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Summary

Atmospheric aerosols have several important effects on the environment, on visibility, on the
Earth’s climate, and on human health. In general, an aerosol is defined as a suspension of solid
or liquid particles in a gas. Atmospheric aerosol particle sizes range from a few nanometers
to several micrometers, here the focus is on particles in the submicron size range. In contrast
to greenhouse gases (GHG), aerosols have mainly a cooling effect on the global climate. This
is seen from the direct (absorption and scattering) and indirect (cloud microphysics, e.g. cloud
albedo and lifetime) aerosol effects on the radiative forcing. The uncertainties in anthropogenic
radiative forcing are highest for aerosol effects compared to GHG due to insufficient knowledge
of aerosol properties and processes.

The atmospheric aerosol is comprised of many different species, and chemical composition of
aerosols varies strongly with their source. Aerosols are classified according to their typical
particle size ranges, their sources (natural and anthropogenic) or related to their history of ori-
gin. Directly emitted primary aerosols are distinguished from secondary aerosols which form
due to transformation processes from the gas phase. The atmospheric aerosols from anthro-
pogenic or natural sources include primary organic aerosol (POA), secondary organic aerosol
(SOA), and black carbon (BC), beside several inorganic species. Soot from combustion pro-
cesses, which consists mainly of BC and organic compounds, is an important component of
atmospheric aerosol and biomass burning is one of the largest aerosol sources worldwide.

This thesis contributes with hygroscopicity and volatility studies to the improvement of the
knowledge about properties of fresh and processed aerosols. Hygroscopicity and volatility of
particles in general are important physical properties closely linked to size and chemical compo-
sition of the aerosol. Volatility and its temporal evolution indicates some insight in the chemical
composition and related processes. The water uptake of several inorganic substances is well
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understood and studied since years, but they are typically mixed with carbonaceous substances
in the atmospheric aerosol. The hygroscopicity of fresh and aged SOA and combustion aerosols
is not well known so far and is of interest for their effects on climate and on human health. Both
SOA and combustion aerosol aging processes are challenging to trace in the atmosphere as trans-
formation processes and gas to particle partitioning occur which will alter aerosol properties.
Therefore aging processes need to be simulated and investigated under controlled conditions.

Pure organic aerosols have been subject of studies for several years. However concentration
levels and chemical properties as well as physical properties of laboratory generated SOA often
differ from the findings under ambient conditions. A central process is the so-called aerosol
aging, which includes several processes like oxidation, condensation of gaseous material, cloud
processing, and others. The evolution of pure SOA from the gaseous precursor α-pinene was
investigated: SOA was formed during ozonolysis and followed by aging with OH radicals in
a smog chamber. The particles’ volatility and hygroscopicity were characterized and used as
sensitive physical parameters to reveal the possible mechanisms responsible for the chemical
changes in the SOA composition during aging. Four distinct reaction phases of the experiment
were found. The connection between hygroscopicity and chemistry of SOA was also investi-
gated. The water uptake was linked to the organic mass spectra during the chemical and pho-
tochemical oxidation of several organic precursors. SOA hygroscopicity was found to strongly
correlate with the relative abundance of a specific ion signal. An empirical linear relation was
determined for smog chamber and ambient measurements.

In further smog chamber studies hygroscopic properties below and above water vapor saturation
of fresh and photochemically aged emissions from diesel vehicles and wood burning were in-
vestigated under controlled, atmospherically relevant laboratory conditions. These experiments
aimed also at the SOA formation potential and properties of combustion emission that can not be
observed in fresh emissions. Fresh SOA, POA, and BC undergo chemical and structural changes
due to photo-chemically induced oxidation processes. Soot particles emitted from combustion
processes have a fractal structure. Fractal aggregates may collapse under the influence of wa-
ter or SOA and form less fractal, more compact particles. This compaction process leads to a
change in the particle’s morphology and is called restructuring. Restructuring of aged soot under
high relative humidity was observed for diesel aerosols and in some experiments also for wood
combustion emissions. This may result in a lower apparent hygroscopicity as the compaction
compensates a part of the hygroscopic growth. Therefore exact hygroscopicity measurement of
soot or other fractal particles is challenging.

Initially, the fresh soot particles from diesel passenger cars show no significant interaction with
water (no hygroscopic growth or cloud condensation nuclei (CCN) activity). However, there
is no clear indication that these particles are hydrophobic either. Aging has different effects
on the hygroscopicity of diesel soot from different vehicles. Both, CCN activity and the water
uptake at subsaturated conditions of diesel soot are affected by the particles’ morphology, which
changes due to aging processes. In other combustion experiments beech log wood was burnt in a
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residential log wood burner and primary emissions from different burning phases were injected
into the chamber. The hygroscopicity of fresh wood combustion aerosols is typically higher than
for diesel aerosols, depending on experiment and particle size. For biomass burning aerosols
the influence of inorganic compounds in addition to organics and BC is visible in the higher
observed hygroscopicity. Aging increases the apparent hygroscopicity of combustion aerosols
from very low to higher values, mainly caused by the formation of SOA. With aging time, the
hygroscopicity generally increases as the particles get more oxidized.

As a final step the new findings from the smog chamber aging experiments should be found
and verified under ambient atmospheric conditions. Ambient aerosol properties with the focus
on volatility and hygroscopicity were characterized as part of a comprehensive measurement
campaign at a sub-urban background site close to the Paris megacity in summer and winter.
Aerosols from combustion emissions and high organic aerosol mass were found as expected in
densely populated areas. From the hygroscopicity and volatility distribution the mixing state of
aerosol was derived, providing information if the aerosol was internally or externally mixed. The
mean diurnal variation was also analyzed and showed periods that can be attributed to certain
sources such as traffic emissions.

The studies on chamber aerosols including fresh and aged combustion aerosols could not be
directly linked to the ambient findings. Ambient aerosol properties and composition modifi-
cations are strongly influenced due to air mass changes and meteorological conditions. Other
compounds in the ambient aerosol, especially inorganic substances with a high hygroscopicity
compared to SOA, hide in many cases the relatively small changes observed in the smog cham-
ber studies. However, chamber and ambient studies contribute both to a deeper understanding
of the atmospheric aerosol properties and processes.
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Zusammenfassung

Atmosphärische Aerosole haben einen bedeutenden Einfluss auf die Umwelt, die Sichtverhält-
nisse, das globale Klima und die menschliche Gesundheit. Ein Aerosol ist allgemein als festes
oder flüssiges in der Luft schwebendes Teilchen definiert, das häufig auch als Feinstaub be-
zeichnet wird. Atmosphärische Aerosole erstrecken sich über einen weiten Größenbereich von
wenigen Nanometern bis zu einigen Mikrometern, wobei in dieser Arbeit die Partikel im Na-
nometerbereich im Vordergrund stehen. Aerosole haben im Gegensatz zu Treibhausgasen ei-
ne überwiegend kühlende Wirkung auf das globale Klima. Diese ergibt sich aus dem direkten
(Streuung und Absorption) und indirekten (mikrophysikalische Wolkeneigenschaften, z.B. Al-
bedo oder Lebensdauer) Aerosoleffekt auf die Strahlung. Da wichtige Prozesse und Aerosolei-
genschaften noch nicht vollständig bekannt sind, sind die Unsicherheiten durch die von Aeroso-
len verursachten Effekte beim anthropogenen Strahlungsantrieb im Vergleich zu den Treibhaus-
gasen deutlich größer.

Die chemische Zusammensetzung atmosphärischer Aerosole kann sehr stark in Abhängigkeit
von der Quelle variieren. Aerosole können anhand ihrer Quellen (natürliche und anthropoge-
ne), ihrer typischen Größenklassifizierung oder nach ihrer Entstehungsgeschichte unterteilt wer-
den. Letzteres unterscheidet primäre Aerosole, die direkt an die Atmosphäre abgegeben werden,
von sekundären Aerosolen, die durch Transformationsprozesse aus der Gasphase entstehen. At-
mosphärische Aerosole aus anthropogenen oder natürlichen Quellen beinhalten neben anorga-
nischen Anteilen auch primäres organisches Aerosol (POA), sekundäres organisches Aerosol
(SOA) sowie schwarzen Kohlstoff (BC). Ruß aus Verbrennungsprozessen, der hauptsächlich
aus BC und organischen Substanzen besteht, ist ein wichtiger Bestandteil des atmosphärischen
Aerosols. Biomassenverbrennung wird als eine der größten Aerosolquellen weltweit gesehen.

Diese Doktorarbeit trägt mit Hygroskopizitäts- und Flüchtigkeitsstudien zur Erweiterung des
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Wissens über frische und prozessierte Aerosoleigenschaften bei. Beides sind wichtige physika-
lische Partikeleigenschaften, die direkt mit der Größe und der chemischen Zusammensetzung in
Verbindung stehen. Die Aerosolflüchtigkeit und ihre zeitliche Entwicklung liefern zusätzliche
Informationen über die chemische Zusammensetzung und die zugehörigen Prozesse. Die Was-
seraufnahme von etlichen anorganischen Substanzen ist recht gut bekannt und wird seit Jahren
untersucht, aber im atmosphärischen Aerosol sind diese typischerweise mit kohlenstoffhalti-
gen Substanzen gemischt. Die Hygroskopizität von frischem und gealtertem SOA und Verbren-
nungsaerosolen ist weniger erforscht, hat aber ebenfalls einen bedeutenden Einfluss auf das
Klima und die menschliche Gesundheit. Es ist eine Herausforderung, die Alterungsprozesse
von SOA sowie von Verbrennungsaerosolen in der Atmosphäre zu verfolgen, da Transforma-
tionsprozesse und Übergänge von Gas- zu Partikelphase auftreten und Aerosoleigenschaften
verändern können. Aus diesem Grund müssen Alterungsprozesse unter kontrollierten Bedin-
gungen simuliert und untersucht werden.

Reine organische Aerosole sind seit einigen Jahren Untersuchungsgegenstand, allerdings un-
terscheiden sich die Konzentrationsbereiche und die chemischen sowie physikalischen Eigen-
schaften von SOA, das im Labor erzeugt wurde, oft deutlich von SOA, das in der Umgebungs-
luft vorgefunden wird. Ein zentraler Prozess ist die sogenannte Alterung der Aerosole, die ver-
schiedene Prozesse wie Oxidation, Kondensation von gasförmigen Substanzen, Wolkenprozes-
sierung und andere umfasst. Die Entwicklung von SOA, das von gasförmigem α-Pinen durch
Ozonolyse erzeugt und anschließend mit OH Radikalen gealtert wurde, wurde in der Smogkam-
mer untersucht. Die Flüchtigkeit und Hygroskopizität der Partikel wurden charakterisiert und
dienten als empfindliche physikalische Parameter, um die möglichen Mechanismen der Parti-
kelalterung aufzudecken. Es konnten vier unterschiedliche Reaktionsphasen identifiziert wer-
den. Der Zusammenhang zwischen Hygroskopizität und Chemie von SOA war ebenfalls Thema
einer Smogkammeruntersuchung. Die Wasseraufnahme von SOA wurde mit dem organischen
Massenspektrum während der chemischen und photochemischen Oxidation von mehreren or-
ganischen Vorläufersubstanzen verknüpft. Die Hygroskopizität des SOAs korreliert mit der re-
lativen Menge eines bestimmten Ionensignals. Eine empirische, lineare Beziehung wurde für
Smogkammer und Außenmessungen gefunden.

In weiteren Smogkammerexperimenten wurden die hygroskopischen Eigenschaften unter und
oberhalb der Wasserdampfsättigung von frischen und photochemisch gealterten Emissionen von
Dieselfahrzeugen und Holzverbrennung unter kontrollierten, atmosphärisch relevanten Laborbe-
dingungen untersucht. Diese Untersuchungen haben auch die Erforschung des SOA Bildungspo-
tenzials und der Eigenschaften der Verbrennungsemissionen zum Ziel, die in frischen Emissio-
nen nicht beobachtet werden können. Frisches SOA, POA und BC unterliegen chemischen und
strukturellen Veränderungen durch photochemisch hervorgerufene Oxidationsprozesse. Rußpar-
tikel aus Verbrennungsprozessen haben eine fraktale Struktur. Fraktale Aggregate können durch
den Einfluss von Wasser oder SOA zusammenbrechen und weniger fraktale, kompaktere Partikel
bilden. Dieser Verdichtungsprozess führt zu einer Veränderung der Partikelgestalt und wird Re-
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strukturierung genannt. Restrukturierung von gealtertem Ruß unter Einfluss von hoher relativer
Feuchte wurde bei den Dieselaerosolen und auch bei einigen Experimenten mit Holzemissionen
beobachtet. Dies kann zu einer Unterschätzung der Hygroskopizität führen, da die Verdichtung
einen Teil des hygroskopischen Wachstums kompensiert. Daher sind genaue hygroskopische
Messungen von Ruß oder fraktalen Partikeln eine Herausforderung.

Zunächst zeigten die frischen Rußpartikel von Dieselpersonenwagen keine signifikante Wech-
selwirkung mit Wasser (weder hygroskopisches Wachstum noch Aktivität als Wolkenkondensa-
tionskeim (CCN)), es gab jedoch auch keine deutlichen Hinweise, dass die Partikel hydrophob
waren. Die Alterung hatte unterschiedliche Effekte auf Dieselruß von verschiedenen Fahrzeu-
gen. Sowohl CCN-Aktivität wie auch die Wasseraufnahme bei nicht gesättigten Bedingungen
waren von der Gestalt der Dieselrußpartikel beeinflusst, die sich aufgrund des Alterungsprozes-
ses änderte. In weiteren Verbrennungsexperimenten wurde Buchenholz in einem Stückholzkamin
verbrannt und die primären Emissionen von unterschiedlichen Verbrennungsphasen in die Smog-
kammer geleitet. Die gemessene Hygroskopizität von frischen Holzverbrennungsaerosolen war
typischerweise höher als die von Dieselaerosolen in Abhängigkeit von Experiment und Partikel-
größe. Für Aerosole aus Biomassenverbrennung spiegelte sich der Einfluss der anorganischen
Bestandteile als Ergänzung zu den organischen und BC in der höheren Hygroskopizität wider.
Die Alterung erhöhte die gemessene Hygroskopizität der Verbrennungsaerosole von oft sehr
niedrigen Werten zu höheren, was hauptsächlich an der Bildung von SOA lag. Im allgemeinen
nahm die Hygroskopizität mit der Alterungszeit zu, da die Partikel stärker oxidiert wurden.

Abschließend sollten die neuen Erkenntnisse aus den Alterungsexperimenten bei atmosphär-
ischen Außenmessungen wiedergefunden und bestätigt werden. Die Aerosoleigenschaften in
der Außenluft mit dem Schwerpunkt auf Flüchtigkeit und Hygroskopizität wurden als Teil einer
umfassenden Messkampagne im Sommer und Winter an einer suburbanen Hintergrundstation
im Ballungsraum Paris charakterisiert. Aerosole von Verbrennungsemissionen und hohe organi-
sche Aerosolmasse wurden wie erwartet in diesem dicht besiedelten Gebiet gefunden. Aus der
Verteilung von Hygroskopizität und Flüchtigkeit konnte der Mischungszustand des Aerosols ab-
geleitet werden. Dies gab Auskunft darüber, ob ein Aerosol intern oder extern gemischt war. Die
mittleren Tagesgänge wurden ebenfalls analysiert und zeigten einige Abschnitte, die bestimmten
Quellen wie etwa Verkehrsemissionen zugeordnet werden konnten.

Bis jetzt konnten die Studien in der Smogkammer mit frischen und gealterten Verbrennungs-
emissionen nicht direkt mit den Ergebnissen der Außenmessungen verknüpft werden. Änder-
ungen in der Zusammensetzung aufgrund von Luftmassenänderung sowie meteorologischen
Bedingungen haben einen dominanten Einfluss auf die Eigenschaften des Außenaerosols. Be-
standteile des atmosphärischen Aerosols wie anorganische Substanzen mit einer hohen Hygro-
skopizität verglichen zu SOA überdecken in vielen Fällen die relativ kleinen Änderungen, die in
der Smogkammer beobachtet wurden. Dennoch tragen sowohl Smogkammer- als auch Außen-
luftstudien zu einem besseren Verständnis der Aerosoleigenschaften und -prozesse bei.
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1

Introduction

1.1 Atmospheric aerosols

Atmospheric aerosols are ubiquitous and defined as a suspension of fine solid or liquid particles
in a gas; for atmospheric aerosols this gas is ambient air (Baron and Willeke, 2001). Aerosols
have several important effects on the environment, on the human health, causing visibility degra-
dation as well as effects on the regional and global climate. A recent demonstration of the impact
and major influence that aerosols can have was the eruption of the Eyjafjallajökull volcano in
April and May 2010 which led to a closure of the European airspace for several days. Also
the influence of aerosols on climate change is controversially discussed in the recent years,
and therefore studying aerosol properties, composition and processes is an important scientific
field. A brief overview on the atmospheric aerosols, their size, sources, sinks and processes
(Sect. 1.1.1), their chemical composition (Sect. 1.1.2), their health effects (Sect. 1.2) and their
effects on the climate (Sect. 1.3) will be given, followed by a short motivation for this thesis
(Sect. 1.4).
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2 Chapter 1. Introduction

1.1.1 Aerosol size, sources and relevant processes

Aerosol particles cover a size range over four to five orders of magnitudes from few nanome-
ters to several micrometers and can originate from different sources (Fig. 1.1, (Whitby and
Cantrell, 1976; Seinfeld and Pandis, 2006)). Characteristic size modes of the surface size dis-
tribution and relevant processes including sources and sinks are shown schematically. A first
separation due to particle size is made between the fine mode (particle diameter D< 2.5 µm)
and the coarse mode (D> 2.5 µm) particles. The fine mode is further separated by defining the
nucleation mode for very small, freshly nucleated particles (∼ 2 nm<D< 20 nm), the Aitken
mode for slightly larger particles (∼ 20 nm<D< 0.1 µm) and the accumulation mode for par-
ticles between 0.1<D< 2.5 µm. Particles from the nucleation mode coagulate into the Aitken
and accumulation mode and also grow through condensation to larger sizes. Large particles
(D> 25 µm) in the coarse mode are efficiently removed by sedimentation due to their large size
and mass, while removal processes via rain-out (in-cloud scavenging, incorporation into cloud
droplets or ice crystals) or washout (below-cloud scavenging, collision with rain drops or snow
flakes) in the accumulation mode are less efficient. Therefore the typical three to four modes
(nucleation and Aitken mode are sometimes counted as one) are often found as typical ambient
aerosol size-distribution. In general large particles are dominant for mass, but small particles
have a high number concentration. The atmospheric lifetime of aerosols ranges from a few days
to a few weeks, which is mainly depending on the particle size and meteorological conditions
(in particular precipitation pattern). The lifetime of aerosols is relatively short compared to the
long-lived greenhouse gases with lifetimes in the range of up to several years or even centuries.

According to their sources aerosols are classified into anthropogenic and natural aerosols. Typi-
cal anthropogenic aerosols originate from all kinds of combustion processes including biomass
burning and include black carbon (BC) and organic material from (incomplete) combustion as
well as industrial dust, sulfates from sulfur dioxide (SO2) emissions or ammonia (NH3) from
agriculture. Natural aerosols are typically such as sea salt (from sea spray of the oceans), min-
eral dust (from soil and rock abrasion), volcanic particles and biogenic material (e.g. pollen,
bacteria), and also natural biomass burning. On a global scale sea salt has the highest contribu-
tion to the total aerosol mass, followed by dust particles (Seinfeld and Pandis, 2006); however
this does not mean at all that anthropogenic aerosols are less important than natural, especially
in densely populated areas.

Aerosols may be emitted directly in form of particles or indirectly though gas-to-particle con-
version and they are called accordingly primary and secondary aerosols, respectively. Primary
particles often originate from natural sources and belong to the coarse mode. BC is another
primary aerosol particle component which can have natural or anthropogenic sources as men-
tioned above. Secondary aerosol is formed from the gas phase via nucleation or condensation
(see processes in Fig. 1.1). Gases such as SO2 or volatile organic compounds (VOC) react, form
clusters and finally small particles. Typically oxidation reactions are involved in the processes.
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Figure 1.1: Schematic of the surface area distribution of an atmospheric aerosol. Processes
of aerosols from different sources and removal mechanisms (sinks) leading to three principal
modes. Figure taken from Seinfeld and Pandis (2006) and Whitby and Cantrell (1976).

Consideration of the temperature and substance dependent gas-particle partitioning behavior is
very important for the gas-to-particle conversion; it determines whether a substance stays in the
gas phase or the condensed (particulate) phase. The saturation vapor pressure or volatility of
a substance is therefore a relevant parameter, which is only well known for some substances
(mainly inorganic compounds) but not for most organic compounds. The VOCs are comprised
of several thousand species with mainly unknown properties. Vegetation emissions are the main
global source of VOC but also combustion of fossil fuel or biomass contributes to the global
VOC mass (Goldstein and Galbally, 2007).

Transformation processes of aerosols in the atmosphere are often termed aging which includes
several chemical reactions (especially oxidation processes) in the gas or condensed phase (in-
cluding cloud-processing), coagulation, and condensation. Aging leads to a modification of the
chemical composition of the aerosol and changes its properties. The mixing state of an aerosol
is just one example of a property that changes with aging. For example a freshly emitted BC par-
ticle can be coated and subsequently mixed with other organic and inorganic compounds during
aging and forms an internally mixed aerosol in contrast to the initial situation with an aerosol
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consisting of particles with distinct composition (externally mixed aerosol).

1.1.2 Aerosol chemical composition

The chemical composition of aerosols varies strongly with the source (also number and mass
vary) as mentioned above. Aerosol species can be categorized in non-refractory (e.g. sulfate
(SO2−

4 ), nitrate (NO−
3 ), ammonium (NH+

4 ), chloride (Cl−), many organic species) and refractory
(e.g. BC, mineral dust, some salts). Another useful chemical discrimination is the grouping in
inorganic and organic species. Carbonaceous particle material includes the black carbon (optical
definition) or elemental carbon (thermal definition) and organic carbon plus inorganic carbonates
which will not be dealt with in this thesis. Usually the atmospheric aerosol comprises several
different compounds and forms complex mixtures. Primary aerosol componends are often easier
to access as they are not formed in the atmosphere. Many of the secondary inorganic compounds
e.g. (NH4)2SO4 are well studied and much better known than the secondary organic aerosol
(SOA). One important component of the atmospheric aerosol is water which was not mentioned
so far. In many regions the relative humidity is high (> 80%) and condensed water contributes a
significant fraction to the overall particle mass.

Different sources, many VOC precursors and innumerable atmospheric oxidation pathways re-
sult in an immense amount of different individual organic compounds in the SOA (Hallquist
et al., 2009). On global average 45% of submicron refractory particle mass consists of organ-
ics ranging from 20-70% depending on the location and season (Zhang et al., 2007a). In this
small particle range (< 1 µm) almost all SOA is formed by secondary processes. Many studies
have already been performed on SOA formation and properties (see e.g. references in Hallquist
et al., 2009) but still several details are unknown. It is difficult to characterize and quantify SOA
due to the fast reaction times in the atmosphere and their volatility. As a result of the various
chemical and physical mechanisms (e.g. gas-to-particle partitioning) it is still challenging for
state-of-the-art chemical transport models to reproduce the measured ambient organic aerosol
(OA) concentrations (Volkamer et al., 2006; Hodzic et al., 2010). Besides the partitioning of or-
ganic compounds (Pankow, 1994b,a) at least three other important processes occur during aging
(Kalberer et al., 2004; Jimenez et al., 2009): oligomerization (carbon number per molecule in-
creases), fragmentation (carbon number decreases), and functionalization (carbon number stays
approximately the same, functional groups increase). The three reactions are shown in Fig. 1.2.
As already mentioned above, aging includes several processes like oxidation of organic gases
and organic aerosols or condensed-phase reactions (Rudich et al., 2007).

There are several approaches to categorize the OA according to its properties e.g. water insoluble
and water soluble organic matter (WSOM) or organics with similarities to humic like substances
(HULIS). Few substances that were found in ambient organic aerosol are subject of detailed
studies, hoping they might represent also other not identified organic compounds. Nowadays
with modern measurements technique a separation of organic aerosol in hydrocarbon-like or-
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Figure 1.2: Three processes: fragmentation, functionalization, and oligomerization, based on
whether the carbon number during the reaction decreases, stays the same, or increases. The
transfromation reactions are shown in an oxidation-volatility space, they can occur in the gas or
condensed phase. Modified from Jimenez et al. (2009).

ganic aerosol (HOA) oxygenated organic aerosol (OOA) is commonly used (e.g. Zhang et al.,
2007a; Lanz et al., 2007). Ambient studies found a wide range from low-volatility oxygenated
organic aerosol (LV-OOA) to semi-volatile oxygenated organic aerosol (SV-OOA), which allows
to group the organics according to their different volatilities (e.g., Jimenez et al., 2009). Fig. 1.3
gives an overview on the organic aerosol and some inorganic species at several locations.

Besides the numerous pure organics species mixtures such as soot which consists mainly of
black carbon (BC) and organic compounds exist. Soot is a major constituent of the atmospheric
aerosol, emitted by combustion processes e.g. natural or anthropogenic biomass burning, in-
dustrial combustion processes, and traffic including also emissions from ships and air traffic.
Mobility and transportation gain globally importance but also huge natural biomass burning oc-
curs every year on all continents. Therefore soot or more general BC containing aerosols are
an important atmospheric aerosol. An overview of the chemical composition including BC, sea
salt and mineral dust is given by Putaud et al. (2010) for many European locations. Soot emis-
sions from diesel vehicles, which are typically higher than emissions from gasoline engines,
have been in the focus for the last years leading to legal regulations (new EURO standards) and
installation of aftertreatment devices such as diesel particle filter (DPF) in diesel vehicles. The
DPF removes efficiently the main particle mass but very small particles and remaining VOC and
NOx gases might cause problems if they are not removed by an oxidation catalyst and other after
treatment devices as done in the modern cars. However, the turnover rate for cars is not so high
(depending on the region of the world) and thus diesel soot emissions will remain an issue for
the next decade.

Aerosol particles are often schematically presented as spheres, but many solid particles have
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Figure 1.3: Total mass concentration (in µg m−3, for D< 1 µm) and mass fractions of non-
refractory inorganic species and organic components at several remote and urban locations in
the Northern Hemisphere. The organic aerosol (OA) is separated by factor analysis of AMS
data into SV-OOA and LV-OOA (in some locations only OOA), HOA and other OA (Jimenez
et al., 2009).

totally different shapes; e.g. the structure of dry salts is dependent on the crystal formation
and BC or soot particles are found typically in agglomerate structure. Figure 1.4 shows the
typical fractal particle structure of the agglomerates, here from a diesel car and a log wood

(a) (b)

Figure 1.4: SEM pictures of agglomerate soot particles from wood combustion (a) and a diesel
car (b) emissions. Photos by courtesy of Veronika Zelenay.
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oven that have been part of studies contributing to this thesis. The morphology of particles
in the nanometer-scale can be observed with special microscope techniques such as scanning
electron microscope (SEM) where several particles have a characteristic shape e.g. soot, pollen
or crystalline salts (see e.g. Heintzenberg et al., 2003). The different shape of aerosol particles
introduces additional challenges for their characterization and representation.

1.2 Health effects of aerosols

Aerosol particles can affect the human health by causing numerous diseases and allergies (Pope
and Dockery, 2006). The particle deposition in the human respiratory system depends on physi-
cal properties especially on the particle size (Fig. 1.5). Mainly inhaled particles with a diameter
smaller than 10 µm can enter into the respiratory system and particles smaller than 1 µm can
even penetrate deeply into the most sensitive part of the lungs, the alveoli, and might enter via
the blood into the entire body. The particle size is a very important characteristic but chemical
composition and other physical properties might play a significant role as well. The size of a
particle can be directly influenced by hygroscopic growth, which might lead to larger particle
size at high relative humidity (RH). Volatility of particles might lead to smaller less volatile
particle e.g. due to temperature increase. Thus both volatility and hygroscopicity can have an
influence by changing the deposition efficiency and location within the respiratory system.

Figure 1.5: Affected parts of the human respiratory tract by particulate matter in different size
ranges. Figure taken and modified from BUWAL (2005).

One of the most severe incidents of air pollution involving aerosols was probably the London
smog episode of December 1952. Meteorological conditions trapped the smoke in the city
followed by thick fog which led to very high aerosol concentrations with several thousand dead
people during this episode. The influence on long-term health effects and subsequent diseases
are difficult to estimate. The increase in mortality due to particulate matter (PM) smaller 2.5 µm
(PM2.5) as part of air pollution was reported in a large epidemiological cohort study in six cities
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in the Untied States (Dockery et al., 1993). This study investigated PM10 (PM < 10 µm) and
PM2.5 values in six major U.S. cities over several years by comparing the measured PM values
to excess mortality of residents in the corresponding areas. They concluded that PM2.5 showed
a better correlation than PM10 and other atmospheric pollutants. Several following studies tried
to refine the original study approach (e.g., Laden et al., 2006), also by considering the influence
of specific sources. Laden et al. (2000) associated a higher daily mortality with fine particles
(PM2.5) from mobile and coal combustion sources than with other aerosol types (e.g. crustal
PM).

Other studies deal more with acute diseases (e.g. hospital admissions) due to air pollution (e.g
Schwartz and Dockery, 1992; Schwartz, 1994; Dockery and Pope, 1994). Aerosol particles and
among them especially black carbon (BC) are known for their potential to cause adverse health
effects including acute, chronic, and carcinogenic exposure-related health effects (Koelmans
et al., 2006; Pope and Dockery, 2006). Some studies (e.g., Kim et al., 2004) found evidence of
respiratory symptoms associated with traffic-related pollution. The toxicity of SOA compared
to BC or other primary aerosols is not clear as SOA is not a single compound from one source,
but can have quite diverse properties.

So far the European Union and Switzerland introduced only mass based limit values for air-
borne PM10 and few selected compounds (lead and cadmium). But no study so far provides a
clear threshold in concentration for particles (in contrast to other harmful substances), below
which adverse health effects could be excluded. There are still many open questions concern-
ing the details of aerosol health effect and a research effort by interdisciplinary collaboration of
epidemiologists, toxicologists and aerosol scientists is needed for further investigations.

1.3 Aerosol - climate interactions

Atmospheric aerosols are able to influence our environment and the climate. Visibility degra-
dation was already briefly mentioned as impact of air pollution on the environment (Sect. 1.1).
A particle-free atmosphere can have a maximum visibility of approximately 296 km at sea level
(Seinfeld and Pandis, 2006). Aerosols can reduce the visibility by scattering and absorption of
light to a few kilometers or even less in extremely polluted areas. The water uptake ability of
aerosols has an additional influence on the visibility.

In this section the focus will be on the regional and global influences of aerosols on the climate.
The climate change or global warming describes the increase in the average temperature of the
Earth (surface and ocean temperatures). Greenhouse gases (GHG) such as water vapor (H2O),
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3) and halocarbons alter
the incoming solar radiation (short-wave) and absorb and re-radiate the long-wave radiation
emitted by the Earth’s surface and lower atmosphere. The latter process traps the energy and
prevents it from escaping into space leading to a warming of the Earth. This important warming
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is (initially) a natural effect that makes life on Earth possible.

The atmospheric quantities of the GHG are small, but their concentration has increased since the
industrial revolution. The increase can be attributed mainly to human activities such as combus-
tion processes (CO2 increased by 80% from 1970 to 2004) and land use changes (IPCC, 2007).
The fourth Intergovernmental Panel on Climate Change (IPCC) report of the United Nations
in 2007 states more explicitly than the previous reports (issued in 1990, 1995 and 2001) that
the change in GHG due to human contributions (very likely) and other anthropogenic changes
(e.g. land use change) are mainly responsible for the observed warming of the last 50 years.

Not only the GHG emissions but also the aerosol emissions increased due to human activities.
Atmospheric aerosols influence the climate through scattering and absorbing radiation (direct
aerosol effect, see Sect. 1.3.1) or through changing the microphysical properties of clouds (in-
direct aerosol effect, see Sect. 1.3.2) which affects the radiation indirectly. The radiative forcing
(in Wm−2) is a measure of the change in the radiation balance of incoming and outgoing energy
and defined as the stratospherically adjusted radiative flux change evaluated at the tropopause
level (IPCC, 2007). The radiative forcing is linearly related to the mean surface temperature;
positive forcing tends to increase the surface temperature while negative forcing contributes to
reduce the temperature.

Figure 1.6 shows the global average of radiative forcing components (from pre-industrial times
compared to 2005), their spatial scale, and their level of scientific understanding (LOSU). The
GHG with the largest anthropogenic contributions from CO2, have a positive radiative forcing
and thus a warming effect while aerosols show a negative forcing (a cooling effect). IPCC (2007)
states that the anthropogenic radiative forcing is much more important for the current climate
change than the natural radiative forcing which exists as well and might play periodically a role
as e.g. volcanic eruptions. The radiative forcing caused by GHG is considered to be well under-
stood with a high LOSU and relatively small error bars (Fig. 1.6) while the aerosol effects are
still poorly understood (low-medium LOSU) and remain the dominant uncertainty in the radia-
tive forcing (IPCC, 2007). The total net anthropogenic radiative forcing is positive (1.6 Wm−2)
and ranges from 0.6 to 2.4 Wm−2 despite the aerosol cooling effects. The high uncertainty range
is mainly caused by the not well understood aerosol effects and makes predictions of future cli-
mate change challenging. The main aerosol effects on climate will be presented in the following
sections.

