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Surface tension of compound i

Absorption coefficient

Scattering coefficient

Wavelength of light

Activity coefficient of compound i

Rate of dissipation of kinetic energy per mass

Particle density

Single scattering albedo

Water activity

Particle cross sectional area

Kelvin effect of compound i

Gas phase concentration of compound i far from the particle surface
Saturation concentration of compound i at the particle surface

Gas phase diffusion coefficient of compound i

Particle diameter

Correction factor in the transition regime for compound i
Asymmetry parameter

Particle molar growth rate due to condensation of compound i
Kinetic nucleation theory correlation coefficient

Eddy diffusivities (turbulent diffusivity) in the horizontal direction
Eddy diffusivities (turbulent diffusivity) in the vertical direction
Liquid water content

Molar mass of compound i

Refractive index

Mass of particles with an aerodynamic diameter smaller than 2.5 um

Mass of particles with an aerodynamic diameter smaller than 10 um

Pure liquid saturation vapour pressure of compound i over a flat surface

Absorption efficiency

Scattering efficiency

Universal gas constant

Relative humidity

Temperature in Kelvin

Mole fraction of compounds i in the particle phase

Mole fraction of water in the particle phase
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Popularvetenskaplig sammanfattning

Vid varje andetag fyller vi vara lungor med luft som innehéller miljontals sma partiklar.
Partiklarna tillsammans med gasen (luften) som omger dem kallas i naturvetenskapliga
sammanhang f6r en aerosol. Méanga av aerosolpartiklarna #r sa sma att de kan hallas svivande
i luften flera veckor utan att falla ner till marken. Partiklarna i utomhusluften (atmosfiaren) kan
oftast betraktas som smé runda bollar (sfirer). Kénner man en sfirs diameter kan man
beskriva alla dess geometriska egenskaper (t ex dess volym och ytarea). Darfor dr det lampligt
att ange partiklars storlek utifrdn deras diameter. De minsta partiklarna i atmosfiren bestér
enbart av ett fatal ihopsatta gasmolekyler och har en diameter pa cirka 1 miljarddels meter (1
nanometer). Den ovre storleksgrinsen for aerosolpartiklar gar vid ungefdr 0.1 millimeter.
Detta dr ungefir vid den grins dé partiklarna inte lingre kan héllas svidvande i luften och dir

vi med vara 6gon borjar kunna uppfatta dem som enskilda partiklar.

Varfér studerar vi aerosoler?

De flesta aerosolpartiklar paverkar klimatet pa jorden genom att sprida och dndra riktningen
pa den inkomande solstralningen. En del av solstralarna som tréffar partiklarna kommer
darfor att spridas tillbaka ut i rymden istillet for att virma upp jordytan och dess atmosfir.
Detta leder till en kylande effekt som séinker temperaturen pé jorden. Ett viktigt undantag ar
de morka sotpartiklar som bland annat sldpps ut med avgaserna fran dieselbilar eller vid
ofullstindig forbrinning av ved. Dessa partiklar tar istéllet upp (absorberar) en stor del av
solljuset som triffar dem och virmer dirmed upp atmosfiren runt dem. Utsldpp av dessa

partiklar leder dirfor till en hogre medeltemperatur pa jorden.

Dessutom avgors molnens egenskaper till stor del av partiklarna i atmosfiren. Varje
molndroppe bildas fran en aerosolpartikel som tar upp vatten vid hog luftfuktighet. Genom
véra partikelutsldpp okar vi antalet aerosolpartiklar i atmosfiren vilket gor att molnen som
bildas bestd av fler, fast mindre molndroppar. Detta leder bland annat till att molnen blir

ljusare och reflekterar mer solljus ut till rymden, vilket har en kylande effekt.

Totalt sett har aerosolpartiklarna i atmosfiren med storsta sannolikhet en kylande effekt pa
klimatet. Hur stor denna effekt dr vet man dock inte speciellt vil. Detta beror till stor del pa
den komplexa vixelverkan mellan aerosoler och moln. Utan bittre kunskap om

aerosolpartiklarnas kylande effekt kan vi inte med sékerhet uttala oss om hur stor
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vixthusgasutsldppens klimatpaverkan #r. Man kan sdga att den kylande effekten av vara

partikelutslépp till viss del doljer den virmande effekten fran vixthusgaserna.

