is calculated as:

M=K,/f (28)

where f is the oscillation frequency. K is the calibration constant, unique for
each TEOM instrument, and is calculated with a pre-weighed filter cartridge.
The values presented by the TEOM are running averages smoothed over many
minutes. Smoothing is done exponentially, where the running average is
weighted more by the values closer to the current time than further back in time.

42 ACPM

On-line measurements of the PM2.5 mass fraction of the organic and inorganic
carbon (the latter is sometimes referred to as soot, black carbon or elemental
carbon) was measured during the tunnel traffic emission inventory (Paper II)
with the ambient carbon particulate monitor (ACPM®, Series 5400, Rupprecht
& Patashnik Co., Albany, NY, USA) (Rupprecht et al., 1995). The instrument
has two sampling lines, one where the particles are analysed for carbon mass and
another where new subsequent collection of particles is initiated to save dead
time. The collected particles are heated to an intermediate temperature (340°C)
and the change in CO,-concentration, detected by a non-dispersive infrared
(NDIR) detector then indirectly gives the organic carbon mass. Similar analysis is
then performed at a higher temperature (750°C) resulting in a measurement of
the elemental carbon part. The lower cut-off diameter of the ACPM is 0.12 um.

4.3 DMPS

The differential mobility particle sizer (DMPS), described in detail by Zhou
(2001) was used to measure the particle number size distribution. The system
consists of three main parts: the bipolar diffusion charger which establishes a
well-defined charge on the particles, a differential mobility analyser (DMA)
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where a specific mobility diameter is selected, and finally, a condensation particle
counter (CPC) which counts the selected aerosol particles.

After passing the charger (the aerosol charge distribution is described in
detail by Wiedensohler et al., 1988), the aerosol passes through the DMA, the
heart of the DMPS. A schematic drawing of the DMA is included in Figure 9.
The aerosol is drawn into the DMA through the aerosol sample slit at a flow rate
Q.. The air is transported with the laminar, clean, dry sheath flow (flow rate Q)
through the DMA and out via the excess flow (flow rate Q). The charged
particles will be deflected out of the sheath flow when passing through the DMA
due to the voltage applied to the centre rod of the DMA. If the particles have
the right electrical mobility they will be collected at the aerosol outlet slit
(depicted as monodisperse acrosol flow Q, in Figure 9). Otherwise they will be
transported away by the excess flow or deposited on the DMA walls. If
Qp=Qq,, the following relation holds between the particle diameter and its
electrical mobility, Z;

_neCc _Qsnln(r /1)
P 3mnD, 272VL

(29)

where n is the number of charges on the particle, e the elementary charge, C_ the

Cunningham slip cotrection factor (Zhou, 2001), n the air viscosity, D the
particle diameter, r; and r, the inner and outer diameters of the DMA
respectively, V the applied voltage and finally, L. the length of the inner rod.
Hence, the aerosol mobility distribution can be measured by applying different
voltages to the DMA. By making use of the inversion algorithm described by
Zhou (2001), which includes corrections for multiple charges, CPC counting
efficiencies, the shape of the transfer function, and the deposition in the inlet
tubing, the aerosol number size distribution can be determined.

4.4 Elemental Composition Mass Estimation

During the wood combustion and traffic emission inventories (Papers I and 11,
respectively), the stationary aerosol monitor (SAM, Hansson and Nyman, 1985)
was used to collect the PM2.5 and PM10 fractions on filter strips consisting of
Nuclepore polycarbonate porous membrane filters with a pore size of 0.4 um.
The time resolution of sampling was 10 minutes for the wood combustion
inventory and 1 hour for the traffic inventory respectively. The particles in the
characterization of the long-range-transported aerosol (Paper V) were passed
through a Gent-type PM10 inlet into a stacked filter unit (SFU) (Figure 10). This
unit contains Nuclepore polycarbonate membrane filters with two different pore
sizes in series (8 um and 0.4 um) to separate the coarse and fine PM10 fractions
from each other, with a time resolution of 24 hours.
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Figure 9:  The principles of a DNMLA.