1.3.1 Direct aerosol effect

The direct effect is the scattering and absorption of short-wave and long-wave radiation by at-
mospheric aerosols (Schwartz, 1996). The aerosol’s direct effect is somewhat smaller and a bit
better understood than the indirect effect (see Fig. 1.6). White and bright aerosol compounds
e.g. ammonium sulfate scatter radiation efficiently while dark particles e.g. black carbon absorb
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Figure 1.6: Global average radiative forcing for the year 2005 relative to the start of the industri-
alization (∼1750). Radiative forcing values are given for several components, error bars indicate
the uncertainty of the respective forcing. The geographical extent (spatial scale) and the level of
scientific understanding (LOSU) for the radiative forcing of components are also shown (IPCC,
2007).

radiation, which leads to a local heating of the atmosphere when thermal radiation is re-emitted.
Scattering aerosols have a negative radiative forcing while scattering and absorbing aerosols
might have a negative or positive forcing depending on the reflectance below the aerosol (surface
albedo). The degree of the direct aerosol effect depends mainly on the aerosol size distribution,
chemical composition, and particle concentration, and on the surface albedo (below the aerosol).
The water uptake of aerosols has a clear influence on the size distribution and thus the ambient
relative humidity and the aerosol hygroscopicity have also an important influence on the direct
effect.

1.3.2 Indirect aerosol effects

The indirect effects describe how aerosol particles can indirectly influence climate through alter-
ing the microphysical properties of clouds. An overview of the various indirect aerosol effects
is given by Lohmann and Feichter (2005) and three of them will be presented in more detail:
Cloud albedo effect, cloud lifetime effect, and semi-direct effect.

The indirect effect is based on the ability of aerosol particles to act as cloud condensation nuclei
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(CCN) or ice nuclei (IN) (see Sect.2.1, (Pruppacher and Klett, 2004)). CCN and IN initiate the
formation of clouds in the atmosphere, where the pure water vapor concentrations are typically
not high enough for homogeneous nucleation. The needed supersaturation to form clouds is
reduced if pre-existing particles are present. Changes in aerosol number, size, chemical com-
position or mixing state e.g. through anthropogenic emissions will influence the number and
properties of the nuclei (CCN and IN) which cause several changes in the cloud properties and
precipitation (Levin and Cotton, 2009).

Fig. 1.7 illustrates the indirect effects: In the upper panel a clean cloud with few particles is com-
pared to a polluted cloud with more particles at fixed liquid water content. The polluted cloud
consists of more but smaller droplets and thus has a higher albedo and scatters more light back
to space (appears brighter when looking from space) (first effect). Because the cloud droplets
are more in number and smaller, precipitation of this polluted cloud is reduced compared to the
clean cloud with the same water content but larger droplets (second effect).

The first effect is the cloud albedo effect or Twomey effect (Twomey, 1977) and describes the
effect of an increase in particle number concentration in a cloud (with fixed liquid water content).
The increased albedo due to the increase of cloud optical thickness leads to a climate cooling
effect. The aerosol cloud albedo effect as part of the indirect forcing effect has been estimated

Figure 1.7: Schematic diagram of the aerosol indirect effects: cloud albedo, cloud lifetime and
semi-direct effect at the top-of-the-atmosphere (TOA) (IPCC, 2007).
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to have the highest uncertainty in assessing human impact on climate change (IPCC, 2007).

The second effect is the cloud lifetime effect, sometimes also termed Albrecht effect. It de-
scribes the decrease in droplet size which reduces the precipitation formation, and therefore
may increase the lifetime of the cloud which causes again a cooling effect (Albrecht, 1989). A
longer lifetime may also increase in the amount of clouds.

A third effect is shown in Fig. 1.7 (lower panel): A polluted cloud might contain more absorbing
aerosols (e.g. black carbon). Absorption by particles or droplets leads to increased temperatures
in the cloud. The induced local warming decreases RH and evaporation of droplets or shrink-
ing of the cloud are consequences (Lohmann and Feichter, 2005). This aerosol effect is called
semi-direct effect. Its radiative forcing effect is small compared to the cloud albedo and cloud
lifetime effect. However, the forcing might have a cooling effect at the surface, due to absorp-
tion in higher altitudes or a warming effect due to cloud reduction (IPCC, 2007). These are
the three best characterized indirect effects but the current scientific understanding about the
response of clouds to changes in aerosol species, size, number etc. is still poor. The influence of
anthropogenic aerosols on clouds has also implications for precipitation pattern and influences
the whole hydrological cycle (Levin and Cotton, 2009). Many implications might have feed-
backs on the climate change. In addition to the described aerosol-cloud effects there are several
further effects on mixed-phase clouds and glaciated clouds which were not presented here.
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1.4 Motivation and thesis outline

The incomplete knowledge about atmospheric aerosols and their properties is the largest contri-
bution to uncertainty of predicting the future global climate (Sect. 1.3). Especially the indirect
aerosol effects but also the direct effects are not well understood. The aerosol’s hygroscopic
properties are relevant for both effects and information about the CCN activity is of interest
for the indirect effect. Hygroscopicity and volatility of particles in general are very important
physical properties closely linked to size and chemical composition of the aerosol (Sect. 1.1).
The volatility of aerosol provides some insight in the chemical composition and when looking
at temporal evolution also processes e.g. oligomerization can be observed.

In addition to the climate relevance of aerosols also their health effects are specified (Sect. 1.2).
Volatility and hygroscopicity influence the deposition pattern of particles in the human respi-
ratory system and thus have an influence on the uptake mechanism. Details on how chemical
composition and physical properties of particles influence the human health are still scarce and
need further research on health but also on aerosols in general.

This work will contribute to increase the knowledge about water interaction of aged secondary
organic aerosol (SOA) and combustion aerosols (mixture of black carbon (BC), organics and
other compounds) as they are found in the atmospheric aerosol. Both SOA and combustion
aerosols contribute significantly to the atmospheric aerosols (Sect. 1.1.2). Direct source mea-
surements of emissions are frequently performed but in many cases it is difficult to trace the
aging effects the gases and particles undergo in the atmosphere. Chamber studies provide the
chance to link ambient measurements with simpler or straightforward laboratory experiments on
a controlled intermediate scale. The main instrument designed for this task is the new version of
a volatility and hygroscopicity tandem differential mobility analyzer (V/H-TDMA), which runs
in parallel mode (V-TDMA and H-TDMA) to measure volatility and hygroscopicity of chamber
or ambient (aged) aerosols of a certain selected diameter (Sect. 3.2.2. Studying the extent and
temporal evolution of the volatile fraction and hygroscopic properties (including CCN proper-
ties) of aged SOA and aged combustion emissions is the main purpose of this thesis. On the one
hand it might contribute to improve (climate) model simulation but on the other hand it provides
basic research on the aerosol properties and processes.

This thesis focuses on volatility and hygroscopicity of aged SOA and of aged mixtures of pri-
mary combustion emissions with SOA formed from their (own) gas phase. Three chapters deal
with simulation experiments under controlled laboratory conditions in a smog chamber, one is
about chamber and ambient data and one presents ambient measurements in a polluted region.
First pure SOA from α-pinene as a commonly used precursor substance is aged under several
conditions and changes in volatility and hygroscopicity reveal the possible mechanisms respon-
sible for the chemical changes in the SOA composition during aging (Chap. 3). The correlation
of hygroscopicity (at subsaturated conditions) and composition of different chamber-generated
SOA and organic aerosols from field experiments leads to a parameterization of SOA hygro-
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scopicity with relative abundance of the ion signal m/z 44 expressed as a fraction of total organic
signal f44 retrieved from aerosol mass spectrometer (AMS) measurements (Chap. 4).

Pure SOA from one or two precursor gases, which consists of several thousand species in the
condensed and the gas phase, is often used for laboratory studies to have reasonably controlled
conditions but the atmospheric aerosol is usually composed of organic species and others such
as inorganic compounds or BC. The aging processes of primary emissions from diesel vehicles
and a log wood burner are studied with the focus on the hygroscopicity at sub- and supersat-
urated conditions. Freshly emitted combustion aerosols have a different hygroscopic behavior
than processed aged combustion aerosols. Emissions from two diesel vehicles have different
hygroscopicity, which are also strongly size-dependent. Changes in morphology of the agglom-
erate structure of soot are indicated by restructuring under high RH conditions leading to an
underestimation of the measured hygroscopicity (Chap. 5). A study with emissions from aged
beech log wood burning shows increasing hygroscopicity with aging time and (similar as for
the diesel study) structural particle change influence the hygroscopic behavior (Chap. 6). Both
studies characterize also the hygroscopicity of pure SOA from combustion emission, which is
especially for diesel different from the hygroscopicity of the aged mixed aerosols.

Volatility and hygroscopicity studies of ambient aerosols including fresh and aged combustion
aerosols in the suburban area of Paris show a size-resolved diurnal variation and different mixing
states depending on the dominating air masses. Measurements were performed in summer 2009
and winter 2010 for one month each (Chap. 7).



2
Theory

2.1 Water uptake by particles - hygroscopic growth

The hygroscopicity is a physical property of aerosol particles describing their water uptake. It
is usually described by the hygroscopic growth factor GF at a certain relative humidity (RH),
which is defined as

GF(RH) =
D(RH)

D0

, (2.1)

where D(RH) is the particle diameter at a specific RH and D0 is the dry particle diameter. It
is always assumed that particles have a spherical shape, which is not necessarily true for all
particles (see Sect. 1.1.2). The hygroscopicity tandem differential mobility analyzer (H-TDMA)
based on Rader and McMurry (1986) has been used to determine the GF of aerosol particles.
The Köhler theory (Köhler, 1936) relates the hygroscopic growth to the RH: it describes the
relationship between the diameter of a solution droplet to the equilibrium water vapor pressure
above its surface. A brief overview of the classical Köhler theory is given in this chapter based
on textbooks; the following equations are taken from Pruppacher and Klett (2004) or Seinfeld
and Pandis (2006) if no other sources are mentioned.

The Köhler theory accounts for two main effects to determine the equilibrium RH above a
droplet; first the Raoult effect (solute effect) and second the Kelvin effect (curvature effect).

15
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The RH (also called saturation ratio S) is defined as the ratio of the vapor pressure e and the
saturation vapor pressure e0 of water above a flat surface at a specific temperature:

RH = S =
e

e0

(2.2)

The Raoult effect or solute effect specifies the decrease of the equilibrium RH over an aqueous
solution due to solutes. It states for ideal solutions (no solvent-solution interactions) that the
equilibrium vapor pressure over an aqueous solution es is always smaller than e0. The vapor
pressure decrease over the aqueous solution is a linear function of the solute concentration:

es

e0

= χw, (2.3)

with χw as the mole fraction of water, which is defined as:

χw =
nw

nw + ns
, (2.4)

where nw is the number of moles of water molecules and ns the number of moles of solute
molecules/ions. From Eq. 2.2 and 2.4 it follows for ideal solutions, which are in equilibrium
with the gas phase, that the water activity aw is equal to χw and may be expressed as

RH = χw = aw ≈ exp

(
−6nsMw

πρwD3

)
, (2.5)

whereMw is the molecular weight (molar mass) of water and ρw the density of water. In general,
an aqueous solution is the closer to ideality the more diluted it is and this is only the case at high
RH.

Raoult’s law can be modified for non-ideal solutions by introducing the activity coefficient of
water γw and the modified Raoult’s law can be expressed as:

es

e0

= χwγw (2.6)

The product of χw and γw is defined as the water activity aw for non-ideal solutions and is
equivalent to the RH over a flat surface.

The second part of the Köhler equation is the Kelvin effect which describes the enhancement
of water vapor (partial) pressure over a curved surface. The equilibrium vapor pressure over a
curved surface eK is always greater than the corresponding vapor pressure over the same solution
with a flat surface e0. The saturation vapor pressure ratio over a droplet with diameterD is given
by the Kelvin equation:

SK =
eK

e0

= exp

(
4σsMw

RTρwD

)
, (2.7)

where σs is the surface tension of the solution, R the ideal gas constant and T the absolute
temperature. The Kelvin effect is caused by the size dependence of the additional Gibbs free
energy associated with the droplet surface compared to a flat surface.
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The Köhler equation combines the Raoult and the Kelvin effect and describes the relationship
between the equilibrium RH and the size of non-ideal solution droplets as:

RH = S =
ed
e0

= χwγwSK = awSK = aw exp

(
4σsMw

RTρwD

)
, (2.8)

where ed is the equilibrium vapor pressure over a droplet (aqueous solution with a curved sur-
face). The Köhler equation for dilute solutions can be written in a simplified way as:

ln(RH) = ln(S) = ln

(
ed
e0

)
=

4σwMw

RTρwD
− 6nsMw

πρwD3
(2.9)

where the surface tension of the solute (σs) is approximated by the surface tension of water (σw).

An example Köhler curve (calculated using Eq. 2.9) is shown in Fig. 2.1 for a NaCl particle
with a dry size of D0 = 50 nm. The Kelvin effect (RH always > 100%) and the Raoult effect
(RH always < 100%) are shown as separate contributions to the Köhler curve. The relevance
of both effects increases with decreasing droplet diameter. For very small droplet diameters the
Raoult effect is dominant, while for larger particles the Kelvin effect becomes more important
than the Raoult effect. The Raoult effect is approximately proportional to the inverse volume
(D−3) and the Kelvin effect to the inverse diameter (D−1), see also Eq. 2.9.
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Figure 2.1: Example of the Köhler curve (blue curve) of a sodium chloride (NaCl) particle
with a dry size of D0 = 50 nm (at T = 298 K). The relative humidity (RH) is plotted against the
droplet diameter with the contributions of the Raoult effect (red curve) and the Kelvin effect
(green curve). The critical saturation ratio Scrit and the corresponding critical diameter Dcrit are
indicated (blue bullet). Figure from Zieger (2011) with σw = 0.072 Jm−2 at T = 298 K taken from
Seinfeld and Pandis (2006).
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The maximum of the Köhler curve is always above 100% RH and it is called critical RH (RHcrit)
or more often critical supersaturation ratio Scrit, which is reached at a critical (wet) diameter
Dcrit. Scrit and Dcrit are indicated by a bullet in Fig. 2.1. Droplets are in a stable equilibrium
with their environment forD < Dcrit while droplets larger than the critical diameter (D > Dcrit)
are in unstable phase. In the unstable phase very small RH changes have a huge effect on the
droplet diameter. Droplets can undergo unlimited growth as long as the water vapor supply is
sustained. Therefore particle droplets that reach their Dcrit, when RH increases to Scrit, can act
as cloud condensation nuclei (CCN). Those particles are also called activated particles. Scrit

or RHcrit and Dcrit depend on the initial dry diameter (D0) and on the chemical composition.
Dcrit decreases with decreasingD0, while Scrit increases (for the same chemical substance). The
hygroscopic growth factor decreases for particles with a smaller D0.

2.1.1 Hygroscopicity parameter κ

The water activity aw is known only for pure salts, but for most other substances and mixtures
aw is unknown. Therefore Petters and Kreidenweis (2007) proposed a simplified representation
of the Köhler equation, which combines the unknowns from Eq.2.9 in one parameter called κ.
This approach is useful for the extrapolation of GF(RH) to aw outside the measured RH range
and thus to calculate the whole Köhler curve from a single measurement. It can be used to link
GF and CCN data and to calculate or predict the GF or CCN properties of aerosol particles.
This hygroscopicity parameterization is applicable also for aerosol mixtures, which is quite ad-
vantageous compared to other existing parameterizations. The semi-empirical hygroscopicity
parameter κ is introduced in relation to the water activity. The following equations in this chap-
ter are from Petters and Kreidenweis (2007) and references in there. The water activity aw is
parameterized as:

1

aw
= 1 + κ

Vs
Vw
, (2.10)

where Vs is the volume of the solute and Vw the volume of the water (solvent). κ depends on the
chemical composition of the solute. The parameterization is not perfect because κ changes with
RH slightly. The volumes Vs and Vw are related to the dry particle diameter (D0) and the wet
droplet diameter (D) as follows:

Vs =
1

6
πD3

0 (2.11)

and
Vw =

1

6
π(D3 −D3

0). (2.12)

The κ-Köhler equation is obtained by inserting Eq. 2.10 into the Köhler equation 2.8:

S =
D3 −D3

0

D3 −D3
0(1 − κ)

· exp

(
4σsMw

RTρwD

)
. (2.13)

This form of the κ-Köhler equation is used for CCN measurements and links the supersaturation
S directly to κ. The maximum S of Eq. 2.13, Scrit, can not be expressed analytically. At least two



2.1. Water uptake by particles - hygroscopic growth 19

of the three parameters of Scrit, D0 and κ need to be known to determine the third one and solve
the equation. The overall κ value in Eq. 2.13 is given by the following mixing rule, which is
equivalent to the Zdanovskii-Stokes-Robinson (ZSR) mixing rule (Stokes and Robinson, 1966):

κ =
∑
i

εiκi, (2.14)

where κi are the individual hygroscopicities of a compound with the corresponding volume
fraction εi. If we rewrite the κ-Köhler equation and recall the definition of aw (omitting the
Kelvin effect) we get:

aw =
D3 −D3

0

D3 −D3
0(1 − κ)

. (2.15)

With that the κ-Köhler equation can be also formulated to link the hygroscopic growth GF, aw
and κ as:

GF =

(
1 + κ

aw
1 − aw

) 1
3

. (2.16)

This equation is derived from Kreidenweis et al. (2005) (equation 17) with the following as-
sumptions for the adjustable parameters: a=κ and b= c= 0. Fig. 2.2 illustrates the relationship
between the GF, aw and κ.

Figure 2.2: Influence of the hygroscopicity parameter κ on the relationship between the hygro-
scopic growth factor (GF) and the water activity (aw) (Duplissy et al., 2011).

We obtain the water activity aw, as seen in the Köhler equation (Eq. 2.8), by dividing RH (or
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saturation ratio S) by the Kelvin term SK and can rewrite the Köhler equation also as:

aw =
RH

100%

SK

=
RH

100%

exp
(

4σsMw

RTρwD

) . (2.17)

If the Kelvin effect is omitted (e.g. for large particles) in the same way as done in Eq. 2.15, we
obtain the following further simplified version of Eq. 2.16:

GF =

(
1 + κ

RH
100%

1 − RH
100%

) 1
3

. (2.18)

2.1.2 Hysteresis - deliquescence and efflorescence

A phase transition between a solid particle and a solution droplet that occurs at different RHs
in both directions, is observed for most soluble salts. It is called hysteresis phenomenon and
well described in the literature (e.g., Seinfeld and Pandis, 2006). The Köhler theory (Eq. 2.8)
describes the behavior of solution droplets, but it does not describe the dissolution process.
Mainly inorganic salts but also some organic compounds and their mixtures can form solid,
crystalline particles at low RH.

Figure 2.3 shows the hysteresis behavior for an ammonium sulfate ((NH4)2SO4) particle with
a dry diameter D0 = 100 nm. The solid particle starts to take up water at a defined RH which is
called deliquescence relative humidity (DRH). The DRH is determined by thermodynamics and
is characteristic for each substance (e.g. 75.5% for NaCl or 80% for (NH4)2SO4) at a certain
temperature. At the DRH the Gibbs free energy of the wet (solute) particle gets lower than the
one of the dry particle and therefore a phase transition takes place. The GF of the solute particle
increases with increasing RH (Fig. 2.3). The particle stays in the liquid phase even if the RH
decreases below the DRH (supersaturated solution droplet) until the crystallization point, also
called efflorescence relative humidity (ERH). The ERH depends on the nucleation kinetics. In a
specific RH range (ERH<RH<DRH) the GF depends on the history of the particle: it might
be on the upper, deliquesced branch (liquid droplet) or on the lower, effloresced branch (solid
particle). The DRH and ERH of a substance can change significantly if it is mixed with other
components or contains insoluble impurities (e.g. black carbon) (Seinfeld and Pandis, 2006).
Typically DRH scales with the solubility of the substance. Many organic substances do not
form crystals and therefore show no efflorescence behavior. The organics can also lower or even
fully suppress efflorescence in mixtures.
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Figure 2.3: The different periods of a hysteresis cycle are shown for an ammonium sulfate
particle with the dry diameter D0 = 100 nm. The solid particle becomes solute and takes up
water at RH higher than the deliquescence relative humidity (DRH). It re-crystallized from a
solution droplet to a solid particle at RH lower than the efflorescence relative humidity (ERH).
Figure by courtesy of Martin Gysel.
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2.2 Volatility - volume fraction remaining

The volatility of aerosols can be determined in several ways; here we set the focus on diameter
based methods. The volatility tandem differential mobility analyzer (V-TDMA) (Rader and
McMurry, 1986) has been used in this thesis to determine the volatile fraction of aerosols. We
define the shrinking factor (SF) of a particle in analogy to the definition of the hygroscopic
growth factor (Eq. 2.1) as a change in the particle diameter:

SF(T ) =
DT

D0

, (2.19)

where DT is the conditioned particle diameter after heating (in equilibrium) at a certain temper-
ature T and D0 is the dry, initial particle diameter. The SF is less used in the literature because
it seems to be useful to link the volatility to the mass or the volume of a particle. Therefore we
define the often used volume fraction remaining (VFR), see e.g. Paulsen et al. (2006), as volume
ratio of heated volume (VT ) to initial volume (V0) in the following way:

VFR(T ) =
VT
V0

=
π
6
D3
T

π
6
D3

0

=
D3
T

D3
0

=

(
DT

D0

)3

= SF(T )3. (2.20)

The heated particle with the diameter DT should be in equilibrium with the gas phase to obtain
the VFR. Reaching equilibrium is very difficult with the used technical setup. The evaporation
rate leading to the equilibrium state is strongly dependent on the temperature, the residence time
in the heated zone of the instrument and on the chemical composition and the particle diameter
of the aerosol. The residence time at a constant aerosol flow rate in the V-TDMA is constant at
a specific temperature but varies due to temperature changes e.g. during thermograms (measure-
ments at different heater temperature steps). During nebulization of a salt or during a chamber
experiment with one compound (e.g. pure SOA) the chemical composition of the aerosol parti-
cles of different diameter will be approximately the same. This means thermodynamic properties
are also about the same. However different diameters might need different times to evaporate
and this can result in different evaporation kinetics. The diameter dependence on evaporation
kinetics is discussed in more detail later in this section.

Although those limitations exist, the VFR retrieved from V-TDMA measurements is a useful,
qualitative parameter to describe the volatility and its relative changes. This applies especially
for time series measurements at constant heater temperatures. The assumption of heated par-
ticles in equilibrium in the heated section is probably often not true and makes an absolute
volatility measurement with the setup practically impossible. The observed process corresponds
to kinetics rather than to an equilibrium. Therefore we will discuss the evaporation rate JD(D),
which is the rate of a particle’s diameter change (Seinfeld and Pandis, 2006) and can be ex-
pressed as:

JD(D) =
dD

dt
=

4FiMi

RTρiD
f(Kn, α)(pi − peq,i), (2.21)
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with the particle diameterD, the time t, the diffusion coefficient Fi, the molecular weightMi and
the density ρi of substance i , as well as the ideal gas constant R, and the temperature T . The
term f(Kn, α) is a correction function with the Knudsen number Kn and the accommodation
coefficient α. pi is the partial vapor pressure of substance i far from the particle and peq,i is
the equilibrium (saturation) vapor pressure of i. The Knudsen number relates the gas molecular
mean free path to the particle diameter:

Kn =
2λ

D
, (2.22)

where λ is the mean free path, which is 66 nm (at 20◦C) in air (Baron and Willeke, 2001).
Kn� 1 indicates continuum flow (for large D), while Kn� 1 indicates free molecular flow (for
smallD). For the particle diameter of interest here (∼ 30 - 350 nm) Kn≈ 1 refers to the transition
regime. Therefore a correction due to non-continuum effects is needed, which is combined in the
term f(Kn, α) with the correction for the imperfect surface accommodation (Eq. 2.21). There
are several empirical approaches to solve f(Kn, α); here we present the expression by Dahneke
(Seinfeld and Pandis, 2006):

f(Kn, α) =
1 + Kn

1 + 2Kn1+Kn
α

. (2.23)

Linking the volume ratio and the evaporation rate directly is challenging as many properties and
parameters of the substance need to be known. However, there is the possibility to estimate
the diameter influence on the volatility based on Seinfeld and Pandis (2006). Since peq,i equals
the saturation vapor pressure of i over a flat surface (p0

eq,i) one gets the following equation by
including the Kelvin effect (Eq. 2.7):

peq,i = p0
eq,i exp

(
4σMi

RTρD

)
, (2.24)

where σ is the surface tension. Using this equation Eq. 2.21 can be written including the Kelvin
term as:

dD

dt
= − 4FiMi

RTρiD
f(Kn, α)p0

eq,i exp

(
4σMi

RTρD

)
. (2.25)

This equation can be calculated for one diameter, but several instrumental and material param-
eters need to be known, which is often not the case. Let’s assume two particles (P1 and P2)
of different size with diameters D1 and D2 with the same chemical composition (same p0

eq,i)
are analyzed under the same instrumental conditions (residence time, temperature, flow etc.).
We assume also pi = 0 to get the upper limit of the diameter effect. The instrumental and some
material specific parameter can be excluded by taking the ratio of the temporal diameter change
using Eq. 2.25:

dD1

dt
dD2

dt

=
dD1

dD2

=
D2

D1

f(Kn1, α)

f(Kn2, α)

exp
(

4σMi

RTρiD1

)
exp

(
4σMi

RTρiD2

) =
D2

D1

f(Kn1, α)

f(Kn2, α)
exp

(
4σMi

RTρi

(
1

D1

− 1

D2

))
.

(2.26)
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This equation says that while P2 changes its diameter fromD2,i toD2,i+1 = D2,i−∆D2, particle
P1 changes its diameter from D1,i to D1,i+1 with

D1,i+1 ≈ D1,i − ∆D2
D2,i

D1,i

f(Kn1,i, α)

f(Kn2,i, α)

exp
(

4σMi

RTρiD1,i

)
exp

(
4σMi

RTρiD2,i

) . (2.27)

If the initial diameters D2,i, D1,i and the final/last value of D2,i+1 are known the end value of
D1,i+1 can be found by solving Eq. 2.27 numerically. For the calculation some parameter values
or assumptions for α, Mi, σ and ρi need to be used.

With this equation the dependence of VFR on the initial particle diameter can be expressed.
Typically, with decreasing D0 the VFR decreases as well i.e., smaller particles can evaporate
faster than larger ones. An example for the estimated volatility dependence of citric acid for the
V-TDMA (used in this thesis) is shown in Fig. 2.4. Measured values of VFR from citric acid at
70◦C and 100◦C are plotted with the corresponding calculated lines for D0 = 10 - 350 nm. The
calculated lines agree well and show a strong diameter dependence of VFR for small diameters.
The lines for D0 = 300 nm are different from the others due to different measurement results that
can not be explained as the nebulized citric acid was the same for all diameters. However, this
is a measurement issue rather than a problem for the diameter dependent volatility calculations.

Figure 2.4: Theoretically estimated volatility of citric acid at T = 70◦C and 100◦C with VFR
measurement points from the V-TDMA.

A sensitivity analysis (Fig. 2.5) for the same system in the range D0 = 10 - 200 nm shows the in-
fluence of the different parametersM , α, σ and ρ. The start for all calculations was the citric acid
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measured point with VFR = 0.98 for D0 = 100 nm at 70◦C. The sensitivity is lowest for α and
highest for σ but the assumed surface tension values covered a very large range (0.02-0.2 J/m2).
However, all four parameters do not have a large influence in contrast to the diameter, which es-
pecially for the smaller diameters is quite important. The sensitivity to the analyzed parameters
might be a bit higher if a lower VFR starting value (different substance or temperature) is used.

(a) (b)

(c) (d)

Figure 2.5: Sensitivity study of the volatility-diameter dependence using VFR (0.98 at
D0 = 100 nm at 70◦C) of citric acid as starting value and assuming different values for M , α,
σ and ρ. If the parameter is not varied the following values were used: M = 192 g/mol, α = 1,
σ = 0.072 J/m2 and ρ= 1.67 g/cm3.

Lee et al. (2011) performed a similar size dependence calculation for the volatility of SOA
formed by ozonolysis of α-pinene at low NOx and 50% RH conditions with D0 = 100, 300, 500
and 700 nm (Fig. 2.6). They calculated the VFR for their thermodenuder system (centerline res-
idence time of 16 s) with a multi-compound organic aerosol dynamic model. They assumed a
constant heat of vaporization (∆Hvap) of 45 kJ mol−1 and a constant accommodation coefficient
of 1. Calculations for different temperatures, as performed in Fig. 2.6 need additional assump-
tions or measurements (e.g. different residence times or temperatures) compared to the approach
and figures presented for our V-TDMA instrument. We are able to compare the values from Lee
et al. (2011) with SOA measured during thermograms in the MUCHACHAS campaign (see
Chap. 3) as shown in Fig. 2.7. The volatility of the two SOA systems seems to be quite different
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and thus also their size-dependence. The calculated size dependence for citric acid at 100◦C (for
the V-TDMA) seems to be comparable or has at least a similar curve shape to the one of SOA
at 70◦C, which might also reflect the same setup (V-TDMA) in contrast to the thermodenuder
measurements of Lee et al. (2011).

Other approaches try to parameterize the volatility behavior as vapor pressure. The saturation
vapor pressure p0 can be obtained by integrating Eq. 2.25 (see e.g., Salo et al., 2010):

p0 = − RTρi
4FiMi∆t

∫ Df

Di

D

(Kn, α)
exp

(
−4σMi

RTρiD

)
dD, (2.28)

where Di is the initial diameter and Df the final diameter of the particle. ∆t is the residence
time in the denuder. With further assumptions they determined the vaporization enthalpy (∆H0).
There are also other approaches to determine the saturation vapor pressure and vaporization
enthalpy (e.g., Saleh et al., 2010) or the activity coefficient (Saleh and Khlystov, 2009). For
substances with not fully known and well studied properties as most organics or mixtures, all
suggested approaches need many assumptions and simplifications that lead often to non satisfac-
tory results with huge errors. Often models are used to estimate the kinetic and thermodynamic
effects. At the moment there is to our knowledge no simplified parameterization (comparable
with a κ parameterization for hygroscopicity, see Sect. 2.1.1) for VFR or volatility of unknown
substances existing. A parameterization can be done with several assumptions and if several
characteristic parameters of the substance are known (e.g. Bilde and Pandis, 2001; Saleh and
Khlystov, 2009; Salo et al., 2010). In contrast to quantities like vaporization enthalpy, the VFR
is a useful and relatively easy to access qualitative parameter to describe the volatility and their
changes.

Figure 2.6: Theoretical estimated volatility of 100, 300, 500, 700 nm SOA particles from α-
pinene ozonolysis at low NOx and 50% RH conditions, at a residence time of 16 s in the heated
zone of the thermodenuder, assuming a constant ∆Hvap of 45 kJ mol−1 and a constant accom-
modation coefficient of 1 (Lee et al., 2011).
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Figure 2.7: Theoretically estimated and measured volatility of SOA from α-pinene ozonolysis
(partial with OH aging) based on thermogram measurements at T = 70◦C (see MUCHACHAS
campaign Chap. 3) as well as citric acid at ∼ 100◦C (see Fig. 2.4). Theoretical data for VFR of
SOA at 70◦C from Lee et al. (2011) are also shown.
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Abstract

The evolution of secondary organic aerosols (SOA) during (photo-)chemical aging processes
was investigated in a smog chamber. Fresh SOA from ozonolysis of 10 to 40 ppb α-pinene was
formed followed by aging with OH radicals. The particles’ volatility and hygroscopicity (ex-
pressed as volume fraction remaining (VFR) and hygroscopicity parameter κ) were measured in
parallel with a volatility and hygroscopicity tandem differential mobility analyzer (V/H-TDMA).
An aerosol mass spectrometer (AMS) was used for the chemical characterization of the aerosol.
These measurements were used as sensitive parameters to reveal the mechanisms possibly re-
sponsible for the changes in the SOA composition during aging. A change of VFR and/or κ
during processing of atmospheric aerosols may occur either by addition of SOA mass (by con-
densation) or by a change of SOA composition leading to different aerosol properties. The latter
may occur either by heterogeneous reactions on the surface of the SOA particles, by condensed
phase reactions like oligomerization or by an evaporation - gas-phase oxidation - recondensation
cycle. The condensation mechanism showed to be dominant when there is a substantial change
in the aerosol mass by addition of new molecules to the aerosol phase with time. Experiments
could be divided into four periods based on the temporal evolution (qualitative changes) of VFR,
κ and organic mass: O3 induced condensation, ripening, and OH induced chemical aging first
with substantial mass gain and then without significant mass gain.

During the O3 induced condensation the particles’ volatility decreased (increasing VFR) while
the hygroscopicity increased. Thereafter, in the course of ripening volatility continued to de-
crease, but hygroscopicity stayed roughly constant. After exposing the SOA to OH radicals an
OH induced chemical aging with substantial mass gain started resulting in the production of at
least 50% more SOA mass. This new SOA mass was highly volatile and oxidized. This period
was then followed by further OH induced chemical aging without significant mass gain leading
to a decrease of volatility while hygroscopicity and SOA mass stayed roughly constant.

