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Zusammenfassung

Atmosphärische Aerosole haben einen wichtigen Einfluss auf die Strahlungsbilanz
und damit auf das Klima der Erde. Aerosolpartikel streuen und absorbieren ein-
fallende solare und terrestrische Strahlung. Abgesehen von diesem direkten Effekt
sind sie auch Wolkenkondensationskeime (CCN) und beeinflussen dadurch die Mi-
krophysik von Wolken. In vielen Regionen machen sekundäre organische Aerosole
(SOA) einen großen Anteil der Gesamtaerosolmasse aus. Sie sind hauptsächlich
Produkte der Oxidation von biogenen flüchtigen organischen Verbindungen.
In der vorliegenden Arbeit wurde das hygroskopische Wachstum und die CCN-
Aktivierung von biogenem SOA untersucht, das durch die Oxidation von VOCs
mit Ozone und photochemische gebildeten OH-Radikalen bei geringen NOx Kon-
zentrationen hergestellt wurde. Zu diesem Zweck wurden in der Jülich Plant
Atmosphere Chamber (JPAC) komplexe Mischungen von VOCs, die von für
boreale Wälder typischen Baumarten emittiert wurden, als Vorläufer verwen-
det. In Langzeitstudien in der Atmosphärensimulationskammer SAPHIR wurden
α-Pinen oder eine Mischung mit gleichen Anteilen von α-Pinen, β-Pinen, Limo-
nen, Ocimen und Δ-3-Caren als Vorläufer benutzt. Die VOC-Startkonzentrationen
lagen zwischen 40 und 1000 ppbC.
Das hier untersuchte SOA war wenig hygroskopisch und der mittlere Hygrosko-
pizitätparameter lag bei κ(CCN) = 0.10 ± 0.02 und κ(90%RH) = 0.05 ± 0.01.
Die Messungen des hygroskopischen Wachstums und der CCN-Aktivität konn-
ten zur Deckung gebracht werden unter der Annahme von reduzierter Ober-
flächenspannung, begrenzter Löslichkeit oder Nichtidealität der Lösung im un-
tersättigten Regime. SOA-Lösungen, die mit RH <95% im Gleichgewicht sind,
sind wahrscheinlich hoch nichtideal. Deshalb wurden die Wasser-Organik-Wechsel-
wirkungen mit dem UNIFAC-Model untersucht. Berechnungen mit Surrogatver-
bindungen ergaben die gleiche starke Konzentrations- bzw. RH-Abhängigkeit von
κ bei Untersättigung. Für die Anpassung der Wachstumskurven und die Vorher-
sage der CCN-Eigenschaften wurde ein binäres Wasser-Organik-System angenom-
men und das Auftreten der funktionellen Gruppen in dieser hypothetischen Ver-
bindung angepasst. Allerdings werden weitere Angaben zur Oberflächenspannung
und dem Verhältnis von Molmasse und Dichte des gelösten Stoffs benötigt, um
aus Messungen des hygroskopischen Wachstums die Aktivierungseigenschaften
abzuleiten.
Es wurde eine Abhängigkeit von κ vom Verhältnis aus OH-Primärproduktion und
VOC-Startkonzentration festgestellt. Die höhere κ-Werte bei niedrigen Vorläufer-
konzentrationen konnte dem ebenfalls höheren OH/VOC-Level zugeschrieben wer-
den. Die genaue chemische Zusammensetzung der Vorläufersubstanzen hatte nur
einen geringen Einfluss auf κ. In Langzeitstudien hatte die beobachtete chemische
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Alterung der Partikle keinen signifikanten Effekt auf κ. Die beobachtete geringe
Varabilität von κ erleichtert die Einbindung in globale Modelle, da ein mittlerer
Wert von κ = 0.1 angenommen werden kann.
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Abstract

Atmospheric aerosols have an important impact on the radiation balance, and
thus, on the climate of the Earth. Aerosol particles scatter and absorb incoming
solar and terrestrial radiation. Apart from this direct effect, aerosol particles act
as cloud condensation nuclei (CCN), thereby greatly influencing the microphysics
of clouds. Secondary organic aerosols (SOA) are an important fraction of the
total aerosol mass. In many environments these organic compounds are mainly
products of the oxidation of biogenic volatile organic compounds (VOC).
In this study the hygroscopic growth and CCN activation of biogenic SOA were
investigated which was formed by the oxidation of VOC with O3 and photo-
chemically formed OH radicals under low NOx conditions. For this purpose, a
complex mixture of VOC emitted by boreal tree species as gas-phase precursors
was used in the Jülich Plant Atmosphere Chamber (JPAC). In long-term studies
in the atmosphere simulation chamber SAPHIR α-pinene or a defined mixture of
α-pinene, β-pinene, limonene, ocimene, Δ-3-carene served as precursors. Initial
precursor concentrations between 40 and 1000 ppbC were investigated.
The observed SOA particles were slightly hygroscopic with an average hygroscop-
icity parameter κ(CCN) = 0.10 ± 0.02 and κ(90%RH) = 0.05 ± 0.01. Closure
between hygroscopic growth and CCN activation data could be achieved allowing
either surface tension reduction, limited solubility, or non-ideality of the solution
in the droplet. The SOA solutions in equilibrium with RH <95% are possible
highly non-ideal. Therefore the organic-water interaction were investigated by
applying the UNIFAC model. Calculations for surrogate compounds exhibited
the same strong concentration (i.e. RH) dependence of κ at sub-saturation. The
growth curves could be fitted and CCN activation predicted by assuming a bi-
nary mixture of water and one hypothetical organic compound. The occurrence
of functional groups in this compound was adjusted to reproduce the observed
growth curves. However, further information on surface tension and the ratio
of the molecular mass and density of the solute is needed to predict activation
behavior from hygroscopic growth measurements.
A dependence of κ on the ratio of primarily produced OH to initial VOC level
was observed. The higher κ values for low precursor concentrations could be
attributed to a higher OH/VOC level. The detailed chemical composition of the
gas-phase precursors had only little effect on κ. In long term experiments there
was no significant effect of the observed chemical aging of the particles on κ. The
observed low variability of κ for biogenic SOA particles simplifies their treatment
in global models as an average value of κ = 0.1 can be used.
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1. Introduction

1.1 Atmospheric aerosols

Aerosols are defined as a suspension of solid or liquid particles in gas. In a
strict sense the term aerosol refers to both, the gas and the particle phase. In
atmospheric science the term is often used to describe only the particle phase.

Figure 1.1: Schematic aerosol size distribution. Adapted from Finlayson-Pitts
and Pitts (2000). The typical four mode size distribution with the formation and
loss processes for each mode is shown. The solid lines represents the original
hypothesis of Whitby and Sverdrup (1980). The dashed lines include the ultra
fine particle mode in the aerosol size distribution.

The size of atmospheric aerosol particles range from 10−9 to 10−4 m. A typical
(schematic) size distribution is shown in Figure 1.1 (Finlayson-Pitts and Pitts
(2000)). A selection of the large number of complex processes leading to particle
formation is indicated in this figure. On the one hand, primary aerosols are
emitted directly into the atmosphere e.g. mineral dust, sea spray, or soot from
biomass or fossil fuel burning. On the other hand, gas-phase compounds from
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various sources are oxidized in the atmosphere to yield low-volatile products,
which may form new (secondary) particles or condense on existing ones. The size
of the particles increases with time due to this condensation of new vapors and
coagulation of the particles. The major removal processes are wash-out by rain
or other precipitation, and sedimentation and dry deposition of large particles.
Typically, the lifetime of aerosol particles in the troposphere is several days.
During this time the particles may be transported away from the source region,
and chemical and physical changes can occur to the particles. This processing in
the atmosphere is called aging.
In Figure 1.2 the composition of submicron aerosol particles is shown measured at
different locations in the northern hemisphere with Aerosol Mass Spectrometers
(AMS, Zhang et al. (2007)). Beside the inorganic species (sulfate, ammonium,
nitrate, and chloride) organic matter is detected in all probed environments.
Depending on the region, it composes 18 to 70% of the total aerosol mass. (Note
that the AMS cannot detect refractory compounds e.g. soot or mineral dust.)

Figure 1.2: Composition of aerosol particles < 1μm determined from AMS
measurements. Type of sampling location is indicated as following: urban areas
(blue), <100 miles downwind of major cities (black), rural/remote areas >100
miles downwind of major cities (pink). Pie charts show the average mass concen-
tration and chemical composition: organics (green), sulfate (red), nitrate (blue),
ammonium (orange), chloride (purple). Taken from Zhang et al. (2007)

1.2 Secondary organic aerosol

Organic aerosols (OA) are an important constituent of atmospheric aerosols.
Hallquist et al. (2009) find that the main fraction of OA is made up by secondary
organic aerosol (SOA) from oxidation of biogenic volatile organic compounds
(VOC). This corresponds to the much higher emissions of biogenic VOCs (430 -
1150 TgC/a) compared to anthropogenic VOCs (160 TgC/a, Guenther et al.
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(1995)). Similar findings are reported by Kanakidou et al. (2005) with up to 90%
contribution of SOA to OA in boreal and tropical regions (see Figure 1.3). How-
ever, the formation of SOA is underestimated in current models by one or two
orders of magnitude (Goldstein and Galbally (2007), Heald et al. (2005)). This
indicates that the understanding of SOA formation is still incomplete.

Figure 1.3: Contribution of SOA to all organic aerosol calculated with a 3-D
global chemistry transport model for July. Taken from Kanakidou et al. (2005).

Generally, VOC are oxidized by reactions with ozone (O3), hydroxyl radicals
(OH), or nitrate radicals. C-C double bonds are most reactive, but OH and NO3

radicals react also with C-H bonds. Most oxidation products have a lower satura-
tion vapor pressure than the precursors. Thus, super-saturation with respect to
the oxidized compounds can be achieved quickly and nucleation will occur form-
ing new particles. If the available particle surface is able to take up the produced
condensable vapors, no new particles are formed. Instead, condensational growth
of the existing particles is observed.
The global VOC emissions are dominated by isoprene (Guenther et al. (1995)).
The next abundant compounds are the group of monoterpenes (MT). The emis-
sions of boreal tree species are dominated by MT. If plants are subject to abiotic
(heat, drought) or biogenic stress (plant disease), sesquiterpenes (SQT) and ox-
idized compounds are emitted. Another indicator for stress is ocimene and its
isomers. The oxidation of these different VOC types should lead to a rather
different chemical composition of the formed SOA.
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1.3 Aerosol climate interactions

Atmospheric aerosols have an important impact on regional and global climate.
Depending on their composition aerosol particles scatter or absorb the incoming
solar and terrestrial radiation. This direct effect leads to a negative radiative
forcing of -0.50±0.40 W/m2 (Forster et al. (2007)). Apart from this, aerosols
greatly influence the microphysics of clouds: their radiative properties, occur-
rence, and lifetime. Direct and indirect effects of aerosol particles on the radi-
ation are summarized in Figure 1.4. If the liquid water content in the cloud is
constant, an increase in the amount of cloud condensation nuclei (CCN) leads
to smaller cloud droplets. Therefore, the cloud albedo is increased in comparison
to an unperturbed cloud. At the same time, the lifetime of the formed cloud
is increased. Additionally, the extend and height of the cloud changes and also
the precipitation probability is influenced. In the current IPCC report only the
effect of enhanced cloud albedo is considered. This results in a negative radiative
forcing of -0.7(-1.1/+0.4) W/m2 (Forster et al. (2007)).