Aerosolpartiklar dr dock inte bara viktiga for klimatet pa jorden utan paverkar dven var hilsa.
Manga studier har visat att inandning av vissa typer av partiklar kan leda till lung- och hjirt-
sjukdomar. Vilka egenskaper som gor att vissa partiklar dr mer farliga 4n andra vet man dock
inte med sidkerhet. For att forbittra luftkvaliten dér vi bor finns det idag gransvirden for hur
hoga partikelhalterna far vara i luften. I Sverige dor varje ar uppskattningsvis cirka 5000 i

fortid pa grund av luftféroreningar.

Egenskaper hos partiklarna i atmosfaren

Partiklarna i atmosfiren kan vara helt flytande droppar, helt fasta eller ddaremellan (t ex. som
honung eller tjira). I vilken av dessa former de befinner sig i kan ha stor betydelse for hur de
paverkas av olika processer i atmosfiren. Dessutom bestdr partiklarna i atmosfiren av
hundratusentals olika kemiska d@mnen av vilka enbart en brékdel #r kinda. Aerosolernas
kemiska egenskaper beror dels pa dess ursprungliga killa och dels pa vad de utsitts for (hur
de aldras) i atmosfiren. Exempel pa viktiga direkta partikelkéllor i atmosfiren #r vig-, bat-
och flygtrafik, vedeldning, skogsbrinder, vulkanutbrott, havsspray och uppvirvlade jord- och

sandpartiklar.

Men de minsta, och till antalet ofta storsta andelen partiklar, bildas nir vissa typer av
gasmolekyler kolliderar med varandra. Trots omfattande forsking pad omradet vet man
fortfarande inte med sikerhet vilka dessa gasmolekyler ir eller varfor de kan klumpar ihop sig
istillet for att stotas bort frin varandra. De nya partiklarna (med en diameter runt 1
nanometer) kan vixa till storre partiklar genom upptag av olika gaser. De flesta av gaserna &r
organiska dmnen som bildas genom kemiska reaktioner i atmosfiren. Ursprunget till manga
av dessa organiska @mnen hittar vi i vixtriket. Dessa @mnen kan man t ex kénna doften av i en
barrskog eller nir man skalar en apelsin. Andra viktiga gaser kommer fran bilavgaser och

vedeldning.

Matningar av partiklar och gaser

Idag finns i Europa ett nitverk med ett 20-tal olika métsationer som kontinuerligt dvervakar
aerosolpartiklarnas kemiska och fysiska egenskaper med hjilp av standardiserade
mitmetoder. En av dessa stationer ligger pd Soderasen i norra Skdne och drivs av

aerosolgruppen pa kérnfysik hir i Lund. Under min tid som doktorand pé kirnfysik har jag



varit en del av en liten forskargrupp som har byggt upp och servat denna station samt
analyserat mitdata. Dessutom har jag varit delaktig i uppbyggnaden av en liknande station i

Brasiliens regnskog.

Mitresultaten fran alla dessa stationer kvalitetsgranskas och skickas in till en databas som #r
tillgdng for klimatforskare. Syftet dr att minska osidkerheten kring aerosolpartiklarnas

klimatpaverkan bl. a. genom att forbittra dagens klimatmodeller.

Matematiska modeller for 6kad forstaelse och framtida projektioner
Denna avhandling handlar framst om hur man med hjilp av matematiska datormodeller kan
beskriva aerosolernas egenskaper. Under min tid som doktorand pa kirnfysik har jag

utvecklat och anvint tva olika modeller.

Det 6vergripande syftet med dessa modeller 4r att 6ka forstaelsen kring processer i atmosfiren
som péverkar partikelkoncentrationerna, partiklarnas optiska och kemiska egenskaper och
deras formaga att ta upp vatten och bilda molndroppar. Detta dr viktigt for partiklarnas

klimatpaverkan, hur effektivt de deponeras i vara lungor och deras hilsoeffekter i kroppen.