The filters were subsequently analysed using the PIXE method (particle-induced
X-ray emission) (Johansson and Campbell, 1988) at the ion beam analytical
facility of the Division of Nuclear Physics at Lund University. The PIXE
method involves irradiating the filter samples with a proton beam. Due to the
interaction of protons with the atoms collected on the filter material, X-rays with
characteristic energies will be emitted, and a semiconductor detector detects and
classifies the X-rays according to their energy. The yield of characteristic X-rays
is then converted to absolute concentrations of elements from Al and heavier
with detection limits of ~0.05 ng m™.
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Figure 10:  [/lustration of the sampling head with the 10 pm diameter impactor inlet and
stacked filer unit (SFU) (adapted from Hopke et al., 1997, and ANSTO,
2003).
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5. Compilation of Source Studies in Sweden

5.1 Research Incentives in Sweden

In order to reduce the hazardous effects of particulate matter, air quality limits
were applied to PM10 in the EU and Sweden starting from January, 1 2005. The
limits in Sweden are:

1. The daily mean concentration is not allowed to exceed 50 pg m”

more than 35 times per year.

2. The yearly mean is not allowed to exceed 40 pg m™.
The second limit value has barely been exceeded on a busy street, Hornsgatan, in
Stockholm during the past 5 years (Johansson et al., 2005). However, of greater
concern is the fact that PM10 is higher than 50 pg m™ between 69 and 101 times
each year in the same street (Figure 11), hence the first air quality limit is clearly
exceeded. Other streets in Sweden are not likely to be more polluted than this
street, which sets the standards for other cities in Sweden. The trend is not
decreasing, and therefore, this air quality limit must be under close supervision
during the coming years.

Number of days each month
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Figure 11:  The number of days each month that 50 ug m” of PM10 is exceeded in
Hornsgatan, Stockbolm (from Johansson et al., 2005).

34



High concentrations of PM10 were discovered several years ago in the
northern Swedish town of Lycksele when it was very cold during temperature

inversion periods. The values in the town centre of Lycksele reached 30 pg m”
on several occasions. The question was whether the high values were due to
traffic or the extensive use of wood combustion by house owners.

The air quality limits should not be considered as values below which no
health affects are observed, and it can be debated whether the PM10 fraction is
most harmful to humans, or if other parameters such as PM1, or the number of
ultrafine particles should be used for limits in the future (see e.g. Johansson et
al., 2005 and Forsberg et al., 2005).

Nevertheless, PM10 limits are the driving force for much of the research in
Sweden. Researchers in Sweden try to pin-point the strongest sources of PM10,
so that political action can be taken to reduce PM10. Since PM2.5 and the
number of ultrafine particles are commonly used indicators of fine and
combustion particles, respectively, researchers in Sweden also quantify the
source contributions of these particles.

5.2 Urban Source Apportionment

Numerous studies have been made in two large campaign networks to elucidate
the contribution from domestic wood combustion to PM10, PM2.5 and ToN
levels in Lycksele and Vixj6 (southern Swedish town). The work has proceeded
furthest in Lycksele. In Stockholm, several studies have been performed to
quantify the source contribution to PM10, PM2.5 and ToN from traffic in
several environments relevant to population exposure.

The source contribution estimates often follow the procedure depicted in
Figure 12. Measurements in the exhaust plume, or close to the sources, are
performed to estimate the emission per kg wood burned or vehicle km driven.
This forms an emission database, which is used in dispersion modelling to
calculate the concentrations at arbitrary locations in the wurban area.
Source/receptor models often provide a more reliable soutrce contribution than a
dispersion model at specific receptor points, where air quality measurements are
performed. Therefore, they can be used to validate the dispersion model. If both
models agree, reliable results can be expected from dispersion modelling at other
locations than the receptor point. With the improved knowledge from model
runs, new emission databases can be formed, and the source apportionment
procedure can be repeated as needed, as shown in Figure 12.

5.2.1 Domestic Wood Combustion

Measurements were performed to calculate emission factors for a wood stove
(belonging to the group of small-scale devices called “domestic burners”) in
terms of PM2.5 and the particle number size distribution (Paper I). This allowed
the estimation of the source contribution to the particle number size distribution
in Lycksele with source/receptor modelling (Paper I1I) and PM2.5 in Lycksele
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and Vixjo (Johansson et al., 2004b, and Johansson et al., 2004c, respectively).
Together with a collection of emission estimates from other domestic appliances
(Johansson et al., 2004a; Pettersson, 2002; 2003), dispersion modelling could be
performed for PM10 and ToN in Lycksele (Johansson, 2003, and Gidhagen,
2004a, respectively).