Figure 1.4: Schematic diagram showing the various radiative mechanisms as-
sociated with cloud effects that have been identified as significant in relation to
aerosols. The small black dots represent aerosol particles; the larger open circles
cloud droplets. Straight lines represent the incident and reflected solar radia-
tion, and wavy lines represent terrestrial radiation. The white circles indicate
cloud droplet number concentration (CDNC). The vertical gray dashes represent
rainfall, and LWC refers to the liquid water content. Taken from Forster et al.
(2007).

1.4 Focus of this work

The aim of this work was to investigate the influence of the gas-phase precursors
and oxidation conditions on the microphysical properties of the formed SOA.
Furthermore, the temporal evolution of these properties due to chemical aging
of the particles was studied. Since both, hygroscopic growth and cloud droplet
activation, were measured, they could be related to each other and other physical-
chemical properties were derived (closure study).
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For this investigations SOA was produced from photo oxidation and ozonolysis
of biogenic gas-phase precursors in two different simulation chambers and the
hygroscopic properties and CCN activation of these particles were measured. In
one simulation chamber emissions from real tree species were used. In these ex-
periments the main constituents of the tree emissions were identified. The five
dominant MT were used as precursors in the other chamber where experiments
on a longer timescale were possible and natural sunlight could be used for pho-
tochemistry.
In the first part of this work the theory describing the hygroscopicity of aerosol
particles and the parameterizations of this theory are presented. These parame-
ters will be used to describe the measured data. The second part comprises the
description of the experimental set-up and a list of all conducted experiments. In
part three and four the measured data is shown and discussed with regard to the
objectives of this work.
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2. Theory

In this chapter the general Koehler theory will be presented since it is the theoret-
ical description of the hygroscopicity of aerosol particles. Two of the previously
applied single parameter approaches of the Koehler equation will be shown (κ,
ρion). Finally, the UNIFAC model will be described briefly. This model was used
to estimate the water activity in the solution droplets.

2.1 Hygroscopicity of aerosol particles

Aerosol particles interact with water vapor in the surrounding gas phase. In figure
2.1 the dependence of the particle size on the water vapor saturation ratio (S) is
shown for two different dry particle sizes (20 nm: red and orange, 80 nm: light
and dark blue). In the following S below 1 is called relative humidity (RH) and
above 1 supersaturation (SS).

RH = S · 100%

SS = S · 100% − 100% (2.1)

For low RH the Gibbs free energy of a solid soluble salt (in this example ammo-
nium sulfate) is lower than that of the corresponding aqueous solution. Thus, no
water vapor is taken up, and the particle diameter stays constant (orange and
light blue straight line). At a substance-specific RH the Gibbs free energy of the
saturated solution becomes less than that of the solid. Hence, water condenses
on the particles forming a saturated solution, and the particle diameter increases.
This is called deliquescence point and the corresponding RH deliquescence RH
(DRH). With increasing RH more water condenses and the particles grow fur-
ther. If the RH decreases again, the corresponding amount of water evaporates
and the particles shrink. When the RH drops below the DRH, a metastable,
supersaturated solution is formed (red and dark blue line) as the (homogeneous)
recrystallization of the salt and evaporation of all water is kinetically hindered.
At the efflorescence point (ERH) the kinetic barrier is overcome and the salt
crystallizes forming a solid particle.
For S above 1 (supersaturation with respect to water) the droplet growth contin-
ues with increasing SS. But above a certain droplet size (maximum of the curves)
the droplets will continue to grow even if the SS decreases and will eventually
become cloud droplets. Therefore, this is called the activation point. The SS
at this point is called critical SS (SScrit) and the particle diameter critical wet
diameter (Dw

crit). The position of the activation point depends on the diameter of
the dry particle: the larger the starting diameter the lower the critical SS. For
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technical reasons the measured activation extends over a certain small range of
Dp. For a given SScrit the diameter of dry particles where 50% of the particles
activate is called D50.

Figure 2.1: Koehler curves for ammonium sulfate particles of different dry sizes
(orange and red: 20 nm, light and dark blue: 80 nm).

2.2 Koehler theory

2.2.1 General application

The Koehler theory (Köhler (1936)) describes the interaction of an aqueous so-
lution droplet with the surrounding gas phase. The vapor pressure of water over
the curved solution depends on both, the amount of solute in the solution and
the curvature of the droplet. These two effects can be treated separately.
Over a flat surface of an aqueous solution the saturation vapor pressure is given
by Raoult’s law. The ratio of the saturation vapor pressure over the solution
(p0

sol) and pure water (p0
w) equals the water activity (aw) in the solution.

p0
sol = aw · p0

w ⇐⇒ p0
sol

p0
w

= aw (2.2)

The Kelvin effect describes the ratio of the saturation vapor pressure of pure water
over a curved (pw(Dp)) and a flat surface (p0

w). The curvature of the surface is

characterized by the curvature radius (Dp

2
).

pw(Dp)

p0
w

= exp

(
4V w σw

R T Dp

)
(2.3)

V w : partial molar volume of water
σw : surface tension of pure water at T
R : universal gas constant (8.314 J/Kmol)
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By combining equations 2.2 and 2.3 the saturation ratio (S) over a solution
droplet with the diameter Dp is given by:

S =
psol(Dp)

p0
w

= aw · exp

(
4V w σsol

R TDp

)
(2.4)

psol(Dp) : saturation water vapor pressure over a curved surface of

the solution with a curvature radius of Dp

2

σsol : surface tension of the solution

2.2.2 Parametrization of the Koehler theory

The Koehler theory given in equation 2.4 is generally applicable. No additional
assumptions to those for Raoult’s law and the Kelvin equation are necessary to
describe the hygroscopicity of aerosol particles. But for calculations with a real
(atmospheric) aerosol several of the parameters in equation 2.4 are unknown.
The partial molar volume of water and the surface tension of the solution in the
droplet are difficult to assess. Furthermore, the water activity in the droplet of a
given size needs to be determined. In this section, first the general approximations
are described. Then two different ways of parameterizing the water activity are
presented.
As a first approximation, the surface tension of pure water is used for the solution
(0.072 N/m at 298 K). This may be valid for pure inorganic salt particles but
several compounds identified in organic aerosols have the potential to reduce
the surface tension (e.g. Facchini et al. (2000) and Dinar et al. (2006)). In
several studies the agreement between measured data and Koehler theory could
be improved by applying a reduced surface tension e.g. for particles containing
humic acid like substances (Ziese et al. (2008), Asa-Awuku et al. (2010) etc).
Other studies (Prisle et al. (2008)) imply that the surface tension effect may be
partially compensated by surface partitioning of the surface active compounds.
Hence, as no additional information is available in this study, the surface tension
of pure water is used.
To enable the calculation of the volume of water in the solution from the dry and
wet particle size, volume additivity is assumed. I.e. the change in volume due
to mixing is neglected. As a direct consequence of this assumption the partial

molar volume (V w) of water then equals the molar volume (V
0

w), which can be
expressed as the ratio of the molar weight (Mw) and the density of pure water
(ρw).

V
0

w =
Mw

ρw

(2.5)

Thus, the Koehler equation (2.4) changes to:

S = aw · exp

(
4Mwσw

R TρwDp

)
(2.6)

This approximation can cause severe errors in the partial molar volume of ionic
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inorganic systems. However, for organic substances that are in the focus of this
work (big molecules, compared to water, with polar groups) only a small volume
contraction due to mixing is expected and the effect gets less important the more
dilute the solution is. This would lead to an underestimation of the amount of
water molecules in the droplet, i.e. the calculated molar fraction of water (xw) for
a measured RH/GF pair would be too low. The hygroscopicity deduced would
be to low as well. But as there is no data on the concentration dependent partial
molar volume and the exact composition of the mixture of organic compounds in
the particle is not known, the ideal assumption is applied.

Osmotic coefficient φ

The osmotic coefficient φ can be used to describe the water activity. The rational
osmotic coefficient (φrat) is defined as the ratio of the osmotic pressure of a real
solution (Πreal) and the ideal solution (Πid):

φrat =
Πreal

Πid

=
ln(aw)

ln(xw)
(2.7)

Using that the sum of the mole fraction of water (xw) and of the solute (xs) equals
1 and that for small xs: ln(1 − xs) = − xs, equation 2.7 changes to:

φ = − ln(aw)

xs

= − ln(aw) · nw + ns

ns

(2.8)

Since for small xs the amount of solute (ns) is much smaller than the amount of
water in the solution nw, equation 2.8 becomes:

φ = − ln(aw) · nw

ns

(2.9)

Equation 2.9 is identical to the definition of the molal osmotic coefficient (φ).
Hence, for dilute solutions the molal osmotic coefficient equals the rational os-
motic coefficient. Both coefficients approach 1 as aw → 1.
Assuming that the dry particle is spherical, ns can be calculated from the diameter
and density of the dry particle. With the factor ν both, dissociation of salts
(ν > 1) and incomplete dissolving of the solute (ν < 1), are included.

ns = ν · Vs · ρs

Ms

= ν · π

6
· D3

dry · ρs

Ms

(2.10)

ν : number of dissolved entities per molecule of solute
Vs : volume of the solute
ρs : density of the dry particle
Ms : molar mass of the dry solute
Ddry : diameter of the dry particle

nw can be calculated from the difference of the droplet volume (Vp) and Vs.
As volume additivity is assumed, it does not matter if the solute is completely
dissolved or an insoluble core remains. Additionally, the molar volume of pure
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water (equation 2.5) can be applied.

nw =
Vw · ρw

Mw

=
(Vp − Vs) · ρw

Mw

nw =
π

6
· (D3

p − D3
dry) · ρw

Mw

(2.11)

ρw : density of pure water
Mw : molar mass of water (0.018 kg/mol)

Combining equations 2.9 to 2.11 with the Koehler equation 2.6 leads to:

S = exp

(
4Mwσw

R TρwDp

− φν · ρsMw

ρwMs

· D3
dry

(D3
p − D3

dry)

)
(2.12)

Parameter ρion

For most aerosol systems the parameters φ, ρs, ν, and Ms are unknown. Hence,
Wex et al. (2007) proposed to merge them into the new parameter ρion. This is
the number of entities (ions and/or molecules) per dry solute that are expected
to dissolve in order to produce the same behavior as the real solution assuming
an ideal solution:

ρion = νφ
ρs

Ms

(2.13)

Then equation 2.12 changes to:

S = exp

(
4Mwσw

R TρwDp

− ρion · Mw

ρw

· D3
dry

(D3
p − D3

dry)

)
(2.14)

Hygroscopicity parameter κ

Petters and Kreidenweis introduced the hygroscopicity parameter κ to parame-
terize the water activity (Petters and Kreidenweis (2007)).

aw =

(
1 + κ

Vs

Vw

)−1

(2.15)

As shown in the previous section under assumption of volume additivity the
volume of water (Vw) and the solute (Vs) in the droplet can be calculated from
the droplet and dry particle diameter, respectively.