3.1 Introduction

Secondary organic aerosols (SOA) are a major constituent of the atmospheric particulate matter
and originate from chemical transformation of primary volatile organic compounds (VOC) to
lower volatility products that partition into the condensed phase. Many studies have already
been performed on SOA formation and properties (see e.g. references in Hallquist et al. 2009).
One of the major challenges for SOA studies is the multi-component composition of SOA with
only few known substances among thousands of unknown species. Field measurements show
changing SOA properties with oxidative aging, but detailed studies of these processes under
ambient conditions in the lab are challenging and thus scarce (Rudich et al., 2007).

State-of-the-art chemical transport and box models cannot reproduce the measured ambient
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organic aerosol concentrations (i.e. directly emitted primary organic aerosol (POA) and SOA
formed from various precursors) with currently known chemical and physical mechanisms (Volka-
mer et al., 2006; Hodzic et al., 2010). One important challenge in modeling SOA mass in the
atmosphere or under laboratory conditions is the correct implementation of the gas-particle in-
teractions such as the partitioning effect (Pankow, 1994b,a). Recently the volatility basis set
(VBS) approach was introduced (Donahue et al., 2006; Robinson et al., 2007; Jimenez et al.,
2009), lumping the various organic compounds together according to their effective saturation
mass concentration (C*) in order to describe the semi-volatile nature of the SOA particles in-
cluding their gas-particle partitioning behavior. C* is the mass equivalent of the saturation vapor
pressure, which controls volatility. Volatility is a key property of the organic components of the
gas and particulate phase and it determines the SOA formation and the partitioning between the
phases.

Laboratory experiments e.g. in chambers span a wide range of semi-volatile oxygenated organic
aerosol (SV-OOA), but low-volatility oxygenated organic aerosol (LV-OOA), as found in ambi-
ent measurements of aged air masses, is still difficult to study and reproduce under laboratory
conditions (Jimenez et al., 2009). The atomic oxygen to carbon ratio (O:C ratio) of SOA can
be used to roughly split the mass to SV-OOA and LV-OOA components. It also allows the
classification of organics within the VBS framework.

Formation of SOA involves oxidation of semi-volatile vapors from primary emissions to less
volatile species which partition into the organic aerosol. In a simplified picture we start with a
pure volatile hydrocarbon species which is oxidized to different first generation oxidized prod-
ucts of a large range of volatilities. From the low volatility species a secondary organic aerosol
is formed while the volatile and semi-volatile species form a large pool of organic mass in the
gas phase in equilibrium with the particle phase. This aerosol can be further processed, which is
called aging; this includes various processes changing the properties of the particles (Qi et al.,
2010). Most of the oxidation will take place in the gas phase and either generates more SOA via
further functionalization (adding more oxygen to the carbon backbone) or fragmentation upon
oxidation of the semi-volatile gases. Heterogeneous oxidation is much slower than gas phase
oxidation due to mass-transfer limitations. Heterogeneous reactions include functionalization
and fragmentation as well as some transformation reactions of functional groups (alcohol to
carbonyl). Additional reactions in the condensed phase such as oligomerization have also been
observed (Kalberer et al., 2004). Functionalization and fragmentation lead to an increase in the
O:C ratio while oligomerization may increase or decrease it depending on the process (Rein-
hardt et al., 2007). Functionalization always decreases volatility while fragmentation forms
species in a wide range of volatilities albeit mostly at lower volatilities. Oligomerization con-
verts monomers to larger, less volatile compounds. The expected effects of the three main
processes on particle volatility are summarized in Tab. 3.1.

Atmospheric aerosols are composed of inorganic and organic substances, including SOA com-
ponents. They have an influence on global climate via the direct aerosol effect by scattering
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sunlight and via the indirect aerosol effect by changing cloud properties and characteristics
(Lohmann and Feichter, 2005). Hygroscopicity, the degree of water uptake by particles, is an
important parameter for both effects and has been studied for different SOA types (Baltensperger
et al., 2005; Varutbangkul et al., 2006; Prenni et al., 2007; Duplissy et al., 2008; Jurányi et al.,
2009; Qi et al., 2010). A positive correlation between hygroscopicity and O:C ratio has been
shown recently (Jimenez et al., 2009; Chang et al., 2010; Massoli et al., 2010; Duplissy et al.,
2011). The following equation for the hygroscopicity parameter κ can be derived from Petters
and Kreidenweis (2007) to represent the hygroscopicity of an aerosol:

κ = νw × ρs

Ms

× is , (3.1)

where νw is the partial molar volume of water,Ms, ρs and is the molar mass, density and effective
van’t Hoff factor of the solute, respectively. νw is in good approximation constant across the
water activity range of interest. This leaves is and ρs/Ms as the two key factors determining
particle hygroscopicity (κ). The expected effect of the three main chemical processes on is and
ρs/Ms and thus κ is also summarized in Tab. 3.1.

Functionalization typically increases is slightly due to positive interactions between polar func-
tional groups and water (Petters et al., 2009b). Additional dissociation effects would also in-
crease is, though the degree of dissociation of carboxyl and hydroxyl groups is likely very
small. Only a small increase, if at all, is expected for Ms and ρs, and thus changes of ρs/Ms

will be small. κ is thus expected to increase slightly under the influence of functionalization.

Oligomerization strongly increases Ms with little effect on ρs, resulting in a decrease of ρs/Ms.
Only small changes are expected for is. Overall a decrease of κ is expected under the influence
of oligomerization, though the effect becomes smaller with increasing Ms (Petters et al., 2006).

Fragmentation strongly decreases Ms with little effect on ρs, resulting in an increase of ρs/Ms.
Only small changes are expected for is. Overall an increase of κ is expected under the influence
of fragmentation.

Equation 3.1 describes the hygroscopicity of completely dissolved solutes. Particle hygroscopic-
ity would be reduced if the SOA was only partially soluble. Functionalization and fragmentation
increase the solubility, while oligomerization decreases the solubility. The potential effects of
functionalization, fragmentation or oligomerization on particle hygroscopicity caused by solu-
bility changes have equal sign as the effects of changes of is, ρs and Ms. Thus the summary of
the effect of the three main chemical reactions on particle hygroscopicity as presented in Tab. 3.1
remains valid also under the influence of solubility limitations.

The chemical and physical characterization of SOA is often discussed separately (Hallquist et al.,
2009). So far it is not clear how oxidation (aging) changes the amount and properties of SOA.
Here we investigate the aerosol physical properties of SOA volatility and hygroscopicity as a
function of the oxidant exposure under controlled conditions. Comparing trends of volatility
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Table 3.1: The three main chemical processes and their expected influence on volatility and
hygroscopicity, and on additional parameters: van’t Hoff factor is; the ratio of density to molar
weight of solute, ρs/Ms. Symbols represent: + expected to increase, - expected to decrease,
∼ only minor change expected. For hygroscopicity (κ) see also equation 3.1. Note that if the
chemical processes result in a substantial aerosol mass gain, then the resulting changes of parti-
cle volatility and hygroscopicity are determined by the relative difference between the properties
of the previous and added SOA mass, and consequently the trends indicated in Tab. 3.1 are not
applicable.

functionalization oligomerization fragmentation

volatility − − +/∼
VFR + + −/∼
is +/ ∼ ∼ ∼
ρs/Ms ∼ − +

hygroscopicity (κ) +/∼ − +

and hygroscopicity may shed light on the dominant processes in the course of SOA aging.

These measurements were conducted at the Paul Scherrer Institute (PSI) smog chamber within
the scope of the MUCHACHAS (Multiple Chamber Aerosol Chemistry and Aging Studies)
campaigns. MUCHACHAS took place in several chambers in Europe and the US with different
points of emphasis for a similar set of experiments. The main emphasis for the MUCHACHAS
experiments at the PSI smog chamber was the aging of α-pinene (AP) SOA with OH under dark
and light conditions.

The typical design of the MUCHACHAS experiments is shown as schematic in Fig. 3.1. The
precursor in all experiments described here was AP. The concept was to first form SOA from
ozonolysis, allow it to stabilize after nearly all the precursor was consumed, and then to expose
the first-generation SOA and partially oxidized gas-phase species to OH radicals in order to
observe changes caused by OH aging.

A change of the VFR and/or the κ value during processing of atmospheric aerosols may oc-
cur either by addition of SOA mass (by condensation) or by an exchange of molecules in the
SOA by other molecules with different properties. The former process increases the SOA mass
by definition, while the latter keeps the SOA mass roughly constant and may occur either by
heterogeneous reactions on the surface of the SOA particles, condensed phase reactions like
oligomerization or by an evaporation - gas-phase oxidation - recondensation cycle. Thus, when
there is a substantial change in the aerosol mass by addition of new molecules to the aerosol
phase with time, the condensation mechanism may be assumed to be dominant, while, when the
mass stays roughly constant the exchange mechanism is the likely dominant process. In the light
of this, we assign the following four dominating mechanisms to four different periods of our ex-
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Figure 3.1: Schematic of the main features of the smog chamber experiments during
MUCHACHAS. Formation of secondary organic aerosol (SOA) mass (wall-loss corrected) from
the volatile organic precursor α-pinene (AP) takes place during the first part in dark with ozone
(O3). The ozonolysis is followed by OH chemistry to age the SOA. The data can be plotted
against several time axes as ”time after AP injection was started” and ”time after the OH reac-
tion started” or against a ”chemical clock” as O3 exposure and OH exposure. During ozonolysis
and reaction with OH the four different periods of our experiments are indicated above the fig-
ure: O3 induced condensation, ripening, OH induced chemical aging with substantial mass gain,
and OH induced chemical aging without significant mass gain.

periments (see Fig. 3.1): O3 induced condensation; ripening; OH induced chemical aging with
substantial mass gain; OH induced chemical aging without significant mass gain. In the conden-
sation periods, the physical (VFR, κ) and chemical (O:C ratio) properties are believed to mainly
vary as a result of the additional condensing material, in contrast to chemical transformation of
the SOA during periods without significant change of the mass.
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3.2 The experimental setup

3.2.1 Smog chamber and associated instruments

The air in the 27-m3 Teflon bag in a temperature controlled chamber with four filtered xenon
lamps providing quasi-solar illumination is monitored by several gas and aerosol phase instru-
ments described in detail in Paulsen et al. (2005). Here we mention the main instruments relevant
for this paper and the experimental procedure. The particles volatility and hygroscopicity were
characterized with a volatility and hygroscopicity tandem differential mobility analyzer (V/H-
TDMA, see Sect. 3.2.2). The aerosol particle number size distribution (diameter D = 20 - 800
nm) and chemical composition were measured with a scanning mobility particle sizer (SMPS)
and an Aerodyne high resolution time of flight aerosol mass spectrometer (AMS). The AMS
detects inorganic and organic aerosol species quantitatively and is described elsewhere in detail
(DeCarlo et al., 2006). It allows the chemical quantification and characterization of several types
of fragments of the SOA with a time resolution of a few seconds (e.g. Alfarra et al. 2006). The
organic aerosol mass measurement from the AMS was wall-loss corrected to account for the
losses to the chamber walls. Assuming that the wall loss rate is first order and independent of
size we used an exponential fit asymptotically decreasing to zero to correct for the losses (Pathak
et al., 2007). In the following the terms ”organic aerosol mass” or ”SOA mass” always relate to
wall-loss corrected organic particulate mass. A very useful parameter derived from AMS data
is the oxygen to carbon ratio (O:C ratio) (Aiken et al., 2007, 2008), which was linked to the
hygroscopicity properties of the aerosol (Duplissy et al., 2011).

The gas-phase instruments include NOx monitors (Monitor Labs 9841A, Thermo Environmental
Instruments 42C) and ozone monitors (Monitor Labs 8810, Environics S300). A proton transfer
reaction mass spectrometer (PTR-MS) from IONICON was deployed as well. The high sensitiv-
ity PTR-MS (Lindinger et al., 1998) is able to detect VOCs in real-time with a very low detection
limit (ppt level). From the measurement of the precursor α-pinene we calculated ”AP reacted”.
However, after injection of AP into the ozone (O3) containing chamber the initial concentration
was not directly measured because AP needs to mix first and already starts to react with O3. It
was therefore determined from fitting the AP concentration trend back to the injection time.

3.2.2 V/H-TDMA instrument

We built a new V/H-TDMA instrument which is described and characterized in more detail here.
The tandem differential mobility analyzer (TDMA) technique (Rader and McMurry, 1986) is a
common technique to characterize aerosol properties. The H-TDMA technique is well estab-
lished and a suitable method to measure the hygroscopicity of submicrometer aerosol (Swietlicki
et al., 2008). Our combined volatility and hygroscopicity tandem differential mobility analyzer
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(V/H-TDMA) runs volatility and hygroscopicity scans in parallel (Fig. 3.2). The aerosol is con-
ditioned before entering the first differential mobility analyzer (DMA1) by passing through a
diffusion dryer and a Kr-85 bipolar charger to bring the particles into charge equilibrium. All
DMAs are situated in a temperature controlled, well insulated housing at 20◦C. DMA1 size
selects a dry (RH < 15%), quasi-monodisperse aerosol, which is split into a heater and a hu-
midifier flow (0.3 L/min each). Two additional DMAs scan the humidified or heated particles
(DMA2 and DMA3, respectively) which are then counted with the condensation particle counter
for hygroscopicity (CPCH) and for volatility (CPCV), respectively.

The H-TDMA part is based on the design of a previous instrument (Duplissy et al., 2008, 2009).
The individual sheath air flows are operated in closed loops and the flows are maintained with
blowers (Fig. 3.2), which is controlled by laminar flow elements combined with differential
pressure sensors and proportional-integral-derivative (PID) controllers. A separate humidifier
loop with bubbler (not shown in Fig. 3.2) supplies the humidifier with humid air. The humidifier
section is situated in a second, temperature controlled housing at 24◦C. The aerosol can be
humidified up to a controlled relative humidity (RH) of 97 ± 1% with a residence time of ∼26 s
(between DMA1 and DMA2).

Measurement of the deliquescence RH of ammonium sulfate (AS) and other salts e.g. sodium
chloride (NaCl) are used for the calibration of the dew point mirror (see Fig. 3.2) to assure

Figure 3.2: Schematic of the combined volatility and hygroscopicity tandem differential mobil-
ity analyzer (V/H-TDMA) setup with the main instrument parts and sensors. The reference RH
of the humidified branch is calculated from the dewpoint and temperature measured by a dew
point mirror at the excess air outlet DMA2. The reference temperature for the V-branch is just
before the outlet of the heater. The given residence times are measured between outlet of DMA1
and DMA2 or DMA3, respectively.
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accurate RH measurement. The correct absolute sizing of the DMAs is periodically checked
with polystyrene latex (PSL) spheres having dry diameters D0 between 100 and 350 nm. The
correct sizing of the DMAs with respect to each other is frequently checked by conducting a
series of measurements without heating and humidifying. This relative calibration of DMA1
with DMA2 / DMA3 is important to detect small instrumental drifts which would affect the
precision of the growth factor measurements (the error in D/D0 is typically < 1%).

The heater in the V-TDMA part is custom-built and consists of an inner linear brass tube (70 x
2.2 cm) surrounded by capillary tubes containing a heating wire. The small space between these
capillary tubes allows for a rapid cooling with pressurized air. The temperature sensor in the
center of the inner tube (see Fig. 3.2) controls the heater temperature (T ) in a range from 25 -
200◦C (± 2◦C). Modeling of the temperatures and flow streamlines inside the heater suggests
a laminar flow and a homogeneous temperature distribution after at most 15 cm from the inlet.
The calculated plug flow residence time (RT) in the heater for 25 - 200◦C is 24.4 - 15.4 s at
a constant aerosol flow of 0.6 L/min. The aerosol flow is diluted with filtered, pure air before
(0.3 L/min) and after the heater (0.4 L/min) to maintain correct aerosol flows in all parts of the
instrument. Measurements of the aerosol particles’ average ”traveling time” from the outlet of
DMA1 to the inlet of DMA3 (including heater and tubing) was found to be 23 ± 2 s at 30◦C.
The RT is longer compared to other heaters employed in TDMAs (Paulsen et al., 2005; Jonsson
et al., 2007; Villani et al., 2007) and thermodenuder (Burtscher et al., 2001; Wehner et al., 2002).
This typically results in a lower remaining aerosol volume at a specific temperature. As particle
concentrations are rather small, a denuder is not needed in our system because the inner surface
of the heater offers much larger surface for the vapors to condense than the aerosols. Nucleation,
an indicator for re-condensation of vapors, was not observed in the V-TDMA.

In general the parameters obtained from the TDMA are the growth factor GF(RH), and shrinking
factor SF(T ) defined as the ratio of humidified diameter D(RH), or heated diameter D(T ) and
initial dry and non-heated diameter (D0), respectively:

GF(RH) =
D(RH)

D0

(3.2)

SF(T ) =
D(T )

D0

(3.3)

The raw growth or shrinking factor distributions measured by the H- and V-part are analyzed
using the TDMAinv approach (Gysel et al., 2009) in order to obtain inverted and calibrated
probability density functions (PDF). Details on this data analysis procedure and especially on
the used TDMAinv approach are found in Gysel et al. (2009). In the following the hygroscopic
growth factor (GF) always refers to the number weighted mean GF (1st moment) of the inverted
GF-PDF, and the shrinking factor (SF) to the volume weighted mean SF (3rd moment) of the
inverted SF-PDF. Instead of SF the volume fraction remaining (VFR), defined as VFR = SF3, is
chosen to present the volatility data.
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In this study the H-TDMA was typically operated at a constant high RH of 95%. The GFs
measured in the RH range between 93 - 97% were recalculated to 95.0% RH following Gysel
et al. (2009), using a single-parameter growth curve parametrization for correcting small RH
differences. The used RH correction in a small band of ± 2% RH minimizes systematic biases
when reporting temporal evolution of GF at constant target RH. This is especially of importance
when overall changes in the GF evolution are not large. The V-TDMA heater was running mainly
at 70◦C (with a plug flow RT of 21 s) and only data in the range T = 68 - 72◦C were considered in
the analysis. We minimized pyrolysis in the heater by using a low thermodenuder temperature
with a relatively long residence time. During a few experiments the heater temperature was
varied (from 25 to 200◦C) to measure the VFR as a function of temperature, resulting in a
thermogram plot.

Typically particles are small in the beginning of an SOA experiment, but grow very rapidly
during the ozonolysis and stabilize at a diameter of a few hundred nanometers. Several D0 in
the diameter range across the mode of the size distribution were selected for the H-TDMA and
V-TDMA measurements at a time and the diameter range covered was gradually increased to
follow the temporal evolution of the mode. For low AP experiments D0 ranged from 50 to 150
nm and for high AP precursor concentrations the D0 range was from 75 to 250 nm.

We present results from the hygroscopicity measurements mainly as hygroscopicity parameter
κ (see also equation 3.1, Petters and Kreidenweis 2007) to account for the size dependence of
the GF (Kelvin effect). κ was calculated assuming the surface tension of pure water. A κ of
0 corresponds to GF = 1. The use of κ allows for direct comparison of hygroscopic growth
factor measurements made at different dry diameters. It is also a convenient quantity to explore
the water activity dependence of particle hygroscopicity by comparison of studies presenting κ
values from H-TDMA or CCNC measurements made at different water activities.

The V-TDMA was characterized with laboratory generated particles of known chemical com-
position to allow for a comparison of the results with other systems. The instrument residence
time, diameter, and concentration of aerosols are important factors for heater characterization.
Figure 3.3 shows the VFR for different compounds and particle diameters as function of the
heater temperature.

Panel A in Fig. 3.3 displays the VFR of NaCl, which is known to be non-volatile up to tempera-
tures clearly above 200◦C (Scheibel and Porstendoerfer, 1983), and thus the VFR measured by
the V-TDMA is expected to be unity across the whole temperature range. The very small ob-
served decrease in VFR to ∼0.97 at 200◦C might be either a restructuring effect, which would
result in a more compact structure and therefore smaller effective volume, or evaporation of im-
purities from the nebulizing process of NaCl. A similarly stable volatility behavior is observed
in other studies (e.g. Modini et al. 2010). The plot of NaCl shows also the high precision of the
instrument with less than ± 2% for VFR in a wide temperature range. Thermophoretical losses
at 200◦C were determined to be 10 - 15% in particle number for NaCl particles with D0 = 35 -
200 nm. This is in the range of other thermodenuders (Huffman et al., 2008; Park et al., 2008).
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Figure 3.3: Thermograms, normalized volume fraction remaining (VFR) plotted against the
measured heater temperature, for sodium chloride (NaCl) in panel (A), citric acid in panel (B)
and ammonium sulfate (AS) in panel (C) as retrieved from the V-TDMA measurements. Differ-
ent dry diameters (D0) are distinguished by color and the error bars represent the minimal and
maximal temperature during a scan. In panel (C) thermograms for AS from other studies were
added for comparison (dashed lines).

We consider the losses as less relevant because the instrument is not quantitative in particle mass
or number but rather measures the physical properties volatility and hygroscopicity.

Citric acid (Fig. 3.3B) was chosen as a reference substance because it is of rather high volatility
similar to SOA; VFR starts to decrease at T > 70◦C. At temperatures above 110◦C particles
with D0 ≤ 300 nm are completely evaporated in our instrument. A small size-dependence due
to kinetic reasons is seen: smaller particles tend to evaporate faster than larger particles (see
e.g. Riipinen et al. 2010).

Ammonium sulfate particles (AS) (Fig. 3.3C) are often used for heater characterization; in our
system AS particles start to volatilize at temperatures T > ∼100◦C. All AS particles volatilize
completely (i.e. VFR < 0.15) at temperatures above 150◦C. In addition we show in panel C
some AS thermograms from studies that we will use later for comparison of SOA thermograms
(see Sect. 3.3.1). Some studies need a somewhat higher temperature to volatilize AS, but show
a very similar slope (Jonsson et al., 2007; Meyer et al., 2009). The study from An et al. (2007)
shows very different, earlier volatilization of AS compared to our system, where VFR of AS
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decreases at temperatures around 75◦C and 150◦C is needed to volatilize the particles with D0 =
100 and 200 nm completely. There are also studies where AS starts to volatilize around 110◦C,
but does not evaporate completely even at temperatures above 230◦C (Huffman et al., 2008).
However, the AS curves in this paper show a high variability and are therefore not included
in Fig. 3.3C. The mass fraction remaining from AMS measurements for polydisperse AS in
Wu et al. (2009) looks similar to our VFR thermogram of AS. It is characterized by a rapid
decrease of the mass fraction remaining between 120◦C and 160◦C. Villani et al. (2007) present
an overview table with 160 - 180◦C at D0 = 15 - 150 nm as lowest volatilization temperature for
AS in their V-TDMA instrument while other studies report even higher temperatures.

Overall our instrument seems to be in a good temperature and residence time range for volatiliza-
tion measurements of AS. Nevertheless, organic substances (e.g. citric acid) with relatively high
volatility might be better suited to characterize a thermodenuder system than salts like AS be-
cause they often evaporate already at lower temperatures, i.e., more gentle heating is needed.

The calibration measurements presented in Fig. 3.3 show also the high precision of the V/H-
TDMA instrument. The variance of precision at a constant temperature (same substance and
D0) is about 0.005 in VFR, which means clearly below 1%. This demonstrates the high repro-
ducibility of the VFR data and the same is true for the GF and κmeasurements (not shown here).
The important factor is the precise sizing of the particles, which can be done very well with DMA
systems. The absolute accuracy of the volatility and hygroscopicity data is influenced by further
parameters e.g. temperature and RH measurements leading to higher absolute uncertainties. The
absolute quantification is less important in this study than the temporal changes. Therefore we
report the results with errors showing the reproducibility of the observations during the temporal
evolution in the chamber.

3.2.3 Smog chamber operation

In all experiments, the clean smog chamber was humidified to ∼50% RH at a temperature of 21
± 1◦C and these conditions stayed stable during the course of experiments. In a first step O3 was
added to the chamber. After about 20 min when the O3 was distributed homogeneously in the bag
the precursor AP was injected. We conducted experiments at two precursor concentrations of
40 ppb (”high”) and 10 ppb (”low”) α-pinene mixing ratio, resulting in atmospherically relevant
organic aerosol mass concentrations. The reaction resulted in immediate particle formation
(first-generation SOA) from the reaction products of ozonolysis of the C=C double bond in AP.
As no OH scavenger was used about 30% of AP will react with OH radicals based on model
calculations. Ozonolysis lasted a few hours until at least 90% ± 5% of the AP precursor had
reacted before the OH aging period was started (Fig. 3.1).

In a next step, 20 ppb of 3-pentanol was added. Pentanol reacts with OH only, and thus its
decay can be used as an OH tracer, in the same way as specific intermediate products. SOA



3.2. The experimental setup 41

was exposed to OH aging by either photolysis of HONO or ozonolysis of tetramethylethylene
(TME) with the IUPAC name: 2,3-dimethyl-2-butene (Epstein and Donahue, 2008). The former
are named ”HONO photolysis experiments” throughout this study and the latter are called ”dark
OH (TME) experiments”. A list with details of all conducted experiments is given in Tab. 3.2.

TME ozonolysis is the OH source in dark OH (TME) experiments, however in some of these
experiments we turned the lights on in the smog chamber to increase the OH source from pho-
tolysis of ozone during a part of the experiment. We introduced also additional experimental
conditions with turning lights on and off during some experiments; one TME experiment was
partly performed with UV lights on. All experiments with these special light conditions are
commented in Tab. 3.2.

A HONO level of 15 - 20 ppb (as measured by a Long Path Absorption Photometer (LOPAP))
in the chamber was reached by passing pure air (2 L/min) through a custom built vessel with
sulfuric acid (0.01 M H2SO4) and sodium nitrite (3x10−3 M NaNO2). The vessel and the setup
of the HONO system we used are described elsewhere (Taira and Kanda, 1990). The flow
from the HONO generator was passed through a filter to ensure that only the gas phase HONO
without particles entered into the chamber. The addition of HONO started about one hour before
the lights were turned on. In some high-NOx photo-chemical experiments (Tab. 3.2, exp. No. 6 -
8) 50 - 80 ppb NO was added in addition to the HONO. TME was continuously injected from a
gas cylinder (Messer, TME 1000 mol ppm in N2 5.0) at a flow of 10 mL/min to maintain a TME
mixing ratio between 0.5 - 1.5 ppb. The ozone level was usually higher in the TME experiments
compared to HONO photolysis experiments because O3 was also needed for the ozonolysis of
TME.

Different time axes as shown in the concept figure (Fig. 3.1) are used in the following. The
progress of the experiment is described by either ”time after AP injection” (relating to the start
of the ozonolysis reaction) or ”time after OH started” (relating to the start of the OH aging by
lights on or start of TME injection) in units of hours (h). In addition two ”chemical clocks” are
used to represent the experiments with respect to their exposure to O3 or OH, respectively. The
O3 exposure (in ppb h) serves as chemical clock during the ozonolysis, and the OH exposure (in
cm−3 h) is used during the reaction period with OH. The OH concentration was calculated from
the decay rate of pinonaldehyde as measured by PTR-MS (see Barmet et al. (2011)). Pinon-
aldehyde is a reaction product of AP ozonolysis and proved to be a better tracer than pentanol
(Barmet et al., 2011). OH concentrations in the experiments were between 2x106 and 107 cm−3

(see Tab. 3.2). Due to the fast reaction of pinonaldehyde with OH the OH exposure was limited
to about 15x106 cm−3 h.
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Table 3.2: Overview for all smog chamber experiments during the MUCHACHAS campaign
2009 at PSI with detailed experiment conditions (AP and O3 input), OH concentration and re-
sults from the V/H-TDMA.

exp. experiment exp. date nominal nominal comments on the hygroscopic growth factor volume fraction remaining OH concentration comments on
ID/No.type AP input O3 in-

put
experiment at RH of 95% and (κ value) at temperature of 70◦C [106cm−3] after V/H-TDMA

[ppb] [ppb]
before
OH
aging

2 hours
OH
aging

4 hours
OH
aging

before
OH
aging

2 hours
OH
aging

4 hours
OH
aging

2 hours
OH
aging

4 hours
OH
aging

ozonolysis
only

1 O3 only 26 Jan 2009 40 500
1.32
(0.083)

- - 0.71 - - - - thermogram

2 O3 only 18 Feb
2009

40 500 no AMS data
1.28
(0.069)

- - 0.81 - - - - thermogram

ozonolysis
and light
OH,
HONO
photolysis

3 O3 +
HONO +
light

16 Jan 2009 40 100+300 only 1st part used,
H2SO4 during
HONO

1.37
(0.096)

1.47
(0.133)

1.50
(0.139)

0.61 0.58 0.72 6.3 6.2 only ozonolysis
part used; ther-
mogram

4 O3 +
HONO +
light

21 Jan 2009 10 150+50 *OH exposure after
3 hours

1.38
(0.113)

1.46
(0.138)

1.48
(0.141)

0.70 0.63 - 10.0 8.0*

5 O3 +
HONO +
light

11 Feb
2009

10 250+50 lights on/off
1.35
(0.100)

1.42
(0.138)

1.42
(0.120)

0.68 0.64 0.70 6.8 -

6 O3 +
HONO +
NO + light

19 Jan 2009 40 90+20
1.37
(0.097)

1.43
(0.116)

1.46
(0.131)

0.66 0.58 - 6.1 6.1 thermogram

7 O3 +
HONO +
NO + light

13 Feb
2009

40 150+100
1.31
(0.084)

1.39
(0.106)

1.39
(0.108)

0.65 0.59 0.61 4.2 3.5

8 O3 +
HONO +
NO + light

23 Jan 2009 10 200
1.40
(0.115)

1.42
(0.123)

1.43
(0.128)

0.71 0.64 0.78 7.4 7.3 thermogram

9 O3 + light 14 Jan 2009 40 200 very short experi-
ment

1.19**
(0.084)

1.21**
(0.094)

- 0.70 0.67 - - - **H-TDMA at
90% RH; only
thermogram

10 O3+light 06 Feb
2009

10 200 lights on/off
1.40
(0.115)

1.46
(0.139)

1.49
(0.148)

0.72 0.69 0.74 2.8 -

ozonolysis
and dark
OH, TME
ozonolysis

11 O3 + TME 28 Jan 2009 40 500+200 long exp.
1.29
(0.072)

1.36
(0.093)

1.39
(0.104)

0.56 0.57 0.60 2.9 2.6 thermogram

12 O3 + TME 23 Feb
2009

10 500 no AMS data
1.34
(0.106)

1.40
(0.129)

1.44
(0.145)

0.67
0.60-
0.63

0.61-
0.65

3.6 2.2

13 O3 + TME
+ lights

02 Feb
2009

10 500+150
+150

long exp.; lights on
at end of exp.

1.34
(0.098)

1.41
(0.125)

1.44
(0.135)

0.65 0.62 - 4.6 3.6 thermogram

14 O3 + TME
+ lights

09 Feb
2009

10 500+150 lights on/off
1.35
(0.094)

1.42
(0.137)

1.45
(0.139)

0.66
0.62-
0.66

0.66 3.0 -

15 O3 + TME
+ lights

25 Feb
2009

10 500 UV intensive lights
in addition to TME;
no AMS data

1.31
(0.087)

1.35
(0.103)

1.61
(0.206)

0.63 0.62 0.82 4.4 - (thermogram)

3.3 Results and Discussion

First we present thermograms (temperature ramping in the V-TDMA heater) of some SOA ex-
periments for comparison with reference substances (Sect. 3.2.2) and with other studies (Sect. 3.3.1).
However, the main focus in this paper is on the temporal evolution of κ (GF) and VFR during
the ozonolysis (Sect. 3.3.2) and the OH exposure periods (Sect. 3.3.3). Thus time series at con-
stant heater temperature (T = 70◦C) in the V-TDMA and relative humidity (RH = 95%) in the
H-TDMA allow for a closer look at the ongoing processes during different reaction periods (see
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Sect. 3.2.3). Finally, the correlation of VFR and κ (Sect. 3.3.4) will be investigated as well as
the effect of additional light and the size dependence (Sect. 3.3.5) of these measured properties.

3.3.1 Thermogram of SOA and comparison with other studies

Thermograms with well known substances characterize the V-TDMA (Fig. 3.3) as discussed
above. Such thermal information can also be used to gain information on the complex chemical
nature of SOA. Figure 3.4 shows mean VFR values versus heater temperature for all three types
of AP SOA experiments (circles). Four thermograms from other studies of AP SOA (squares)
are compared to our measurements. The error bars represent the standard deviations of VFR
(vertical) and the temperature (horizontal). Large vertical error bars are due to real volatil-
ity changes of the chamber aerosol during the course of the experiment and do not reflect the
V-TDMA accuracy. All our thermograms are similar within these uncertainties and show no
distinct D0 or experiment type dependence.