I atmosfiren paverkas aerosolpartiklarna av processer som sker pa molekylniva och inom
brakdelen av en sekund, men #dven av globala cirkulationsmonster och klimatforindringar. For
att minska osidkerheten kring partiklarnas klimatpaverkan krdvs déarfér att man studerar
processer som sker inom alla tdnkbara rumsliga och tidsmissiga skalor. I denna avhandling
ligger fokus kring att beskriva processer som sker pd molekyldrskala och mikrosekunder upp
till den minsta skala som kan hanterars av globala klimatmodeller (runt 100 km och timmar
till dagar). Ett av syftena med detta &r att forbéttra de globala klimatmodellernas forenklade

beskrivningar av dessa smaskaliga processer.

Den forsta modellen anvinds for att beskriva hur partiklarna ldras i atmosfiren. Med denna
modell studerades bland annat hur utslippen av partiklar och gaser i Malmo péverkar
aerosolsammansittningen nedvinds staden. Modellen utvérderades med hjélp av métningar av

partiklar och gaser i Malmo och vid var miétstation pd S6derasen i norra Skéne.

Den andra modellen #r till for att anvdndas vid avancerade laboratoriemitningar pa
partikelbildning och tillvixt. Simuleringar med denna modell 1&g bland annat till grund for
designen och utvirderingen av experiment som syftar till att 6ka forstaelsen kring vad som

hiander med bensinbilsavgaserna i atmosfiren.



Introduction

1.1 The greenhouse effect

Without naturally occurring water vapour, carbon dioxide (CO;) and other greenhouse gases
in the atmosphere, the average global temperature of the earth would be approximately -18
°C. Fortunately, this is not the case and the pre-industrial levels of greenhouse gases raised
the global mean temperature to about 13 °C. However, because of fossil fuel burning, the CO,
levels in the atmosphere have increased with 40 % from 280 ppbv in 1750 to nearly 400 ppbv
today. At the same time the global mean temperature at the surface of the earth has increased
with about 0.8 °C. According to the Intergovernmental Panel on Climate Change (IPCC) it is
very likely that there is a connection between human activities (such as burning of fossil fuels
and land use changes) and the observed increase in the global mean temperature (IPCC,
2007). However, because of complex feedback mechanisms it is poorly known how sensitive

the climate of the earth is to the anthropogenic emissions of e.g. greenhouse gases.

As an example, the emissions of CO, increase the mean temperature of the atmosphere. With
an increased temperature, the atmosphere can hold more water vapour before water condenses
and form clouds. Because water vapour is a strong greenhouse gas, the global temperature
will increase more than what would be expected purely from the CO, increase. This is an
example of a positive feedback mechanism. There are also negative feedback mechanisms
which instead have a stabilizing effect on the earth’s climate. Hence, in order to study the
combined and complex effects of the anthropogenic emissions of greenhouse gases, aerosol

particles and land use changes, global climate models are needed.

1.2 Atmospheric aerosols
In every breath we take we typically inhale millions of small aerosol particles. An aerosol is
defined as solid or liquid particles suspended in a mixture of gases (usually air). Aerosol

particles can be of natural or anthropogenic origin.

Important natural atmospheric aerosols and sources are windblown desert dust, volcanic
eruptions, sea spray, natural forest fires and vegetation, while common anthropogenic sources
are road and ship traffic, biomass burning and agriculture. Because of the wide diversity of
sources, the diameters of aerosol particles range from one nanometre to about hundred

micrometres. The lower limit is set by the smallest number of gas molecules required to form
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a stable molecular cluster, and the upper limit is set by the gravitational settling which
prevents large particles from staying suspended in the air. Aerosol particles can be found
everywhere in the troposphere, from remote areas such as the North Pole (e.g. Heintzenberg et
al., 2006) and Amazonian rainforest (e.g. Martin et al., 2010), with concentrations of a few
tens or hundreds of particles per cubic centimetre, to polluted urban regions with several tens

to hundreds of thousands of particles per cubic centimetre (e.g. Monkkonen et al., 2005).