Vs =
π

6
· D3

dry (2.16)

Vw = Vp − Vs =
π

6

(
D3

p − D3
dry

)
(2.17)
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The combination of equations 2.6, 2.16 and 2.17 leads to the so called κ-Koehler
equation:

S =

(
1 + κ

D3
dry(

D3
p − D3

dry

)
)−1

· exp

(
4Mwσw

R TρwDp

)
(2.18)

The water activity can also be written as the mole fraction of water (xw) multi-
plied with a molar activity coefficient (γw):

aw = γw · xw = γw · nw

nw + ns

(2.19)

Combining equations 2.15 and 2.19 results in:

aw =

(
1 + κ

Vs

Vw

)−1

= γw · nw

nw + ns

(2.20)

For very dilute solutions (aw → 1 ) γw approaches 1. Then equation 2.20 can be
solved for κ.

nw + ns

nw

= 1 + κ
Vs

Vw

κ =
V

0

w

V
0

s

=
Mw

ρw

· νρs

Ms

(2.21)

This means for dilute solutions κ will approach the ratio of the molar volumes of
water and the solute.

Relation of the parameters φ, ρion, and κ

φ, ρion, and κ are only different ways of expressing aw, or more precisely the
difficult to assess non-ideality of the solution. They can be directly related to
each other. ρion is already linked to φ by definition (equation 2.13). Using
equations 2.9 to 2.11 aw can be written as:

aw = exp

(
−ρion

VsMw

Vwρw

)
(2.22)

Combining this with equation 2.20 and solving the equation for κ leads to:(
1 + κ

Vs

Vw

)−1

= exp

(
−ρion

VsMw

Vwρw

)

κ =
Vw

Vs

·
(

exp

(
ρion

VsMw

Vwρw

)
− 1

)
(2.23)

If the exponential term is developed as a series expansion, which is terminated
after the linear term, one obtains:
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κ =

(
1 + ρion

VsMw

Vwρw

− 1

)
· Vw

Vs

κ = ρion
Mw

ρw

= ρionV w (2.24)

Thus, κ and ρion are related by a constant factor of 1.8 · 10−5 as long as these ap-
proximations hold. But even if this is not the case, they can be converted for each
measured data point by applying equation 2.24. To calculate the corresponding
φ with equation 2.13, values for Ms, ρs, and ν must be assumed or obtained from
other measurements.

Approximations for CCN activation

To investigate the position of the maximum of the Koehler curve (D50 and SScrit)
equation 2.14 is used. At the maximum of the curve the derivative of the function
equals 0. To solve this analytically, it is assumed that the volume of the dry
particle can be neglected in comparison to the droplet volume at the activation
point. Equation 2.14 simplifies to:

S = exp

(
A

Dp

− B

D3
p

)
(2.25)

A =
4Mwσw

R Tρw

B =
ρionMwD3

dry

ρw

Dw
crit and Scrit are then given by:

Dw
crit =

3B

A
(2.26)

Scrit = exp

((
4A3

27B

) 1
2

)
(2.27)

Converting the saturation ratio S into SS (in %) and using a series expansion
for the exponential term (terminated after the linear term) yields:

SScrit =

(
4A3

27B

) 1
2

(2.28)

The SScrit/D50 pairs obtained in CCN-C measurements can be fitted with equa-
tion 2.28 using D50 as Ddry and p0 as a free parameter.

SScrit = p0 · D50−
3
2 (2.29)
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A value for the surface tension must be assumed to calculate ρion from the fitting
parameter p0.

ρion =
2.56 · 106M2

w

27R3T 3ρ2
w

· σ3 · p0
−2 (2.30)

This approach is similar to the “Koehler theory analysis” presented in Padro
et al. (2007).

2.3 UNIFAC model

The activity coefficient describes the deviation of a real mixture of compounds
from the ideal behavior (equation 2.19). It is impossible to measure the activity
coefficients of all possible mixtures of organic compounds. Instead, one can treat
organic molecules as the sum of their functional groups and the influence of each
functional group is parameterized (group contribution method). In the Universal
Quasi chemical Functional Group Activity Coefficients model (UNIFAC) these
parameters are used to calculate the activity coefficient (γ) of each organic com-
pound and water in arbitrary, non-ideal mixture (Fredenslund et al. (1977)). It is
assumed that the activity coefficient of a molecule i (γi) in solution is determined
by two separate contributions: the combinatorial (γC

i ) and the residual (γR
i ).

ln (γi) = ln
(
γC

i

)
+ ln

(
γR

i

)
(2.31)

Additionally, it is assumed that the contribution of a functional group to γi solely
depends on its concentration and the temperature of the system.

Combinatorial contribution

The influence of the molecule size and shape on γi is treated in the combinatorial
term. The volume ri and surface qi of the pure component i is calculated from
the normalized van-der-Waals volumes Rk and surfaces Qk of each functional
group k in the molecule weighted with the occurrence of the groups in each
molecule νi

k.

ri =
∑

k

νi
kRk (2.32)

qi =
∑

k

νi
kQk (2.33)

with k = 1, 2, · · ·N number of unique functional groups in mixture

The molar weighted fractional contribution of the molecule i to the total volume
and surface of all molecules in the system is given by:

Vi =
ri∑

j

xjrj

(2.34)

Fi =
qi∑

j

xjqj

(2.35)

with j = 1, 2, · · ·M number of unique components in mixture
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With this the combinatorial contribution for the molecule i can be calculated.
Here z is the coordination number which is set to 10 for all calculations performed
in this thesis.

ln
(
γC

i

)
= 1 − Vi + ln (Vi) − z

2

(
1 − Vi

Fi

+ ln

(
Vi

Fi

))
(2.36)

Residual contribution

The residual contribution is the sum of the difference between the group activity
coefficient of a group k of the molecule i in the mixture (Γk) and in the pure
component i (Γi

k).

ln
(
γR

i

)
=

∑
k

νi
k

(
ln (Γk) − ln

(
Γi

k

))
(2.37)

Γk and Γi
k depend on the interaction of the different functional groups in the

system. These interactions are treated as pair-wise interactions of all functional
groups in the system. The energy of interaction of two groups m and n is described
with the group interaction parameter Ψmn.

Ψmn = exp

(
−Umn − Unm

R T

)
= exp

(−amn

T

)
(2.38)

with Umn �= Unm

This needs to be scaled with the group’s surface contribution Θm:

Θm =
QmXm∑
n

QnXn

(2.39)

with n = 1, 2, · · ·N number of unique functional groups in the mixture

where Xm is the group mole fraction:

Xm =

∑
j

νi
mxj∑

n

∑
j

νi
nxj

(2.40)

with n = 1, 2, · · ·N number of unique functional groups in the mixture
and j = 1, 2, · · ·M number of unique components in the mixture

Hence, Γk (and Γi
k, respectively) can be calculated.

Γk = Qk

⎡
⎣1 − ln

(∑
m

ΘmΨmk

)
−

∑
m

⎛
⎝ ΘmΨkm∑

n

ΘnΨnm

⎞
⎠

⎤
⎦ (2.41)
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Parameters

The UNIFAC approach needs three types of parameters for each functional group:
the van-der-Waals volume and surface parameters R and Q and the interaction
parameter anm. These values are tabulated for a wide range of different functional
groups. The parameters for the groups used in this study are shown in table 2.1
and 2.2 (Poling et al. (2000), Wittig et al. (2003)).

Table 2.1: UNIFAC surface and volume parameters for the functional groups
used in this study.

group number volume surface
main sub name R Q

1 1 CH3 0.9011 0.848
2 CH2 0.6744 0.540
3 CH1 0.4469 0.228
4 C 0.2195 0.000

5 14 OH 1.0000 1.200
7 16 H2O 0.9200 1.400
9 18 CH3CO 1.6724 1.448

19 CH2CO 1.4457 1.180
10 20 CHO 0.9980 0.948
20 42 COOH 1.3010 1.224

Table 2.2: UNIFAC group interaction parameters of the functional groups used
in this study.

name (number) (1) (5) (7) (9) (10) (20)

CH0≤n≤3 (1) 0 986.5 1318.0 476.4 677.0 663.5
OH (5) 156.4 0 353.5 84.0 -203.6 199.0
H2O (7) 300.0 -229.1 0 -195.4 -116.0 -14.09

CH2≤n≤3CO (9) 26.76 164.5 472.5 0 -37.36 669.4
CHO (10) 505.7 529.0 480.8 128.0 0 497.5

COOH (20) 315.3 -151.0 -66.17 -297.8 -165.5 0
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3. Experimental Set-up

In the first three sections of this chapter the instruments for hygroscopic growth
and CCN activation measurement will be described. The hygroscopic growth
of aerosol particles was measured with a custom built Hygroscopicity Tandem
Differential Mobility Analyzer (HTDMA). As the instrument was designed during
my diploma thesis and a detailed description and characterization of the set-up
can be found in Buchholz (2007), it will be discussed only briefly. For CCN
activity measurements three different set-ups were used and will be presented.
In the last section of this chapter the simulation chambers will be described.
Furthermore, there will be an overview of the experiments performed in these
chambers.