A significant decrease of VFR starts at ∼50◦C and at 90◦C 50% of the particle volume is
volatilized. Temperatures around 150◦C are required to reduce the VFR to 10%. This is a
much wider temperature range than for pure citric acid or ammonium sulfate and is explained
with different compounds in the chamber SOA possessing volatilities ranging from rather semi-
volatile to low-volatile. Although the three experiment types (ozonolysis, HONO photolysis and
dark OH (TME) experiments) cannot be compared directly as the data were acquired at different
stages of the experiments, we fitted our thermograms with an error function. The fitted error
function (erf) (Fig. 3.4, black line), is only valid above 50◦C. It is set to 1 as maximum and has
the following equation with T as the heater temperature:

VFR = 0.91 − 0.911 × erf

(
T [◦C] − 53.15

82.5

)
(3.4)

This empirical function was simply chosen as it represents the observations in the most suitable
way. It is helpful to extrapolate the volatility data from other experiments during this study when
the temperature was set to 70◦C continuously to compare e.g. with other studies. Comparison
of our measurements with other AP SOA studies (squares in Fig. 3.4) shows the best agreement
with the instrument and measurements from Meyer et al. (2009), from Cappa and Wilson (2011)
and Jonsson et al. (2007) for low temperatures and Huffman et al. (2009) for higher temperatures.
These and our SOA thermograms lie between the two other studies from An et al. (2007) and
Paulsen et al. (2005). Different residence times (RT) in the heated zone are an important cause
among other instrumental differences for the disparate thermograms. The plug flow RT of all
these studies are < 1 s (Baltensperger et al., 2005; Paulsen et al., 2005), 2.8 s (Jonsson et al.,
2007), ∼3 s (Meyer et al., 2009), ∼15 s (Cappa and Wilson, 2011), 21.2 s (Huffman et al., 2008,
2009), 23 s (this study) and 31.6 s (An et al., 2007), respectively. If the above papers stated
the centerline RT at laminar flow we converted it to plug flow RT (factor 2). Our instrument
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Figure 3.4: Mean VFR measured for SOA from three different experiment types, distinguished
with greenish, reddish and bluish color, at various heater temperatures with error bars repre-
senting the standard deviation of VFR and temperature of multiple measurements during the
experiment (circles). Literature data (squares) from similar SOA studies were added for com-
parison. The black solid line represents a fit through all measured data of this study.

seems to have the second longest RT, at ambient temperature (see Sect. 3.2.2); only the RT from
An et al. (2007) is longer. This could explain the stronger volatilization of SOA at relatively
low temperatures in their study at least partly (as also seen in Fig. 3.3C). On the other hand
shorter RT leads to higher VFR (Baltensperger et al., 2005; Paulsen et al., 2005; Jonsson et al.,
2007). With our long RT we are able to use low temperatures in the heater and minimize kinetic
limitations of evaporation and hope to be close to equilibrium, even though this is probably not
the case as suggested recently (Riipinen et al., 2010).

The VFR of this comparison is generally following the RT, i.e. a shorter RT leads to higher VFR
and vice versa. This is expected if the evaporation is kinetically limited and no equilibrium is
reached in neither of these instruments (Riipinen et al., 2010). Further reasons for small differ-
ences in the SOA thermograms may be the type of AP SOA, its concentration, and experimental
conditions. Recent studies by Vaden et al. (2011) as well as Cappa and Wilson (2011) postulate
a glasslike modification of the AP SOA which would even inhibit effective evaporation within
a reasonable RT. Other instrumental reasons e.g. initial particle size, monodisperse or polydis-
perse measurement, use of a charcoal denuder after the heating section or different experimental
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conditions may also lead to these variations. The latter is already reflected in the scatter of our
data taken from different experiments like ozonolysis and/or OH exposure. Altogether, there
are many indications that evaporation studies of SOA are quite challenging and need further
attention.

Overall, the comparison of thermograms gives an orientation on our V-TDMA characteristics
and shows the importance of the residence time, instrument specific properties and experimental
conditions. The decrease in VFR with temperature is experienced over a relatively large temper-
ature range and offers a sensitive range from ∼60 to 100◦C to study the SOA volatile properties.
A constant oven temperature of 70◦C was chosen to track temporal changes in the SOA volatility
during the chamber reactions discussed in the following.

3.3.2 Ozonolysis - O3 induced condensation and ripening

The first step in each experiment was the ozonolysis of AP to form SOA mass (Fig. 3.1). The
initial O3 concentration varied with the type of experiment. Figure 3.5A shows the time trends
of the fraction of AP reacted, the organic aerosol mass, the volatility as VFR, and the hygro-
scopicity both as κ value and as GF at 95% RH. The markers are colored according to the initial
O3 concentration; filled symbols represent low AP and open symbols represent high AP input.

High O3 concentrations led to a fast reaction of AP and a rapid formation of SOA (Fig. 3.5,
panel (A1) - (A2)). It took roughly one hour to reach the ”90% AP reacted” level (see vertical
lines in Fig. 3.5A). At lower O3 concentrations this took 2 - 3 times longer and the final SOA
mass was lower. This may have two reasons. Firstly, more semi-volatile compounds are lost to
the walls and do not condense on the particles. Secondly, organic radical-radical reactions are
decreased, eventually leading to less semi-volatile compounds contributing to SOA.

The physical parameters κ and VFR data (Fig. 3.5, panel A3 - A4) split mainly into two groups
comprising low and high concentration AP experiments. Experiments with high SOA mass
have generally a higher volatility (lower VFR) and lower hygroscopicity. In case of the low
AP experiments VFR increases steadily from 0.55 to 0.7 after 4.5 h of reaction. Even after
most of the AP had reacted (90%-level) VFR keeps increasing. The high AP experiments show
a similar but less pronounced trend. During the condensation phase VFR slightly increases.
The hygroscopicity of low and high AP experiments shows a similar evolution but separates
slightly with time (Fig. 3.5 A4, A5). Duplissy et al. (2008) found a distinct mass concentration
dependence of GF for an α-pinene photooxidation experiment, i.e. a lower GF at a higher particle
concentration. This was attributed to volatile and less oxygenated vapor condensing at higher
mass concentrations lowering the GF. Here we do observe only a slightly lower GF for the high
concentration experiments after the SOA has evolved, but Duplissy et al. (2008) had higher AP
mixing ratios (> 120 ppb) in their study and investigated a different system (photochemistry
instead of ozonolysis), which can explain the differences in the findings.
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Figure 3.5: All experiments of the ozonolysis part only. The relative fraction of AP reacted,
wall-loss corrected SOA mass concentration (org. mass), volatility expressed as VFR at 70◦C
and the hygroscopic parameter κ are presented on different time axes, in panel (A) as ”time after
AP injection” and in panel (B) as ”O3 exposure”, which is used as ”chemical clock”. The color
indicates the O3 concentration for low O3 (< 400 ppb) and for high O3 (≥ 400 ppb). The filled
symbols represent the low α-pinene (AP) (10 ppb) and open symbols the high AP (40 ppb) pre-
cursor concentration experiments. The panels (A1) - (A4) and (B1) - (B4) present corresponding
data, respectively. In addition panel (A5) shows the GF at 95% RH and (B5) shows the O3 con-
centration. The vertical lines in panel (A) indicate roughly (± 5%) the 90%-AP-reacted value
for the four main experiment conditions: high/low AP (open/solid line, respectively), combined
with high/low O3 (orange/blue color, respectively). Exemplary error bars for volatility and hy-
groscopicity data represent the reproducibility. Additional scatter of the data points is caused by
the fact that different dry sizes are measured.
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The hygroscopicity is presented in Fig. 3.5 panel A4 - A5 in terms of κ and GF. Both show the
same features (small difference between high and low AP experiments) and differences between
κ and GF are mainly seen during the first 1 - 2 hours of ozonolysis where the selected diameters
are small and differ due to fast particle formation. In some experiments (open blue circles
at about 5 h, two diameters are measured alternately) the GF seems to smooth size effects of
different diameters. The presented κ values are a good proxy for the particle hygroscopicity
because the diameter dependence of the Kelvin effect is taken into account (by assuming a
surface tension of pure water). Thus we will present the hygroscopicity data as κ values in the
following. The κ values start at about 0.04 in the beginning of all experiments and then increase
during the condensation period. Thereafter, κ remains almost constant. Similar as for VFR,
the low AP concentration experiments group together and show a higher κ than the high AP
concentration experiments. However, the values remain within a rather narrow range of 0.08 -
0.12.

Figure 3.5B (panel B1 - B4) shows the same experiments and parameters as Fig. 3.5A1 - A4 but
as a function of the O3 exposure (in ppb h). The trends of κ and VFR are split into low and
high O3 concentration experiments. After about 350 ppb h 90% of α-pinene has reacted in all
experiments and we would expect a similar composition of the products. However, we see at
this exposure higher VFR and κ values for the low O3 concentration experiments. The reason
for this could be twofold. First, radical-radical reactions are decreased leading to a somewhat
different product distribution (SOA mass is also decreased, see above). Second, at low O3

concentrations it takes longer until 90% AP has reacted and the SOA had thus more time to
evolve. It is clearly seen that after 350 ppb h the VFR keeps on increasing steadily although
not much additional SOA mass is formed. On the other hand κ remains nearly constant. The
increase of VFR could indicate an oligomerization process while this would imply a decrease of
κ. Shilling et al. (2007) observed that O3 can heterogeneously oxidize aldehydes to acids which
would decrease VFR and increase κ (as dissociation of acids increases the van’t Hoff factor).
A control experiment with an excess of AP during the ozonolysis shows in the AMS the same
chemical changes as with an excess of O3. This does not support heterogeneous oxidation as the
cause of this steady increase of VFR. At present we do not have an explanation for this evolution
of the SOA. We call this unspecified process or processes ripening of the SOA.

3.3.3 SOA aging - OH induced chemical aging

During the first period of the experiment the precursor was removed by ozonolysis, forming
mainly first generation and a fraction of second generation gaseous oxidation products, as well
as a certain mass of SOA. We then turned on an OH-radical source and monitored any changes
in the amount and properties of SOA. Figure 3.6 shows the organic aerosol mass (panel A),
the VFR at 70◦C (panel B), as well as κ and O:C ratio (panel C) for a low (green) and a high
(blue) AP concentration using HONO photolysis as OH radical source. The time axis is given as
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Figure 3.6: Time series of two α-pinene (AP) ozonolysis experiments followed by reaction with
OH from HONO photolysis. The two periods of the experiment, ozonolysis and reaction with
OH, are distinguished by open and closed symbols, respectively, and green and blue color is
used for the low (10 ppb) and high (40 ppb) AP precursor concentration experiment, respec-
tively. Panel (A) shows the organic aerosol mass (wall-loss corrected), panel (B) the VFR at
70◦C and in panel (C) the hygroscopicity parameter κ (left axis) as well as the O:C ratio (right
axis). The evolution of the VFR during ripening (ca. from -3 to 0 h) was linearly fitted and ex-
trapolated to indicate the trend expected without reaction with OH. The grey dotted lines shown
in panel (C) help to guide the eye to see the changing trends of κ in the four periods of the ex-
periment. Exemplary error bars in panel (B) and (C) represent the reproducibility for volatility
and hygroscopicity data, respectively. Additional scatter of the data points is caused by the fact
that different dry sizes are measured.

”time after lights on” (TALO), which means that negative values denote the previous ozonolysis
period. Immediately after the onset of the OH radical source additional SOA mass is formed.
Figure 3.6A shows that after correction for wall loss the SOA mass increases by 40 - 100%. This
is a lower limit as the wall loss correction presented here is conservative - the effects of aging
on SOA levels will be discussed in detail in a separate publication. We divide the OH induced
chemical aging period into a period with substantial mass gain (TALO ∼0 to 2 h), and a period
without significant mass gain (TALO ∼2 to 4.5 h).

The hygroscopicity parameter κ (Fig. 3.6C) increases significantly by more than 30% during
the OH induced chemical aging period with substantial mass gain. The increase in κ suggests
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that the SOA mass gain during aging is driven by molecules with a lower molecular weight
than the fresh SOA. This indicates the condensation of smaller molecules than the average of
previous condensed phase species. The trend of κ levels then off and stays constant during the
OH induced chemical aging period. The O:C ratio is constant or slightly decreasing during the
ozonolysis, while it correlates well with κ during the OH induced chemical aging period. Thus
OH exposure leads to condensation of higher oxidized species onto the existing SOA. During
the period without significant mass gain the O:C ratio remains constant.

Contrary to this the VFR (Fig. 3.6B) abruptly decreases after OH aging commences (turning
lights on) and starts to stabilize after about one hour of aging with OH radicals. In the last period
of the experiment, during the OH induced chemical aging without significant mass gain, the VFR
tends to increase slightly. The newly added SOA mass after the onset of OH oxidation seems to
have a higher volatility (lower VFR) than the previously existing SOA from the ozonolysis. The
volatility of the newly added SOA was estimated by assuming simple volume mixing, i.e.

VFRmixed = εold × VFRold + εnew × VFRnew (3.5)

where the indices ”old”, ”new” and ”mixed” stand for the SOA from the ozonolysis, the SOA
added by OH-aging, and the mixed SOA particle, respectively, and ε denotes the volume frac-
tions of the SOA components in the mixed particle. Solving Eq. 3.5 for VFRnew provides:

VFRnew =
VFRmixed − εold × VFRold

1 − εold

(3.6)

VFRmixed is directly measured by the V-TDMA. εold is derived from the organic aerosol mass
measurements by the AMS before and after new material was added, thereby assuming the same
density for the old and new mass. VFRold is obtained by extrapolating a linear fit through the
last 3 hours of ozonolysis data, as indicated by the dashed lines in Fig. 3.6B. In doing so we
assume that the OH exposure does not cause additional oxidation of the old SOA within this
short time span as heterogeneous OH uptake is much slower compared to SOA formation by
OH oxidation of gaseous precursors. Fortunately, the calculations are anyway not very sensitive
to the exact value assumed for VFRold.

Based on Eq. 3.6 the VFR of the newly condensed material after one hour of exposure to OH,
VFRnew, is calculated to be 0.47 and 0.21 for the low and high precursor experiment respec-
tively. The calculated VFRnew for all experiments is in a similar range from 0.09 to 0.49 (at
70◦C) indicating highly volatile material. These numbers are to be taken with a grain of salt
given that the simple volume mixing rule ignores e.g. the influence of absorptive partitioning
and kinetic effects on VFRmixed. Nevertheless, they confirm that the SOA mass added by OH
aging is distinctly more volatile than the SOA mass resulting from the ozonolysis. A pathway
of formation could be functionalization of volatile oxidation products reducing their volatility
by one to two orders of magnitude such that they can now partition into the aerosol. This also
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increases the O:C ratio relative to the pre-existing SOA. However, since the increase of κ in-
dicates the condensation of smaller compounds we conclude that most of the newly condensed
volatile fraction occurs from fragmentation reactions. The breaking of the skeleton leads to
radicals which react with molecular oxygen to form finally stable products. In this way small
highly oxidized molecules of low volatility may be formed. This would be in agreement with a
decrease of VFR and an increase in κ and O:C ratio.

In Figure 3.7 all experiments are summarized. Panels A and B group the experiments according
to the type of OH radical source (HONO photolysis and dark OH (TME)) while panels C and D
show the dependence of κ and VFR on the wall-loss corrected SOA mass. OH exposure is used
as a chemical clock to bring all experiments on a comparable time scale. Some experiments are
not shown in their full experimental length because this chemical OH clock is limited in time to
when the pinonaldehyde concentration was still above the limit of detection of the PTR-MS.

Overall, the time trends of κ and VFR (Fig. 3.7A,B) are similar for all experiments and to those
two experiments discussed above and shown in Fig. 3.6. The initial values of κ and VFR are
somewhat variable, depending on the preparation of the SOA by ozonolysis. The κ values start
at 0.07 - 0.12 and increase to 0.10 - 0.15 during the OH induced chemical aging with substantial
mass gain. During the second period (after about 8x106 cm−3 h) κ stays more or less constant.
A linear regression over the whole OH induced chemical aging period results in a mean straight
line of κ = 1.37 10−9 x + 0.105 (R2 = 0.46), where x is the OH exposure.

The VFR decreases during the OH induced chemical aging with substantial mass gain and in-
creases during the aging period without significant mass gain after about 8x106 cm−3 h OH
exposure. The high concentration dark OH (TME) experiment No. 11 is an exception - VFR
increases during both periods as it is the experiment with the highest organic aerosol mass.
Nevertheless the VFR of the newly condensing mass is still much lower than the VFRold as
calculated from Eq. 3.6. The type of OH source, dark OH (TME) and HONO photolysis does
not show differences in the particles’ hygroscopicity or volatility behavior. This also indicates
that high or low NOx conditions during HONO photolysis experiments have no clear influence
on κ and VFR (see Tab. 3.2).

In panel C and D (Fig. 3.7) the κ and VFR data of each experiment are colored by the SOA mass
concentration measured by the AMS. The volatility of the high mass experiments is generally
higher (lower VFR) than for the low AP experiments throughout the experiment. The spread of
VFR becomes narrower with time. At the end of the OH induced chemical aging period κ values
are lower for high AP experiments compared to the low concentration ones.

3.3.4 Correlation of κ and VFR

Here we present κ and VFR in direct relationship to each other. We do it separately for the differ-
ent periods as there can be a correlation or anti-correlation depending on the period. Figure 3.8A
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shows for all available ozonolysis experiments (14 in total) a good (R2 = 0.80) correlation of κ
and VFR. The observed scatter is attributed to different experimental conditions and periods.
The correlation is determined by the strong trends in κ and VFR during the O3 induced conden-
sation period.

The first hour of OH induced chemical aging is presented separately in Fig. 3.8B. In general
an anti-correlation of κ and VFR is observed for all experiments although the magnitude and
duration of this opposite trends for κ and VFR is varying.

In some dark OH (TME) experiments we turned the lights on (and off) in the smog chamber
to have an additional OH source. The idea was to check the influence on the aging process
and to study the possible effects on volatility and hygroscopicity due to that. The correlation

Figure 3.7: Volatility, expressed as VFR at 70◦C, and hygroscopicity parameter κ plotted against
the ”chemical clock” OH exposure shown for the reaction with OH part of the experiments
only. The color code in panel (A) and (B) represents the individual experiments; while the
symbols shape and filling indicate the experiment type and α-pinene (AP) input concentration,
respectively. The filled symbols represent the low AP (10 ppb) and open symbols the high AP
(40 ppb) precursor concentration experiments. Panel (C) and (D) show exactly the same data as
panels (A) and (B), now arranged in groups of experiment type and color coded by their wall-loss
corrected organic aerosol mass (note that the red color ranges from 120 to max. 255 µg m−3).
Exemplary error bars at the right end of each panel represent the precision of the measurements.
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Figure 3.8: Correlation of hygroscopicity parameter κ and VFR at 70◦C of α-pinene SOA for
several experiments and sections of experiments. Panel (A) shows the correlation for all avail-
able experiments during the ozonolysis part only. The positive correlation of κ and VFR can be
presented by a linear fit. Panel (B) shows the anti-correlation of κ and VFR during the first hour
after OH aging was started for dark OH (TME) experiments (diamonds) and HONO photolysis
experiments (triangles). The same correlation is presented in panel (C) for experiments No. 11 -
14 during the reaction with OH from TME in absence of light (open symbols), sometimes with
addition of lights (closed symbols). The data shown in panel (B) and (C) are color coded by
time after OH started.

of κ and VFR in Fig. 3.8C allows a closer look at the temporal evolution during OH induced
chemical aging and the effect of ”lights on” in four dark OH (TME) experiments (No. 11 - 14,
see Tab. 3.2). Generally, the dark OH exposure experiments show a positive correlation between
κ and VFR for about the first 10 hours. Afterwards only the VFR increases further. Only an
enhanced oxidation rate by turning on the lights producing more OH radicals increases VFR
and κ even more (up to κ = 0.2). It should be cautioned here that the opposing trends of VFR
and κ during the OH induced chemical aging with substantial mass gain period are buried in the
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scatter plot.

Maximum hygroscopicity and minimum volatility with addition of UV light

In one experiment we removed the UV-filters from the xenon lamps in the chamber. The com-
bination of OH production with TME and ozone photolysis with unfiltered UV light results in
a higher hygroscopicity (experiment No. 15, not shown in Fig. 3.8C). The highest hygroscop-
icity (κ = ∼0.21) and lowest volatility (highest VFR = ∼0.82 at 70◦C) of all experiments were
reached in this experiment after only 4 hours of OH aging (see Tab. 3.2). The experiment with
second highest κ and VFR after several hours of aging (κ = ∼0.17 and VFR = ∼0.80) was the
one with dark OH and normal lights on (No. 13). However, this was a long experiment with high
O3 concentration and we cannot decouple the effects. We conclude that both the additional OH
(e.g. TME + lights) and enough time are important for aging.

3.3.5 SOA aging - a closer look

In the following we present results from the second part of the experiments with the focus on
the sensitivity to OH exposure (lights on/off) and the dependence of κ and VFR on the particle
diameter. Figure 3.9 shows two different types of low concentration AP experiments: HONO
photolysis (green traces) and dark OH (TME) experiment (yellow traces) partly with additional
lights on (No. 5 and 14, see Tab. 3.2). The periods with lights on are indicated by arrows. In
experiment No. 5 (green) the lights were the only OH source, in experiment No. 14 the lights
were turned on and off in addition to the dark OH (TME) source. Organic aerosol mass, atomic
O:C ratio (panel A and D) from the AMS and VFR as well as κ (panel B and C) are plotted
against time after OH started. Dry diameters (D0) are presented in different symbols.

All TDMA data are size-specific and the size dependence of the measured hygroscopicity and
volatility has not been discussed so far. In experiment No. 14 the smaller particles tend to have
a higher κ and lower VFR (higher volatility); this is not observed in experiment No. 5. The
variation in κ between different D0 is typically less than ± 0.01 (i.e., within uncertainty), in
extreme cases up to 0.03, when comparing D0 = 50 nm and D0 = 150 nm. For all experiments,
several sets of D0 with overlapping repeats are selected in the TDMA to ensure sufficient signal
and consistent measurement.

Using the volatility data from the V-TDMA for experiment No. 14 from 6 - 9 h after the OH
exposure as input for an evaporation model (Riipinen et al., 2010) showed a positive size depen-
dence in the diameter range 100 - 150 nm - due to different evaporation kinetics of particles with
different diameters. For this calculation, we approximated the SOA with a single component
aerosol with saturation concentration of 1.2 µg m−3 and a mass accommodation coefficient of
unity, chosen to produce consistent results with the measured VFR at 100 nm. The SOA was as-
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Figure 3.9: Results from low concentration α-pinene experiments No. 5 (OH from HONO pho-
tolysis, green) and 14 (OH from TME, yellow) are plotted as time series of: (A) wall-loss
corrected organic aerosol mass (org. mass), (B) volatility as VFR at 70◦C, (C) hygroscopicity
parameter κ, and (D) O:C ratio. The lights were intermittently turned on and off during these
two experiments. The double arrows above the figure indicate the periods with lights on. The
symbols and colors in panel (B) and (C) indicate the dry diameter (D0) for the TDMA measure-
ment and show the size dependence of volatility and hygroscopicity. Exemplary error bars at the
right end of each panel represent the reproducibility of the measurements.

sumed otherwise to have similar properties as the theoretical AP SOA modeled in Riipinen et al.
(2010). Although this is a rough approximation, we believe it to be sufficient for this purpose
of simply demonstrating the size-dependence of the evaporation kinetics. The size dependence
predicted by the model is a bit stronger (VFR ranging from 0.71 to 0.83 with diameters ranging
from 100 to 150 nm) than the one observed in our measurements (VFR from 0.71 to 0.75). This
size dependence of the evaporation of the particles is similar to what would be expected based
on dynamic evaporation calculations. It is therefore possible that the observed size dependence
is rather due to kinetic effects than different chemical composition. However, the possibility of
size dependent changes in the chemical composition cannot be completely ruled out either based
on our data.

The two experiments No. 5 and 14 in Fig. 3.9 also illustrate well the interplay between the two
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periods of OH induced chemical aging on VFR. The start of OH induced chemical aging at time
zero resulted in an abrupt decrease in VFR (Fig. 3.9B) while SOA mass increased as already
discussed above. When OH production stopped (lights off in experiment No. 5) the VFR in-
creased without significant mass gain similar to the ripening until OH started again (lights on
in experiment No. 5). The VFR then stayed constant while again SOA mass slightly increased.
This is an indication that again more volatile compounds are condensing compensating the aging
effect by other processes. In case of the dark OH (TME) experiment (No. 14) turning lights on
enhances the OH level and more SOA mass is produced. VFR does not decrease as expected but
the increasing trend is stopped and VFR remains constant (best seen for small particles). This
may indicate again that this ripening-like process is compensated by the condensation of volatile
compounds. When lights are turned off after 4.6 h VFR starts to increase. Since further con-
densation is small now and SOA mass gain is not significant anymore, the non-condensational
chemical aging processes become dominant again. Another lights on period after 6.6 h does
somewhat slow down the increasing trend. This may be expected because at this time not much
additional condensation was observed.

The effects on κ are less pronounced. In general κ (Fig. 3.9C) increased with OH exposure
while without OH, when lights were off (experiment No. 5, 2 - 4 h) κ decreased significantly by
about 10%. The O:C ratio correlates well with κ and shows for the dark OH (TME) experiment
an almost constant and slow increase to values of 0.48 - 0.5 (Fig. 3.9D). The increasing trend
for the HONO photolysis experiment (from about 0.46 to 0.52) is less visible due to relatively
high noise caused by the small organic mass concentration in this experiment. The O:C ratio
seems to be less sensitive to the lights on/off effects compared to VFR and κ. This has partly to
do with the large noise of this parameter due to the low particle mass concentration in these low
AP experiments.

3.4 Summary and conclusions

After validation and characterization of a new V/H-TDMA we measured SOA during 15 differ-
ent aging experiments with 10 to 40 ppb α-pinene (AP) within the MUCHACHAS campaign in
the PSI smog chamber. The retrieved parameters VFR and κ for volatility and hygroscopicity are
sensitive indicators of changes in the SOA properties. We assume that the observed changes of
physical properties are caused by chemical changes as a result of condensation, heterogeneous
oxidation, condensed phase reactions and other processes. Two periods were discerned for each
reaction period (ozonolysis and OH exposure), as seen in Figs. 3.1 and 3.6. During ozonolysis
there is the O3 induced condensation period and after the AP had reacted the on-going chemical
and physical changes were called ripening. The OH induced chemical aging was divided into
two periods with and without substantial mass gain.

The first period (O3 induced condensation) forms most of the SOA mass. The exposure of the
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SOA and gas mixture resulting from ozonolysis to OH radicals produced up to 50% additional
SOA mass. The SOA added by OH exposure was highly volatile, more oxidized and of smaller
molecular mass than the SOA from ozonolysis. Based on a simple two-compound model we
estimate that this new SOA forming compounds have a VFR < 0.5 at 70◦C. The same volatility
behavior was also observed with a V-TDMA during MUCHACHAS experiments at the AIDA
(Karlsruhe) and the SAPHIR (Jülich) chamber (Salo et al., 2011). Once this condensation period
came to an end we still observed significant changes of the aerosol properties. The κ range agrees
well with the findings from other hygroscopicity studies for AP SOA (Petters and Kreidenweis,
2007; Duplissy et al., 2008).

Generally, VFR increased while κ and O:C ratio remained constant. This process appears to
be independent of exposure to OH. After the end of the ozonolysis period, when most AP had
reacted we also observed a steady evolution of the VFR and chemical changes in the AMS. We
call this unknown process ripening of the aerosol. We hypothesize that this process is caused by
relatively slow transformations of the condensed phase (this can include evaporation, oxidation,
condensation cycles) which do not influence the SOA mass concentrations but do influence
intensive physical and chemical properties (such as VFR, κ, O:C). We conclude that the organic
aerosol is continuously evolving once the SOA mass has been formed. Qi et al. (2010) also
observed a steady change of hygroscopicity, volatility and chemical signature in photooxidation
experiments of AP and xylene over many hours.

There were no significant differences found between dark OH (induced by tetramethylethylene,
TME) and light OH (induced by HONO) induced aging, and also high and low NOx conditions
had virtually no influence on the physical properties.

The combination of the physical properties volatility and hygroscopicity with chemical informa-
tion from AMS is a highly suitable approach to access the complex chemical processes during
formation and aging of SOA. However, there are many different processes intertwined in the
aging of SOA and difficult to separate. Thus more comprehensive studies are needed which are
designed such that these different processes can be better disentangled and quantified. Such stud-
ies should include sophisticated chemical analysis of specific compounds in the aerosol phase
combined with a quantification of the oligomer content.
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Abstract

A hygroscopicity tandem differential mobility analyzer (H-TDMA) was used to measure the
water uptake (hygroscopicity) of secondary organic aerosol (SOA) formed during the chemical
and photochemical oxidation of several organic precursors in a smog chamber. Electron ion-
ization mass spectra of the non-refractory submicron aerosol were simultaneously determined
with an aerosol mass spectrometer (AMS), and correlations between the two different signals
were investigated. SOA hygroscopicity was found to strongly correlate with the relative abun-
dance of the ion signal m/z 44 expressed as a fraction of total organic signal (f44). m/z 44 is due
mostly to the ion fragment CO+

2 for all types of SOA systems studied, and has been previously
shown to strongly correlate with organic O:C for ambient and chamber OA. The analysis was
also performed on ambient OA from two field experiments at the remote site Jungfraujoch, and
the megacity Mexico City, where similar results were found. A simple empirical linear relation
between the hygroscopicity of OA at subsaturated RH, as given by the hygroscopic growth fac-
tor (GF) or “κorg” parameter, and f44 was determined and is given by κorg = 2.2× f44 − 0.13.
This approximation can be further verified and refined as the database for AMS and H-TDMA
measurements is constantly being expanded around the world. The use of this approximation
could introduce an important simplification in the parameterization of hygroscopicity of OA in
atmospheric models, since f44 is correlated with the photochemical age of an air mass.

4.1 Introduction

The hygroscopic growth of atmospheric aerosol particles plays an important role in numerous
atmospheric processes such as climate forcing, visibility degradation, cloud formation and het-
erogeneous chemistry. Atmospheric aerosol components can be classified into inorganic and or-
ganic fractions. Organic material, habitually referred to as organic aerosol (OA), often represents
more than half of the mass for submicron particles (Jimenez et al., 2009). A substantial fraction
of that is secondary OA (SOA) which is formed from chemical reactions of gaseous compounds
(Zhang et al., 2007a). The hygroscopic properties of most inorganic salts present in atmospheric
aerosol are well known. In contrast, OA is composed of thousands of individual species (Gold-
stein and Galbally, 2007). Of these, the hygroscopic properties have been investigated only
for very few substances. Different approaches are used to determine the influence of OA on
the hygroscopic behavior of ambient aerosol under subsaturated relative humidity (RH) condi-
tions. Previous laboratory studies, investigating the hygroscopic properties of organic model
substances, have mostly focused on pure and mixed low molecular weight organic acids such
as carboxylic acids, dicarboxylic acids, and multifunctional organic acids or their salts (Peng
et al., 2001; Choi and Chan, 2002a), as well as on their mixtures with inorganic salts (Cruz
and Pandis, 2000; Choi and Chan, 2002b; Hameri et al., 2002). Theoretical models for the pre-
diction of the hygroscopic growth of mixed organic and mixed inorganic/organic aerosols were
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recently introduced by several investigators (Clegg et al., 2001; Topping et al., 2005b). Treating
individual compounds at the molecular level requires binary aqueous data for each compound
(Saxena and Hildemann, 1997). The problem of characterizing activity coefficients in multiple-
component organic solutions has been described previously and methods have been developed,
the most widely used being UNIversal Functional Activity Coefficient (UNIFAC) (Fredenslund
et al., 1975). Though UNIFAC has been noted to have various shortcomings (e.g. Choi and
Chan 2002a; Cruz and Pandis 2000), numerous attempts to improve its predictive capability for
components of atmospheric importance have been made. The difficulty in using these models to
predict the hygroscopicity of a mixed organic aerosol (such as ambient organic aerosol) is that
detailed input is required (e.g. the abundance of functional groups and the molecular weight of
the organic components). Data of this kind are typically not available, nor is this information
predicted by large scale atmospheric models.

The hygroscopic properties of SOA obtained by oxidation of anthropogenic and biogenic volatile
organic precursors like aromatics or terpenes in smog chambers have also been investigated
(Virkkula et al., 1999; Hegg et al., 2001; Shantz et al., 2003; Varutbangkul et al., 2006; Duplissy
et al., 2008). Varutbangkul et al. (2006) showed that the SOA hygroscopicity is inversely pro-
portional to the precursor molecular weight and SOA yield. Duplissy et al. (2008) showed that at
higher precursor mixing ratios, which results in higher SOA concentrations, the hygroscopicity
of the SOA is lower. They proposed that at higher concentration more volatile (and less oxi-
dized) products partition into the particle phase, leading to a decrease of the hygroscopicity of
the particle. In field studies, Gysel et al. (2007) and Sjogren et al. (2008) estimated the average
hygroscopicity of bulk OA from ambient aerosol hygroscopicity. Cubison et al. (2006) reported,
but did not quantify, an increase of the hygroscopicity of ambient aerosol when the OA became
more oxidized.