Particles emitted into the atmosphere directly from a source (e.g. windblown dust) are referred
to as primary particles, while secondary aerosol particles are formed by condensation (uptake
of vapours onto the available particle surfaces). The smallest and by number often the largest
concentrations of particles are formed by a mechanism where gas molecules collide and form
small molecule clusters (so called homogeneous nucleation). These small new particles may

then grow by condensation.

Anthropogenic influence is observed all over the world, even in the most pristine regions, like
the polar regions (e.g. Stone et al., 2010) and the tropical rainforests (e.g. Rissler et al., 2004).
Simulations show that the anthropogenic emissions have increased the particle concentrations
in remote continental regions with 50-300 % (Andreae, 2007). However, the anthropogenic

climate impact relative to the natural contribution is still poorly known.

1.3 Aerosols and climate

Aerosol particles influence the climate of earth by directly scattering and changing the
direction of the incoming solar radiation (direct effect). Part of the solar radiation will be
scattered back to space instead of heating the surface of the earth and the atmosphere. This
gives a net cooling effect on the global climate. An important exception is the dark soot
particles formed from incomplete combustion e.g. within a diesel engine or from wood
combustion. These particles instead absorb a large fraction of the solar radiation which
illuminates them, and heat the atmosphere around them. Therefore, soot particle emissions
give a net heating effect on the global climate. In a recent assessment report by Bond et al.
(2013) the anthropogenic soot climate radiative forcing (change in radiation balance of the
earth and atmosphere) was estimated to be as large as +1.1 W/m®. If this value is correct, soot
is the single largest climate forcer after CO, (figure 1). However, although the soot emissions
most likely are warming the climate, the magnitude is very uncertain. According to Bond et

al. (2013) the 90 % uncertainty bound of the radiative forcing of soot is +0.17 to +2.1 W/m?.
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Figure 1. Summary of radiative forcing of climate change between 1750 and 2005 because of
different anthropogenic activities. A positive forcing gives a warming of the climate while a negative
forcing leads to a cooling. The error bars are 90 % confidence intervals (Reproduced from IPCC,
2007).

Aerosol particles also influence the global climate by changing the properties of the clouds
(indirect effects). Without aerosol particles no cloud droplets would be formed at atmospheric
conditions, and their number concentration, size and chemical composition influence the
optical properties and lifetime of the clouds (e.g. Ramanathan et al., 2001, Paper II). If we
emit more aerosol particles into the atmosphere, the clouds that are formed will contain more
but smaller cloud droplets. These clouds are brighter and reflect more incoming sunlight back
to space (cloud albedo effect) (Twomey, 1974). Smaller cloud droplets also inhibit

precipitation and can thereby increase the lifetime of the clouds (Albrecht, 1989).



Today, it is virtually certain (i.e. > 99% probability) that anthropogenic emissions of aerosols
have a net cooling effect on the global climate IPCC (2007). However, mostly because of the
complex interactions between aerosols and clouds, the magnitude of this cooling is very
uncertain (figure 1). IPCC, 2007 has stated that the radiative forcing caused by aerosols is the
single largest source of uncertainty which limits the understanding of past and future climate

changes.

1.4 Health effects of aerosol particles

Aerosol particles also influence the population health. This has been shown by several
epidemiological studies (e.g. Dockery et al., 1993, Pope et al., 1995). The World Health
Organization (WHO) has estimated that urban particle emissions causes 800 000 premature
deaths annually in the world (World Health Organization, 2002), of which about 5 000 occur
in Sweden (Forsberg et. al. 2005).

The adverse health effects which are dominated by cardiovascular and respiratory diseases,
are primarily caused by particles deposited in the respiratory system (Londahl, 2009). As for
particle deposition in general (section 3.2), the most important mechanisms for deposition in
the respiratory system are inertial impaction, diffusion, and gravitational settling. Because of
the different deposition mechanisms and the complex geometry of the airways, the deposition
pattern depends strongly on the particle size (ICRP Publication 66, 1995). For example, small
particles (about 20 nm in diameter) are effectively deposited by diffusion, in the alveolar
region of the lungs. In the lungs, particles trigger inflammations by the production of reactive

oxygen species (Nel, 2005).