3.1 Particle size selection and size measurement

Both the hygroscopic growth and CCN activation measurement have some com-
mon features which will be described here. In both instruments the particles
are selected by size. For this purpose a Differential Mobility Analyzer (DMA) is
employed which uses the fact that a fraction of the aerosol particles is charged.
The DMA consists of a metal collector rod centered inside a metal cylinder. The
aerosols are introduced at the top and flow down the outer wall of the cylinder.
The aerosol flow is separated from the collector rod by a laminar particle free
sheath air flow. The rod is maintained at a negative voltage while the outer
cylinder is grounded. Thus, an electric field is generated, which influences the
charged particles. Positively charged particles are drawn towards the collector rod
while they move downwards with the air flow. The position where they reach it
depends on their electro-mobility and the applied voltage. By changing the volt-
age, particles of a different electro-mobility will reach the bottom of the collector
rod where they can exit through a small slit. All other particles are discarded.
The electro-mobility Zp is associated to the particle diameter Dp through:

Zp =
neC

3πμDp

(3.1)

n : number of charges per particle
e : elementary charge (1.602 · 10−19C)
C : Cunningham slip correction

μ : gas viscosity (1.822 · 10−5 kg
ms

)
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CHAPTER 3. EXPERIMENTAL SET-UP

Selecting one electro-mobility class is equal to selecting single charged particles
of size Dp0, doubly charged particles of size Dp1 > Dp0, and so on. A detailed
description of treating these multiple charged particles will be given in section
3.3.4.
To measure the size distribution of aerosols the voltage is varied successively,
and the number concentration of particles in each size class is determined with
a Condensation Particle Counter (CPC). This combination is called Scanning
Mobility Particle Sizer (SMPS).
The size calibration for size selection and measuring is done by measuring poly-
styrene latex (PSL) particles of a known size. The size range is shifted in a way
that these particles are detected at the correct size.

3.2 HTDMA

3.2.1 Set-up

Figure 3.1: Schematic of the HTDMA.

The HTDMA consists of two DMA. With the first DMA a narrow size distribution
is selected out of the polydisperse aerosol. The size selected aerosol and the sheath
air of the second DMA are humidified at room temperature (25 - 30 C depending
on the surroundings) to almost the same relative humidity (RH) with the sheath
air being at slightly higher RH. The second DMA is placed in an insulated box
and cooled to 20 C. Before entering the second DMA both aerosol and sheath
air are cooled down to the same temperature and thus, the RH increased to its
final value. The residence time of the air in this cooled area before entering the
second DMA is 30 sec for the aerosol containing air and 5 sec for the sheath air.
This second DMA measures the size of the particles (i.e. works as a SMPS). The
hygroscopic growth factor (GF ) is calculated as the ratio of the size of the wet
particle (Dwet) and the selected dry size (Ddry).

GF =
Dwet

Ddry

(3.2)

To determine the exact RH inside the second DMA, Vaisala HMP235 sensors
measure the RH and temperature outside the insulated area (Text). The temper-
atures of the air flows inside the insulated area (Tint) are measured with PT100
sensors directly before or after they entered or left the DMA. First the saturation
vapor pressure of water (psat) in Pascal (Pa) at a certain temperature T in Kelvin
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3.2. HTDMA

is calculated with equation 3.3 (Hyland and Wexler (1983)):

psat(T ) = exp( − 0.5800 · 104 · K/T

+ 1.3915

− 0.0486 · T/K

+ 0.4176 · 10−4 · T 2/K2

− 0.1445 · 10−7 · T 3/K3

+ 6.5460 · log(T/K)) Pa (3.3)

Multiplying the vapor pressure with the measured RH gives the absolute humid-
ity (AH):

AH(T ) = RH(T ) · psat(T )/100% (3.4)

Assuming that the AH is the same throughout the instrument (no major losses)
the RH inside the second DMA is then the ratio of the AH at Text and psat

at Tint.

RH(Tint) =
AH(Text)

psat(Tint)
· 100% (3.5)

3.2.2 Calibration

The calibration of the RH-measurement of the HTDMA is done by compar-
ing ammonium sulfate ((NH4)2SO4) aerosol measurements with the theoretical
growth curve for this salt. For at least five different GF the measured and theo-
retical RH are read from the humidogram. To these a linear, quadratic, or cubic
polynomial is fitted. The obtained parameters are used as correction factors.
Which type of polynomial is used depended on the data and is decided by the
user. For some data sets the best result is achieved by looking at RH higher than
90% separately. Hence, two sets of correction parameters are determined.
During a measurement campaign these calibration measurements were performed
every three to seven days. For each campaign (up to 6 weeks long) one set of
correction parameters could be used. No major continuous drift was observed.

3.2.3 Measurement errors

The measured size distribution is fitted with a asymmetric log-normal distribu-
tion.

dN

dln(Dp)
= P0 · exp

(
−ln2

(
1 + (ln(Dp) − P1) · (P 2

3 − 1)/(P2 · P3)

ln(P3)

))
(3.6)

Pi : fitting parameters

For all further calculations (e.g. GF ) only the position of the maximum of this
distribution is of interest. This can be deduced directly from P1:

Dp = exp(P1) (3.7)
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Hence, the error of the particle size can be calculated from the 1 σ error of the
fitted parameter with Gaussian error propagation:

σ(Dp) = ± σ(P1) · exp(P1) (3.8)

The error of the GF calculated with equation 3.2 is then given by:

σ(GF ) = ±

√√√√(
σ(Dwet)

Ddry

)2

+

(
σ(Ddry) · Dwet

D2
dry

)2

(3.9)

The accuracy of the RH-sensors is stated to be ± 1% RH below 90% RH and
± 2% RH above 90% RH. As the sensors are placed outside the cooled area, the
maximum RH they experience is well below 90%. The accurracy of the T sensors
is 0.1◦C. From equations 3.4 and 3.5 follows with Gaussian error propagation:

σ(RHint) = ±
√(

σ(RHext) · psat(Text)

psat(Tint)

)2

+

(
σ(Text) · ∂

∂Text

(
RHext · psat(Text)

psat(Tint)

))2

+

(
σ(Tint) · ∂

∂Tint

(
RHext · psat(Text)

psat(Tint)

))2

(3.10)

Calculating this reveals that the term depending on σ(RHext) is two dimensions
bigger than the other two terms. Thus, equation 3.10 can be simplified to:

σ(RHint) = ±σ(RHext) · psat(Text)

psat(Tint)
(3.11)

The calculated accuracy for the internal RH is between 1.4 and 1.8% RH de-
pending on the RH.
As the size measurement takes 2 to 3 minutes, the RH may change in this in-
terval. The RH is measured continuously, so the standard deviation in each size
measurement interval can be calculated. Data points with a standard deviation
higher than 0.5% are regarded as “bad data points” and omitted.

3.3 CCN-Counter

3.3.1 Working principle

In a Cloud Condensation Nuclei Counter (CCN-C) aerosol particles are exposed
to a set super-saturation (SS) and the number of particles that become cloud
droplets is counted. To create this SS, the fact is used that the diffusion of
water vapor in air is faster than the diffusion of heat in air (Roberts and Nenes
(2005)). In figure 3.2 a schematic cross section of the column in the CCN-C is
shown. The walls of the column are wetted with water which evaporates and
diffuses inwards. At point 3 on the center line the water vapor pressure is equal
to that at point 2 on the wall but the temperature is equal to that at point 1.
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As there is a positive temperature gradient, the temperature at point 1 is lower
than at point 2. Consequently, the saturation vapor pressure at point 1 is also
lower. Therefore, there is a super-saturation at point 3. Enclosed in a laminar
sheath air flow, the aerosol flows at the centerline of the column and is exposed to
this SS. The actual magnitude of the SS depends on the temperature gradient
and the air flow in the column. At the end of the column an optical particle
counter detects all particles bigger than 750 nm. As the inserted dry particles are
much smaller than 750 nm, only the activated particles (CCN) are counted. This
set-up of a continuous flow temperature gradient CCN-C was first proposed by
Roberts and Nenes (2005) and has been made commercially available by Droplet
measurement Technologies (DMT).

Figure 3.2: Schematic cross section of CCN-C column adapted from figure 3 in
Roberts and Nenes (2005).

3.3.2 Set-up

From the CCN-C the activated particle concentration at a set super-saturation is
received. But to measure the activation behavior of aerosol particles, the ratio of
CCN to all particles (CN) (activated fraction af , see equation 3.12) is needed.
So, the total particle concentration is measured with a CPC.

af =
CCN

CN
(3.12)

The CCN activation of aerosol particles depends on both the dry particle diameter
and the prevailing SS (see figure 3.3). Thus, measurements are either conducted
at constant SS tuning the dry particle diameter, or for a constant particle size the
SS is changed. A third option is to use the polydisperse aerosol and determine
at which dry size the observed activated fraction is reached. In all cases a pair
of so called critical SS and D50 is obtained. The methods used to measure the
presented data are described below.
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CHAPTER 3. EXPERIMENTAL SET-UP

Figure 3.3: Size and SS dependence of the activated fraction.

Figure 3.4: Schematic of the general CCN-C set-up. For polydisperse mea-
surements the DMA is by-passed, for size-scanning measurements no SMPS is
needed.

Single size selecting CCN-C measurements

The basic set-up of the CCN-C assembly is shown in figure 3.4. With a DMA a
narrow size distribution is selected out of the polydisperse aerosol and distributed
to a CPC, CCN-C, and a SMPS. The SMPS is solely there to check the selected
size. The CCN-C steps through at least five SS, and for each step the af is
calculated. Plotting the af vs. the SS results in a sigmoid activation curve
which is fitted with a Gaussian error function (equation 3.13 with x = SS). The
turning point (P2) of this curve gives the critical SS for particles of the selected
diameter. This set-up allows to investigate a chosen particle size.

af =
P0

2 ·
(
1 + erf

(
x−P1

P2·
√

2

)) (3.13)

Pi : fitting parameters
erf : Gaussian type error function
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Size scanning CCN-C measurements

For the size-scanning method the same set-up as for single size selection mea-
surement is used, but without the SMPS system (see 3.4). The DMA is scanned
between 10 and 450 nm while the SS remains constant, i.e. it is operated as a
SMPS using an interval of 2 or 3 min for every full size scan. For each selected
particle size the CN and CCN concentrations are measured.
Before the af can be calculated, the measured CN and CCN concentration must
be corrected for multiple charged particles. As the DMA selects the electro-
mobility diameter, multiple charged particles with accordingly larger diameters
enter the CCN counter. The fraction of these particles pretends activation at
small diameters. To separate the single from the multiple charged particles, the
fraction of multiple charged particles is calculated according to a natural charge
distribution using the measured size distribution (see chapter 3.3.4). Then, af

is determined for each charge class separately and fitted with a Gaussian error
function (equation 3.13 with x = Dp). The turning point of this function is the
D50 at the set SS. This new method of CCN-C measurement was developed
during this thesis. A detailed description and characterization can be found in
Strathmann (2009).