Emissions Air quality Air quality/exposure
Emission | ~~—» Dispersion modelling
database |

i mggucizzllletits Model validation
|
Emission (Papers I1I, IV (Papir 1
measurements & V)
(Papers I & 1I) Source/receptor
\ modelling
»  (Papers III & V)

Figure 12:  Line of action for the sonrce apportionment studies of PM10, PM2.5 and the
particle number size distribution or ToN. The boxes show the contributions
from the different papers in the thesis to the work performed.

The dispersion modelling results for PM10 agree well with soutce/receptor
modelling results for PM2.5 in the housing district of Forsdala, Lycksele. At
several locations in another district, called Furuvik, dispersion modelling shows
that the levels of PM10 are higher than 50 pg m™ more than 35 times per year,
thus exceeding the air quality limit (Figure 13). On those occasions, wood
combustion is the totally dominating contribution to PM10.

The emission measurements presented in Paper I, by Boman et al. (2005),
and by Johansson et al. (2004a) show that the number size distribution from
domestic wood combustion is different from that of traffic (Paper II). Most of
the particles from traffic are around 20 nm in diameter, while most of the wood
particles are found between 20 and 200 nm diameter (see Figure 14). The
difference between the two sources provides the opportunity to perform
source/receptor modelling of the particle number size distribution (see Paper
I1I).

The calculations show that the contribution to ToN from wood
combustion is about 70% during cold winter days in Forsdala, Lycksele. The
other important sources of particles come from traffic and long-distance
transport. ToN can occasionally be almost as high as in the most traffic-polluted

streets in Stockholm and Copenhagen during the rush hour (~20000 cm®).
Dispersion modelling performed by Gidhagen et al. (2004a) shows good

agreement for the combined source contribution of wood combustion and
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background particles as seen in Figure 15, although the wood combustion
contribution obtained from the dispersion modelling is slightly overestimated.
The background and wood combustion sources could not be separated from
each other. On the other hand, long-distance transported particles contribute
only about 1000 particles cm”. According to Gidhagen’s modelling, there are
several districts in Lycksele that experience high levels of ToN similar to the
situation with PM10.

. - 3 TS

Figure 13:  The number of times the limit of 50 ug w’ of diurnally averaged PM10 is
exceeded during one year in the district of Furuvik in Lycksele (from Johansson
et al., 2003). The paler and darker shaded circles indicate old non-
environmentally approved and environmentally approved boilers, respectively.
Local fireplaces are not included. The darkest shading represent areas where the
air quality limit is exceeded.

To summarize, a reliable knowledge base has been established that can
attribute PM10, PM2.5 and ToN levels to their corresponding sources in
Lycksele during wintertime. In particular, the results in Lycksele show that a
reduction of the number of old conventional wood-log boilers without a heat
storage tank could significantly reduce PM10 (Hansson et al., 2003). Domestic
burners are the most common small scale appliances in Lycksele. However, they
contribute only about 10% to the PM10 in Lycksele compared with the wood-
log boilers (Johansson et al., 2003). The results from Lycksele can be generalized
to several cities in northern Sweden, as shown by Modig and Forsberg (2004).

In southern Sweden, Vixjo, the results are more inconclusive (Johansson et
al., 2004d). Nevertheless, the conclusions that can be drawn from the
measurements and modelling show that the contribution to PM2.5 from long-
distance transport is higher than in Lycksele, whereas the contribution to PM2.5
from wood combustion is lower than in Lycksele. The population in Vixjo
prefers domestic burners to boilers due to the lower heating requirement, and
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meteorology and topography do not favour trapping of pollutants as frequently
as in Lycksele. There is thus no imminent risk of air quality limits being exceeded
in the housing areas of Vixjo.
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Daily average contribution to the particle number concentration (cni”) from both
domestic wood combustion and long range transport during the entire
measurement period in Forsdala, 1ycksele. Source/ receptor modelling results
are shown with the continuous line and dispersion modelling results with a
dashed-dotted line. The coefficient of determination (R°) between the two
modelling runs is given in the Figure (From Paper I11).
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5.2.2 Traffic