The physical and chemical particle properties responsible for the toxicity are still poorly
understood. Air quality is regulated with respect to the total mass of particles below 10 um in
diameter (PM;o). However, it may very well be the submicron particles which are most
relevant for the adverse health effects. These particles contribute relatively little to PM, but
typical contribute to more than 99% of the total particle number concentration in urban
regions. Many toxicological studies have shown that the particle surface area may be the
single most relevant dose metrics for the health effects (e.g. Tran et al., 2000, Nygaard et al.,

2004 and Schmid et al., 2009).



1.5 Strategies to reduce the uncertainties of aerosol impact on climate

and air quality
Kulmala et al. (2011) identified 12 key subjects which primarily need to be studied in order to

substantially decrease the uncertainty of the influence of aerosols on climate and air quality.
Among them, the flowing subjects are studied in this thesis:

- homogeneous nucleation,

- natural and anthropogenic particle emissions at urban, regional and global scales,
- the different anthropogenic and biogenic mass and number source contributions,
- secondary aerosol formation and gas-particle partitioning,

- influence of atmospheric ageing on the aerosol properties and

- the aerosol indirect effects.

These processes need to be studied experimentally and theoretically on all temporal and
spatial scales (figure 2). This includes detailed process based models on the single particle
scale (e.g. Shiraiwa et al., 2012, Paper III), laboratory chamber experiments (Paper IV and
section 2.2), long-time measurements (section 2.1), local and regional scale Lagrangian
modelling (e.g. Tunved et al., 2010, Paper I and II), regional and global Chemistry Transport
Models (CTMs) (e.g. Simpson et al., 2003), global climate models (e.g. Makkonen et al.,
2009) and earth system models (e.g. Hazeleger et al., 2012). The approximate temporal and

spatial scales, and subjects covered in this thesis are marked with a rectangle in Figure 2.
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Figure 2. Schematic picture illustrating the different temporal and spatial scales of methods used in
climate and air quality related aerosol research. Figure adopted from the original in Kulmala et al.

(2011).



1.6 Main objectives of the thesis

Although, all methods presented in figure 2 are used extensively in current research, there is a
lack of exchange of knowledge between the different research fields. This is partly because it
is difficult to describe small scale processes in a computationally affordable way on a regional
and global scale. However, there is also a lack of interdisciplinary exchange of knowledge
between researchers working with different fields directly or indirectly related to aerosols and
climate (e.g. particle physics and aerosol dynamics, particle phase chemistry, gas phase
chemistry, meteorology, cloud microphysics and dynamics, dynamic vegetation processes,
and the radiation balance of the earth), as well as between experimentalists and modellers

within the same field.
The overall aims of this thesis were to:

1) develop theoretical models which combine the knowledge from experimental and
theoretical studies within different research fields related to atmospheric aerosols
(Paper I and III), and

2) evaluate and use these models in order to increase the knowledge about processes
occurring on spatial and temporal scales which cannot be studied with regional and

global chemistry transport models, or by measurements alone (Paper II-1V).

For this purpose, two different models were developed. The first model is an air mass
trajectory model (Lagrangian model) for Aerosol Dynamics, gas and particle phase
CHEMistry and radiative transfer (ADCHEM) (Paper I). The second model is an Aerosol
Dynamics, gas- and particle- phase chemistry, kinetic multi-layer model for laboratory

CHAMber studies (ADCHAM) (Paper I1I).



2 Measurements of particles

2.1 Long-time atmospheric observations

To better quantify the anthropogenic and natural influence on the aerosol properties,
standardized and continuous measurements are needed. This is performed at 20 European
Supersites for Atmospheric Aerosol Research (EUSAAR). One of these stations is the
Vavihill field station in southern Sweden (56° 01’ N, 13°09’ E, 172 m a.s.1.).