Polydisperse CCN-C measurements

If the polydisperse aerosol is used without size selection, a SMPS is needed in
addition to CPC and CCN-C to measure the aerosol size distribution. It is
assumed that the aerosol particles are internally mixed (the chemical composition
of all particles is the same). Thus, bigger particles will activate before the smaller
ones. The calculated af is compared to the cumulative size distribution starting
from the maximum diameter. The size, at which the cumulative size distribution
equals af , is defined as D50.
Size measurements with the SMPS take 2 to 3 minutes. The particle concentra-
tions measured by CPC and CCN-C are averaged over this interval. This method
allows to use the full size distribution.

3.3.3 Calibration

Activation efficiency calibration

The activated fraction is the basis for all further calculations. Therefore, the
activation efficiency (AE) of the CCN-C must be determined. In this study the
AE is defined as the af of (NH4)2SO4 aerosol at 1% SS. At this SS in the
CCN-C the D50 of (NH4)2SO4 particles is 29 nm (i.e. at a dry particle size of
29 nm 50% of the particles are activated). Hence, in the size range interesting
for the measurements (40 - 200 nm) all particles should be activated and counted
in the CCN-C (AE = 1). The lower cut-off of the used CPC is 2.5 nm. The
AE is investigated for dependence on particle size and concentration using the
single size selection method. There was no dependency of the AE on the particle
concentration as long as the concentration was below 8000 particles per cm3.
Between 60 and 200 nm the AE was independend of particle dry size. From 60
to 40 nm the AE decreases by 0.05 - 0.1 with decreasing diameter.
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Even if all particles are activated in the CCN-C, the AE can be unequal 1. This
is the case if the number of particles reaching the CCN-C and CPC is not exactly
the same (e.g. higher particle loss in one pathway due to longer tubing, more
bends, etc.). With the procedure described above the “effective” AE is measured,
which contains both effects. To correct the measured data, the af is divided by
this “effective” AE measured every 3 to 5 days during a campaign. The AE was
0.9 - 1.0 for both, the SAPHIR campaign and the JPAC campaign.

SS calibration

No matter which measurement method is chosen, a calibration of the SS set in
the CCN-C is necessary. At a constant sample flow the SS is proportional to
the temperature difference between the top and bottom of the column (ΔT ).
The SS is calculated by the CCN-C software using the set ΔT . Due to physical
limitations (e.g. the temperature cannot be measured inside the column) the
calculated SS never exactly represents the true SS inside the column. Therefore,
(NH4)2SO4 aerosol is measured either with the single size selection or the size
scanning method to determine the D50 and SScrit. A set of measured data is
shown in figure 3.5 (green dots). The theoretical values for (NH4)2SO4 calculated
with the parameters given in Rose et al. (2008) (parameter set: OS) are shown as
red line. For each data point the theoretical SSth was determined. By perform-
ing a linear fit to the theoretical vs. measured data the correction factors were
obtained.

Figure 3.5: Measured (green) and theoretical (red) activation data for
(NH4)2SO4 aerosol, error bars are width of size bin in SMPS/DMA selection

SSth = A + B · SScrit (3.14)

During a measurement campaign this calibration was performed every 3 to 7 days
(with at least three sizes for the single size selection method). No significant trend
was observed during each campaign (3 to 6 weeks long), and the same correction
factors could be used for the whole data set.
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Size calibration

The size measurement of the SMPS system is calibrated with PSL particles of a
known size. The size selection with the DMA is then checked with the previously
calibrated SMPS.

3.3.4 Correction for multiple charged particles

Whenever a DMA (or SMPS) is used for size selection, the possible influence
of multiple charged particles must be considered. For the single size selection
method the contribution of multiple charged particles in the selected aerosol is
constant during the whole measurement. Therefore, it can be subtracted as an
offset. For measurement of the polydisperse aerosol no additional correction is
needed as the SMPS software provides multiple charge correction automatically.
For the size scanning method a more detailed treatment is needed. First the
fraction of particles with n positive charges are calculated for each selected parti-
cle size with the Fuchs-Boltzmann distribution (Wiedensohler (1988), Gunn and
Woessner (1956)):

ln
(
f0

n(Dp)
)

= ln

(
e√

4π2ε0DpkT

)
−

(
n − 2πε0DpkT

e2 · ln(r)
)2

4πε0DpkT

e2

(3.15)

f0
n(Dp) : fraction of particles of the size Dp with n charges

Dp : particle diameter
n : number of charges per particle
e : elementary charge (1.602 · 10−19C)
k : Boltzmann constant (1.38 · 10−23J/K)
ε0 : vacuum permittivity (8.85 · 10−12F/m)
r : ion mobility (0.875)

Only these charged particles can pass the DMA. So the contribution of each
charge class to the selected aerosol fn(Dp) is given by:

fn(Dp) =
f0

n(Dp)
+4∑

n=+1

f 0
n

(3.16)

Single charged particles are present for all particle sizes. With increasing diame-
ter the fraction of particles increases that are carrying more than one elementary
charge. The distribution of charges for a given size distribution can be recon-
structed. To start the calculation, a particle size class is needed where it is
ensured that only single charged particles contribute to this size class. This is
usually the size class with the largest diameter if an impactor is used, which cuts
off particles by their aerodynamic size. Due to instrumental set-up the largest
particles entering the DMA are 450 nm (Dp1) independent of the charge. This
size class contributes doubly charged particles to the size class with diameter
269 nm (Dp2), triply charged to 204 nm (Dp3), and quadruply charged to 170 nm
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(Dp4). This also means that there are no contributions of doubly charged parti-
cles at diameters larger than 269 nm, no contributions of triply charged particle
at diameters larger than 204 nm etc. Particles carrying more charges make up
less than 1% of all charged particles at this size. Thus, they are neglected in
the following. First the total number of charged Dp1 particles (CNall(Dp1)) is
calculated from the measured total particle number at this size (CNmeas(Dp1))
using the fractions calculated with equation 3.16:

CNall(Dp1) =
CNmeas(Dp1)

fI(Dp1)
(3.17)

Therefore, the number of Dp1 particles with n charges (CNn(Dp1)) is given by:

CNn(Dp1) = CNall(Dp1) · fn(Dp1) (3.18)

Starting at Dp = Dp2 the number of single charged particles CNI(Dp) can be
calculated by subtracting the sum of multiple charged particles from the measured
value:

CNI(Dp) = CNmeas(Dp) −
+4∑

n=+2

CNn(Dpn) (3.19)

Dpn: size of n charged particles detected at Dp

As the triply charged particles occur only below Dp3 and quadruply charge par-
ticles only below Dp4 their contribution to equation 3.19 is zero above these
diameters. Repeating equations 3.17 to 3.19 subsequently moving one size class
lower with each step allows to calculate the size spectra of single to quadruply
charged particles.
The same correction needs to be performed for the number of activated particles
detected with the CCN-C. As stated above, all particles detected between Dp1 and
Dp2 are single charged. Thus, the activated fraction of single charged particles at
those diameters is simply the ratio of measured CCNmeas and CNmeas:

afI(Dp) =
CCNmeas(Dp)

CNmeas(Dp)
(3.20)

As the activation does not depend on the electro-mobility diameter but on the
geometric diameter, the activated fraction for a multiply charged particle is the
same as for the corresponding single charged particles of diameter Dpn. Therefore,
the number of multiple charged CCN at a given size Dp can be calculated by
multiplying the number of multiple charged CN (determined with equation 3.17
to 3.19) with the activated fraction for the corresponding size Dpn (calculated
with equation 3.20):

CCNn(Dp) = CNn(Dp) · afI(Dpn) (3.21)

Dpn: size of n charged particles detected at Dp
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Subtracting the obtained amount of multiple charge CCN from the measured
number gives the number of single charged CCN at this size.

CCNI(Dp) = CCNmeas(Dp) −
+4∑

n=+2

CCNn(Dp) (3.22)

Then the activated fraction for each charge class can be calculated with:

afn(Dp) =
CCNn(Dp)

CNn(Dp)
(3.23)

Starting from the highest size class repeating equations 3.20 to 3.23 will lead to
an activation curve for each charge class. These curves can be fitted separately
with equation 3.13 to determine D50.

3.3.5 Measurement errors

Systematic errors

As shown in section 3.3.3, both the systematic errors of the af and the SS are
accounted for by calibration procedures. Therefore, the accuracy of af and SS
are determined by the accuracy of these calibrations.
The af is corrected by scaling it with the AE. The AE differs 0.05 - 0.2 (depend-
ing on the set-up) from the expected value of 1. But the variation (precision) for
each set-up is smaller ± 0.05.
The correction parameters for the set SS are found by fitting the SScrit measured
for several D50 to the theoretical SSth at those D50 (see equation 3.14). The
error of the SSth associated with each measured SS value depends on the error
of D50 selected or determined (for single size selection and size scanning method,
respectively). The width of a size bin in the SMPS is chosen as σ(D50) (±(1 -
10) nm for 30 - 170 nm). This corresponds to a variation in the calculated SSth

of 0.05 - 0.001% for 0.09 - 1.0% SS. Using theses errors in the fitting procedure,
the error of the corrected SScorr depends on the errors for the fitting parameters
(σ(A) and σ(B)).

σ(SScalc) =
√

(SScrit · σ(B))2 + σ(A)2 (3.24)

This leads to errors of ±0.01 - 0.02% for the investigated SS of 0.09 - 1.0%.

Statistic errors

For all measurement methods the data is averaged over each set SS. For poly-
disperse and size scanning measurements at least three scans are performed for
each SS step. The D50 is determined for each scan and then averaged. Within
the significant digits the same result is obtained if the spectra are averaged first
and the mean D50 is calculated afterwards. For the single size selected method
each SS step is held for 4 to 6 minutes, and the calculated af is averaged over
this period. The standard deviation of af is used for the fitting of the activation
curve with equation 3.13. Then the error of the determined SScrit is the fitting
error for the turning point of the curve.
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3.4 Measurements of the chemical compositions

of aerosol particles

During this study two different instruments measured the chemical composition
of the formed aerosol particles: A High Resolution Time-of-flight Aerosol Mass
Spectrometer (HR-Tof-AMS, Aerodyne Research Inc., Massachusetts) and an At-
mospheric Pressure Chemical Ionization Mass Spectrometer (APCI-MS).