Recently, several emission factor measurements have become available for PM,
and the particle number size distribution and ToN in different road
environments in Scandinavia, and for varying speeds (Paper II; Janhill and
Hallquist, 2005; Gidhagen et al., 2003; Gidhagen et al., 2004b; Gidhagen et al.,
2004c; Ketzel et al, 2003; Areskoug et al., 2004; Johansson et al., 2005).
Laboratory measurements of emission factors and the variety of emission
estimates in outdoor air makes it possible to calculate the source contributions to
PM and ToN from traffic in Sweden in the same way as the source
apportionment of wood combustion particles in the previous chapter.

The characteristics of the emission factors from traffic in Scandinavia have
been deduced from the work of Wahlin et al. (2003), Gidhagen et al. (2004c),
and from Paper II. Firstly, the emission factors per vehicle km driven of both
PM and ToN are speed dependent as well as temperature dependent. In addition
a differentiation between LDV and HDV for the exhaust emission (Paper II)
showed that the HDV (6% of the traffic work on average in Sweden)
contributed about 35% of the exhaust emissions, on average, for both ToN and
PMO.9. For the PM10 and PM2.5 emissions it is more difficult to say how much
the different kinds of vehicles contribute to the emission (Gustafsson, 2003a).
Most of the PM10 emission comes from re-suspended material and apart from
the correlation with traffic intensity, it is also affected by the wetness of the road
surface and vehicle speed (Paper II).

Intensive source/teceptor studies in Stockholm (Johansson et al., 2005) and
road simulator tests (Dahl et al., 2005) have shown that the greatest cause of
high concentrations of PM10 and the reason why air quality limits are exceeded,
is the wear of asphalt. The contribution is highest during the spring, since the
spring is often dry, and therefore re-suspension higher. In addition, cars are still
running on studded tyres, which cause greater wear of the asphalt (Figure 10).
Between 50 and 85% of the total PM10 emission is due to the use of studded
tyres (Johansson et al., 2005). The exhaust fraction of PM10 in streets with heavy
traffic is only of the order of 10% (see Paper II and Johansson et al., 2005).

Other important sources of PM10 are sanding and salting of roads and
brake wear (on roads with low speed limits and with many traffic lights, where
braking is more frequent) (see Johansson et al., 2005; Sternbeck et al., 2004;
Wihlin and Palmgren, 2005). Sanding is also thought to cause more wear on
asphalt and lead to higher emissions (Johansson et al., 2005). Dispersion
modelling presented by Johansson et al. (2005) in which the exhaust and the re-
suspended PM10 fractions were separated shows that a wet surface does not
prevent all PM10 material. The particles become airborne as soon as the road
surface dries up.

Regarding particle number concentration contributions, a unique study on
urban background ToN in Stockholm, shows that the highest concentrations are
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found close to motorways and roads with heavy traffic (Gidhagen et al., 2005).
See Figure 17.
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Figure 16: The fraction of cars using studded tyres (dashed line) and the re-
suspended fraction of PM10 (continuous line) (from Johansson et
al., 2005). The grey shaded areas show periods of rain.
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Figure 17:  Average ToN (en7”) calenlated using dispersion modelling in the Stockholm
urban background area, 13-17 April 2002 (Gidbagen et al., 2005).
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5.3 Rural Source Characterization

As shown by Forsberg et al. (2005), PM2.5 and PM10 background
concentrations are much higher in southern than in northern Sweden. The
average levels increase from about 7 pg m™ to 18 pug m> upon going from
northernmost to the southernmost Sweden. The reason for the difference is the
vicinity in southern Sweden to large particle sources in continental Europe. The
health risk associated with background particles is estimated to be greater in
southern than in northern Sweden (Forsberg et al., 2005).

However, there are not only anthropogenic sources contributing to PM10
and PM2.5 in Sweden. Paper V shows that nearly 20% of PM comes from the
sea, and also nearly 20% from soil material in southernmost Sweden (Table 1).
Part of the soil dust is likely to be related to anthropogenic activities, such as
agriculture, or traffic in the south. The remaining part of the PM2.5 and PM10
arises from oil and coal combustion, and from a sulphur related pollution source

(Table 1).