Figure 3 gives an example of the measured particle number size distribution during a new
particle formation event 3031 of March, 2008 at the Vavihill field station. The new
particles are formed by homogeneous nucleation during the morning and have grown by
condensation to detectable size (3 nm in diameter) at around noon. The particles continue to
grow until next day and reach a diameter of 70 nm, one day after the new particle formation

event was first observed.
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Figure 3. DMPS measurements during a new particle formation event the 30 ™-31% of March, 2008 at

Vavihill field station.

One way of evaluating a Lagrangian model is to follow an air mass traveling between two
measurements stations, and use the data from the upwind station as input to the model and the

downwind station as an evaluation point. This method was used in Paper I and II, where the
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measured particle number size distribution at the urban background station in Malmo (55° 36
N, 13° 00’ E, 30 m a.s.l.) was used as input to the model. The measured particle number size
distribution at the Vavihill background station (50 km downwind Malmo) was used to

evaluate the model performance.

In more remote regions of the world (e.g. Amazonian rainforest, over oceans and the polar
regions) there is still very little measurement data on the aerosol physical and chemical
properties. Researchers from the aerosol group at the Division of Nuclear Physics at Lund
University were part of the European integrated project on aerosol cloud climate air quality
interactions (EUCAARI) (Kulmala et al., 2011). This project financed the development and
maintenance of aerosol measurement sites in China, India, South Africa and Brazil. I was
involved in the development, maintenance and evaluation of the data from one of those sites,
which is positioned at a remote site in the Amazonian rainforest 60 km NNW from the city of
Manaus (2.6° S, 60.2° W, 110 m a.s.1.) and 1600 km SW from the Atlantic Ocean. Since the
start in February 2008 several studies have been published which describe the aerosol
characteristics at this site (e.g. Gunthe et al., 2009, Poschl et al., 2010, Alm, 2010 and Rizzo
et al., 2013).

During the dry season, massive clear cutting and biomass burning in the Brazilian rainforest is
conducted in order to clear land for agricultural use (Guyon et al., 2005). This anthropogenic
land use has substantial impact of the aerosol properties over large areas of pristine rainforest,

several hundred kilometres from the areas with intensive biomass burning.

Figure 4 shows the measured median particle number size distributions at the EUCAARI
station in the Amazonian rainforest during the wet season (Feb-Jun) and dry season (Jul-Nov),
respectively. The difference between the wet and dry season particle number size distributions
is likely a good proxy of the contribution from long distance transported anthropogenic
biomass burning aerosols. Although, other factors such as larger wet deposition losses during
the wet season and influence from particle emissions in Manaus can also influence the

concentrations.
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Figure 4. Measured median particle number size distributions from the EUCAARI station outside
20009.

Manaus, during the wet season (Feb-Jun) and dry season (Jul-Nov). The data are from year 2008 and

2.2 Laboratory chamber experiments

A common problem with atmospheric measurements is that it is often hard to distinguish

between different sources and atmospheric processes which affect the aerosol compositions.

measurements.

Hence, laboratory chamber experiments conducted during well controlled conditions (e.g.
temperature, humidity and light intensity), are needed as a complement to atmospheric

One example is the CLOUD chamber at CERN in Ziirich. CLOUD was built to study the

effect of cosmic rays on aerosols, cloud droplets and ice particles. The well controlled and

extremely clean environment in the stainless steel chamber of 26 m® enables the researchers to

study specific homogeneous new particle formation mechanisms (Kirkby et al., 2011).

However, most chamber experiments reported in the literature deal with secondary organic

aerosol (SOA) formation from different known precursors. These are gas phase compounds
emitted from vegetation (e.g Hoffmann et al., 1997, Griffin et al., 1999 and Ng et al., 2008),

or e.g. by gasoline cars (Odum et al., 1996, Ng et al., 2007, Hildebrandt et al., 2009 and

Paper 1V)). Parameterizations from these experiments are used in many chemistry transport
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models of today. In Paper III ADCHAM was used to study the SOA formation and
properties during such experiments, and in Paper IV we performed experiments on the SOA

formation from ageing gasoline car exhausts in a 6 m” Teflon chamber.