3.4.1 HR-Tof-AMS

The HR-Tof-AMS measures quantitatively the particle-size-resolved chemical com-
position of aerosol particles in the sub micron size range (Jayne et al. (2000)).
The aerosol particles are focused into a narrow beam with an aerodynamic lens
system. This beam enters a high vacuum chamber (< 10−5hPa) reducing the
gas phase by a factor of 107. At the end of the chamber the particles impact
on a heated surface (600◦C) where they are flash-evaporated. The evaporated
compounds are ionized by electron impact (70 eV) and the resulting ions are
detected with time-of-flight mass spectrometry. Due to the “hard” ionization
method organic compounds show a high degree of fragmentation and usually the
mother ions cannot be detected. But the resolution is high enough to distinguish
between fragments containing only carbon and hydrogen atoms and oxygenated
fragments. Analyzing all fragments and summing all oxygen and carbon atoms
in all occurring fragments leads to the O/C ratio. A detailed description of the
instrument and the data analysis is given by Spindler (2010).
Besides the chemical composition the particle size is also measured. The su-
per sonic expansion of the particle beam into the vacuum chamber leads to size
dependent velocities of the particles. Therefore, the particles reach the detec-
tor depending on their size. By periodically blocking the beam with a rotating
wheel chopper, a common start time for the particle-time-of-flight measurement
is created and size dependent mass spectra can be measured. By comparing
the measured flight time with those of particles with a known size, the vacuum
aerodynamic diameter (Dae) of the particles is determined. Assuming spheri-
cal particles, the effective density of the aerosol particles can be calculated from
the ratio of Dae and the electro-mobility diameter Dp measured with the SMPS
(section 3.1):

ρp =
Dae

Dp

(3.25)

3.4.2 APCI-MS

Unlike the HR-Tof-AMS the APCI-MS ionizes the sample at atmospheric pres-
sure. Before entering the instrument, the VOCs in the gas phase are removed in
a charcoal denuder. Inside the APCI-MS the particles are evaporated at 350◦C
and the vapors are chemically ionized. With a corona discharge primary ions are
produced from nitrogen, oxygen and water molecules in the gas phase. Through
proton transfer reactions the analyte molecules are ionized and can be detected
in a mass spectrometer. As this chemical ionization is a much “softer” ionization
method than electron impact, fragmentation of the mother ions is almost com-
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pletely suppressed. Therefore, the resulting mass spectra represent the molecular
mass distribution in the particles and an average molecular mass can be derived.
The instrument and the measured data are described in detail in Reinnig (2009).

3.5 Chambers

3.5.1 The SAPHIR-chamber

Set-up

Figure 3.6: Picture of the atmospheric simulation chamber SAPHIR.

The aging of SOA particles was investigated in the atmospheric simulation cham-
ber SAPHIR in the Research Center Jülich. This FEP-Teflon chamber has a
volume of approx. 270 m3 and is operated with high purity synthetic air (quality
6.0). During experiments a small constant flow of synthetic air through the cham-
ber is maintained to compensate for sampling and leakage. Trace gases (such as
water, O3, CO, NOx, VOCs, etc.) can be added to the chamber within this flow.
Aerosols can be sprayed directly into the chamber with an aerosol generator.
Photochemistry inside the chamber is triggered by natural sunlight (light trans-
mission 85% when the roof is open). By keeping the roof closed, experiments
under “dark” conditions are also possible.
The gas and particle phase inside the chamber are monitored with a set of dif-
ferent instruments. Here we list only those providing data directly used in this
study. A detailed description of the chamber can be found in Bares (2003). Rou-
tinely, the standard measurements of temperature, pressure, RH, O3, NOx, and
OH were conducted. VOCs and reaction products in the gas phase were measured
with a Gas Chromatograph Mass Spectrometer (GC-MS) and a proton transfer
reaction mass spectrometer (PTR-MS). A HR-Tof-AMS and a APCI-MS moni-
tored the chemical composition of particle phase. The microphysical properties
of the aerosol particles were measured with the HTDMA and the CCN-C system
as described above.
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Typical experiment

Figure 3.7: Time series of a typical experiment in SAPHIR. Top panel: type A
experiment, bottom: type B (see text), gray background indicates closed chamber
roof, yellow background indicates open roof. Orange: O3 mixing ratio, green: MT
mixing ratio, blue: total particle volume, red: photolysis rate (j) of O3 to O(1D).

In the SAPHIR chamber two different types of experiments were conducted. For
both types the clean, dark chamber was humidified and the VOCs were added
(green squares in Figure 3.7). The chamber was considered “clean” if the trace
gases and the particle concentration was below the detection limit of the used
instruments. All experiments were conducted at low NOx concentrations (less
than 2 ppb). The gas phase was assumed to be well mixed if the MT concentra-
tion was stable (after approx. 1h). Then O3 was added (orange). In experiment
type B the chamber roof stayed closed for another 5h. The VOCs and O3 reacted
(ozonolysis), and aerosol particles (blue) were formed shortly after the O3 addi-
tion. Then the roof was opened and photochemistry started. OH radicals were
formed by the reaction of O(1D) from photolysis of O3 with water vapor and by
photolysis of traces of HNO2, which are always present in the chamber. No new
particle formation was observed, but the total aerosol mass increased. This is
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superimposed by the dilution of the chamber due to the constant experimental
flow. In experiment type A the chamber roof was opened directly after O3 was
added. Thus, both ozonolysis and photochemical processes took place from the
beginning. As in type B aerosol particles were formed shortly after the O3 ad-
dition / roof opening. For both experiment types the chamber roof was closed
over night and opened again in the morning of the second day. After another
10 h reaction time the experiment was stopped and the chamber was flushed
with synthetic air. The different variations of these general experiment types are
described in the next section.

List of experiments

In table 3.1 the experiment conditions in SAPHIR are shown. As gas phase pre-
cursors α-pinene or a 1:1 mixture of five MT were used. This boreal monoterpene
mix (BMT) consisting of α-pinene, β-pinene, limonene, ocimene, Δ-3-carene was
identified as main constituent of emissions from boreal tree species in previous
JPAC studies (see next section). As a variation to the BMT mix ocimene was left
out or 15% sesquiterpenes were added (SQT - here α-farnesene and α-humulene).
In the 3 x 40 ppbC experiment the roof was opened after the addition of the
first 40 ppbC of BMT. The second and third 40 ppbC portion were added at 2 h
interval.

Table 3.1: Experiments conducted in SAPHIR. BMT: boreal monoterpene mix,
b: bright, c: cloudy. For further details see text above.

exp # VOCs [VOC] [O3] type radiation comment
[ppbC] [ppb] conditions

3,5 BMT 1000 60 A b/b, c/c
8 BMT 1000 200 B* -/- dark chamber
1 BMT 500 60 A b/c
11 BMT 3 x 40 60 A b/b
6 BMT - ocimene 1000 60 A c/b
2 BMT - ocimene 500 60 A b/c

4,7 BMT + SQT 1000 + 75 60 A c/c, b/c
9 none 0 60 A b/b
20 α-pinene 100 200 B b/dark
21 α-pinene 400 200 B b/b
22 α-pinene 400 200 B b/b dry chamber
23 α-pinene 400 200 B b/b 300 ppm CO

In the column “type”, B indicates that the VOCs first reacted only with O3 for 5 h
before the chamber roof was opened, and A that the roof was opened as soon as
the O3 was introduced. Experiment 8 (type B*) was conducted completely in the
dark chamber. The photolysis rate of O3 to O(1D) (j(O(1D))) is used to categorize
the radiation conditions on the first and second day of the experiment. j(O(1D)
above 10−5s−1 is considered bright (b) and j(O(1D)) below 10−5s−1 cloudy (c).
The BMT experiments were part of the EUCAARI and the α-pinene ones were
part of the MUCHACHAS campaign.
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3.5.2 The Juelich Plant Atmosphere Chamber

Set-up

Experiments to investigate SOA formed from natural gas phase precursors were
conducted in the Juelich Plant Atmosphere Chamber (JPAC). The schematic set-
up is shown in Figure 3.8. The chamber has been described in detail previously
in Mentel et al. (2009).

Figure 3.8: Schematic of Juelich Plant Atmosphere Chamber.

JPAC consists of three large glass chambers (164 L, 1150 L, and 1450 L) each
in a separate climate-controlled housing. The two smaller chambers were used
as plant chambers (PC) while the biggest served as reaction chamber (RC). The
PCs were illuminated with discharge lamps mimicking the solar spectrum and
providing a day-night cycle for the plants. Purified air (particle, VOC, NOx and
ozone free) with a constant CO2-level around 350 ppm flowed through the PC.
With this flow VOCs emitted by the plants were transferred into the RC. Besides
the flow from the PC, two additional air streams supplied the RC with ozone
(approx. 90 ppb) and water vapor. By controlling the humid air stream the RH
in the RC was held at constant (65±2) % . Inside the RC a UV lamp was placed
to produce OH radicals. Ozone was photolized and the produced O1D radicals
reacted with the water vapor forming OH radicals. The residence time of air in
the chambers was approx. 65 min in the RC and between 5 to 20 min in the PC
(depending on the chamber size).
The VOCs entering and leaving the RC were monitored with a GC-MS and a
PTR-MS. The OH concentration was calculated from the MT consumption. The
particle formation was measured with an Ultrafine CPC (TSI Model 3025) and
a SMPS system (TSI Model 3070 + 3022A) and the chemical composition of the
particle phase was investigated with a HR-Tof-AMS. An HTDMA and CCN-C
(as described above) were used to measure the microphysical properties of the
particles.
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Typical experiment

In Figure 3.9 a typical experiment is shown. In this Figure the monoterpenes
(MT) are shown as representative for all VOCs (dark green squares, right axis).
At night the VOC emissions coming from the plants were low. Consequently, the
concentration in the RC was also low (light green squares). When the lights in the
PC were switched on (indicated by yellow background), the emissions increased,
and the ozone concentration (orange line, left axis) decreased due to ozonolysis
of the VOCs. But no particles were formed at this stage (blue diamonds, left
axis). When the MT concentration in the RC stabilized (around noon), the
UV-lamp was turned on and OH radicals were produced. The produced OH
concentration (red triangles, right axis) is calculated from the consumption of
deuterated cyclohexane, an added tracer reacting only with OH. The MT in the
reaction chamber was completely consumed and the particle formation started.
After the UV was switched off, there was no more OH to react with the MT
whose concentration increased again. The particle production stopped and the
remaining particles were flushed out. In two experiments the general procedure
was varied slightly by leaving the lights in the PC turned off.