Jimenez et al. (2009) have recently published a relationship between OA chemical composition
and hygroscopicity. Here, this relationship as well as the underlying experiments are described
in more detail and are complemented by further experiments. We measured the water uptake of
aerosol particles at subsaturated RH with a hygroscopicity tandem differential mobility analyzer
(H-TDMA) (Liu et al., 1978). Parallel measurements of the time and mass-weighted chemi-
cal composition of non-refractory submicron aerosol (including sulfate, nitrate, ammonium and
OA) were performed with an aerosol mass spectrometer (AMS). The hygroscopic growth of OA
was either directly determined for pure OA or, for mixtures of organic and inorganic aerosol, de-
duced from the hygroscopic growth measurements with the Zdanovskii-Stokes-Robinson (ZSR)
relation (Stokes and Robinson, 1966) using the chemical composition obtained from the AMS
(Gysel et al., 2007).
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4.2 Experimental

4.2.1 Smog chamber experiments

The experiments were performed in the PSI smog chamber (Paulsen et al., 2005). The PSI
smog chamber is a 27-m3 transparent Teflon© (FEP) bag suspended in a temperature-controlled
housing. The radiation was generated by four xenon arc lamps (4 kW each) selected to simu-
late the solar light spectrum and natural photochemistry. Before introduction of the precursors
the chamber was humidified to 50% relative humidity. SOA was produced from three different
precursors: 1,3,5-trimethylbenzene (TMB), α-pinene and isoprene. The precursor concentra-
tions were measured with a proton-transfer-reaction mass spectrometer. Two different sets of
experiments were performed; (1) traditional photo-oxidation experiments and (2) ozonolysis of
α-pinene followed by oxidative aging of the reaction mixture with OH radicals. The experimen-
tal conditions are summarized in Tab. 4.1.

Table 4.1: Experimental conditions for SOA formed in the smog chamber.

Experiment Precursor [ppb] NO NO2 O3 Remarks
[ppb] [ppb] [ppb]

1 TMB 150 – 75 traditional photo-oxidation
2 TMB 86 – 43 traditional photo-oxidation
3 α-pinene 180 48 60 traditional photo-oxidation
4 α-pinene 124 31 41 traditional photo-oxidation
5* α-pinene 10 – 5 traditional photo-oxidation
6 isoprene 1200 300 300 traditional photo-oxidation
71 α-pinene 10 200–500 ozonolysis
82 α-pinene 40 110–500 ozonolysis
93 α-pinene 10 – – OH exposure of mixture exp 7
104 α-pinene 40 – – OH exposure of mixture exp 8

∗ Experiment 5 is a combination of two similar experiments where the AMS and H-TDMA were not measuring simultaneously.
1 six similar ozonolysis experiments
2 three similar ozonolysis experiments
3 five similar experiments with OH+light or dark OH
4 three similar experiments with OH+light or dark OH

1. In the traditional photo-oxidation experiments an organic precursor and nitrogen oxides
(ratio of 2 to 1) were introduced into the chamber and allowed to mix for approximately
30 min before the lights were turned on. The reaction of OH with TMB leads to formation
of RO2 radicals, which rapidly convert NO to NO2. Ozone is formed from the photolysis
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of NO2, and its concentration increases rapidly after NO concentration has dropped. In
the case of α-pinene and isoprene the reaction of ozone also plays a role once the ozone
concentration becomes high enough. In all these experiments the organic precursor did not
react completely away. Thus, besides oxidative aging of SOA first-generation oxidation
products of the precursor were always condensing on the SOA.

2. In the ozonolysis and aging experiments ozone (200–500 ppb) was first added to the hu-
midified chamber. Then α-pinene at a concentration of 10 or 40 ppb was introduced. After
all α-pinene had reacted away by ozone, the reaction mixture was further oxidized by OH
radicals in two different ways, called dark OH or OH+light. For the dark OH, ozone was
added to obtain about 500–700 ppb in the chamber. Then tetramethylethylene was con-
tinuously flushed into the chamber where it reacted with ozone and produced OH radicals
in high yields. For the OH+light, HONO was flushed into the chamber until it reached
approximately 10 ppb. Then lights were turned on and photolysis of HONO produced OH
radicals. HONO was continuously replenished to provide a semi-constant OH source.

4.2.2 Field measurements

Field measurements were performed at the high-alpine site Jungfraujoch, Switzerland and in
Mexico City.

The Jungfraujoch is a European high-alpine background site located on an exposed mountain
ridge in the Bernese Alps, Switzerland, at 3580 m altitude (46.33◦ N, 7.59◦ E). Within the World
Meteorological Organization (WMO) Global Atmosphere Watch (GAW) program continuous
measurements of aerosol parameters have been performed at the JFJ site since 1995 (Col-
laud Coen et al., 2007). The station is surrounded by glaciers and rocks, and no local vegetation
is present. An Aerodyne quadrupole AMS and an H-TDMA were deployed at the Jungfrau-
joch research station. Hygroscopicity measurements have been performed during the Cloud and
Aerosol Characterization Experiment (CLACE3) (Sjogren et al., 2008).

The measurements in Mexico City were part of the Megacity Initiative: Local and Global Re-
search Observations (MILAGRO) and took place in and around Mexico City during March 2006.
The MILAGRO campaign was designed to study the chemical characterization and transforma-
tion of pollutants from the Mexico City urban area to regional and global scales. A high resolu-
tion time-of-flight aerosol mass spectrometer (HR-ToF-AMS) and an H-TDMA were deployed
on an aircraft platform onboard the National Science Foundation/National Center for Atmo-
spheric Research (NSF/NCAR) C-130 aircraft. Details on the deployment and results for the
campaign are found in DeCarlo et al. (2008, 2010).
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4.2.3 H-TDMA

The hygroscopic properties of the various aerosol types were measured with a H-TDMA. Briefly,
a H-TDMA functions as follows: a differential mobility analyzer selects a monodisperse aerosol
size cut with mobility diameter, D0, under dry conditions. The aerosol then passes through a
humidifier with a controlled higher RH, and the size distribution over mobility diameter D(RH)
is measured with a second DMA coupled to a condensation particle counter (CPC). The hygro-
scopic growth factor (GF(RH)) indicates the relative increase in mobility diameter of particles
due to water absorption at certain RH, and is defined as:

GF (RH) =
D(RH)

D0

(4.1)

In this study three different custom built H-TDMAs were used. Specific details of H-TDMA1,
H-TDMA2 and H-TDMA3 can be found in Duplissy et al. (2008, 2009), Gasparini et al. (2004)
and Sjogren et al. (2008) respectively. The residence times of the aerosol in the humidifier, the
chosen RH and the operating temperature were (15 s, 95%, 20 ◦C), (10 s, 85%, 40 ◦C) and (20 s,
85%, 25 ◦C), respectively.

4.2.4 Aerosol mass spectrometer

An Aerodyne quadrupole AMS was used during type 1 chamber studies and at the Jungfraujoch
to provide on-line, quantitative measurements of the size distributed non-refractory chemical
composition of the submicron aerosol at a high temporal resolution. An HR-ToF-AMS (DeCarlo
et al., 2006) was deployed on the NCAR C-130 aircraft and type 2 chamber studies. More
detailed descriptions of the AMS measurement principles and various calibrations (Canagaratna
et al., 2007), its modes of operation (DeCarlo et al., 2006) and data processing and analysis are
available elsewhere. The AMS provides the concentrations of inorganic ions, i.e. sulfate, nitrate,
ammonium, and fragment ions associated with OA. In addition, the OA mass spectra provide
further information on the aerosol. Several mass-to-charge ratios, specifically, m/z 44, m/z 57,
and m/z 60 have been proposed as markers for oxygenated species, hydrocarbon-like (mostly
urban combustion), and wood burning OA, respectively (Canagaratna et al., 2007; Alfarra et al.,
2007). For the correlation analysis with particle hygroscopicity we use in the following the ratio
of specific AMS OA mass fragments to total OA mass (fx, with x being any integer m/z). As an
example, for m/z 44 this abundance is defined as

f44 =
m/z44

Total organic mass
(4.2)
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4.3 Theory and data analysis

4.3.1 The growth factor GF

As shown in Eq. 4.1, the GF is associated with a certain RH. The water activity, aw, of a solution
is defined as the equilibrium RH over a flat surface of this solution (i.e., in the absence of the
Kelvin effect). The Köhler equation, RH = awSk, describes the equilibrium RH for a solution
droplet, where Sk is the Kelvin factor defined as follows:

Sk = exp

(
4Mwσsol

RTρwDp

)
(4.3)

where Mw is the molar mass of water, ρw is the density of water, σsol is the surface tension of
the solution, R is the ideal gas constant, T is the temperature and Dp is the wet diameter. In this
study we used the surface tension of water for σsol. To compare GF values measured at different
aw, we used the semi-empirical model described in Petters and Kreidenweis (2007), where GF
and aw of a particle are related as follows:

GF (aw) =

(
1 + κ

aw

1 − aw

)1/3

(4.4)

where the hygroscopicity parameter κ captures all solute properties (such as the number of
dissociated ions per molecule and the molal osmotic coefficient). Fig. 4.1 shows the influence of
κ on the relationship between the growth factor (GF) and the water activity (aw). More details
about the theoretical background of the functionality of Eq. 4.4 are given in Kreidenweis et al.
(2005) and Petters and Kreidenweis (2007).

4.3.2 Retrieval of organic GF (GForg) from an internally and externally
mixed aerosol

The hygroscopic growth factor of OA was directly measured in the pure SOA smog chamber
experiments. However, the hygroscopicity of the organic fraction in ambient aerosol has to be
deduced from the GF of the mixture (GFmixed). The GFmixed can be estimated from the growth
factors of the individual components of the aerosol and their respective volume fractions, ε, with
the ZSR relation (Meyer et al., 2009):

GFmixed =

(∑
i

εiGF
3
i

)1/3

(4.5)

with the summation performed over all compounds present in the particles. Solute-solute inter-
actions are neglected in this model and volume additivity is also assumed. The concentrations
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Figure 4.1: Influence of the hygroscopicity parameter κ on the relationship between the hygro-
scopic growth factor (GF) and the water activity (aw).

of ammonium (NH+
4 ), sulfate (SO2−

4 ), nitrate (NO−
3 ), and OA during these two field campaigns

were obtained from the AMS measurements. In both campaigns, the aerosol was mostly neu-
tralized with ammonium (DeCarlo et al., 2008; Cozic et al., 2008). The pairing of the inorganic
ions, which is required for the ZSR relation, is unambiguous for aerosols neutralized by a single
cation. However, occasionally the measured ammonium concentration was insufficient to fully
neutralize the sulfate, thus indicating an acidic aerosol. In such cases the ion-pairing becomes
ambiguous and therefore an adequate ion-pairing scheme must be applied. We excluded such
periods and used the simplified ion-pairing scheme presented by Gysel et al. (2007), which has
a direct analytical solution and deviations of corresponding ZSR predictions from full thermo-
dynamic models are minor for the relevant inorganic mixtures. Bulk growth factors of pure
inorganic salts were obtained from the Aerosol Diameter Dependent Equilibrium Model (AD-
DEM; (Topping et al., 2005a); Tab. 4.2). Densities used to convert mass fractions measured
by the AMS into volume fractions required for the ZSR relation (Eq. 4.5) are also provided in
Tab. 4.2. The growth factor of OA, the only unknown variable of Eq. 4.5, can then be calculated
from the AMS (providing ε) and H-TDMA (providing GFmixed) data.

When several growth factors were measured simultaneously (which occurred in Mexico data)
due to external mixture of the aerosol, an average GF was then calculated using the following
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Table 4.2: GF and density used in the ZSR calculation. Bulk properties; (Topping et al., 2005a).

Substance GF at Densities
aw = 0.85 [kg m−3]

(NH4)2SO4 1.56 1769
NH4HSO4 1.62 1720
NH4NO3 1.59 1780
H2SO4 1.88 1830
Organic – 1270a

a The density of organic was chosen to represent oxidized organics in aged atmospheric aerosol (Cross et al., 2007).

equation:

GF =

(∑
i

niGF
3
i

)1/3

(4.6)

where ni is the number fraction of particles having the growth factor GFi. An important source
of uncertainty for the retrieved GForg is the organic density used. For ambient organic aerosol
the densities reported in literature vary from 1200 to 1700 kg m−3 (Hallquist et al., 2009). An-
other source of uncertainty for the retrieved GForg comes from the OA volume fraction (εorg). As
shown in Fig. 4.2, the GForg uncertainty increases strongly as εorg decreases, since it is increas-
ingly being determined as the difference of two large numbers in Eq. 4.5. The GForg uncertainty
also increases as the OA hygroscopicity decreases, since the size of the εorg GF3

org term in Eq. 4.5
is becoming smaller relative to the inorganic and total terms. Therefore, to keep the uncertainty
lower, we restricted our data to εorg higher than 80% in the case of non hygroscopic organic
(GForg (85%) = 1) and 25% for very hygroscopic organic (GForg(85%) = 1.3). To keep a low εorg

uncertainty, AMS data with a mass loading of OA less than 2 µg m−3 were excluded. The non-
refractory materials (like black carbon and mineral dust) which are not measured by the AMS
add additional uncertainty to the field data. These materials are typically non-hygroscopic and
therefore the derived GForg can be underestimated. From GForg, the hygroscopicity parameter
for OA, κorg was determined using Eq. 4.4.

4.3.3 Statistical method for correlation analysis of the smog chamber data

The forward screening method is used to evaluate the correlation of AMS data with κ for the
smog chamber data.

A thorough description of this method is given in Wilks (2006). Briefly, in a first step, the linear
correlation coefficient of κwith each fx is calculated and the fx yielding the highest value is kept
for the next step. In the second step, a tri-linear regression analysis with κ and the fx selected
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Figure 4.2: Uncertainty of the retrieved GForg due to AMS uncertainties. Errors calculated
with εorg ± 5% (εorg − 5% for dashed line and εorg + 5% for the filled lines) and an inorganic
GF = 1.56, assuming 3 different GForg: 1, 1.15 and 1.3. With a higher GForg or with a higher εorg,
the uncertainty of the calculated GForg decreases. For example, for a non hygroscopic organic
(GForg = 1), the retrieved GForg is 1± 0.06 at εorg = 0.8 and 1± 0.14 at εorg = 0.4, whereas for a
hygroscopic organic (GForg = 1.3) the retrieved GForg is 1.3± 0.02 at εorg = 0.8 and 1.3± 0.04 at
εorg = 0.4.

from the first step and with each remaining fx is performed (i.e. κ = a× f1st step + b× fx + c).
The fx yielding the best prediction of κ is then kept with the previous one for the next step. The
method is stopped when there is no more significant improvement of R2 (∆R2 < 0.05) when
adding another fx.

4.4 Results and discussion

4.4.1 Smog chamber data

In the smog chamber experiments, the SOA GF was measured with H-TDMA1. The dry di-
ameter was adjusted according to the number mode of the aerosol during its growth. Fig. 4.3
shows the typical time trends during a photo-oxidation experiment with TMB (experiment 1 in
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Figure 4.3: Temporal evolution of the GF at aw = 0.95 and the corresponding κorg value (closed
symbol) and f44 (open symbol) for SOA formed from 150 ppb TMB and 75 ppb NO2 (Experi-
ment 1 from Tab. 4.1). Each data point represents a 30-minute average.

Tab. 4.1). Both the hygroscopicity of the SOA (expressed as κorg and GF (aw = 0.95)) and f44

increase during the course of the experiment, i.e. with increasing integrated oxidant exposure.
A similar trend of κorg and f44 was measured for SOA formed from α-pinene (see figure 1 in
Duplissy et al. (2008)) as well as from isoprene.

For each chamber experiment f44 showed the highest linear correlation of any fx with κorg,

(with R2 > 0.92 and significance α = 0 excluding experiment 5 where κorg and f44 were not
measured simultaneously, see Tab. 4.1). By comparison, no other fx was found to correlate with
κorg with R2 > 0.64. Fig. 4.4 shows the correlation coefficient of the estimated κorg versus the
different fx for the three different precursors. Both correlation (R > 0) and anti-correlation
(R < 0) are observed. Specific fx (like for example f55) can either correlate or anti-correlate
with κorg depending on the precursor. In addition, the R between κ and each fx for all smog
chamber data (all precursors together) with significance lower than 0.05 is shown in Fig. 4.5.
With all experiments combined together, a correlation analysis of the calculated κorg and fx has
been performed using the screening regression method and using f30, f44 and f46 (as suggested
by Fig. 4.5) as three different initial first steps. In doing so, these three analyses suggest that
f30, f44, f46 and f55 are the four parameters which should be used to make a multiple linear
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regression with κorg (see Fig. 4.6). It should be noted that m/z 30 and 46 for laboratory data are
assumed to be due to OA, even if the signals arise also from NO+ and NO+

2 . This assumption is
not valid for ambient data where m/z 30 and 46 are typically dominated by inorganic ammonium
nitrate (Zhang et al., 2007b), and as such these signals are not dominated by variations in the
composition of the OA.

Figure 4.4: Correlation analysis of the estimated κorg with fx (for m/z 30 to m/z 100) for the
photooxidation experiments with different precursors. Black bars indicate that the m/z had a
similar sign for R for all precursors studied here. In contrast grey bars indicate that for one
precursor R has a different sign compared to the other precursor for a same fragment.

From a chemical point of view f43 (f43 > 15%) could also have a correlation with GF from
SOA generated in smog chambers and could also be considered as an additional parameter to
improve the correlation. However, as shown in Fig. 4.4, f43 and GF can be either correlated or
anti-correlated depending of the precursor. For the full data set, adding f43 to f44 improves the
correlation with κorg (R2 increases from 0.8 to 0.9). However, ambient aerosol contains not only
SOA but also a substantial contribution from primary OA (POA), and both m/z 43 and m/z 55 are
prominent in reduced POA mass spectra (typically from the ions C3H+

7 and C4H+
7 , respectively)

(Lanz et al., 2007; Canagaratna et al., 2004; Zhang et al., 2005), besides being components
of the SOA mass spectra (typically the ions C2H3O+ and C3H3O+, respectively) (Alfarra et al.,
2006). Due to the different sources of m/z 43 and m/z 55, and the differing hygroscopic properties
of OA associated with these sources, ambient datasets are less suitable than chamber data for
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fitting κorg with these m/z. m/z 44 is mainly associated with the CO+
2 ion fragment, and data

from the HR-ToF-AMS indicate that there is only a minor contribution from C2H4O+ in SOA
as well as in ambient air (Mohr et al., 2009). Therefore, due to these interferences on ambient
OA measurements, only f44 can be used here in both lab and field data as a proxy for κorg.

Figure 4.5: Correlation coefficient between κorg and each fx for the complete smog chamber
data set. Black bars indicate that the m/z had a similar sign for R for all precursors studied here.
In contrast grey bars indicate that for one precursor R has a different sign compared to the other
precursor for the same fragment. Data with a significance α > 0.05 are not shown.

Figure 4.6: Result from the screening multiple linear regression of all smog chamber data sets,
with f44 as the first input variable. Choosing f30 or f46 or f55 as first input variable for the
screening regression results in the same four fx being selected by the procedure (not shown).

The correlation between κorg and f44 is shown in Fig. 4.7 and is also found in field experiments
(see below). It is likely explained by the fact that m/z 44 is a major fragment of highly oxidized
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Figure 4.7: Relationship between f44 and κorg for field data (Jungfraujoch and Mexico City),
smog chamber data (SOA formed from traditional photooxidation of isoprene, α-pinene and
1,3,5-trimethylbenzene, from the ozonolysis of α-pinene and subsequent OH exposure. Data of
(Raatikainen et al., 2010) are also shown. Linear regression fits are shown for TMB (LTMB),
isoprene/α-pinene (Lpinene) and field data (Lfield).

organic species such as organic di-acids, poly-acids, oxo-acids, hydroxy-acids, and acyl perox-
ides (Aiken et al., 2007, 2008), and is also highly correlated with the bulk atomic O:C ratio of
the OA (Aiken et al., 2007, 2008), which is given as a secondary x-axis in Fig. 4.7. These func-
tional groups are expected to have a rather high hygroscopicity. Plotting f44 versus κorg the data
lies on the same line for α-pinene and isoprene SOA, while data from TMB SOA are shifted to
higher κorg for the same f44 (Fig. 4.7). This result may be due to the fact that in SOA from TMB
photooxidation, the acids present in the aerosol are mainly mono-acids (> 90%), while the acids
found in the SOA from α-pinene or isoprene photooxidation are approximately half mono- and
half di-acids (Gäggeler, 2008). Alfarra (2004) using pure standards showed that the signal re-
sponse of m/z 44 per organic acid group is lower for mono-acids than for diacids (Fig. 4.8). This
is consistent with the offset observed here in Fig. 4.7 between TMB and biogenic precursors.
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Figure 4.8: The fractional contribution of m/z 44 (f44) for mono- and di-carboxylic acids versus
the ratio of the mass of carboxylic acid groups to the molecular mass of the individual acids.
This figure normalizes the mass of the acid groups to the molecular weight and compares it to
f44 in the mass spectrum for each acid. It shows a tendency for di-acids to produce more m/z 44
per COOH group than mono-acids.

4.4.2 Ambient data

The aerosol at the Jungfraujoch shows an annual cycle with highest mass concentrations in
July to August and minimum concentrations in January to February. The OA fraction is higher
during the summer season (e.g. Cozic et al. 2008). Periods with OA concentrations higher than
2 µg m−3 and a volume fraction of OA higher than 80% were only found during the summer
CLACE3 campaign, and therefore only data from this period are shown. The restriction of the
data set to these mass loadings and volume fractions is based on the uncertainties to calculate
GForg as described above. 3-h averages were calculated as a trade-off between counting statistics
and time resolution. H-TDMA2 measured the hygroscopic properties of particles with D0 =

100 nm. The AMS composition data were integrated over a narrow size range from 88–196 nm
vacuum aerodynamic diameter, which corresponds to a volume-equivalent diameter of 100 nm
(56–125 nm) as described in Sjogren et al. (2008) and using the framework detailed in DeCarlo
et al. (2004).

A large fraction of the OA in Mexico City is oxidized, with an oxygen-to-carbon atomic ra-
tio (O:C) that increases with distance from the city approaching a ratio of 0.9 away from the
basin indicating photochemical aging of OA (DeCarlo et al., 2008; Aiken et al., 2008). The
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NCAR-NSF C-130 performed 12 research flights (RFs) during the MILAGRO campaign. Mea-
surements in the aircraft constrain the black carbon (BC) and dust fractions to be small, of the
order of a few percent of the total submicron mass (DeCarlo et al., 2008). Data reported here
are from RFs 3 and 12 (10 and 29 March 2006, respectively) and both had city and regional
components in their flight tracks (DeCarlo et al., 2008, 2010). The OA contained important
influences from urban POA, anthropogenic SOA, and biomass burning POA and SOA (DeCarlo
et al., 2010). The aerosol mass distribution was dominated by larger particles (Dva > 200 nm).
Therefore, all AMS data were integrated (no size distinction) and GFs only from larger parti-
cles (Dm = 200 nm and 300 nm) measured by H-TDMA3 were analyzed assuming the same
bulk chemical composition. A limitation of aircraft measurements is that air masses can change
rapidly, often within an H-TDMA measurement cycle. Therefore care was taken to include only
data where the aerosol mass and composition were stable during an H-TDMA3 scan. This was
determined using the AMS data (12 second resolution), and data with a variation of either the
f44 or the organic to inorganic ratio higher than 10% during the hygroscopicity measurement
were excluded.

For each period with a valid calculation of GForg and corresponding κorg, f44 was extracted
from the AMS measurements. Ambient data are also presented in Fig. 4.7. It is obvious from
this figure that κorg and f44 show a strong and consistent dependence and that κorg may be
approximated from f44 according to the equation

κorg = a × f44 + b (4.7)

The parameters a, b are given in Tab. 4.3 for this relationship for TMB, α-pinene and isoprene as
well as the ambient data separately. Smog chamber data from both biogenic precursors and field
data at both locations show a consistent relationship between f44 and κorg within the uncertain-
ties. The slope for TMB is similar to the other results but there is an offset as explained above.
Recently Raatikainen et al. (2010) reported growth factors of 1.0 and 1.29 at 88% RH for 50-nm
particles (corresponding to κorg of 0 and 0.2, respectively) at f44 of 0.04 and 0.17 respectively.
Both values are in good agreement with our data and also support our observation that OA with
f44 < 0.06 seems to be effectively non-hygroscopic.

Table 4.3: Correlation parameters of Eq. 4.7 for the different aerosols.

Variable a b

TMB 1.86 ± 0.02 −0.045 ± 0.01

α-pinene, isoprene 2.02 ± 0.04 −0.118 ± 0.005

Jungfraujoch/Mexico 2.2 ± 0.4 −0.13 ± 0.05

In this study we investigate the relationship between the oxidation level of the SOA and its
hygroscopic growth factor at subsaturated RH. Chang et al. (2010) reported a similar relationship
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for κorg (κorg = (0.29 ± 0.05)× (O:C)) derived from ambient cloud condensation nuclei (CCN)
measurements at supersaturated RH. This slope differs from our results, which can likely be
attributed to decreased importance of non-ideal interactions in dilute solutions at the point of
CCN activation (Petters et al., 2009b). Several laboratory studies reported differences between
H-TDMA- and CCNC-derived κorg of SOA (e.g. Prenni et al. 2007; Wex et al. 2009; Jurányi et al.
2009; Good et al. 2010b). Massoli et al. (2010) showed for different proxies of anthropogenic
and biogenic SOA that the relationship between O:C ratio and CCN-derived kappa value is non-
linear.

4.5 Conclusions

A simplifying approximation, such as the one proposed here, could introduce an important im-
provement in the parameterization of hygroscopicity in atmospheric models, since f44 is sig-
nificantly correlated with the photochemical age of the air mass (DeCarlo et al., 2008; Aiken
et al., 2008) and the database for such AMS measurements is constantly being expanded around
the world (Jimenez et al., 2009). We recommend testing the general applicability of Eq. 4.7
with more ambient and chamber measurements, including a variety of different POA sources
(e.g. diesel exhaust and biomass burning OA, fresh and aged), and in both the sub- and super-
saturated regimes. The ability of the HR-ToF-AMS to distinguish individual ions at the same
nominal m/z could potentially eliminate some of the interferences mentioned above for other
nominal m/z and yield other ions that can be used to improve the κorg calculation. If generally
applicable, this relationship would substantially improve our ability to describe the evolution of
hygroscopicity at subsaturated RH in a variety of atmospheric models.
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Authors: Torsten Tritscher1, Zsófia Jurányi1, Maria Martin2, Roberto Chirico1,3, Martin Gysel1,
Maarten F. Heringa1, Peter F. DeCarlo1,4, Berko Sierau2, André S. H. Prévôt1, Ernest
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Abstract

Soot particles are an important component of atmospheric aerosol and their interaction with wa-
ter is important for their climate effects. The hygroscopicity of fresh and photochemically aged
soot and secondary organic aerosol (SOA) from diesel passenger cars emissions was studied un-
der atmospherically relevant conditions in a smog chamber at sub- and supersaturation of water
vapor. Fresh soot particles show no significant hygroscopic growth nor cloud condensation nu-
cleus (CCN) activity. Aging by condensation of SOA formed by photooxidation of the volatile
organic carbon (VOC) emission leads to increased water uptake and CCN activity as well as to a
compaction of the initially non-spherical soot particles when exposed to high relative humidity
(RH). It is important to consider the latter effect for the interpretation of mobility based mea-
surements. The vehicle with oxidation catalyst (EURO3) emits much less VOCs than the vehicle
without aftertreatment (EURO2). Consequently, more SOA is formed for the latter, resulting in
more pronounced effects on particle hygroscopicity and CCN activity. Nevertheless, the aged
soot particles did not reach the hygroscopicity of pure SOA particles formed from diesel VOC
emissions, which are similarly hygroscopic (0.06<κH−TDMA < 0.12 and 0.09<κCCN < 0.14)
as SOA from other precursor gases investigated in previous studies.

5.1 Introduction

Soot particles are major constituents of atmospheric aerosol especially in densely populated
regions as they are emitted by combustion processes. Incomplete combustion results mainly
in emissions of black carbon (BC), primary organic aerosols (POA) and volatile organic com-
pounds (VOC) in the gas phase. Diesel soot particles are a complex mixture of solid BC (also
termed elemental carbon when thermally measured), organic matter (OM), sulfate, ash and other
components (Kittelson 1998). We use the term soot in this study for the particles emitted by
diesel vehicles, which include both BC and POA. In the atmosphere, VOCs can form secondary
organic aerosol (SOA) during oxidative aging e.g. under the influence of light as it was shown
for diesel emissions (Leskinen et al., 2007; Robinson et al., 2007; Chirico et al., 2010). Aerosols
and among them especially BC are known for their potential to cause adverse health effects in-
cluding acute, chronic and carcinogenic exposure-related health effects (Koelmans et al., 2006;
Pope and Dockery, 2006). Some studies, e.g. Kim et al. (2004) found evidence of respiratory
symptoms associated with traffic-related pollution. Laden et al. (2000) associated a higher mor-
tality with fine particles from mobile and coal combustion sources than with other aerosol types.

Atmospheric aerosols also have an influence on the global climate via the direct aerosol effect
(by scattering and absorption of visible light) and via the indirect aerosol effect (by changing
cloud properties and characteristics, (Lohmann and Feichter, 2005)). Their contribution to the
total radiative forcing is still poorly quantified (IPCC, 2007). The hygroscopicity, i.e. the par-
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ticles’ ability to take up water, and their ability to form cloud droplets are central parameters
for the quantification of these effects. BC is a highly light absorbing species and has predomi-
nately a warming effect, its quantity depending on the mixing state with light scattering material
(Jacobson, 2001; Chung and Seinfeld, 2002). BC represents (after CO2) one of the strongest
contributions to the current global warming with important consequences for the hydrological
cycle, too (Ramanathan and Carmichael, 2008). Regionally, impacts of BC can be even larger
than those of anthropogenic CO2. Under ambient conditions, BC, which is in its pure form not
hygroscopic, becomes hygroscopic during aging by e.g. condensation of hygroscopic sulfates or
organics (Chung and Seinfeld, 2002; Wang et al., 2010).

The water uptake of soot particles has been investigated in a variety of laboratory and field stud-
ies (e.g. Weingartner et al., 1995, 1997; Baltensperger et al., 2002; Gysel et al., 2003; Hitzen-
berger et al., 2003; Popovicheva et al., 2008b; Koehler et al., 2009; Stratmann et al., 2010; Rose
et al., 2011). The effect of sulfuric acid and organic coatings has been studied e.g. by Saathoff
et al. (2003); Zhang et al. (2008); Xue et al. (2009) as a proxy for atmospheric aging. Fractal
soot aggregates may collapse under the influence of water and form less fractal, more compact
particles, which is referred to as restructuring. Increased restructuring at higher RH was reported
for soot particles from a spark-ignition power generator at high relative humidity (RH = 90 to
95%) (Weingartner et al., 1995). Restructuring mechanisms might be capillary condensation,
filling of cavities with water or other processes leading to a compaction. Zhang et al. (2008) also
found indications for restructuring at elevated RH for H2SO4-coated flame soot, and Gysel et al.
(2003) saw evidence that jet engine combustor soot shows some restructuring if enough sulfate
is available. Some studies (Weingartner et al., 1997; Popovicheva et al., 2008a; Koehler et al.,
2009) showed restructuring depending on the soot type. However, if restructuring takes place, it
is assumed to be an irreversible mechanism that increases the fractal dimension.

Restructuring changes the mechanical mobility of particles and thus influences all mobility based
ambient and laboratory measurements. This needs to be taken into account when interpreting
hygroscopicity measurements of atmospheric aerosols near sources such as those reported in
e.g. Meier et al. (2009) and Rose et al. (2011). Restructuring of soot at high RH might have also
a direct atmospheric implication by reducing the light absorption as shown by Lewis (2006).

Here we present a comprehensive study on water uptake, cloud condensation nucleus (CCN)
activity and deduced properties of soot nanoparticles from commonly used diesel vehicles. The
experiments include freshly emitted diesel soot and a simulation of photochemical aging pro-
cesses by condensation of SOA formed from the diesel engine’s own VOC emissions under
atmospherically relevant conditions. The photochemical aging processes include among others
SOA condensation, oxidation in the gas and particle phase, transformation processes or struc-
tural changes which will alter the aerosol properties. The broad aim of this study is to contribute
to the understanding of the hygroscopic properties of fresh and aged diesel emissions. Two re-
lated studies report additional information on the diesel emission chemical composition and sin-
gle particle morphology of the diesel emissions observed during the same experiments (Chirico
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et al., 2010; Zelenay et al., 2011).

5.2 Methods

5.2.1 Smog chamber setup

Aging experiments of diesel soot were conducted in the smog chamber at the Paul Scherrer In-
stitute (PSI). The 27-m3 smog chamber with xenon lamps for simulation of sunlight induced
photochemical aging is described elsewhere (Paulsen et al., 2005). We performed experiments
with exhaust from two commonly used diesel vehicles: a EURO3 Opel Astra 2.0 DTI from
February 2002 with a diesel oxidation catalyst (DOC) but no particle filter and a EURO2 Volk-
swagen Transporter TDI Syncro from December 2000 with no emission aftertreatment.