2.3 Particle number size distribution measurement techniques

Particle number size distributions are commonly measured with Scanning Mobility Particle
Sizers (SMPS) or Differential Mobility Particle Sizers (DMPS). In these instruments the
sampled particles are first charged with a bipolar diffusion charger. Here they gain a well-
defined charge distribution (Wiedensohler, 2012). After this, the aerosol enters a Differential
Mobility Analyser (DMA) where particles with a specific mobility diameter are selected,
using an electrode with known voltage. Finally the particles are detected with a Condensation
Particle Counter (CPC). By changing the voltage on the DMA electrode, particles with
different electrical mobility can be selected with short time intervals. The particle number size
distribution is derived from the measured electrical mobility distributions using the known

charge distribution, and collection efficiency of the CPC.

In the SMPS system the voltage on the electrode is changed continuously according to an
exponential function, while in a DMPS system the voltage is changed stepwise. This is the
main difference between the two instrument types and is the reason why SMPS systems can
measure a full particle number size distribution within about 1 minute, while a DMPS system

typically requires about 10 minutes.

At the Vavihill field station the particle number size distribution measurements are performed
with a Twin-DMPS. This instrument uses two DMAs instead of one to measure a full particle
number size distribution. The first DMA is used to measure the small particles (at Vavihill
between 3 and 21 nm) and the second DMA measures the larger particles (at Vavihill between

21 and 900 nm).

2.4 Measurements of the chemical particle composition

Although SMPS and DMPS systems give detailed information about the physical properties
of the submicron particles, the instruments give no direct information of the chemical
composition of the particles. Such information can instead be achieved either with filter
samples, followed by off-line measurement techniques (e.g. Particle Induced X-ray Emission
(PIXE) or Transmission Electron Microscopy (TEM)) (see for instance Martinsson et al.,

2009 and Poschl et al., 2010) or with on-line techniques (e.g. Time of Flight Aerosol Mass

13



Spectrometry (ToF-AMS) DeCarlo et al., 2006). One drawback with filter samples is that they
generally have a low time resolution (usually days to weeks), and although they can give size
resolved information (e.g. TEM), the analysing methods are generally very time consuming.
Therefore, ToF-AMS which has a high time resolution (5 min) is a popular and frequently
used instrument (see e.g. the overview article by Jimenez et al., 2009). The AMS can give size
resolved information on the inorganic (nitrate, sulphate, ammonium and chloride) and organic

compositions in the particles between about 50 and 1000 nm in diameter.

2.5 Combination of measurements and models

The combination of measurements and models often gives more valuable information than the
measurements or models alone. The size resolved chemical and physical particle properties
measured with a SMPS or DMPS system and AMS, enables us to calculate hygroscopic and
optical properties of the aerosol particles (section 4 and 6). Together with an adiabatic cloud
parcel model we can even estimate their ability to form cloud droplets during realistic

atmospheric conditions (section 5 and 10.3).

At Vavihill the measured particle number size distributions (with the DMPS) is used as input
to a Mie-theory model (section 6), which calculates the scattering and absorption coefficients
(o5 and o,), at different wavelengths of light (A). The modelled scattering and absorption
coefficients can then be compared with the measured scattering coefficients (from a 3-
wavelength integrating Nephelometer) and absorption coefficients (from a soot photometer).
This on-line closure gives direct information about the data quality of the instruments (figure
5). The agreement between the Mie-theory model and the Nephelometer measurements is
usually best for the blue and green light. This is because the scattering coefficients at these
wavelengths mainly are affected by the submicron particle concentrations and not the coarse
mode particle concentrations (> 1 um in diameter), which cannot be detected with the DMPS

system.
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Figure 5. Comparison between measured and modelled particle scattering coefficients of blue light
(A=450 nm) (a), green light (A=520 nm) (b) and red light (A=700 nm) (c), at Vavihill the 6™ of June,
2008. The model results are given for two different refractive indices, one for clean continental
conditions ('m;=1.54-0.01i) and one for more polluted continental air masses (>m;=1.60-0.151) (Ebert

et al., 2004). The legend displays the squared correlation coefficients (r*-values) between the modelled

and measured scattering coefficients.