Figure 3.9: Time series of a typical experiment in JPAC. Yellow background
indicates lights on in the PC, violet indicates UV lamp on in RC. Orange line:
O3 mixing ratio, red triangles: OH concentration, blue line: particle number con-
centration, and dark and light green line: MT coming from the PC and leaving
the RC,respectively.

The size distribution of the formed particles is shown in Figure 3.10. The first
nucleation shortly after the UV was switched on produced a narrow, fast growing
mode. As these particles were flushed out, after 2 - 3 h the available surface
could no longer take up the continuously produced, condensable vapors and a
second, quasi-continuous nucleation occurred. Another 3 h later this very wide
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mode dominated the particle mass. For each experiment the HTDMA measured
at least one full humidogram for each of the two particle modes. The CCN-C ran
continuously in polydisperse mode.

Figure 3.10: Particle size distribution of a typical experiment in JPAC.

List of experiments

In table 3.2 the experiment conditions are listed. A small mixed boreal stand
was used in the PC consisting of 2 pines (pinus sylvestris), a spruce (picea abies),
and a birch (betula pendula). The temperature in the RC was constant and the
temperature of the PC was used to vary the VOC emissions. Each experiment
type was performed at least twice.
These experiments were part of the EUCAARI campaign.

Table 3.2: Experiments conducted in JPAC. The boreal stand consisted of 2
pines (pinus sylvestris), a spruce (picea abies), and a birch (betula pendula).

Plants VOCs ozone T(PC) T(RC) vis lamps UV lamp
[ppbC] [ppb] [◦C] [◦C] [UTC] [UTC]

boreal 85 90 15 15 2:00 12:00
boreal 380 90 20 15 2:00 12:00
boreal 240 90 25 15 2:00 12:00
boreal 730 90 30 15 2:00 12:00
boreal 120 90 35 15 off 12:00
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4. Results

In this chapter the results obtained from hygroscopic growth and CCN activation
measurements will be presented. Both, the measured CCN activation and hygro-
scopic growth data, will be converted into the parameters κ, φ and ρion. Since
κ will be used in chapter 5 to investigate trends in the data, the errors resulting
from the measurement uncertainties will be discussed briefly.

4.1 CCN-C data

During the BMT experiments the CCN-C measurements were performed both
in single-size selecting and polydisperse mode. During the α-pinene experiments
(# 20 - 22) the size scanning method was used. Despite the different measurement
methods, all data can be presented as SScrit vs. D50 plots with the time scale of
each experiment as color code (see appendix A.1). Equation 2.29 is used to fit the
data and calculate the parameters ρion , φ, and κ. Since the measurement errors
are considered in the fit, the error of the derived parameter can be calculated
from the 1 σ error of the fit parameter. For σ(κ) Gaussian error propagation
leads to:

σ(κ) = σ(p0) · 2.56 · 106M3
w

27R3T 3ρ3
w

· σ3 · p0
−3 (4.1)

The ρion and φ can be treated accordingly. Since κ, ρion , and φ are directly
related by equations 2.13 and 2.24, their relative errors are the same. For all
measurements the relative errors were between 2% and 7%.

4.1.1 SAPHIR data

The measured SScrit/D50 data was fitted with equation 2.29 using a fixed expo-
nent of -1.5. Additionally, the data was fitted with the same equation, but with
the exponent as a second parameter. In almost all cases the exponent derived in
this “free” fit was -1.5±0.05. This showed that the assumption made to derive
equation 2.29 were valid. In Table 4.1 the fit parameter p0 (for fits with -1.5
as exponent) and the deduced parameters are displayed for all experiments con-
ducted in SAPHIR. If sufficient data was available, full time series were divided
into three subsets and fitted individually. Ia is the data of the first 6 h of the
experiments and II the data of the second day. As in experiment 11 the BMT
was added in three portions, here Ia is the measurement until the second portion
was added. For # 20 - 22 Ia is the data until the roof was opened (approx. 5 h)
and Ib the data after the opening. To calculate κ and ρion from the fit parameter,
the surface tension of pure water was assumed (0.072 N/m). For the conversion
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of ρion into φ, a molecular weight of the solute of 200 g/mol and a density of
1400 kg/m3 was assumed.
For the BMT experiments κ between 0.052 and 0.133 were determined. The
values for the α-pinene experiments were generally higher (0.146 - 0.224). This
compares quite well to the study by Juranyi et al. (2009) where κ of 0.09 were
observed for SOA formed from photo-oxidation products of α-pinene and the
study by Engelhardt et al. (2008) where κ of 0.15 were observed for SOA formed
from ozonolysis products of α-pinene and a monoterpene mix similar to BMT.

Table 4.1: Fitting parameter p0, κ, ρion, and φ for the CCN-C measurements in
SAPHIR. For the fitting with equation 2.29 the data was divided in three subranges
(see text above for details).

# p0 · 10−11 κ
Ia Ib II Ia Ib II

1 1.601 1.124 0.053 0.107
2 1.255 1.140 0.086 0.104
3 1.302 1.063 0.080 0.120
4 1.073 1.055 0.118 0.122
5 1.024 0.129
6 1.040 1.127 0.126 0.107
7 1.134 1.173 0.106 0.099
8 1.381 1.418 0.071 0.068
9 1.100 0.112
11 1.133 1.286 1.011 0.106 0.082 0.133
20 0.902 0.868 0.861 0.167 0.180 0.183
21 0.918 0.778 0.161 0.224
22 0.939 0.963 0.154 0.146

# ρion [mol/m3] φ

1 3065 6219 0.44 0.89
2 4992 6050 0.71 0.86
3 4636 6955 0.66 0.99
4 6829 7057 0.98 1.01
5 7497 1.07
6 7276 6188 0.81 1.04
7 6116 5711 0.87 0.82
8 4118 3910 0.59 0.56
9 6491 0.93
11 6121 4753 7689 0.87 0.68 1.10
20 9662 10421 10602 1.38 1.49 1.51
21 9332 12986 1.33 1.86
22 8913 8482 1.27 1.21

The lowest κ values were observed for the ozonolysis experiment (8) and the first
day of experiment 1. But experiment 1 also showed the highest increase in κ
towards the second day. In experiments 2, 3 and 4 the hygroscopicity increased
towards the second day as well. For experiments 5, 6, 7 and 8 the particles
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became less hygroscopic on the second day. But for # 4, 7, and 8 the variation
was less than 7%. In experiment 11 where the BMT was added in three steps κ
starts at an average value. After the second addition of BMT the hygroscopicity
decreased, but after the third addition it increased again and reached the highest
value observed during the BMT experiments.
The α-pinene experiments of type B in the dry chamber (# 22) exhibited lower κ
than the ones in the humidified chamber (# 20 and 21). Furthermore, a decrease
instead of an increase was observed when the chamber roof was opened.
For all three α-pinene experiments the starting κ was already higher than the
final values of the BMT experiments. κ increased even more when the roof
was opened in experiments 20 and 21. A decrease was observed for experiment
22 where CO was added an hour before the roof was opened. On the second
day the roof stayed closed in experiment 20 and the hygroscopicity varied only
slightly. In experiment 21 where the roof was opened κ increased to the maximum
of 0.224 on the second day.

4.1.2 JPAC data

In JPAC the total particle concentration was much lower than in SAPHIR, and
the size distribution changed quite fast, therefore only the polydisperse measure-
ment method was used. But in each experiment two separate particle formation
events occurred, and the polydisperse method was not suitable for the time inter-
val when the second particle mode began to form and the first was still present.
Hence, the data sets were divided into two subranges: The first range included
the first 2 h when only the first mode was present and the second range started
after 4 - 5 h when the second mode was dominating and lasted until the end of the
experiments. The HTDMA measurements were conducted in the same intervals
(see section 4.2.2). The fitting parameter, ρion , κ, and φ are given in Table 4.2.
In Table 4.3 these three parameters are averaged over all experiments conducted
under the same conditions (i.e. temperature in the PC).
All measured κ values were between 0.037 and 0.113 and thus only slightly smaller
than those measured in the BMT experiments in SAPHIR. Except for experiments
20 2, 30 2, 25 2, and 20 4 the hygroscopicity was lower for particles formed in the
second mode. The relative decrease of κ lay between 5 and 35%, but the absolute
difference between first and second mode was small (maximum 0.04). Grouping
the different measurements using the leaf temperature of the plants in the PC,
revealed that with increasing leaf temperature (and therefore with increasing
VOC emissions) κ decreased. This effect was bigger than the difference between
the two modes in each experiment. The experiment at 35◦C was conducted with
no lights in the PC. Hence, the emitted VOC concentration was comparable to
the experiments at 15◦ C.
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Table 4.2: Fitting parameter p0, κ, ρion, and φ for the CCN-C measurements in
JPAC. For the fitting with equation 2.29 the data was divided in two subranges
(see text above for details), the first two digits of the experiment number are the
temperature in the PC.

# p0 · 10−11 κ ρion [mol/m3] φ
I II I II I II I II

20 1 1.332 1.392 0.076 0.070 4428 4054 0.63 0.58
20 2 1.510 1.471 0.060 0.063 3446 3633 0.49 0.52
30 1 1.281 1.448 0.083 0.065 4792 3749 0.68 0.54
30 2 1.911 1.690 0.037 0.048 2151 2751 0.31 0.39
15 1 1.200 1.287 0.094 0.082 5459 4744 0.78 0.58
15 2 1.107 1.386 0.111 0.071 5459 4092 0.78 0.68
15 3 1.278 1.417 0.083 0.068 4814 3912 0.69 0.56
25 1 1.317 1.685 0.078 0.048 4534 2768 0.65 0.40
25 2 1.468 1.097 0.063 0.113 3648 6535 0.52 0.93
25 3 1.396 1.404 0.070 0.069 4035 3985 0.58 0.57
35D 1 1.206 1.220 0.093 0.091 5400 5278 0.77 0.75
15 4 1.184 1.272 0.097 0.084 5607 4859 0.80 0.69
15 5 1.194 1.270 0.095 0.084 5508 4870 0.79 0.70
15 6 1.207 1.317 0.093 0.078 5390 4531 0.77 0.65
15 7 1.241 1.350 0.088 0.074 5101 4312 0.73 0.62
20 3 1.270 1.417 0.084 0.068 4874 3914 0.70 0.56
20 4 1.289 1.118 0.082 0.109 4731 6286 0.68 0.90
35D 2 1.144 1.299 0.104 0.080 6006 4656 0.86 0.67
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Table 4.3: κ, ρion, and φ for the CCN-C measurements in JPAC group by
temperature in PC. For the fitting with equation 2.29 the data was divided in two
subranges (see text above for details). The given errors are the standard deviation
from averaging the different measurements.