Table 1:  _Average source contributions to PM2.5 and PM10 in 1 avibill, Sweden using
two djfferent source/ receptor models (COREM and PMF) (from Paper 1/).
“Not attributed” denotes data that could not be to attributed to any of the four

selected sources.

Soil Sea Pollution Oil/Coal Not attributed
COPREM
PM10 21.9% 15.8% 33.9%  24.0% 4.5%
PM2.5 18.2% 14.5% 39.6%  23.4% 4.3%
PMF
PM10 19.2% 22.3% 28.3%  23.2% 7.1%
PM2.5 15.6% 20.5% 34.0%  23.0% 6.8%

The particle number concentrations vary with latitude in Scandinavia,
similar to PM levels, ie. ToN increases in the southerly direction. On a
northerly—southerly longitude line, the yearly average ToN concentrations during

2003 are: Pallas, Finland, few hundred cm™ (68°N), Hyytiili, Finland, ~2500 cm®

> (~62°N), and Vavihill, Sweden, ~3800 cm™ (56°N) (CREATE, 2005, and Adam
Kristensson, unpublished data). However, not only the closeness to
anthropogenic air masses gives rise to higher concentrations in southern
Scandinavia. A higher frequency of formation events also plays a role in this
connection (see Vehkamiki et al., 2004; Dal Maso et al., 2005; Paper VI). To
complicate matters even further, the number concentration of particles in
different sizes in Scandinavia also depends on air mass history, cloud processes,
and aerosol dynamics, as shown by Tunved et al. (2004) and Tunved et al.
(2005a).

Formation events occur during 36% of all analysed days in Vavihill. Paper
VI shows that the formation rate of particles larger than 3 nm in diameter
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observed by the instrumentation during formation events around midday is of
the order of 1 cm™ s, irrespective of the varying degree of pollution in the air
mass.

However, the outcome for the nucleation mode particle number
concentration by the end of the day, is different for polluted and clean air
masses. Since polluted air contains more particles prior to the event than cleaner
air, it will also provide a larger polydisperse coagulation sink for the nucleation
mode acrosols. Consequently, the final number concentration of nucleation
mode aerosols will be higher in the cleaner air (~3000 cm?) than in the more
polluted air (~2000 cm™) at the end of the day. Also, the fraction of nucleation
mode aerosol particles to ToN is almost a factor 2 higher for cleaner air.
Furthermore, the frequency of events in cleaner air masses is higher than in
more polluted ones (Figure 18). Air arriving from southerly and easterly
directions is generally regarded as polluted. The above facts imply that formation
event particles from polluted air masses should have less impact on the climate,
since they are fewer. A closer inspection of the trajectory of polluted air masses
reveals that the air has not persisted over the polluted areas more than two days
in 22 out of 39 cases before arriving at Vavihill when type I events are observed.
This means that air from areas that are in general regarded as polluted, in many
cases, still has to be relatively clean to be able to contribute to events in southern
Sweden.

In all, 35% of the formation events (7% of all days) produce particles in the
nucleation mode that are larger than about 30 nm geometric mean diameter
during the event day. This indicates that the nucleation mode aerosols could
affect the climate if they were allowed to grow to even larger sizes on following

days.
5.4 Future Prospects

5.4.1 Wood Combustion

Many of the old wood-log boilers without heat storage tanks will be replaced by
newer, cleaner ones in the long term, and recently proposed legislation or grants
may speed up this process (Korsfeldt et al., 2003). Hence, current PM10 air
quality limits should not to be exceeded at least in the future. However,

evaluation limits (maximum 35 diurnal average values of PM10 above 30 pg m”)
may be exceeded in the future, which requires immediate attention by local
authorities. Alternatively, new, lower air quality limits may be proposed. In any
case, wood-log boilers, and other types of domestic appliances may still pose
health risks in the future and cause PM10 limits to be exceeded (see Boman et
al., 2003 and e.g. Johansson, 2003).