The gaseous and particulate emissions from the tailpipe of the vehicle were injected via a heated
(150◦C) inlet system including a heated ejector dilution unit (first dilution step, dilution ratio
∼ 1:7) into the chamber, see Tab. 5.1 for an overview of the experiments. The final dilution
factor in the initial clean and humidified (∼ 50% RH) smog chamber was determined by CO2

concentration measurements and ranged from 60 to 120 (225 - 875 for the pure gas phase ex-
periments, see next section). The residence time of the emissions in the inlet system was < 10 s.
The individual dilution factors and further details like temperature and gas phase concentration
of each experiment can be found in table 1 in Chirico et al. (2010). The inlet system serves
mainly as an extended car tailpipe, while the smog chamber corresponds to the diluted and cold
conditions in the atmosphere, where volatile substances may condense.

In some experiments a heated (150◦C) particle filter in the inlet system was used to inject only the
gas phase compounds of the diesel exhaust into the smog chamber. We refer to those experiments
as pure gas phase experiments. Chirico et al. (2010) provide further technical details on the smog
chamber setup and the performed diesel emission experiments, and their experiments numbers
are adopted here (Tab. 5.1).

5.2.2 Instrumentation

The PSI smog chamber is equipped with several gas and particle phase instruments, including a
scanning mobility particle sizer (SMPS) for measurement of the particle number size distribution
from about 20 to 700 nm. The custom-built SMPS includes a long column differential mobility
analyzer (DMA, model 3071, TSI) and a condensation particle counter (CPC, model 3022A,
TSI) operated with aerosol and closed-loop sheath flow rates of 0.3 and 3 L/min, respectively. An
Aerodyne high-resolution time-of-flight aerosol mass spectrometer (AMS) was used to measure
the chemical composition of the non-refractory aerosol components and to determine the atomic
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Table 5.1: Smog chamber experiment overview with experiment number (exp. No.) adopted
from Chirico et al. (2010) and experiment date. The mass concentrations of BC, POA and OA
(= SOA + ”aged POA” after 5 hours aging) are presented for each experiment.

exp. No. date BC POA OA (5 h) comments
[dd.mm.yyyy] [µg m−3] [µg m−3] [µg m−3]

EURO3, Opel Astra, with DOC; idle conditions
8 17.08.2009 18.5 3.46 3.91 warm idle
9 19.08.2009 22.3 3.76 4.82 single particle analysis*

10 21.08.2009 25.3 11.3 12.6
11 26.08.2009 22.2 5.4 7.34
12 24.08.2009 0 0 4.00 only gas phase

EURO2, VW Transporter, without aftertreatment; idle conditions
13 31.08.2009 17.6 2.61 8.34
14 02.09.2009 18.8 3.35 13.9 single particle analysis*
15 04.09.2009 13.5 2.06 15.0
16 28.09.2009 14.6 3.16 6.70
17 30.09.2009 13.6 1.76 9.42
18 02.10.2009 0 0 5.41 only gas phase

* for details on the single particle studies see Zelenay et al. (2011)

O:C ratio of the organic aerosol species with high time resolution. The aerosol light absorption
coefficient was determined with a multi angle absorption photometer (MAAP, Thermo model
5012) from which the BC mass concentration was derived using the mass absorption efficiency
(MAE) provided by the manufacturer (6.6 m2 g−1 at 630 nm). The MAE of BC can change by
coating with organic material. However, the ratio of BC measured by MAAP and single particle
soot photometer (SP2) showed less than 10% change after 5 h of aging and therefore we consider
the coating effect on the BC measurement by MAAP to be small for our experiments. Details
on the BC determination and comparison of the methods are given in Chirico et al. (2010).

Hygroscopic diameter growth factors (GF) of particles, defined as the ratio between their mo-
bility diameter D(RH) at high RH and their dry mobility diameter D0, were measured online by
a hygroscopicity tandem differential mobility analyzer (H-TDMA) for particles with dry diam-
eters D0 = 35, 50, 75, 100, 150, 200, and 300 nm. A detailed description of the custom-built
H-TDMA is provided in Tritscher et al. (2011a). Briefly, the aerosol is dried to RH< 15% before
a first differential mobility analyzer (DMA1) is used to select a quasi monodisperse aerosol with
D0. The size-selected particles are then humidified to a high RH (95% in this study). After a
residence time of 26 s, the resulting size distribution of the humidified particles is determined by
a second DMA (DMA2) and a CPC (model 3022A, TSI). Growth factors are obtained using the
inversion algorithm by Gysel et al. (2009). All humidified sections of the H-TDMA are placed
in a temperature controlled housing in order to guarantee accurate RH control and measurement.
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Experiments were conducted with and without an additional pre-humidifier (RH = 95 - 100%)
in front of the H-TDMA diffusion drier. This additional humidification cycle (residence time
< 1 s) aims at collapsing fractal-like particles as much as possible prior to drying and size se-
lection in the H-TDMA. Small sizing offsets between the two DMAs were accounted for by
dry measurements at RH< 10% in DMA2 after each experiment, for which the measured GF
must be unity. The accuracy of the H-TDMA measurements was verified with measurements of
pure ammonium sulfate particles and the error in GF was typically < 1%. The maximum error
due to sizing is ± 0.01 in GF while the GF uncertainty due to RH uncertainty depends on the
observed hygroscopic growth factors. For small GF (< 1.05) the GF uncertainty attributed to
RH uncertainty is typically < ± 0.01, and increases for higher GF (to about ± 0.03 for a GF
of 1.3 at 95% RH). The GFs measured in the RH range between 93 - 97% were recalculated to
95.0% RH following Gysel et al. (2009) (their eqs. 3 and 6), using a single-parameter growth
curve parametrization for correcting small RH differences. The applied corrections were very
small as only measurements in a small band of ± 2% RH were included. Applying the RH cor-
rection minimizes systematic biases when reporting growth factors at a constant target RH from
measurements acquired across a narrow range of RHs around the target RH.

The particles’ critical supersaturation (SScrit) was determined with a commercial continuous-
flow stream wise thermal-gradient cloud condensation nuclei counter (CCNC, DMT model
CCN-100). A DMA was used to select a dry, quasi monodisperse aerosol, which was then fed
into a CPC and the CCNC for parallel measurements of the total particle number concentration
(NCN) and the CCN number concentration (NCCN), respectively. NCCN was measured at 10 or
more different supersaturations (SS) chosen to completely cover the whole activation step. SScrit

is defined as the SS where 50% of the singly charged particles are activated, i.e. NCCN/NCN

= 50%. SScrit was determined by fitting two sigmoid functions to the activation steps of singly
and doubly charged particles (Jurányi et al., 2009). The CCNC was calibrated six times during
the campaign using pure, size selected ammonium sulfate particles. The theoretical SScrit(D0)
values for ammonium sulfate were obtained from the ADDEM model (Topping et al., 2005a).
The relative deviations between the individual calibrations were less than 5% and this can be
considered to be the accuracy of the SS for our CCNC measurements. CCNC measurements
were performed at D0 = 50, 75, 100, 150, 200 and 300 nm. At least one D0 was simultaneously
measured by the CCNC and the H-TDMA in order make results directly comparable.

5.2.3 Hygroscopicity parametrization

The hygroscopicity (both at sub- and supersaturation) was parametrized with the single hygro-
scopicity parameter κ, which was introduced by Petters and Kreidenweis (2007) assuming a
surface tension of pure water. The use of κ allows for direct comparison in between H-TDMA
and CCNC results and with other studies. κ = 0 corresponds to GF = 1 and represents a spherical,
insoluble but wettable particle that would activate at its Kelvin SScrit, also termed ”Kelvin line”
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(Koehler et al., 2009). κ-theory assumes spherical particles with a defined volume equivalent di-
ameter (Dve). In our experiments particles are selected by mobility diameter, which is different
from their volume equivalent diameter, as soot particles are non-spherical. Therefore the term
”apparent κ” is used for all soot particles. The effect and consequences of the non-sphericity of
the particles will be discussed in more detail later.

5.3 Results and discussion

Chirico et al. (2010) showed that the BC and POA emission factors of the investigated EURO3
and EURO2 vehicles were similar, while their POA was chemically somewhat different. In
contrast, the SOA production was about 10 times smaller for the EURO3 vehicle (0.02 g SOA/kg
fuel) compared to the EURO2 (0.25 g SOA/kg fuel), due to the fact that the DOC in the EURO3
vehicle removes a major fraction of the VOCs by oxidation. Consequently one can expect similar
physical properties of the fresh emissions from the EURO2 and EURO3 vehicles but different
aging effects. Figure 5.1(a) shows the evolution of the organic to BC mass ratio (OM/BC)
as a function of time after lights on (TALO) for the EURO3 (bluish colors) and the EURO2
(reddish colors). The initial OM/BC ratio is mostly below ∼ 0.35 and similar for both cars and
it increases with photochemical aging (TALO> 0). This effect is much smaller for the EURO3
with distinctly less SOA production. The O:C ratio (not shown) ranged from 0.10 (EURO3) to
0.19 (EURO2) for fresh POA and increased to 0.24 - 0.37 for the OM (aged POA + SOA) after
5 hours of photochemical aging. It can thus be expected that fresh POA exhibits only little water
uptake at 95% RH, while aging will increase the hygroscopicity of the OM (see also discussion
of pure gase phase experiments).

In Fig. 5.1(b)-(e) the development of hygroscopicity at 95% RH is shown for different dry
sizes. Before aging, the particles with D0 between 35 and 300 nm show virtually no hygro-
scopic growth (GF = 1 - 1.02) in agreement with the fact that the particles are a combination
of insoluble BC with non-hygroscopic POA. Particles with D0 = 200 nm are an exception with
slightly higher GFs (1.02 - 1.04). The reason for this is unknown but a calibration bias can most
likely be excluded. Popovicheva et al. (2008a) reported irreversible swelling of BC particles
exposed to high RH due to a change of the micropore structure, however, it is unclear why such
an effect should specifically influence the 200-nm particles. Hygroscopic growth factors of soot
particles increase with photochemical aging. This is attributed to condensation of SOA, which is
moderately hygroscopic (Massoli et al., 2010; Duplissy et al., 2011) due to higher O:C ratio. GF
values after aging are on average higher for the emissions from the EURO2 vehicle compared
to the EURO3 vehicle, consistent with the higher SOA formation potential of the former. We
can see from the data (OM/BC ratios and GF values in Fig. 5.1) that we are able to get repro-
ducible results, in the sense that experiment to experiment variability is smaller than differences
between EURO2 and EURO3 experiments. The smallest particles show the highest though still
only moderate hygroscopic growth (GF up to 1.25 for D0 ≤ 50 nm). Less hygroscopic growth is
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observed at D0 = 100 nm (1.05<GF< 1.15 at TALO> 5 h) and hardly any hygroscopic growth
or even shrinkage (i.e. GF< 1) at D0 = 200 and 300 nm. This size dependence is partially at-
tributed to relatively more efficient mass acquisition by SOA condensation for smaller particles.
It is important to note that Fig. 5.1(a) represents the bulk chemical composition and reflects the
chemical composition dominated by the larger particles.

Furthermore, a restructuring is seen, predominately for EURO3 emissions with low to medium
initial OM/BC ratios and for particles with D0 = 200 and 300 nm (diamond and square bluish
filled symbols in Fig. 5.1(d),(e)). At least one hour aging time in the smog chamber or longer
is needed before larger particles show detectable restructuring (GF< 1) at RH of 95%. No re-
structuring could be detected for the fresh diesel soot. This is most probably due to the fact that
the fresh particles are not sufficiently hygroscopic to take up enough water required to induce
restructuring. The magnitude of the observed restructuring varies and reaches GF changes up to
−10% but generally tends to increase with particle size and partially with time. The difference
between the filled and open symbols in Fig. 5.1(d),(e) indicates that most restructuring occurs
in the pre-humidifier, when it is added in front of the H-TDMA. Addition of the pre humidifier
thus leads to a higher measured GF as the restructuring is irreversible. The observed restruc-
turing demonstrates that the investigated combustion particles are often not spherical and that
condensation of water (or SOA) can make them more compact. The mobility diameter (D) of a
non-spherical particle is generally larger than the geometric diameter of a spherical particle with
equal volume (DeCarlo et al., 2004) and thus the measured GF provides a lower limit for the
true hygroscopic growth due to water uptake. The same applies to the resulting κ values. There-
fore we call them ”apparent κ”, representing the mobility based measurements, which might be
smaller than the volume equivalent water uptake due to restructuring and morphology changes
of the non-spherical particles.

An example of the evolution of the CCN properties along with corresponding GF measurements
is shown in Fig. 5.2 for a typical experiment with the EURO3 vehicle (here exp. No. 9). Restruc-
turing due to water uptake is again visible for the larger diameters, while the smallest particles
withD0 = 35 nm show a rapid increase in GF indicating particles dominated by OM (Fig. 5.2(a)).
The CCN activation spectra of D0 = 200 nm particles are presented in Fig. 5.2(b)-(e) for differ-
ent aging times. Freshly emitted soot particles (TALO≤ 0) are completely CCN inactive up to
the maximum possible instrumental SS of 1.35%, which is well above its Kelvin SScrit (1.01% is
the SS at which non-hygroscopic but wettable 200-nm spherical particles would activate). This
CCN inactivity might be interpreted as hydrophobic particles, probably erroneously as addressed
in more detail below.

Figure 5.2 also shows that photochemical aging has a strong effect on measured CCN activa-
tion. About 50% of the particles show CCN activation at TALO = 0.70 - 1.13 h (Fig. 5.2(d))
and all particles are CCN active with an apparent κ value of ∼ 0.008 at TALO = 2.70 - 3.12 h
(Fig. 5.2(e)). The plateau at 50% in the SS scan of Fig. 5.2(d) indicates that not all particles are
activated at the highest SS, which might be attributed to externally mixed particles with distinctly
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Figure 5.1: Evolution of diesel particle properties during photochemical aging. Panel (a) shows
the bulk OM/BC ratio, and panels (b)-(e) the hygroscopic growth factor GF at RH = 95% for
D0 = 35/50, 100, 200 and 300 nm, respectively. The individual experiments are distinguished
by cold/bluish colors for the EURO3 experiments (diesel car with DOC) and by warm/reddish
colors for EURO2 (diesel van without aftertreatment system). Open symbols represent periods
with a pre-humidifier in front of the H-TDMA instrument and filled symbols periods without
pre-humidifier. Exemplary error bars are shown for each diameter at the right end of the panels
(b)-(e).

different properties e.g. shape or hygroscopicity. In contrast to the H-TDMA measurements a
pre-humidifier was not applied in front of the DMA which selected the particles for the CCN
measurements. Thus the increased CCN activity in Fig. 5.2(c)-(e) is not caused by a compaction
in the pre-humidifier. Instead it is the result of aging processes, which includes among others
SOA condensation. This can lead to a higher effective density of the soot particles and thus a
larger volume equivalent diameter when selecting at constant mobility diameter. Also, the SOA
condensation itself will cause an increase in the hygroscopicity of the particles.

It is possible that a threshold OM/BC ratio or a threshold oxidation of the surface is needed for
collapsing the particles. The transition from CCN inactive (AF = 0 at SS = 1.35%) to completely
CCN active particles (AF = 1 at SS = 1.35%) at D0 = 200 and 300 nm occurred within about 1
hour after lights on in experiment No. 11 with the EURO3 car (not shown). This time scale com-
pares to ambient measurements in Mexico City which suggested that a few hours of aging were
sufficient to increase the hygroscopicity of mixed POA/BC particles; which is a significantly
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shorter timescale than assumed in many global models (Wang et al., 2010).

Fresh diesel exhaust particles are known to be of non-spherical fractal-like shape (see e.g. Park
et al. (2003), and references therein). Consequently the volume equivalent diameter (Dve) of a
soot particle is expected to be smaller than its mobility diameter (D). From a theoretical point
of view Dve is more appropriate for CCN activation than the mobility diameter D. Shape effects
are thus a possible reason for the complete absence of CCN activation at SS above the Kelvin
line (apparent κ = 0). The effective density, ρeff = ρbulk(Dve/D)3, of fresh diesel soot particles
with diameters between 200 and 300 nm is expected to be in the range of ∼ 0.10 - 0.70 g cm−3

(Park et al., 2003). ρbulk is the bulk material density. A soot particle with a dry mobility diameter
D0 = 200 nm and ρeff of 0.10 g cm−3 has aDve of 74 nm (assuming ρbulk = 2.0 g cm−3) and it will
be CCN inactive at SS = 1.35% if its κ value is smaller than 0.013 (see Tab. 5.2). The critical
κ value (κcrit), where particles activate, corresponding to ρeff of 0.70 g cm−3 at D0 = 200 nm is
0.000084. This means that the observed CCN inactivity can solely be explained by non-spherical
shape, even if the soot is wettable, as long as its κ is close to zero. All wettable particles with
D0 = 200 nm would be CCN active at SS = 1.35% (κcrit ≤ 0) if ρeff was 0.91 g cm−3 or higher, in
which case the observed CCN inactivity could only be explained by additional hindering effects
such as hydrophobicity of the soot surface.

Similarly for particles withD0 = 300 nm the observed CCN inactivity can be explained by shape
effects alone according to our calculations in (see Tab. 5.2), if ρeff is lower than 0.27 g cm−3. κ
values close to zero are plausible for fresh soot, as the elemental carbon is insoluble (κ = 0) and
the fresh POA is likely to have a κ smaller than ∼ 0.1 due to its low O:C ratio (see above). κ
values greater than 0.1 may be found due to fuel impurities such as sulfur (Gysel et al., 2003).
However, in our experiments the sulfate content of the soot is expected to be negligible as low
sulfur fuel was used (< 50 ppm) and the AMS did not detect particulate sulfate (Chirico et al.,
2010). In summary, the observed absence of CCN activation of the fresh emissions can mainly
be explained by shape effects, while further hindering effects such as hydrophobicity cannot
completely be excluded.

Zelenay et al. (2011) used a scanning electron microscope (SEM) to characterize single diesel
soot particles from the same experiment (No. 9) as shown in Fig. 5.2. They showed that fresh
diesel particles had a highly non-spherical shape and that the particles’ morphology became
more compact with aging, thereby confirming the above observations. In addition, the water up-
take of single soot particles (also for experiment No. 9) was analyzed in a custom built cell with
absorption maps from scanning transmission x-ray microspectroscopy (Zelenay et al., 2011).
Even some unprocessed, primary diesel soot particles from the EURO2 took up water, which
was not observed for the EURO3. The water uptake for both EURO2 and EURO3 increased
upon processing, which is in good agreement with the findings presented and discussed here.

In the following, we compare the hygroscopic growth with the CCN activity (both expressed
in terms of κ-values), beginning with the pure gas phase diesel experiments (Fig. 5.3(a)), when
neither POA nor BC are present. κH−TDMA values are ∼ 0.02 after nucleation of the SOA (TALO
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Figure 5.2: Panel (a): Temporal evolution of the hygroscopic growth factor GF at RH 95%
for different dry mobility diameters D0 during the EURO3 experiment No. 9 with error bars
representing the uncertainty in GF. Open symbols indicate periods when the pre-humidifier in
front of the H-TDMA was on. Panel (b)-(e): CCN activation spectra for D0 = 200 nm during
experiment No. 9. The vertical dashed lines represent κ = 0 for 200-nm spherical particles; black
bars and arrows denote the experimental times of the CCN scans, and error bars represent one
standard deviation of the activated fraction.

∼ 0.5 h) for both EURO2 and EURO3 diesel emissions. Aging results in a continuous increase
of κH−TDMA, reflecting the increase of O:C ratio (not shown) in agreement with Duplissy et al.
(2011). κH−TDMA values as high as ∼ 0.12 are eventually reached after several hours. Even
after 8 - 12 hours of aging no stable κ is reached and therefore hygroscopicity of the pure diesel
SOA may increase further with further aging time. The pure diesel SOA measurements are not
influenced by non-sphericity effects as these particles are spherical. Therefore the obtained κ
values are not biased and they can be used, along with the assumption of insoluble BC, for
calculating the volume-equivalent water uptake of aged non-spherical soot, if the BC and OM
volume fraction of the particles is available. It is noteworthy that the κH−TDMA values reached in
the pure gas phase diesel experiments compare well with the apparent κH−TDMA values reached
in normal diesel exhaust experiments at the smallest D0 (shown as GF in Fig. 5.1(a)). This is
consistent with small soot particles becoming OM dominated after SOA condensation.
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Table 5.2: The effective density (ρeff) and corresponding dry volume equivalent diameter (Dve)
of fresh diesel soot emission particles with dry mobility diameter (D0) of 200 nm and 300 nm
assuming a bulk density (ρbulk) of 2.0 g cm−3. The critical κ value (κcrit) at SS = 1.35% is
calculated from Köhler theory assuming ρeff values from Park et al. (2003). (note: Dcrit =
153.8 nm at SS = 1.35% and T = 29◦C in the CCNC)

D0 ρeff ρeff/ρbulk Dve = D0(ρeff/ρbulk)1/3 κcrit at SS = 1.35%
nm [g cm−3] [-] nm [-]
200 0.10 0.05 74 0.013
200 0.70 0.35 141 0.000084
200 0.91 0.45 154 0
200 >0.91 >0.45 >154 hydrophobic
300 0.10 0.05 111 0.0016
300 0.27 0.14 154 0
300 >0.27 >0.14 >154 hydrophobic

Initial κCCN values of pure gas phase diesel SOA are 0.08 and larger and thus distinctly higher
than initial κH−TDMA values (see Fig. 5.1(a)). The effect of aging on κCCN is only small and
κCCN always remains below ∼ 0.14 even after several hours. A weak influence of the changing
O:C ratio on κCCN is in agreement with the observations by Jurányi et al. (2009) and Massoli
et al. (2010) for different SOA precursors while the influence of the O:C ratio under subsaturated
conditions seems to be higher (Duplissy et al., 2011). First we can exclude artifacts from shape
effects as pure diesel SOA particles are spherical. Petters et al. (2009b) brought up theoretical
arguments that the O:C ratio of SOA has much less influence on CCN activation than on hy-
groscopic growth factors as non-ideal interactions loose out on importance with water activity
approaching unity, i.e. κ can be expected to be solution concentration dependent. Other effects
such as surface tension reduction or limited solubility may also play a role.

Figures. 5.3(b) and (c) show the correlation of apparent κH−TDMA and apparent κCCN with the
organic mass fraction (OM/(OM+BC)). The data points at unit organic mass fraction are from
the pure gas phase experiments. The spread in apparent κ at unit organic mass fraction originates
mainly from the aging process (see Fig. 5.3(a) for the temporal evolution of exactly the same
pure gas phase experiments). The grey shadings reflect κ values calculated with the Zdanovskii-
Stokes-Robinson (ZSR) mixing rule (Petters and Kreidenweis, 2007) for mixtures of BC (κ
= 0) with OM (range of κ values taken from the gas phase experiments) and assuming den-
sities of ρOM = 1.27 g cm−3 and ρBC = 2 g cm−3 (Cross et al., 2007; Park et al., 2003). The
apparent κH−TDMA in Fig. 5.3(b) range from -0.02 to 0.09 reflecting the main results already
discussed with Fig. 5.1: First, the emissions of the EURO2 vehicle (reddish symbols) typically
reach higher organic mass fractions and thus also higher growth factors than the emission of the
EURO3 vehicle (bluish symbols). Second, the smaller particles are more hygroscopic than larger
particles due to a relatively higher organic mass fraction and less influence from restructuring.



5.3. Results and discussion 87

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

-0.02

ap
pa

re
nt

 κ
H

-T
D

M
A
 [-

]

1.00.80.60.40.20.0
OM/(OM+BC) [-]

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

-0.02

ap
pa

re
nt

 κ
C

C
N

 [-
]

1.00.80.60.40.20.0
OM/(OM+BC) [-]

0.12

0.08

0.04

0.00

κ 
[-

]

121086420
time after lights on [h]

(a)

(b)

Symbol indiactes different D0:  Color indiactes different exp.:                          
 D0=35 nm EURO 3 with DOC EURO 2 without aftertreatment
 D0=50 nm exp. No. 8 exp. No. 13
 D0=75 nm exp. No. 9 exp. No. 14
 D0=100 nm exp. No. 10 exp. No. 15
 D0=200 nm, only (b),(c) exp. No. 11 exp. No. 16
 D0=300 nm, only (b),(c) exp. No. 12 gas phase exp. No. 17

exp. No. 18 gas phase

(c)

H-TDMA and CCN data in time series:

κH-TDMA : filled symbols (e.g. )

κ  CCNC : open symbols (e.g. )

}

}D0 < 75 nm

D0 ≥ 200 nm

Figure 5.3: Panel (a): Temporal evolution of κ for two pure gas phase experiments for H-TDMA
(filled symbols) and CCNC (open symbols); symbol shape indicates the D0 of the analyzed
particles. The individual experiments are distinguished by cold/bluish colors for the EURO3
experiments (diesel car with DOC) and by warm/reddish colors for EURO2 (diesel van without
aftertreatment system). Panel (b) and (c) show the correlation of apparent κH−TDMA and ap-
parent κCCN with OM fraction, respectively. The grey shading represents the expected κ range
derived from ZSR mixing calculations. It is important to note that panel (c) only contains data
points after the aerosol has become CCN active as apparent κCCN cannot be determined for CCN
inactive aerosol.

Third, aging results in an increase of the organic mass fraction and hygroscopicity which could
already be seen in Fig. 5.1, and which is also reflected in an increase in apparent κH−TDMA as
seen e.g. for exp. No. 14 in Fig. 5.3(b) (in combination with Fig. 5.1). The same trends regarding
the influence of engine type, particle size and aging are also observed for κCCN values, though
for equal experiments κCCN values are typically higher than κH−TDMA-values, which has mainly



88 Chapter 5. Hygroscopicity and morphology of aging diesel soot

two reasons. First of all it has to be emphasized that Fig. 5.3(c) only contains data points after
the aerosol has become CCN active, as κCCN cannot be determined for CCN inactive aerosol.
Second, the κ value of the OM is higher at supersaturated conditions compared to RH = 95%, as
previously shown with Fig. 5.3(a). The fact that data points from larger and smaller particles fall
below and above the theoretically expected range derived from ZSR calculations (grey shading
in Fig. 5.3(b) and (c)) can be explained by the following two effects: First, apparent κ values
are biased in vertical direction toward lower values if non-spherical particles are selected by a
DMA and if restructuring occurs. Second, the horizontal axis represents OM mass fractions of
the bulk aerosol. Any size dependence of the OM mass fraction, which can be expected for
OM acquisition by condensation, results in horizontal biases. Nevertheless the bulk OM mass
fraction is still an useful indicator as changes of the OM mass fraction at any size cut will be
correlated with changes of the bulk composition.

5.4 Conclusions

The hygroscopicity of fresh and photochemically aged soot from two commonly used diesel ve-
hicles has been studied under atmospherically relevant conditions with two independent online
methods below and above water vapor saturation. Fresh diesel soot particles show no hygro-
scopicity and little or no interaction with water. The main reason for the absence of activation
even at a supersaturation where an insoluble but hydrophilic particle should be activated is the
uncertainty introduced by selecting non-spherical particles. However, we cannot exclude the
possibility that fresh diesel soot is hydrophobic. The hygroscopicity of photochemically aged
soot shows ranges of the apparent κ of -0.02 to +0.09 for κH−TDMA and 0 to 0.13 for κCCN. Aged
diesel soot from a vehicle without any aftertreatment (EURO2) shows higher hygroscopicity and
higher OM/BC fractions than aged particles from a vehicle with DOC (EURO3). During the ag-
ing processes more SOA was formed in the EURO2 experiments, while the SOA potential in
the EURO 3 experiments was reduced by the DOC due to lower VOC concentrations in the gas
phase. The hygroscopicity is directly linked to the SOA amount formed from the diesel gas
phase emissions. This is also seen for both vehicles (EURO2 and EURO3) in the size-dependent
hygroscopicity, which is higher for smaller particles which have a higher fraction of SOA coat-
ing and thus a higher OM/BC fraction than the larger particles.

The mobility diameter based detection of CCN activation behavior and water uptake of fresh
and aged diesel soot is strongly affected by morphology effects. Calculations of κ derived from
bulk chemical composition assuming different effective densities ρeff suggest the highly non-
spherical soot particle shape as main reason for the absence of CCN activation in the beginning
of the experiments. The particles’ morphology also affected the H-TDMA measurements ex-
plaining hygroscopic growth factors < 1 and negative values for the apparent κ. Existence of
morphology changes due to the exposure of the particles to high humidity were shown with al-
ternate operation of a pre-humidifier in front of the H-TDMA. Restructuring of aged soot under
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high RH was observed in the H-TDMA suggesting the presence of non-spherical soot particle
after several hours of photochemical aging, when these particles can already take up water or
interact with water. The apparent κ values for diesel soot should be considered as a lower limit
as discussed in detail above.

SOA from the pure gas phase of the diesel vehicle (without any soot particles) was studied as
well. We conclude that the ranges of 0.06 to 0.12 for κH−TDMA and 0.09 to 0.14 for κCCN are
representative for the pure organic fraction of photochemically aged diesel soot. These values
appear to be more useful to be included in models than κ values for the entire soot (apparent
κ values mentioned above) which are affected by morphology changes and are quite diameter
dependent. The hygroscopicity values from pure diesel SOA formed here corresponds to semi-
volatile oxygenated organic aerosol found in other studies (Jimenez et al., 2009; Duplissy et al.,
2011). The κ values are in a relatively narrow range and with known mass fractions of organics
and BC one can calculate the resulting κ values of mixed particles. These values can be used to
improve the description of particle hygroscopicity in global models (e.g., Liu et al., 2010).

Mobility diameter based measurements can lead to wrong particle sizing and underestimation
of the hygroscopicity for soot measurements due to morphology changes as demonstrated. A
combined diameter and mass related measurement as done by other studies (e.g. Zhang et al.,
2008; Kuwata et al., 2009) is advantageous for fractal-like particles with agglomerate structures
such as soot. But it is not simply a critical mass of soluble matter that determines the hygroscop-
icity. H-TDMA measurements allow to detect hygroscopic growth factors of soluble particles
due to water absorption. However they cannot be used to distinguish between hydrophobic and
insoluble but hydrophilic particles, as both particle types appear at GF≈ 1.0. In contrast, CCNC
measurements allow in principle to distinguish between hydrophilic and hydrophobic particles.
However, the observed CCN inactivity of fresh diesel exhaust at SS corresponding to κ = 0, as-
suming spherical particles for the theoretical calculation, is more likely caused by non-sphericity
effects during particle selection by mobility diameter rather than true hydrophobicity. Thus the
term hydrophobic particles should be treated carefully.

A certain amount of organics (SOA and aged POA) on aerosols with a relatively low fractal di-
mension is needed to quantitatively measure mobility diameter based hygroscopicity and CCN
activation. The hygroscopicity measurement of soot (BC and organics) remains challenging
especially with mobility diameter based methods due to the fractal morphology of soot agglom-
erates.
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Abstract

Biomass burning is one of the largest aerosol sources worldwide. In this study, the hygro-
scopic properties of fresh and aged wood burning particles were investigated under controlled
laboratory conditions in several smog chamber experiments. Beech log wood was burnt in a res-
idential log wood burner and the particles emitted during the different burning phases (starting,
flaming, and smoldering) were analyzed. The particles were photochemically aged using their
own volatile organic carbon emissions from the burnt wood. The hygroscopic properties of the
particles at relative humidities below and above 100% were determined and compared.
The freshly emitted soot particles have a fractal-like structure. The structure collapsed in half
of the experiments where soot was present for particles ≥ 100 nm under the presence of a high
relative humidity, leading to a more compact structure. This restructuring induces an underesti-
mation of the hygroscopicity measured with mobility diameter based methods.
The hygroscopicity parameter “apparent κ” of fresh wood combustion particles varies between
0 and 0.39. With aging, the hygroscopicity of the particles generally increases. This is due to the
condensation of organic matter and inorganic salts onto them, and because the particles become
more oxidized.
One smoldering experiment was carried out, which, in contrast to the other experiments, showed
very high apparent κ values between 0.2 and 0.4 at the beginning of the experiment, depending
on the size of the particles, which were decreasing with time. This suggests a different compo-
sition of the particles, with a higher fraction of inorganic components initially.
The results indicate that it is not possible to use only one κ value for different burning phases
and aging times of wood combustion particles in climate models.