In all papers included in this thesis we combine the information from measurements and

models in order to draw conclusions concerning different processes and aerosol properties

relevant for climate and health.
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3 Aerosol dynamics

In this section the most important aerosol dynamics processes in the atmosphere are described
briefly and illustrated with a few examples. Readers interested in the governing equations and
how they specifically are implemented in ADCHEM and ADCHAM are referred to Paper 1
and III.

3.1 Coagulation

Coagulation is the process where particles of same or different sizes collide and form larger
particles. The probability of coagulation between two particles due to their Brownian motion
(random motion because of the collision with gas phase molecules) depends on the diameters
of the particles and the particle diffusion velocities. Particles with large diameters have low
diffusion velocities but large particle surface areas to collide onto. Small particles on the other
hand have high diffusion velocities but small surface areas. Therefore, the probability that
either two small or two large particles will collide is much smaller than the probability that
one small and one large particle will collide. Brownian coagulation is especially important in
environments with a large number of small particles, (e.g. within a diesel engine, during new

particle formation events or in a street canyon).

However, there are also other coagulation mechanisms which are important in the presence of
large particles or cloud droplets (see Pruppacher and Klett, 1997). Large particles or cloud
droplets with high fall velocities cause a substantial enhancement of the Brownian
coagulation (so called convective Brownian coagulation). Additionally, the relative difference
in sedimentation velocity between the aerosol particles and/or droplets enhances the

coagulation rate (gravitational impaction).

Inside clouds, turbulence also enhances the coagulation rates because of: (1) velocity
gradients which create relative particle motions (turbulent shear impaction) and (2)
acceleration which (depending on their mass) give particles different relative velocities,
(turbulent inertial impaction). Both the turbulent shear and inertial impaction depend on the
rate of dissipation of kinetic energy per mass in clouds (g). Observed values of ¢ inside
different cloud types vary between 3 cm® s~ in the least turbulent clouds (stratus) up to 2000

cm? s™ in strong cumulonimbi (Pruppacher and Klett, 1997).
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Figure 6 compares the coagulation rates of different coagulation mechanisms, between a
particle with a diameter of 1 um and other particles or droplets of different sizes. For all
coagulation mechanisms except turbulent inertial impaction, the minimum coagulation rate is
found for particles of equal size (in this case 1 pm in diameter). The figure also illustrates that
Brownian coagulation is the only coagulation mechanism which is important for submicron

particle sizes.
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Figure 6. Coagulation rates of different coagulation mechanisms between a particle with a diameter of

1 pum, with other particles of different particles sizes (x-axis).

3.2 Dry deposition

The dry deposition (deposition without influence from clouds or precipitation) of particles
onto different surfaces depends on impaction, interception, diffusion and gravitational
settling. For the smallest particles (<0.1 pm in diameter) diffusion is the dominating
mechanism, while for larger particles (>1 pm in diameter) gravitational settling is the main
deposition loss mechanism in the atmosphere. Between 0.1 and 1 pm in diameter, there is a
minimum in the dry deposition velocity because neither diffusion nor gravitational settling is
an important loss mechanism. The dry deposition velocities of particles also depend on the
surface structure (e.g. vegetation type) and the stability of the atmosphere. For instance a
rough surface (e.g. a forest or city with large buildings) gives substantially larger dry

deposition losses than a flat surface (e.g. grasslands).
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During laboratory chamber experiments the deposition of particles to the chamber walls is
largely governed by particle charge distribution and the chamber wall surface area to volume
ratio (McMurry and Rader, 1985, Pierce et al., 2008 and Paper III). Particles in the air may
be charged already when they are formed or when they collide with air ions. Air ions are e.g.
formed during the decay of radon in the air. After some time in the atmosphere the particles
approach a well-defined size dependent equilibrium charge distribution, with approximately
equal amounts of positively and negatively charged particles. The same charge distribution is

achieved in the bipolar diffusion charger of an SMPS or DMPS system (section 2.3).

Figure 7 shows: (a) the modelled fraction of particles with at least