Boman, (2005), Johansson et al. (2004a) and Wiinikka (2005) have shown
that with the techniques already available today and with the right installation
and operation of combustion devices, the emission of particles and other
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compounds could be reduced by several orders of magnitude compared with
older wood boilers and stoves. If such systems were to be used, no significant
effects on the environment should be expected.
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Figure 18:  The frequency (in percent) of formation events in Vavibill as a function of
sonrce region (left). On top of bars is denoted the number of times that the
trajectories have passed the source region within two days before arriving at

Vavhill. Sector classification of source regions (right). 1V avibill is situated at the
centre point where region border linits meet.

It is still not known in detail which compounds in wood smoke are harmful
to humans. If such information were to become available in future, data are
available from Lycksele to indirectly calculate size-dependent lung deposition of
acrosol particles with different hygroscopic properties (Swietlicki et al., 2003). In
fact, lung deposition instrumentation has recently been developed to directly
measure the size-resolved deposition in the lungs of human subjects (Londahl et
al., 2005). Several campaigns are taking place at the moment to measure the lung
deposition in different environments where there are emissions from wood
smoke and traffic exhaust.

A new dispersion model called VEDAIR is under development. Its goals
are to estimate the PM10 levels in different Swedish municipalities where wood
combustion is common and to attribute the levels to their respective sources
when cities have problems associated with air quality or evaluation limits. The
model will first be validated against measurements in Lycksele to test the spatial
variability within a housing district. Furthermore, soot levels will be tested
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against PM10 in Lycksele to develop a more cost-effective measurement
method.

5.4.2 Traffic

Although the reasons for high PM10 concentrations in traffic environments are
clearer today, it is not a straightforward task to reduce these emissions. A
reduction in the use of studded tyres must be compared with the risk of more
traffic accidents. Nevertheless, a reduction in the use of studded tyres has been
tried in Norway, and it has led to much lower PM10 levels (Johansson et al.,
2005). No accompanying increase in accidents was noted (Gustafsson et al.,
2005). Cleaning of streets in Stockholm has not led to a significant decrease in
PM10. Binding of road particles with “ICE-AWAY”, which contains calcium
magnesium acetate has, on the other hand, proven that significant reductions of
PM10 levels can be achieved (Johansson et al., 2005). A means of reducing
traffic congestion in Stockholm has recently been approved; namely, the
introduction of congestion charges. This will have positive effects on PM10
levels. Finally, changing road material, and driving at different speeds were tested
in a road simulator, which showed that considerable reductions in road emission
could be achieved (Gustafsson et al., 2005), and these methods might also be
tested in Stockholm to reduce PM10 emissions (Johansson et al., 2005). The way
in which PM10 emissions vary with type of vehicle (LDV or HDV) is also an
important task to be investigated.

Another dispersion model network like VEDAIR, called SIMAIR has been
started in Sweden, which will hopefully be able to elucidate the effects of
different degrees of use of studded tyres. The PM10 model included in SIMAIR
has already been compared with measurements performed on a motorway in
Stockholm. The comparison showed good agreement in general, although, the
model was not able to reproduce the large temporal variability of the measured
emission factors (Swietlicki et al., 2004). Measurements in Malmé (southern
Sweden) are being performed at the moment together with modelling in
Halmstad (also southern Sweden). These results will be used to validate the
results of SIMAIR for southern Swedish conditions. The use of studded tyres in
southern Sweden is less frequent (Figure 19), and should lead to lower PM10
levels along and close to roads (see the German study by Lohmayer et al., 2001).

It should be remembered that the high PM10 concentrations discussed
above are most problematic close to roads. Paper IV shows that complete
removal of traffic in Copenhagen would not reduce PM10 concentrations in the
urban background by more than a few percent, although at kerbside the
reduction could be as high as 2/3 (Figure 20). In Copenhagen, the average
contribution from long-distance transport is more important than in Stockholm.
Conversely, a reduction in traffic exhaust would significantly reduce ToN in
both the urban background, and at rural locations tens of km away from the
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urban area (Paper IV, and Adam Kiristensson, unpublished data). Especially
nucleation and Aitken mode aerosols could be reduced.
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Figure 19:  Degree of use of studded tyres in different parts of Sweden (from Jobansson et
al., 2005).