6.1 Introduction

Biomass burning is one of the largest sources of aerosols on a global scale (e.g. Andreae and
Rosenfeld, 2008). As aerosols influence the climate, directly by absorbing and scattering light
and indirectly by changing cloud properties, biomass burning particles have an impact on the
climate. The main sources of these particles are open vegetation fires and domestic wood burn-
ing for heating or cooking. Biomass burning particles consist mainly of organic material (OM),
black carbon (BC), and depending on the efficiency of the burning process, a varying amount
of inorganic components (mainly potassium and chloride in freshly emitted particles) (Reid
et al., 2005). In addition to the emitted primary organic aerosols (POA), organic aerosol mass is
also formed by the photo-oxidative aging of co-emitted volatile organic compounds (VOC) and
subsequent condensation as secondary organic aerosols (SOA) (Hallquist et al., 2009). Other ag-
ing processes include condensed-phase reactions, cloud-processing and oxidation of the organic
aerosol (George and Abbatt, 2010). Aging processes change the hygroscopicity of biomass burn-
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ing particles. Freshly emitted soot is hydrophilic, but it can become more hydrophilic through
oxidation (see e.g. Zuberi et al., 2005; Decesari et al., 2002). The hygroscopicity of organic mat-
ter increases with oxidation in the subsaturated relative humidity regime (Jimenez et al., 2009;
Duplissy et al., 2011). In the supersaturated regime, the increase depends on the oxidation level.
The CCN activity is rather insensitive to lower O:C (atomic oxygen-to-carbon) ratios (Massoli
et al., 2010), which is an indicator for the aerosol oxidation level. The O:C ratio increases with
increasing oxidation level of the particles. Condensation of organic matter or inorganic salts on
preexisting particles increases or decreases the hygroscopicity, depending on the initial hygro-
scopicity of the particle.
Biomass burning particles also have a strong impact on regional air quality (see e.g. Wotawa and
Trainer, 2000). In Switzerland, many households are heated with wood, and in the Alpine val-
leys wood burning is an important aerosol source (Sandradewi et al., 2008; Szidat et al., 2007).
The presence of an inversion layer accumulates these particles, once emitted, in the atmosphere
for several days. Also in the more populated regions of Switzerland wood burning was found to
be a significant particle source (Herich et al., 2011; Lanz et al., 2010), even in the city of Zurich
(Lanz et al., 2008).
In order to investigate the influence of wood burning particles on climate, their hygroscopic
properties need to be known, as these determine the ability of particles to take up water, grow
and form cloud droplets. This determines in turn their lifetime in the atmosphere and how much
solar radiation they reflect back to space. Several studies have focused on biomass burning par-
ticles from open vegetation fires (see e.g. Kaufman et al., 1998; Lee et al., 2006; Vestin et al.,
2007). Only a few studies so far investigated the hygroscopic properties of biomass burning par-
ticles produced under controlled laboratory conditions, although some recent studies on freshly
emitted particles from biomass burning exist. Dusek et al. (2005) conducted laboratory mea-
surements on particles produced by burning German and Indonesian peat. They found freshly
emitted particles with diameters > 200 nm that were non-hygroscopic and concluded that parti-
cles of different size have a different chemical composition. Petters et al. (2009a) investigated
particles produced by the burning of over 20 different biomass fuels. The particles showed a
large variation in the hygroscopicity parameter κ. Similar to Dusek et al. (2005), they also
found that larger particles (250 nm in diameter) were less hygroscopic than particles smaller
than 100 nm, concluding that the larger ones consisted mainly of soot, i.e. a mixture of elemen-
tal and organic carbon, whereas the smaller ones consisted of a mixture of organic and inorganic
compounds.
Freshly emitted soot has a fractal structure which can collapse under the influence of water.
Thus, the particles become more compact and their mobility diameter decreases. This collaps-
ing of the particles is called restructuring and it might be caused by capillary condensation or
the filling of cavities leading to compaction (Weingartner et al., 1995). Restructuring has been
observed for different soot types (Weingartner et al., 1995, 1997; Zhang et al., 2008; Tritscher
et al., 2011b).
Dusek et al. (2011) compared hygroscopicities of fresh wood burning particles from different
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wood types, peat and grass measured in the sub- and in the supersaturated regime. They agreed
well except for the smallest investigated size (50 nm particles). The hygroscopicity parameters
for this size were about a factor of two larger in the supersaturated regime than in the subsat-
urated regime. They assumed that this could be due to gas phase surface active organic com-
pounds that condense on preexisting particles and get more concentrated on smaller particles.
These substances would facilitate activation in the supersaturated regime by lowering the critical
supersaturation.
In this study we investigate wood burning particles both directly after emission and after sev-
eral hours of aging in a smog chamber. Beech, which is often used in Switzerland for heating,
was burnt in a modern log wood burner and sampling was performed during different phases
of the burning cycle: starting, flaming and smoldering. The hygroscopic properties in the sub-
as well as in the supersaturated regime were investigated and the deduced hygroscopicity pa-
rameters κ were compared with each other. The experiments were carried out as part of the
Swiss Imbalance (IMpact of Biomass burning AerosoL on Air quality aNd ClimatE) project
(https://edit.ethz.ch/cces/projects/clench/imbalance). Within this project, emissions of biomass
burning are investigated with respect to their chemical and physical properties in field measure-
ments, modeling studies, and laboratory studies as described herein.
In this paper we address the following questions: How well does the κ value of freshly emitted
particles agree with those from other studies, i.e. with κ values for different wood types and
burning phases? Is it possible to represent the different burning types with one κ value, also for
freshly emitted and aged wood burning aerosol? This question is of special interest for global
climate modeling. Does restructuring occur and what is its influence on the mobility diameter
based hygroscopicity parameter? How well do the κ values agree in the sub- and in the super-
saturated regime, and what conclusions can be drawn from that?

6.2 Measurement setup and instrumentation

6.2.1 Experimental setup

The experiments were carried out in the smog chamber of the Paul Scherrer Institute (PSI). The
chamber consists of a 27 m3 Teflon bag in a temperature controlled housing. The temperature
was held constant at around 20◦C, and the relative humidity (RH) was kept around 50%. A more
detailed description of the PSI smog chamber can be found in Paulsen et al. (2005).
Beech wood was burnt in a modern log wood burner (Attika Avant, 2009). Emissions from the
chimney were injected into the chamber using a heated inlet system including an ejector dilu-
tion system to reduce particle coagulation (first dilution step, dilution ratio ≈ 1:7). A detailed
description of the burner, the inlet and the smog chamber setup can be found in Heringa et al.
(2011). After the characterization of the primary aerosol particles, four xenon arc light sources
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of 4 kW each were turned on to simulate solar radiation and induce photochemical reactions,
resulting in SOA formation (Heringa et al., 2011). From here on, time is set to zero when the
lights were turned on. Thus, throughout the manuscript, time refers to ’Time After Lights On’.
Three different burning phases were sampled: 1) starting phase, where particles were injected
into the chamber directly after the fire was lit, 2) flaming phase, when the fire was completely
burning before the particles were injected into the chamber, 3) smoldering conditions, which is
the least efficient form of combustion occurring at rather low temperatures (Reid and Hobbs,
1998).
In some experiments only the gas phase was investigated, using a mixture of the starting and
the flaming phase emissions. The separation of the gas phase was achieved by placing a heated
particle filter in front of the chamber. The intention of these gas phase experiments was to in-
vestigate only the secondary aerosol that forms inside the chamber from the emitted VOCs. A
more detailed description of the experiments and the conditions at which they were carried out
and a chemical characterization can be found in Heringa et al. (2011).

The cloud condensation nuclei counter (CCNC)

The instrument used to measure the cloud condensation nuclei (CCN) number concentration is
a continuous-flow streamwise thermal gradient CCN-counter (CCNC). It is built and distributed
by Droplet Measurement Technologies (DMT, Boulder, CO, USA). Its working principle is de-
scribed in full detail by Roberts and Nenes (2005).
The main part of the instrument is a cylindrical, upright standing column. A temperature gradient
is established in it with the lowest temperature at the top which results in a constant supersatura-
tion (SS) in the centerline of the column. This SS can be changed by changing the temperature
gradient of the column or by changing the flow rate.
Aerosols enter the instrument through an inlet at the top and pass through the column where
they can activate and grow to supermicron droplet size. At the outlet of the column the activated
particles are counted with an optical particle counter, which gives the total number of cloud con-
densation nuclei as those particles that have grown to a diameter larger than 1 µm. To investigate
monodisperse particles, the particles were charged and a differential mobility analyzer (DMA)
was applied upstream of the CCNC to select one particle size. The instrument was deployed in
parallel with a condensation particle counter (CPC, TSI 3022), which measured the total particle
number concentration (Ntot).
The temperature gradient determining the supersaturation of the instrument was calibrated sev-
eral times using ammonium sulfate particles. The particles were first dried, size-selected, and
then passed through the CCNC. Measurements were performed at various, constant SS, where
the monodisperse dry mobility diameter (D0) was stepwisely increased. With increasing D0, the
activation ratio (fraction of activated particles, AR = NCCN

Ntot
) increases from 0 (non-activation)
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to 1 (full activation).
The dry critical diameter (Dcrit), defined as the diameter at which 50% of the singly charged
particles activate, is then determined by fitting the activation ratio versus the dry particle size
with one or the sum of two sigmoidal curves. The sum of two sigmoidal curves was applied
when the fraction of doubly charged particles was considerably high. The CCNC was calibrated
with monodisperse ammonium sulphate particles and the instrumental supersaturation was then
calculated using the theoretical critical supersaturation (SScrit) values from the ADDEM model
(Topping et al., 2005a).
For the wood burning particles, measurements at different D0 were performed. For each particle
size, different supersaturations were scanned to obtain an activation curve. Different from the
calibration setup, here the activation ratio was plotted against the SS for one constant size. This
was done in order to investigate the behavior of the particles at one size in more detail, as the
chemical composition was expected to change with size. The SS at which 50% of the particles
activate is taken as SScrit. SScrit is a measure for the hygroscopicity of the investigated parti-
cles, as a larger SScrit means that for a given size the particles are less CCN active and need
a higher SS to activate to cloud droplets. The selected quasi-monodisperse particle diameters
were varied between 50 to 200 nm, and each scan through the SS lasted for about 30 minutes.
The deviation between the several calibrations was < 6%, which can be regarded as the main
uncertainty for the CCN measurements.

The hygroscopicity tandem differential mobility analyzer (H-TDMA)

The hygroscopicity tandem differential mobility analyzer (H-TDMA) measured the hygroscopic
growth of particles in the subsaturated regime at a certain high RH, which was set to 95% in this
study. The particles were first dried in a diffusion dryer to a RH< 15% and passed through a
Kr-85 bipolar charger. A first DMA selects particles of one particular D0, which can be changed
from scan to scan. The quasi-monodisperse particles pass through a humidifier that is set to the
above mentioned 95% RH. Downstream of the humidifier, a second DMA coupled with a CPC
scanned through the humidified particle size distribution of the initially selected monodisperse
particles. The housing that hosts the DMAs is temperature controlled and kept at 20◦C. The
size of the investigated particles was varied between 35 to 300 nm. The time resolution of the
instrument for one size scan was about 7 min with a residence time of 26 sec in the humidified
region.
Additionally, a pre-humidifier consisting of a closed-bottle with a GoreTex tube submerged in
MilliQ water was optionally deployed upstream of the described setup. With this, particles that
have a fractal shape might collapse before they are dried, thus becoming more compact.
The accuracy of the H-TDMA was verified several times using pure ammonium sulfate particles,
and the dry growth factor calibration was done after each experiment. RH values ranging from
93% to 97% were recalculated to 95.0% RH as described in Gysel et al. (2009).
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With this setup, the growth factor (GF) of a particle can be measured. GF is defined as:

GF =
D(RH)

D0

(6.1)

where D(RH) is the humidified particle mobility diameter measured by the second DMA. The
uncertainty of the GF measurements was determined from the calibrations and was < 1%. De-
tails of the H-TDMA data evaluation, the TDMAinv data inversion procedure and the deter-
mination of the growth factors can be found in Gysel et al. (2009). The H-TDMA instrument
deployed during the measurements is described in full detail in Tritscher et al. (2011a).

Further instrumentation

The non-refractory chemical composition of submicron particles and the O:C ratio of the or-
ganic aerosols were determined using an Aerodyne high resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS). A detailed description on the AMS measurements of this study
can be found in Heringa et al. (2011). Furthermore, particle number size distributions from 20 to
700 nm were obtained using a scanning mobility particle sizer (SMPS). The aerosol light absorp-
tion coefficients were determined with a multi angle absorption photometer (MAAP, Thermo
model 5012), with which the BC mass concentration were derived using a mass specific absorp-
tion cross section of 6.6 m2 g−1.

The experiments

In total nine experiments were carried out with an aging time of five to seven hours. Three
starting phase experiments, two flaming phase experiments, three pure gas phase experiments
(where the particles were eliminated with a filter, see above), and one smoldering phase exper-
iment were investigated. During one pure gas phase experiment the particles were investigated
for approximately 14 h.
The investigated particle sizes for both, CCNC and H-TDMA measurements, were D0 = 35, 50,
75, 100, 150, 200 and 300 nm, depending on the conducted experiments and the particle size
distribution in the smog chamber. The duration of the experiments and the experiment numbers
as used by Heringa et al. (2011) are listed in Tab. 6.1. The experiments named pure SOA in
Heringa et al. (2011) are named pure gas phase here, as also inorganic material was present.
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Table 6.1: List of the different experiments, burning conditions, investigated phase (“both
phases” refers to particle and gas phase), and their duration. Experiment numbers are given
as used by Heringa et al. (2011).

Burning Condition Investigated Phase Duration of Experiment Experiment Number
[h]

flaming both phases 5.5 11
flaming both phases 6 12
starting/flaming pure gas phase 6 14
starting both phases 7 15
starting both phases 7 16
starting both phases 6 17
smoldering both phases 6 -
starting/flaming pure gas phase 6 18
starting/flaming pure gas phase 14 19

6.3 Hygroscopicity parameter κ

The so-called κ value as introduced by Petters and Kreidenweis (2007) is a measure for the
hygroscopicity of the particles and can be calculated using data from the CCNC or the H-TDMA,
respectively. It ranges from 0 for non-hygroscopic particles to values larger than 1 for some salts
(e.g. κSOA = 0.09 (Jurányi et al., 2009), κ(NH4)2SO4 = 0.61, κNaCl = 1.28 (Petters and Kreidenweis,
2007) for CCNC derived κ values). It is the single parameter in the semi-empirical water activity
parameterization. It gives the water activity as a function of the dry diameter and the droplet
diameter. The advantage of this value is that it allows comparison between measurements made
in the sub- and in the supersaturated regime. κ is connected to the equilibrium saturation ratio S
over a solution droplet as follows:

S =
D3 −D3

d

D3 −D3
d(1 − κ)

exp

(
4σs/aMw

RTρwD

)
, (6.2)

whereDd is the volume equivalent diameter of the dry particle,D the equilibrium diameter of the
droplet at the saturation ratio S, σs/a the surface tension of the solution at the point of activation,
ρw the density of water, Mw the molecular weight of water, R the universal gas constant, and
T the absolute temperature. Note that the value Dd can be different from the value D0, which
is the dry mobility diameter set in the DMA in the experiments. Often, spherical particles are
assumed for obtaining Dd. This assumption is not valid for the soot particles investigated here.
Thus, the κ values obtained from the measurements will be called ’apparent κ’ further on.
κ of a mixed particle is defined as the sum of κ values of all single solute components i in the
particle weighted by their corresponding volume fractions εi = Vi

Vtot
, where Vi is the volume of

the single component i and Vtot the total volume of the particle:

κtot =
∑
i

εiκi. (6.3)
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With the measurements made by the H-TDMA, the κ value can also be calculated from the κ-
Köhler equation (Petters and Kreidenweis, 2007).
In the following, it will be differentiated between κCCNC as the κ value obtained from the CCNC
data and κH−TDMA as the κ value obtained from the H-TDMA data.

6.4 Results and discussion

6.4.1 Hygroscopicity range of freshly emitted and aged particles

First, the hygroscopicity values for both instruments and for all experiments were investigated.
The apparent κ values determined from the CCNC and the H-TMDA are plotted as a function
of time in Fig. 6.1. The aging time was typically between five and seven hours. The different
colors show the different particle sizes selected with the DMA. The symbols indicate the exper-
iment types, starting, flaming, pure gas phase and smoldering. The apparent κ values from all
experiments range between 0.03 and 0.39 for freshly emitted particles measured with the CCNC
and between 0 and 0.39 for particles measured with the H-TDMA.
The largest displayed particles (200 nm) are at least a factor of 2 less hygroscopic in apparent
κCCNC than the smaller particles, while the difference is less pronounced in the H-TDMA data.
Except for the smoldering experiment, the smallest particles (50 nm) have the highest hygro-
scopicities, which is more clearly seen in the H-TDMA data. The difference between the two
measurement devices will be discussed in Sect. 6.4.5. There is no clear difference in the hygro-
scopicities between the flaming, pure gas phase and starting phase, suggesting that particles of
similar hygroscopicities are produced during the different burning phases. There is a variation
in apparent κ between individual experiments with the same settings that were carried out on
different days. The variability in different experiments is sometimes larger than that of the dif-
ferent burning phases. This is the result of the large variability in burning conditions that occur
when burning wood logs. A clear difference is seen for the smoldering experiment, where the
hygroscopicities are highest at the beginning, starting with an apparent κ of approximately 0.39.
This is the highest value for all experiments, and the apparent κ values decrease with time. This
will be discussed in detail later on.

The apparent κ values of the freshly emitted particles lie in the same range as reported from
other laboratory studies for freshly emitted biomass burning particles. To our knowledge, no
other hygroscopicity study on burning beech wood exists and also no other study on aging wood
burning particles with the own VOC emissions of the burnt wood has been published before.
Andreae and Rosenfeld (2008) report that biomass burning particles have a wide κ range from
0.01 for fresh, soot-rich particles up to 0.55 for grass burning. Petters et al. (2009a) investigated
a large variety of freshly emitted particles from burning different wood species. Our results are
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Figure 6.1: Apparent κ hygroscopicity parameter for the CCNC (a) and the H-TDMA (b) data
for 50, 100 and 200 nm particles for all conducted experiments.

at the lower end of their κ value range, which varies between 0.02 and 0.8. DeMott et al. (2009)
derived κ from H-TDMA data from particles of biomass combustion and obtained a range from
0.02 to 0.56. However, both studies burnt different parts of the plants, like leaves or needles,
whereas in our measurement log wood was used. Thus, the experiments are not directly compa-
rable as they have different initial conditions. Furthermore, no SOA production from own VOC
emissions was investigated there.
The different hygroscopicities for different mobility diameters suggest that the particles have a
different chemical composition and/or different morphology, with the larger particles (200 nm in
diameter) containing a larger fraction of non-hygroscopic compounds, like BC. They may also
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contain a smaller fraction of the more hygroscopic organic and/or inorganic compounds. Dusek
et al. (2011) report an average κ of 0.1 for 50 nm particles, 0.08 for 100 nm particles, and 0.06
for 150 nm particles for freshly emitted particles of different hard- and softwood fuels. Similar
to our findings, hygroscopicities decreased with increasing particle size. Pósfai et al. (2003)
analyzed single wood burning particles and found a majority of organic particles with differ-
ent amounts of inorganic inclusions in fresh smoke. Furthermore, chain-like soot aggregates
were detected, which were relatively small (20 - 50 nm) in the fire, but formed larger aggregates
shortly afterwards. Also so-called ’tar-balls’, which are spherical particles containing mainly
carbon, were found. The reason for the different hygroscopicities for different sizes could be
that larger particles consist mainly of soot agglomerates, whereas the smaller particles contain
relatively more organic compounds and might also contain more inorganic salts, which agrees
well with results described by Petters et al. (2009a, and references therein). It can also be caused
by the fact, that the larger particles restructure more.
The large variance in the apparent κ range found during this study indicates that it is not possible
to reduce the hygroscopicity parameter κ to one value for the different burning phases. Further-
more, a similarly large variance for different wood types found by the other mentioned studies
also indicates that κ cannot be reduced to one value for different wood types.
The hygroscopicities of the investigated particles increase with aging as expected, except for the
smoldering experiment. This increase is most of the time more pronounced in the H-TDMA data
and it differs with size and experiment for both regimes. It is least pronounced in the 200 nm
particles, which should have the largest BC mass fraction, as argued above.

6.4.2 Restructuring of soot particles

Fractal particles can restructure when exposed to high RH, which in turn can lead to a decrease
in their mobility diameter. When the pre-humidifier is applied upstream of the H-TDMA in-
strument, particles can already restructure before they are size-selected by the first DMA. We
assume that this restructuring is not reversible after drying. For the same experiment, measure-
ments with and without the pre-humidifier were conducted. The apparent κ of experiment 11
and 17 is exemplarily shown in Fig. 6.2. Figure 6.2(a) displays an example, where restructuring
is seen for 200 and 300 nm particles (indicated by the higher apparent κ values for the open
symbols), Fig. 6.2(b) one where it is not seen. The different colors indicate the different sizes
of the investigated particles and the open and filled symbols the data points with and without
pre-humidifier upstream of the H-TDMA, respectively. Restructuring was only found during
some of the experiments, and never for particles < 100 nm. Negative κ values in Fig. 6.2(a) are
caused by restructuring under the influence of high relative humidity in the H-TDMA, which
leads to a shrinkage of the particle and thus to GF< 1. Although restructuring was observed
only in 3 out of 6 experiments where primary particles were present, it cannot be ruled out that
the particles do not restructure during the other experiments in the humidifier. With the same
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instrumental setup, restructuring was also observed for soot particles emitted from Diesel cars
(Tritscher et al., 2011b). Thus the measured apparent κ or rather GF values provide a lower limit
for the true hygroscopicity of fractal-like particles due to water uptake.
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Figure 6.2: Experiment No. 11 (a) is shown as an example where restructuring was observed
for particles with large D0. For the larger particles the apparent κ values are higher when the
pre-humidifier is applied upstream of the H-TDMA setup (open symbols). Experiment No. 17
(b) is shown as an example where no restructuring was observed.

6.4.3 Long aging for a pure gas phase experiment

For investigation of the temporal evolution of the secondary organic and inorganic aerosol com-
ponents formed from the gaseous precursors without interference from primary particles over a
longer time scale, an experiment (Exp. No. 19) was conducted where the particles were inves-
tigated in the chamber over a time period of 14 h. These secondary particles can be assumed to
be spherical, as only gas phase was injected into the chamber during this experiment and no pri-
mary soot particles were present. Thus, κ-Köhler theory is better applicable in this case where
no shape factors have to be considered. In Fig. 6.3, the time line versus the κ values obtained
from the CCNC and the H-TDMA measurements are displayed.

The different colors indicate the different particle sizes, and the different symbols the data from
the two instruments. The CCNC measured 50 nm particles at the beginning. Later, after the
particles grew to larger sizes, 100 nm particles were investigated. κCCNC of the 50 nm particles
started at 0.1, and increased gradually. The 100 nm particles had at the beginning a slightly
lower hygroscopicity than the 50 nm particles, starting at 0.1 after ≈ 4 h after lights on. κ also
increased gradually over the first 12 h. The H-TDMA measured 35, 50, 100 and 150 nm par-
ticles. They all started at low κ values which increased with time, with the smallest parti-
cles having the highest κ values. The lines are logarithmical fits of the data in the form of
mln(TimeAfter LightsOn) + t, where m and t are the fit parameters. The fits represent the
H-TDMA data series well (R2 ≥ 0.9), except for the 150 nm data, which start later. The 50 nm
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Figure 6.3: κ values of the long pure gas phase experiment as a function of time. The κ values
from the H-TDMA and the CCNC are displayed. The different colors indicate the different
sizes, and the different symbols the data from the two instruments.

CCNC data cannot be fitted well (R2 < 0.5). This might be caused by the low O:C ratios. The
50 nm data ends after ≈ 4 h, when the O:C ratio is still < 0.4. At those low O:C ratios, the κ of
the particles in the supersaturated regime are not very sensitive to an increase in the O:C ratio
(Massoli et al., 2010). The fit is better (R2 = 0.77) for the 100 nm particles, but still not as good
as for the H-TDMA data. The reason for this might also be the low O:C ratios at the beginning of
the data series. This graph also shows a clear discrepancy between the CCNC and the H-TDMA
data, with the CCNC measuring significantly higher κ values than the H-TDMA. This will be
discussed in detail in Sect. 6.4.5. The increase in κ with time is due to the condensation of oxi-
dized organic or inorganic matter from the gas phase on the particles, and due to the oxidation of
the organic particulate matter itself. The κ values do not reach a plateau during the investigated
time period. It can thus be assumed that the particles would still become more hygroscopic by
further aging, which is also suggested by the fits. The high κ values indicate also that inorganic
trace gases such as SO2 and NOx were emitted in the gas phase and contributed to particle mass
after oxidation. With the AMS, the presence of the inorganic ions SO2−

4 , NO−
3 and NH+

4 was
detected upon particle formation.
The κH−TDMA and the κCCNC values of the organic fraction for 100 nm particles were estimated
for this experiment which can be compared with κorg values found for other studies of SOA
particles. The inorganic ions measured by the AMS were taken as basis for calculating the vol-
ume fraction of the neutral salts, which are needed to calculate κorg, as also inorganic species
were found in the chamber. They were estimated using a simplified ion pairing scheme (Gysel
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et al., 2007) which is based on the scheme from Reilly and Wood (1969). With this, the volume
fractions of the following salts were estimated: H2SO4, NH4HSO4, NH4NO3 and (NH4)2SO4.
The total inorganic mass measured with the AMS was < 0.9 µg m−3, and the organic mass was
≤ 7 µg m−3. The latter decreased with time towards 5.7 µg m−3 at the end of the experiment.
The densities for the inorganic salts were taken from Topping et al. (2005a). The κ values
for 100 nm particles, which were derived from predicted growth factors at 90% RH with the
ADDEM model (Topping et al., 2005a), were taken from Good et al. (2010a). The density of
the organic compounds was assumed to be 1270 kg m−3 (Cross et al., 2007). The Zdanovskii,
Stokes and Robinson (ZSR) assumption (Stokes and Robinson, 1966) was applied to calculate
κorg based on Equation 6.3.

The κorg(H−TDMA) and the κorg(CCNC) for 100 nm particles is plotted against the O:C ratio and is
displayed in Fig. 6.4. The O:C ratio was obtained from the AMS and is a proxy for the oxidation
level of organic aerosols (Massoli et al., 2010). The colors indicate the aging time, i.e. the
time after lights on. The κorg values increase with aging time in the smog chamber, reaching
up to 0.05 after 14 h of aging for the H-TDMA, and values around 0.1 for the CCNC. It can
be assumed from the graph that the κorg(H−TDMA) would increase further with further aging.
The κorg(CCNC) values are higher than the κorg(H−TDMA) values. A lower κorg(H−TDMA) than
κorg(CCNC) of 20% to 50% of SOA particles is also reported by Massoli et al. (2010). A similar
discrepancy is reported by Dusek et al. (2011) for 50 nm wood burning particles, but they report
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Figure 6.4: The estimated κorg(H−TDMA) and κorg(CCNC) values for 100 nm particles versus the
O:C ratio of the organic fraction from AMS data. The colors indicate the aging time in hours.
The error bars represent the uncertainty in the hygroscopicity measurements.
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a better agreement for 100 nm particles. Furthermore, the κorg(CCNC) values are not sensitive to
an increase in the O:C ratio until approximately 10 h after the lights were turned on, or an O:C
ratio of the organic fraction of 0.41 . This is comparable to results from Massoli et al. (2010),
who report that κorg(CCNC) is rather insensitive to O:C ratios below ≈ 0.5. κ values around 0.1
are often found as representative of SOA (Gunthe et al., 2009; Jurányi et al., 2009; Dusek et al.,
2010). When comparing the κorg and O:C ratio relationship with those from other laboratory
and field studies as summarized in Jimenez et al. (2009), κorg obtained in our study lies well
within the range of those measurements. After some aging time, the κorg(H−TDMA) values are
similar to those reported for α-pinene.

6.4.4 Wood burning smoldering experiment

Smoldering is the burning phase which occurs at lower temperatures than the flaming phase and
is mainly a surface process, where oxygen reacts exothermically with carbon (Reid and Hobbs,
1998). It is also the least efficient combustion mode, where the components of the wood are not
as effectively burnt as during the other phases (Hays et al., 2002). Gao et al. (2003) found more
organic species in the particulate phase for smoldering fires compared to flaming fires, whereas
the inorganic species did not show a clear difference between the flaming and the smoldering
phase. Reid and Hobbs (1998) report that the soot fraction is smaller than during the flaming
phase, and that the particles are predominantly formed by the condensation of volatile organic
compounds.
Different from other smoldering experiments described in the literature, the one investigated
here was a smoldering phase that occurred after the flaming phase. This might lead to a dif-
ferent chemical composition of the emitted particles as most of the organics were already burnt
and inorganic species became more important. The AMS showed a higher NO3 fraction for
this experiment than for the others. It was highest after 2 h and slowly decreased afterwards.
Qualitatively more potassium was measured as well with the AMS, and the organic fraction was
lower than for the other experiments. To distinguish it from other smoldering experiments, it
will be called wood burning smoldering further on.
The temporal development of apparent κ during this experiment is shown in Fig. 6.5. The
100 nm particles are the most hygroscopic ones, and also the apparent κ values for 50 nm par-
ticles are higher than those for the other experiment types. The hygroscopicity of the 200 nm
particles is similar to that obtained for 200 nm particles from the other burning phases. The
smoldering experiment was also the only experiment during which the apparent κ values were
highest at the beginning of the experiment and then decreased with time. For 100 nm particles,
apparent κCCNC was around 0.26 when the lights were turned on, and around 0.22 after 2.09 h.

The decrease in hygroscopicity and the high starting values for the apparent κ is likely due to
a higher inorganic mass fraction during this experiment as measured with the AMS. With time,
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Figure 6.5: Timeline of the wood burning smoldering experiment. The apparent κ values for the
H-TDMA and for the CCNC are displayed.

more gaseous organic material condenses on the preexisting particles and the hygroscopicity de-
creases. No indication of an external mixture of the particles was seen by the H-TDMA. Thus,
the higher values for the 100 nm particles are most likely caused by a higher inorganic fraction.
The 200 nm particles exhibited very small apparent κH−TDMA in contrast to the high apparent
κ values observed for particles with diameters ≤ 100 nm. It could be that only a minor fraction
of the particles contained a substantial BC core and that only those particles reached 200 nm in
diameter. This would then result in small apparent κ values due to the high fraction of insoluble
BC and additional shape effects. However, size dependent composition data needed to corrobo-
rate this speculation are not available.
This experiment was only carried out once, therefore a repetition of this setup would be desir-
able. Furthermore, the particle concentration in the smog chamber was very low during this
experiment, which increases the uncertainty in the AMS mass measurements.

6.4.5 Comparison of the apparent κ values obtained from CCNC and H-
TDMA measurements

In the following, the apparent κ values obtained in the super- and subsaturated regime are com-
pared. Plots of apparent κCCNC versus apparent κH−TDMA for 50, 100 and 200 nm particles are
shown in Fig. 6.6. The symbols indicate the different experiment types. The different colors
of the symbol frames represent the different experiment days, and the filling color indicates the
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time after lights on. The solid line is the 1:1 line, the dashed lines are lines with a certain per-
centage deviation from this line. The percentage is written next to the line.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

0.1

0.2

0.3

0.4

apparent κ
H-TDMA

ap
pa

re
nt

 κ
C

C
N

50 nm Particles

 

 

−20 %

+20 %+100 %

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

0.05

0.1

0.15

0.2

0.25

0.3

κ
H-TDMA

κ
C

C
N

100 nm Particles

 

 

+400 %

−20 %

+70 %

starting phase

"aming phase

pure gas phase

smoldering phase

(b)

0 0.01 0.02 0.03 0.04 0.05 0.06
0

0.01

0.02

0.03

0.04

0.05

0.06

apparent κ
H-TDMA

a
p

p
a

re
n

t 
κ

C
C

N

200 nm Particles

 

 

  −2
    
    
   0
    
    
   2
    
    
   4
    
    
   6
    
    
   8
    
    
  10
    
    
  12

+80 % +20 %

−20 %

T
im

e
 A

ft
e

r 
L

ig
h

ts
 O

n
 [

h
]

(c)

Figure 6.6: The hygroscopicity parameter apparent κCCNC versus apparent κH−TDMA for (a)
50 nm, (b) 100 nm, and (c) 200 nm particles until 12 h of aging. The symbols indicate the burning
phase. Different frame colors refer to different experiments. The filling color indicates the aging
time. The solid line is the 1:1 line, the dashed lines are lines with a certain percentage deviation
from this line. The percentage is written next to the line.

The comparison for 50 nm particles is displayed in Fig. 6.6(a). In general, apparent κCCNC

are higher than apparent κH−TDMA. The wood burning smoldering values agree within 20%,
whereas the flaming and pure gas phase values show up to 100% larger apparent κCCNC values
than apparent κH−TDMA. In Fig. 6.6(b), the same plot for the 100 nm particles is displayed.
Here, the agreement is also within 20% for the wood burning smoldering experiment. The pure
gas phase measurements agree within 70%. The largest difference occurs for the starting and
the flaming phase with discrepancies of up to 400%. It can be seen that within one experiment
the agreement improves with aging time as with time the condensation of organic matter makes
the particles more compact reducing artifacts from morphology effects as described beforehand.
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Moreover, κorg(CCNC) and κorg(H−TDMA) generally agree better for higher O:C ratios (see e.g.
Massoli et al. (2010); Jurányi et al. (2009)). The comparison for 200 nm particles is displayed
in Fig. 6.6(c). The agreement is better than for the 100 nm particles, and the starting phase ex-
periments agree better (within 20%) than the flaming phase experiments (with a deviation of up
to 80%).
The wood burning smoldering experiment has the best agreement for the two compared par-
ticle sizes, as the higher inorganic fraction of the compounds of the particles dominates their
apparent κ values. For the gas phase experiment, where only secondary aerosols were present,
the agreement is worse, but still better than for the flaming and the starting experiments. The
particles can be assumed to be spherical in the pure gas phase experiments, as they did not con-
tain soot. Thus, these differences cannot be explained by morphology. It has been observed
before that κCCNC is less sensitive to changes in the O:C ratio than κHTDMA at low O:C ratios. A
theoretical approach suggests that this is caused by non-idealities concerning the water content
of the particles at relative humidities < 98% (Petters et al., 2009b). Furthermore, if the organic
substances are only slightly soluble or contain surface active compounds, this leads to a higher
apparent κ in the supersaturated regime. The difference in the apparent κ values for the flam-
ing and starting experiments can also be caused by restructuring, which leads to a discrepancy
between the apparent κ values derived from different instruments. The discrepancy of the pure
gas phase measurements (100% for 50 nm particles and 70% for 100 nm particles) between sub-
and supersaturated regime can be attributed to the discrepancy caused by the different impact
of the organic matter on the hygroscopicity of the particles in the two regimes. The remaining
larger difference between measurements in the sub- and in the supersaturated regime for 100 nm
particles for flaming and starting experiments can then be caused by restructuring effects, which
does not occur in the pure gas phase experiments.