This indicates that traffic from an urban area could have a significant effect
on the particle number concentration on a small regional scale, which should be
remembered when modelling ToN over Europe. However, nucleation events
also contribute to these numbers, and therefore, this matter should be addressed
in future work. When the wind is from the south or south-east, the Vavihill
background station shows high levels of more aged accumulation mode aerosols
(Adam Kristensson, unpublished data).

Although considerable effort has been made in Sweden to track down the
sources of re-suspended particle mass and to reduce the emissions of these
particles, it should be emphasized that there is as yet no conclusive evidence that
mortality is linked with the re-suspended fraction of PM10, although significant
effects on pulmonary diseases have been observed in Stockholm (Forsberg and
Segerstedt, 2004). It is believed that the fine fraction of PM10 in urban areas may
be the cause of increased death risk in Sweden (see Forsberg and Segerstedt,
2004; Le Tertre, 2002). Therefore, it is worthwhile to continue studying the
effects of exhaust emissions as well.

A number of techniques are used today and others are in the planning stage
to reduce the emission of exhaust, including fuel and technology developments,
environmental labelling of cars (e.g. EURO V), legislation, increased price of
fuel, etc. (see e.g. Ahman, 2003). The potential for emission reductions is very
large. However, an increase in fuel consumption is currently being experienced
in Sweden, due to the popularity of sport utility vehicles (SUV). Special taxes on
these kinds of vehicles are being planned; otherwise SUV could significantly

45



disrupt the undertaking of the Government to reduce greenhouse gas emissions
in Sweden.
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Figure 20:  Comparison of average concentrations of total particle number (TolN), total
particle volume (Tol”), PM10 and NOx at rural (V'VHL=1"avibhill), near-
cty (outside Copenhagen) urban and kerbside stations relative to urban
background levels (in Copenbagen). The concentration levels are cumnlative so
that only the difference between the level below appears as a specific pattern. The
elevation of the urban background (HCOE) above the near-city level is shown
by bold lines and represents the potential for urban emission reduction measures
to decrease urban concentrations. Note that the scale of the vertical axis changes
at 100. Since NOx was not measured at 1 avibill, data from another rural
station (Keldsnor) was used to represent background contributions (from Paper
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5.4.3 Long-Distance Transport

Improvements have recently been achieved in the modelling of PM10 and
PM2.5 levels over Europe with the EMEP model (Tsyro, 2005). However,
unresolved issues remain about the chemical composition of aerosols. Hopefully,
chemical characterization such as those described in Paper V, and future
chemical composition measurements in Scandinavia will contribute to a better
understanding.

Significant improvements in the modelling of particle number
concentrations over Scandinavia, including the representation of nucleation

46



events, have been made (Tunved et al., 2005b; Tunved et al., 2005¢c). However,
the scenarios modelled are limited. More work is required to fully understand
aerosol transformation during long-distance transport in other types of air
masses, and for a variety of meteorological conditions. Work has already been
started to map the aerosol number size distribution over the northern
hemisphere including nucleation, and to calculate its effect on climate (Ken
Carslaw, personal communication).

PM2.5 has commonly been used as a tracer for fine particulate matter,
excluding contributions from coarse, wind-generated particles. However, studies
in Sweden show that coarse particles unfortunately comprise a significant
fraction of PM2.5 in two main environments. The first is background
environments (Paper V), where about 40% of the long-distance-transported
PM2.5 comes from soil dust and sea salt particles. The second is areas with
heavy traffic. Paper II shows that most of the traffic-induced particles larger than
600 nm in diameter arise from re-suspension, and these comprise a dominant
fraction of PM2.5 during dry spring periods, as shown above (Johansson et al.,
2005). Therefore, using PM2.5 would seriously complicate the assessment of
sources and the choice of abatement strategy in the future (Areskoug et al.,
2004).

Only health impact assessments have been made so far to predict the
effects on health of background PM in Scandinavia (Forsberg et al, 2005).
Epidemiological studies are needed to confirm whether long-range-transported
particles have adverse effects on health. To address this matter, an
epidemiological study has been started in Stockholm (Christer Johansson,
personal communication) which will focus on the effects on the health of the
population during episodes of elevated levels of long-distance-transported
particles. If this project provides statistically significant results it may have far-
reaching effects on the research on background aerosols, independent of the
outcomes of the study.
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