6.5 Conclusions and outlook

Different wood burning experiments have been investigated in a smog chamber. Beech wood
was burnt in a modern log wood burner and the emitted and formed particles were analyzed. In
particular, the hygroscopic parameter apparent κ was measured in the subsaturated regime using
a hygroscopic tandem differential mobility analyzer (H-TDMA), as well as in the supersaturated
regime, using a cloud condensation nuclei counter (CCNC). The range found for freshly emitted
particles between 0 and 0.39 compares well to κ values found in similar studies for freshly emit-
ted wood burning aerosols. The large range of the apparent κ values indicates that the variability
in the emissions makes it impossible to use one representative κ value for all burning phases and
investigated particle sizes.
Using a pre-humidifier in front of the H-TDMA leads to restructuring effects for the larger
(≥ 100 nm) particles in some of the experiments. This is due to the fractal-like structure of soot
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particles that become more compact in the presence of high relative humidity. It was not seen in
all experiments, but cannot be excluded to have happened in all measurements. This leads to an
underestimation of the hygroscopicity measured with mobility diameter based methods.
In a pure gas phase experiment, where the aging of the particles was investigated for about 14
h, the hygroscopicity of the particles reached a maximum κ value of about 0.15, but was still
increasing. The particles can be assumed to be spherical in this experiment and the κ of the
organic fraction could be determined. It increased with time and was found to be 0.05 after 14
h of aging for measurements below 100% relative humidity and around 0.1 for measurements
above. It agrees well with other κ values found for fresh secondary organic aerosols.
During a wood burning smoldering experiment, the hygroscopicity decreased with time, while
during all other experiments it increased as expected due to the aging of the particles. The differ-
ent behavior of apparent κ with time in the smoldering experiment is probably due to a different
chemical composition of the particles during wood burning smoldering, i.e. them having a larger
inorganic fraction.
When comparing the apparent κ values in the subsaturated regime with those in the supersatu-
rated regime, the apparent κ values in the supersaturated regime are generally higher than in the
subsaturated range. This is mainly due to the non-sphericity of the particles. The agreement is
better for the wood burning smoldering experiment, where the hygroscopicity is probably dom-
inated by the inorganic fraction of the particles.
Further experiments should include a repetition of the wood burning smoldering experiment,
because the large variability in burning conditions occurring when burning wood logs makes
it difficult to draw firm conclusions from just one experiment. Also more experiments with a
longer aging time would be interesting to see if the apparent κ values of the particles finally
reach an equilibrium value and if the variations in κ decrease with time. However, the aging
time is limited due to the experimental set-up. This is mainly due to wall-losses of the particles,
especially when measuring at low, atmospherically relevant conditions as done in the experi-
ments described here. It would also be favorable to investigate several different wood types, that
are representative for wood burning in different regions of the world and see how they differ.
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Abstract

The atmospheric aerosol from anthropogenic or natural sources includes primary organic aerosol
(POA), secondary organic aerosol (SOA) and black carbon (BC), beside several inorganic species.
Aerosol particles can cause adverse health effects and are of special interest in densely populated
areas such as metropolitan areas. Atmospheric aerosol particles also interact with the climate
system in several ways. Physical aerosol properties were characterized as part of a comprehen-
sive measurement campaign in the framework of the MEGAPOLI project in Paris. The goal
was to study the evolution of the chemical composition and physical properties of the aerosol
in the urban outflow of the megacity Paris at the sub-urban background site in SIRTA. V/H-
TDMA measurements in the diameter range from 35 to 265 nm took place over one month each
in summer (July 2009) and winter (Jan./Feb. 2010), respectively. Volatility and hygroscopicity
were continuously measured as volume fraction remaining (VFR) at 100◦C and hygroscopic
growth factor (GF) at 90% relative humidity, respectively. Hygroscopicity (GF and κ) increased
with increasing particles size, while volatility increased predominantly with decreasing particle
diameter. Both trends indicate size-dependent chemistry with small particles dominated by or-
ganics while inorganics are dominant for larger particles. From the GF scans we often observed
externally mixed aerosols in summer and winter, especially for plume situations. A bimodal
distribution in volatility during the summer also indicated an externally mixed aerosol, which
was not the case for winter. The mean diurnal variation in hygroscopicity is weaker than the
variation in volatility, but both show traffic related influence in the morning during the winter
and summer campaign.

7.1 Introduction

Atmospheric aerosols from anthropogenic or natural sources are composed of primary organic
aerosol (POA), secondary organic aerosol (SOA) and black carbon (BC), beside several inor-
ganic species. The hygroscopicity of aerosols is an important property for the interaction of at-
mospheric aerosol particles with the climate system due to their radiative forcing effect (IPCC,
2007). Aerosols influence the climate via the direct aerosol effect by scattering and absorp-
tion of radiation and via the indirect aerosol effect by changing cloud microphysical properties
and characteristics (Lohmann and Feichter, 2005). Especially the indirect effects such as cloud
albedo and cloud lifetime effect are not well understood yet.

Aerosol particles and among them especially BC is known for its potential to cause adverse
health effects including acute, chronic and carcinogenic exposure-related health effects (Pope
and Dockery, 2006). The particle deposition in the human respiratory system depends on the
particle size and on physical properties such as hygroscopicity and volatility. A direct link to the
aerosol composition and sources is often difficult, but some studies could link respiratory symp-
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toms with traffic-related pollution (e.g., Kim et al., 2004). The health effects of aerosol particles
are of special interest in densely populated areas such as metropolitan areas. Urban areas are
often characterized by high particle emissions from traffic, but also from heating and industrial
combustion processes. In large cities and close to roads the influence from traffic emissions can
be expected, but also emissions from residential biomass burning contribute significantly to the
atmospheric aerosol in the Paris region in winter (Favez et al., 2009).

Physical aerosol properties were characterized as part of a comprehensive measurement cam-
paign in the framework of the MEGAPOLI project in Paris. The goal was to study the evolu-
tion of the chemical composition and physical properties of the aerosol in the urban outflow of
the megacity Paris at the sub-urban background site in SIRTA. The investigation of the parti-
cle volatility and hygroscopicity with tandem differential mobility analyzer systems (TDMA)
can provide also indirect information on the chemical composition and the mixing state of the
aerosols (Swietlicki et al., 2008). This study presents the volatility and hygroscopicity charac-
teristics of the urban background of Paris during a summer and a winter campaign.

7.2 Methods

7.2.1 SIRTA measurement location and periods

Paris in France is a densely populated area and a European megacity with more than 12 million
inhabitants. In order to investigate the impact of megacity plumes on regional air quality, a
measurement field campaign was performed as part of a comprehensive measurement campaign
in the framework of the MEGAPOLI project (Megacities: Emissions, urban, regional and Global
Atmospheric POLlution and climate effects, and Integrated tools for assessment and mitigation)
in the Ile de France region. Three stationary measurement sites were located in the Paris area:
one downtown, one in the northeast, and one in the southwest of the city. Additionally, mobile
measurements were performed in order to assess the spatial distribution of air pollutant sources
and their processing with time. Each measurement site included a comprehensive instrument
suite for characterization of the gas phase and aerosol chemical composition as well as physical
aerosol properties.

Here we will focus on the SIRTA station in the southwest of Paris to characterize the urban back-
ground aerosol. The SIRTA (Site Instrumental de Recherche par Télédétection Atmosphéric)
station is located on the campus of the Ecole Polytechnique in Palaiseau, ∼ 20 km south of
Paris. The station is described in detail in Haeffelin et al. (2005). The station includes several
active and passive remote sensing instruments as well as a weather station (Haeffelin et al., 2005;
Colette et al., 2008; Haeffelin et al., 2010). Thus the stationary instruments can provide sev-
eral information on the meteorological conditions including also information on cloudiness and
planetary boundary height. In addition to the permanent stationary measurements, gas phase and
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aerosol measurements of the ambient sub-urban air were performed by several research groups
during the two intensive measurement campaigns from 1 to 31 July 2009 and from 15 January
to 15 February 2010.

7.2.2 Instrumentation

Our instrumentation to study the chemical composition and physical properties of aerosols was
placed in a temperature controlled truck trailer at SIRTA. The non-refractory particle composi-
tion with diameters < 1 µm was determined from measurements by a high resolution time-of-
flight aerosol mass spectrometer (AMS) and BC was retrieved from an aethalometer and a single
particle soot photometer (SP2). The volatility and the water uptake of the aerosols were charac-
terized with a volatility and hygroscopicity tandem differential mobility analyzer (V/H-TDMA).
Aerosol scattering was determined with a nephelometer and size-distribution was measured with
a scanning mobility particle analyzer (SMPS) and an aerosol particle sizer (APS). For some pe-
riods also other instruments (e.g. CCN counter) were deployed.

In this study we mainly focus on the online-measurements of volatility and hygroscopicity,
which were performed with the V/H-TDMA. A detailed description of the custom-built V/H-
TDMA is provided in Tritscher et al. (2011a). Briefly, the aerosol is dried to a low relative
humidity (RH< 10%) and brought to charge equilibrium with a Kr-85 bipolar charger before a
first differential mobility analyzer (DMA1) is used to select a quasi monodisperse aerosol with
D0. The instrument runs volatility and hygroscopicity scans in parallel. Thus the flow is di-
vided into a heater and a humidifier flow (0.3 L/min each). Two additional DMAs (DMA2 and
DMA3) scan the heated or humidified particles, which are then counted with a condensation
particle counter (CPC), respectively. All DMAs are situated in a temperature controlled, well
insulated housing at 20◦C to guarantee accurate RH control and measurement.

The parameters obtained from the V/H-TDMA are the hygroscopic growth factor GF(RH), and
shrinking factor SF(T) at temperature (T) defined as the ratio of humidified diameter D(RH), or
heated diameter D(T) and initial, dry, non-heated diameter (D0). Growth and shrinking factors
are obtained using the TDMA inversion algorithm by Gysel et al. (2009). This approach deter-
mines the inverted and calibrated probability density functions (PDF) from the raw measurement
data. This is a more advanced approach than using simply ratios of mean diameter. Therefore
we refer in the following with the hygroscopic growth factor (GF) to the number weighted mean
GF of the inverted GF-PDF, and with the shrinking factor (SF) to the volume weighted mean SF
of the inverted SF-PDF. The volatility data will be also presented as volume fraction remaining
(VFR), which is defined as VFR = SF3. The hygroscopicity results are presented in GF and also
in the single hygroscopicity parameter κ, which was introduced as parameterization by Petters
and Kreidenweis (2007), describing the concentration dependence of the water activity by as-
suming the surface tension of pure water. κ of ambient aerosols ranges typically from 1.3 for the
most hygroscopic species to 0 (corresponding to GF = 1), which means that the particle is not
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hygroscopic but maybe wettable. Nowadays the κ parameterization is widely used as it allows
the direct comparison of different diameters and instruments, independent of RH.

During the campaigns the H-TDMA was typically operated at a constant high RH of 90% and
a plug flow residence time (RT) of 26 s. The V-TDMA heater temperature was set most of the
time to 100◦C with a RT of about 20 s (23±2 s at 30◦C). Particles with dry diameters of D0

= 35, 50, 75, 110, 165, and 265 nm were sequentially monitored. The diameters were chosen
as it was recommended and done for H-TDMA measurements during the European Supersites
for Atmospheric Aerosol Research (EUSAAR) campaigns (e.g., Duplissy et al., 2009; Nilsson
et al., 2009; Kammermann et al., 2010; Fors et al., 2011). Calibrations of GF with nebulized
ammonium sulfate and a D0-calibration for GF and SF with ambient air or ammonium sulfate at
RH< 10% (∼ 25◦C) were done to determine the baseline before, after, and once in the middle of
each measurement campaign. The error in D(RH)/D0 and D(T)/D0 was typically < 2% and is
considered during the data analysis. The RH was most of the time very stable at 90%, however
GF data in a range of 87 - 93% RH were considered and corrected to 90.0% RH in order to
exclude any uncertainties caused by those small RH variations (Gysel et al., 2009). The heater
temperature was also stable and varied less than ± 2◦C.

7.3 Results and discussion

Time series of the volatility at 100◦C and hygroscopicity at 90% RH are presented for summer
(Fig. 7.1) and winter (Fig. 7.2). EachD0 is shown in a separate subplot and the SF-PDF and GF-
PDF distributions are presented as image plots in addition to the mean SF at 100◦C and GF at
90% RH. The RH was chosen to be 90% to have stable conditions at high RH. The temperature
in the heater was set to 100◦C to have a SF arround 0.7 - 0.8 in order to observe any changes
in volatility rather than to observe a refractory or non-volatile fraction as done in other studies
(e.g., Wehner et al., 2004).

In summer (Fig. 7.1, upper panel of subplots) the SF ranged from 0.65 - 0.9 for D0 = 35, 50 nm,
while larger D0 were less volatile and ranged from 0.8 - 0.95. The mean hygroscopicity dur-
ing summer (Fig. 7.1, lower panel of the subplots) was lower for smaller particle sizes and
ranged from GF≈ 1.1 - 1.5 for D0 = 35 - 75 nm and from GF≈ 1.2 - 1.7 for larger particles with
D0 = 110 - 265 nm. This might be explained partially by the diameter dependence of the GF, but
also κ values showed exactly the same: smaller particles were less hygroscopic than the larger
onces (see also Sect. 7.3.2 and Fig. 7.3 and 7.4).

In winter (Fig. 7.2) the SF ranged from 0.7 - 0.9 for small particles (D0 = 35, 50 nm) and 0.75 -
0.95 for medium and larger particles (D0 = 75 - 265 nm). The overall range was similar, however,
small particles were slightly less volatile and large particle somewhat more volatile compared
to summer. This indicates a different size-dependent chemical composition for the particles in
summer and winter. The GF values during the winter campaign ranged from GF 1.1 to 1.65,
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again particles with smaller diameter had a lower κ and were thus less hygroscopic.

7.3.1 Mixing state of the aerosols

During the summer campaign (Fig. 7.1) the SF-PDF showed often a bimodal distribution indi-
cating externally mixed aerosols with distinct different volatilities. For D0 from 50 to 165 nm
the bimodal distribution was best visible with a less volatile mode at SF ∼ 0.95, and a more
volatile and more variable mode with SF in a range of 0.75 - 0.85. The less volatile mode was
relatively constant in SF once it existed. The hygroscopicity distribution GF-PDF indicated an
externally mixed aerosol most of the time and was best visible for medium to large diameter.
The less hygroscopic mode was around GF 1.05 and the more hygroscopic mode was variable
with temporal evolution and depending on the size. It was often found to be 1.4 - 1.5 forD0 = 35,
50 nm, 1.6 for D0 = 75, 110 nm, and 1.7 for D0 = 165, 265 nm.

The less hygroscopic and less volatile mode might represent the same aerosol type containing
BC as major component. Therefore soot might have contributed an important part to these
modes. Mineral dust particles were not likely to contribute as the modes were found for all
diameters from 35 to 265 nm and dust would be expected to be present in large particle sizes. The
variable modes with higher volatility and higher hygroscopicity showed only little correlation
and thus represented not the same aerosol type. POA, freshly formed SOA and also some volatile
inorganics (NH4NO3) contributed to the mode with low VFR. Inorganic species determined the
more hygroscopic mode, which was probably lowered by the presence of organics. The relative
importance of organics in particular POA might increase with decreasing diameter. Overall the
properties appeared to be relatively homogeneous in size and modes and a local or a plume
influence was not clearly visible during the summer campaign. An exception was a period
(21.7. - 22.7.) with low GF at allD0 which was characterized by high organic mass concentration
(∼ 5 µg m−3), which was the dominant mass in the non-refractory particulate matter < 1 µm
during the full summer campaign and well correlated with the BC mass.

In winter the physical properties and the mixing state seem to be less homogeneous than in
summer due to the influence from different air masses (Fig. 7.2). Interestingly an externally
mixed aerosol was only indicated by the GF-PDF, while the SF-PDF showed almost completely
only one mode. There were some rare periods with a trimodal GF distribution, and also some
unimodal GF-PDF periods with an internally mixed aerosol. The non-hygroscopic GF modes,
which were almost always present, were found at GF about 1 (occasionally up to 1.1) depending
on D0. Small particles (especially D0 = 35 nm) had a rather constant less hygroscopic mode
of GF = 1 mainly, which could reflect BC and POA. Large particles (D0 = 165, 265 nm) had a
relative constant mode at GF = 1.6. This GF is in the typical GF range of ammonium sulfate and
might represent the background mode. The other modes were variable with time and air masses,
respectively. They were mainly influenced by the concentration and the properties (e.g. age,
oxidation stage) of organics, which represented also in winter a relevant mass fraction.
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A bimodal GF with a less hygroscopic and a more hygroscopic was found in many H-TDMA
studies for submicron aerosol in various locations (e.g. Baltensperger et al., 2002; Massling
et al., 2005; Swietlicki et al., 2008). Especially for an urban or urban background aerosol these
two modes are expected as a result of mixed fresh (local) and aged (background) aerosol, but it
was also observed in remote places e.g. at the Jungfraujoch in Switzerland (Sjogren et al., 2008;
Kammermann et al., 2010).
The determination of the mixing state for ambient volatility measurements is less common than
for hygroscopicity TDMA systems. The heater temperatures are often very high to determine the
non-volatile or refractory aerosol fraction. Temperatures of 400◦C were used to extract the non-
volatile particles and study the mixing states of BC in Tokyo (Kuwata et al., 2007). A V-TDMA
has been used to characterize the ambient aerosol, and a bimodal distribution was found for a
traffic aerosol at 280◦C (Wehner et al., 2004). Tiitta et al. (2010) presented the mixing state of
aerosols in an urban traffic dominated site with respect to hygroscopicity, volatility and ethanol
(organic) TDMA measurements. They found a bimodal distribution for all TDMA types also
for volatility for 20 and 50 nm size particles at 150 and 280◦C. In contrast to those studies the
externally mixed aerosol (concerning volatility properties) in Paris during the summer could be
observed already at temperatures of 100◦C and over a wide diameter range from 35 to 265 nm.
At this relative low temperatures the particles evaporate just partly and might therefore show a
more volatile and a less volatile mode. In winter the separation of volatility distribution could
not be observed, suggesting internally mixed aerosols concerning their volatility at 100◦C.

7.3.2 Diurnal variation of chemistry and physical properties

The mean diurnal variation of the chemical composition, volatility in VFR at 100◦C, and hy-
groscopicity in κ is given in Fig. 7.3 for the summer campaign and in Fig. 7.4 for the winter
campaign.
In summer the mean diurnal variation of aerosol mass concentration showed a peak for organics,
BC and NO3 in the morning and late evening, while NH4, SO4 and chloride showed basically
no diurnal variation (Fig. 7.3A). The morning peak was also visible in the VFR at 100◦C, which
showed a smooth trend over the rest of the day (Fig. 7.3B). The κ diurnal variation (Fig. 7.3C)
showed a minimum in the morning and late evening, exactly when organics and BC had a max-
imum. Also the VFR for small particles (D0 35 - 75 nm) agreed well with this diurnal trend.
However, the morning peak of VFR correlated better with the BC peak, which was slightly
(∼ 1 h) later than the organic peak and hygroscopicity minimum. The organic fractions (not
shown) indicates a mainly fresh organic composition with high mass to charge ratios m/z 43 and
57. A detailed AMS data evaluation with positive matrix factorization (PMF) will be reported
in a separate paper by Crippa et al. soon. The traffic emissions seem to be the driving force for
the morning and evening peaks, but the boundary layer influence plays probably also a role.
An interesting period in the diurnal variation during summer from ∼ 12 to 18 h (with a small
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(a) (b)

(c) (d)

(e) (f)

Figure 7.1: Mixing state of the aerosols in summer. The upper panel shows the volatility as
shrinking factor (SF) with the corresponding SF-PDF and the bottom panel shows the hygro-
scopicity as hygroscopic growth factor (GF) with the corresponding GF-PDF for each dry diam-
eter D0 in a separate subplot.

plateau/local maximum around 14:30) could be observed in organics, VFR and κ due to photo-
chemical aging processes. Organic mass (also m/z 44), volatility and hygroscopicity increased
during this time period as it was observed during chamber aging experiments with pure SOA
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(a) (b)

(c) (d)

(e) (f)

Figure 7.2: Mixing state of the aerosols in winter. The upper panel shows the volatility as shrink-
ing factor (SF) with the corresponding SF-PDF and the bottom panel shows the hygroscopicity
as hygroscopic growth factor (GF) with the corresponding GF-PDF for each dry diameter D0 in
a separate subplot.

(Tritscher et al., 2011a). Thus this noon period might be dominated by photo-chemically pro-
cessing of SOA and other aerosol. After ∼ 14:30 the sun light intensity is less strong and all
trends were reversed, which means decreasing volatility, hygroscopicity and mass until the
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evening period starts due to emissions from the rush hour traffic.

During the winter campaign the mean diurnal variation (Fig. 7.4) was less clear and chemistry,
volatility, and hygroscopicity showed partially different trends. A morning rush hour traffic
peak was only seen for VFR at 100◦C (Fig. 7.4B), which correlated roughly with a BC increase
(Fig. 7.4A). The hygroscopicity (Fig. 7.4C) showed a peak during the early morning hours (∼ 4 -
6 h), which was not expected, but might be explained by a decrease in organics and increasing
NO3 and NH4 mass. During the rest of the day κ seemed to be less directly influenced by the
organics, the clear evening and night increase in organics caused just a very small decrease in κ.
It might be again compensated by the increasing NO3 and NH4 which had a higher κ than SOA
and particles from wood combustion. For volatility in winter the increase of the semi-volatile
organics and NO3 in the evening was observed, but the VFR decrease was somewhat buffered
by the increasing BC mass.

Figure 7.3: Diurnal variation during the summer campaign of the mean VFR at 100◦C and the
hygroscopicity parameter κ (panel B, C) for six measured dry diameters (D0) and aerosol bulk
chemistry (A).

The diurnal variation might be less clear in winter than in summer due to the above mentioned
heterogeneous temporal evolution of the aerosol properties caused by air mass influences. A
difference in the size-dependent chemistry can be derived from the volatility as well, however
there is the uncertainty due to kinetic effects in the heater: Smaller particle evaporate faster
than larger particles with the same chemical composition due to different kinetics (as shown in
Chap. 2). Therefore the observed size-dependence in volatility might be smaller considering
the kinetic effects. This is more the case in the summer when the mean diurnal VFR lines for
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different D0 are almost parallel (Fig. 7.3B) than in winter when sometimes the large particles
are more volatile than the smaller onces (Fig. 7.4B). The latter clearly indicates a size-dependent
chemistry in winter, which changed during the day.
Nevertheless this diurnal variation might be also to some extent an artifact from averaging data
over the full campaign if too many different and extreme situations were present. This needs
some further investigation and analysis. In summer we know from the volatility mixing state
that there are at least two different types of aerosols externally mixed, which thus have also a
different chemistry. The two modes are not located at the same SF for all measured diameters
(see Fig. 7.2) and a size-dependent chemistry is likely.

In general the observed total PM mass was higher in winter than in summer, mainly due to
increased organics, NH4 and high NO3 mass. Among the measured aerosol masses the organics
were the highest during both campaigns and had a central role. However, the sum of all inorganic
masses was higher in winter than in summer where organics were dominant.
The hygroscopicity for all particles (especially those with smaller diameters) was lower in winter
than in summer. This is not expected from the chemical composition as there was a substantially
higher NO3 fraction observed by the AMS in winter, and inorganics have a dominant effect on
hygroscopicity. Evaporation losses due to a longer inlet line to the V/H-TDMA compared to the
AMS and the temperature increase from low ambient winter temperatures to higher trailer and
instruments temperatures (20◦C) might have lead to evaporation losses of volatile species. In

Figure 7.4: Diurnal variation during the winter campaign of the mean VFR at 100◦C and the
hygroscopicity parameter κ (panel B, C) for six measured dry diameters (D0) and aerosol bulk
chemistry (A).
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addition the drying of the particles increases those losses probably as well. NH4NO3 is a very
volatile inorganic compound and has a high GF (∼1.8 at 90% RH). NH4NO3 might have been
lost to some extent, which may explain the low hygroscopicity in winter. Such possible artifacts
due to significant evaporation losses were found in previous hygroscopicity studies (e.g., Gysel
et al., 2007).

The hygroscopicity might be thus biased for particles with D0> 110 nm, where NO3 became
an important fraction of the AMS spectra, while particles with D0 < 75 nm mainly consisted of
organic compounds and BC. Nevertheless, the measured volatility correlated well with the high
NO3-fraction (slightly better than with organics), indicating there were probably still significant
amounts of NO3 present in the particles analyzed by the V/H-TDMA. In this situation a in-series
setup of the V/H-TDMA (first heating than exposure to high humidity) as done e.g. by Villani
et al. (2008) might have been useful to study directly the volatility influence on hygroscopicity.
However, it would not have helped to quantify the losses due to inlet length and particle drying. κ
showed an increase with increasing dry particle diameter in summer and winter. This indicates
also the size-dependent chemistry with small particles mainly composed of organics and BC,
and larger particles with predominantly inorganic compounds and some SOA. The measured
VFR especially for large particle diameters was lower in winter but the differences between
the diameters were smaller than in summer (compare e.g. Fig. 7.3 and 7.4). During summer
the small particles (D0 = 35, 50 nm) were distinctly more volatile likely due to a higher organic
fraction and the influence of fresh versus aged organic contributions.

The presented results about the mixing state of the aerosol and derived chemical information
as well as the characterization of the volatility and hygroscopicity will be helpful and used in
further studies about the aerosol composition in the sub-urban Paris region.
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8
Conclusions and Outlook

This thesis is a contribution to increase the knowledge about volatile and hygroscopic properties
of fresh and processed secondary organic aerosol (SOA) and combustion aerosols, which are
a mixture of black carbon (BC), organics, and other compounds. Both SOA and combustion
aerosols contribute significantly to the atmospheric aerosol.

A newly designed and improved version of the volatility and hygroscopicity tandem differen-
tial mobility analyzer (V/H-TDMA) was built and deployed in several laboratory studies at the
smog chamber of the Paul Scherrer Institute as well as in ambient measurement campaigns.
By evaluation of the manifold data from the V/H-TDMA measurements even small changes
in hygroscopicity and volatility can be identified. The potential for different setups and so-
called coupled setups with other instruments behind the TDMA is not fully exploited yet but
first promising attempts were shown in several measurements (not included in this thesis). The
instrument can also run in a VH-TDMA configuration, where particles are first heated and then
exposed to humidity. It is worth to continue with those setups in future studies.

Size- and time-resolved parallel volatility and hygroscopicity measurements with SOA from α-
pinene were performed. Ongoing aerosol aging processes such as functionalization, oligomer-
ization, and fragmentation were attributed to different reaction phases (condensation and ripen-
ing) based on the evolution of volatility and hygroscopicity. Using these properties to categorize
SOA in addition to chemical information is a helpful and promising approach, as a single com-
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ponent characterization of SOA seems to be an impossible task due to too many compounds.
The observed temporal evolution of processes will contribute to the improvement of models as
the volatility basis set (VBS) (Donahue et al., 2006). However, partitioning of SOA, and aging
processes that are still not fully understood, remain a challenge for measurements and modeling
of all types of SOA. In contrast to volatility it is possible to relate hygroscopicity of SOA to
chemical oxidation levels such as the O:C ratio. We could show for chamber and ambient data
that hygroscopicity of pure organic aerosol at subsaturated conditions is related to the organic
mass fraction of m/z 44 (f44). f44 is retrieved from aerosol mass spectrometer (AMS) measure-
ments (which have a world-wide increasing database) and shows a correlation to photochemical
age of the aerosol. Although these findings are a helpful link between chemistry and hygroscop-
icity, they need to be treated carefully and further validation is reasonable. Differences due to
the precursor gas or level of aging might cause discrepancies visible in measurements at sub- or
supersaturated conditions (Massoli et al., 2010).

Direct emission measurements are typically not able to represent the properties of aerosols in
the polluted atmosphere as fresh emissions undergo atmospherical aging and processes as soon
as they are emitted. It was found within the scope of this thesis that SOA formation from the
gaseous part of combustion emission is a central aspect of simulated emission aging. Those pro-
cessed emissions are likely to be more atmospherically relevant. Differences in hygroscopicity
and morphology were observed between fresh and aged combustion emissions. Hygroscopic-
ity at sub- and supersaturated conditions was characterized for emissions from diesel vehicles
and burned beech log wood in a residential oven. Fresh diesel soot was found to be not hygro-
scopic but there is also no evidence that the soot was hydrophobic. Processed diesel aerosols
and in several cases also the processed wood particles show restructuring (collapsing of the
fractal particle structure) and thus morphological changes. Analysis of those complex mixed
aerosols containing soot (BC and organics) and other compounds are more difficult than for
pure SOA from a single precursor. Several challenges such as reproducible experiments (espe-
cially for wood burning), high BC content (fractal-like particles), size-dependent chemistry, and
thus size-dependent hygroscopic properties were encountered.

The variety of combustion sources that contribute to the atmospheric aerosol is huge and prop-
erties e.g. hygroscopicity of primary emissions from different biomass burning sources can be
quite different (e.g. shown by Petters et al., 2009a). Also the presented study on diesel emis-
sions shows differences in composition and hygroscopic properties for primary emissions and
processed aerosols from different diesel cars. However, those differences were smaller than the
ones observed for fresh biomass burning aerosol. Most likely numerous SOA species were pro-
duced in our combustion aging experiments. Interestingly, it seems they have an overall similar
hygroscopicity of κ ≈ 0.1 which is comparable to our pure SOA studies e.g. from α-pinene
and also to other performed studies. Results for pure gas phase aging experiments with filtered
(particle-free) emissions as precursor could confirm this. Therefore the main influencing fac-
tors on hygroscopicity of processed combustion aerosols are the amount of gaseous precursor
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(SOA forming potential), the fraction of BC (responsible for an underestimation of the hygro-
scopicity) and the aging time. In general the wood combustion aerosol particles have a higher
hygroscopicity than those from diesel emissions and range from κ= 0.01 - 0.39. The hygroscop-
icity of particles from biomass burning emissions is high, if inorganic compounds contribute to
a significant part of the aerosol.

The pure SOA and BC containing emissions experiments studied in the smog chamber simu-
late the atmospheric processes under controlled conditions. They are complex but volatility and
hygroscopicity studies of ambient aerosols including fresh and aged combustion aerosols are
even more complex. A direct link or extrapolation from the chamber experiments is difficult.
Properties and composition changes due to meteorological conditions e.g. air mass changes and
resulting diurnal variations can not be observed in chamber measurements. The mixing state
of the aerosols retrieved from growth factor measurements, but also from volatility measure-
ments, indicate aerosol history and allow a rough categorization (e.g. background versus pollu-
tion aerosol). Other compounds in the ambient aerosol, especially inorganic substances with a
high hygroscopicity compared to SOA, hide in many cases the relatively small changes observed
in the smog chamber studies. Nevertheless, they are important for a deeper understanding of
aerosol processes as mentioned above.

Several properties and effects of aging SOA and processed combustion emissions under various
smog chamber conditions were presented in this thesis. Our volatility and chemical analysis
for pure SOA indicates that we still have difficulties to reach the range of LV-OOA, intensively
aged SOA with low volatility as it is found in ambient studies as a part of the organic aerosol.
This is mainly limited by the used smog chamber setup with limited experiment duration, due
to wall-losses and a given volume in the chamber. Especially an increase in the light intensity
and therefore faster reaction processes in the chamber could lead to a ”longer” aged or further
processed SOA, with potentially different hygroscopic and volatility properties.

The presented studies with wood and diesel emissions show also limitations and difficulties of
mobility diameter based measurements that lead to an underestimation of the hygroscopicity
due to morphology changes. Especially for those types of studies with fractal particles e.g. soot,
additional mass related measurements in combination with the diameter based measurements
are advantageous. Including emissions from other vehicles, engines or from any other combus-
tion of fossil or biomass fuels into similar chamber studies would complete the picture of aged
combustion aerosols. These are just a few ideas to continue research in this field and improve
the scientific knowledge on aerosol properties further.
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Paul Zieger and Zsófi Jurányi for their support and discussions on water uptake and especially on
tough formulas and any mathematical-physical problem. You were also very helpful in solving
any thesis formatting or LaTeX-problem, where I could count also on the generous support from
Arnaud Praplan.

Michel Rossi for fruitful discussions on chemistry and volatility issues.

Doris Hirsch-Hoffmann for welcoming me from the first moment in the LAC and being the
”gute Seele” of the LAC, taking care for everything.

The LAC Vita Parcours team especially chef-trainer Peter Barmet and co-trainer Marie and Zsófi
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