PC T κ
I II

15◦C 0.094 ± 0.009 0.077 ± 0.007
20◦C 0.075 ± 0.011 0.077 ± 0.021
25◦C 0.070 ± 0.008 0.076 ± 0.033
30◦C 0.060 ± 0.032 0.056 ± 0.012

35◦C, dark 0.098 ± 0.007 0.086 ± 0.008
ρion [mol/m3]

15◦C 5470 ± 496 4474 ± 380
20◦C 4370 ± 643 4472 ± 1222
25◦C 4072 ± 444 4429 ± 1922
30◦C 4792 ± 1868 3749 ± 706

35◦C, dark 5703 ± 428 4967 ± 440
φ

15◦C 0.78 ± 0.07 0.64 ± 0.05
20◦C 0.62 ± 0.09 0.64 ± 0.17
25◦C 0.58 ± 0.06 0.63 ± 0.27
30◦C 0.68 ± 0.27 0.54 ± 0.10

35◦C, dark 0.81 ± 0.06 0.71 ± 0.06

4.2 HTDMA data

4.2.1 SAPHIR data

In this study the HTDMA was used to measure full humidograms, i.e. within 1
to 2.5 h the RH was varied between < 10% and 97.5% and the GF determined as
f(RH). In Table 4.4 all measurements for the experiments in SAPHIR are listed.
In the first column the experiment numbers are given as defined in chapter 3.5.1,
Table 3.1. The consecutive measurements during one experiment are numbered
1 to 3 for the first day and 4 to 5 for the second day. The starting time of
each GF -measurement is referenced to the starting time of the experiment. The
experiment start is defined as the time of the O3 addition and immediate opening
of the roof (or just the O3 addition for the ozonolysis experiment, respectively).
Typically, the particle production started in the minutes thereafter. Additionally,
the selected dry sizes of the particles are listed for each measurement.
By comparing the slope of the growth curves between 40% and 97.5%, the BMT
experiments (1 to 11) are grouped in six different classes (groups 1 to 6). The
hygroscopicity of the particles increases from group 1 to 6. The group for each
measurement is listed in the last column of Table 4.4. In case that classification
in one group is insufficient,“1/3” indicates that the growth curve is presented
best by group 1 for aw < 0.9 and group 3 for aw > 0.9.
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Table 4.4: HTDMA measurements conducted at SAPHIR. The experiment num-
bers refer to Table 3.1. Time: start time of measurement in h since experiment
start, # : measurement number, size: selected dry particle size, group: see text
above.

exp No. date # time [h] size [nm] group

1 2008-06-04 1 1:30 100 4
2 4:30 120 4

2008-06-05 4 21:30 120 4
5 26:15 100 4

2 2008-06-06 1 1:45 100 4
2 4:30 120 4

2008-06-07 4 24:00 120 4
3 2008-06-09 1 2:45 120 4

2 5:30 150 4
2008-06-10 4 23:30 150 4

5 26:45 180 3
4 2008-06-11 1 2:30 100 1

2 5:15 150 2
2008-06-12 4 22:30 150 3

5 26:45 180 3
5 2008-06-13 1 2:15 120 1

2 5:00 150 2
3 8:30 180 2

6 2008-06-16 1 1:45 120 2
2 5:30 150 2

2008-06-17 4 25:30 150 3
5 28:15 180 3

7 2008-06-18 1 3:45 120 2
2 6:30 150 2

2008-06-19 4 23:00 150 3
5 26:30 180 3

8 2008-06-20 1 1:00 180 1
2 4:45 180 1

9 2008-06-24 1 4:45 50 5
11 2008-06-26 1 1:15 50 5

2 4:45 80 6
3 8:15 80 6

2008-06-27 4 24:00 80 6
20 2009-05-20 1 1:15 100 -

2 4:45 100 -
2009-05-21 4 26:15 120 1/3

21 2009-05-22 1 2:30 100 -
2 7:30 120 1/3

2009-05-23 4 24:00 150 1/3
5 26:30 150 1/3
6 28:15 170 1/3

23 2009-05-26 1 1:15 120 -
2 3:15 150 -
3 7:0 150 1
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All measured growth curves are shown in Appendix A.2. To eliminate the size
depended Kelvin-effect, aw is used instead of RH. aw is calculated from equation
2.6 for each data point (pair of RH and Dwet) assuming surface tension of water:

aw =
RH

100
· exp

(
− 4Mwσw

R Tρw Dwet

)
(4.2)

The average growth curve for each class is determined by fitting the data with
the UNIFAC-fit described in detail in section 5.2. The measured data and these
fits are displayed in Figures 4.1 to 4.6. The measurement errors are shown only
for one data set to enhance clarity.

Figure 4.1: Measured growth curves group 1: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.
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Figure 4.2: Measured growth curves group 2: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.

Figure 4.3: Measured growth curves group 3: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.
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Figure 4.4: Measured growth curves group 4: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.

Figure 4.5: Measured growth curves group 5: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.
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Figure 4.6: Measured growth curves group 6: diamonds: measured data (for
details on the experiment numbers see Tables 3.1 and 4.4), red line: fit to data
using UNIFAC.

Measurements during the first 4 h of the α-pinene experiments (20 1, 20 2, 21 1,
23 1, and 23 2) exhibit a different growth behavior than all others. First, the GF
increases slightly with increasing aw. But then it drops to a minimum between
0.45 and 0.48 aw (see Figure 4.7). This feature is not captured by the UNIFAC-fit,
thus, these measurements are not grouped together with the others.
An explanation for this behavior can be related to the different morphology of
the particles. For all calculations it is assumed that the selected particles are
compact spheres. However, if the particles contain voids, they may appear at a
higher electro-mobility size than a solid sphere of the same mass. If a certain
amount of water is taken up, the voids collapse. If the volume of the voids is
larger than the water-uptake, the particles appear to shrink with increasing RH.
As soon as the volume of the water taken up by the particles is larger than the
volume of the voids, the particles appear to grow again. If this is the case, using
the diameter measured under dry conditions to calculate GF will underestimate
the GF and overestimate the amount of solute in the droplets. At the observed
minimum of the growth curve the measured diameter is that of the compacted
particle plus the absorbed amount of water. Therefore, it is still higher than the
real Ddry, but close to it as the volume of the water taken up is small. As no
independent information is available on how high the real GF should be at the
observed minimum of the growth curve, the diameter at this minimum is used as
Ddry to avoid GF less than 1, which would result in negative values for κ and φ.
Such voids may be caused by the drying of the particles prior to the measurement.
But they might also be an intrinsic problem as this feature was only observed
for fresh particles and leveled off later in the experiment. As only α-pinene
experiments of type B showed this feature, it may be either specific for α-pinene
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Figure 4.7: Measured growth curves experiment 22: diamonds: measured data,
red line: fit to data using UNIFAC.

or related to the special reaction conditions in those experiments. All boundary
conditions in the chamber such as temperature or humidity (both relative and
absolute) occurred also during the BMT experiments where no such phenomenon
in the growth curves was observed.

4.2.2 JPAC data

All measurements for the experiments in JPAC are listed in Table 4.5. In each
JPAC experiment two separate particle formation events occurred. For measure-
ments numbered 1 and 2 the particles were selected out of the first mode and for
measurement # 3 from the second. In the same way as for the measurements at
SAPHIR the growth curves were grouped (groups 1j to 6j, Figures 4.8 to 4.13).
From group 1j to 6j the hygroscopicity increases. Comparing SAPHIR and JPAC
data the groups 2 and 3j are almost identical, but the other groups exhibit a
different curvature of the growth curves.
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Table 4.5: HTDMA measurements conducted at JPAC. The first two digits of
the experiment number are the temperature in the PC. For further details see text
above.

exp No. date # time [h] size [nm] group

20 1 2008-08-11 1 1:46 80 2j
3 4:19 80 1j

20 2 2008-08-12 1 1:18 80 3j
3 3:48 80 1j

30 1 2008-08-13 1 0:49 80 -
3 3:34 80 1j

30 2 2008-08-14 1 0:48 80 -
2 2:19 120 5j
3 3:53 80 1j

15 1 2008-08-15 1 1:16 50 6j
25 1 2008-08-18 1 1:23 80 3j

2 2:53 120 2j
3 3:58 80 2j

25 2 2008-08-19 1 1:18 80 4j
3 4:06 80 1j

25 3 2008-08-20 1 1:19 80 5j
3 3:58 80 2j

35D 1 2008-08-21 1 1:30 80 6j
3 4:56 80 3j

15 4 2008-08-22 1 1:48 80 -
3 4:53 80 2j

15 5 2008-08-23 1 1:12 80 6j
2 2:19 120 6j
3 4:58 80 3j

15 6 2008-08-25 1 1:41 80 -
3 4:01 80 3j

20 3 2008-08-26 1 1:55 80 4j
3 4:58 80 2j

20 4 2008-08-27 1 1:32 80 5j
3 4:02 80 2j

35D 2 2008-08-28 1 2:05 80 6j
3 4:58 80 3j
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Figure 4.8: Measured growth curves group 1j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC

Figure 4.9: Measured growth curves group 2j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC
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Figure 4.10: Measured growth curves group 3j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC

Figure 4.11: Measured growth curves group 4j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC
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Figure 4.12: Measured growth curves group 5j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC

Figure 4.13: Measured growth curves group 6j: diamonds: measured data (for
details on the experiment numbers see Tables 3.2 and 4.5), red line: fit to data
using UNIFAC
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Using equations 2.12 to 2.18, the parameters φ, ρion, and κ were calculated from
the measured data. The values at 90% RH are listed in Table A.1 and A.2 in the
appendix. The average parameters calculated for the two sets of six groups are
given in Table 4.6.

Table 4.6: GF , κ, ρion, and φ at 90% RH for the HTDMA measurements in
SAPHIR using the grouping presented above. As error the standard deviation of
the averaged measurements is given.

group GF κ ρion [mol/m3] φ
1 1.092 ± 0.006 0.038 ± 0.002 1986 ± 91 0.28 ± 0.01
2 1.107 ± 0.005 0.044 ± 0.003 2315 ± 158 0.33 ± 0.02
3 1.112 ± 0.006 0.046 ± 0.003 2411 ± 173 0.34 ± 0.03
4 1.125 ± 0.006 0.055 ± 0.003 2864 ± 152 0.41 ± 0.02
5 1.142 ± 0.006 0.069 ± 0.004 3592 ± 191 0.51 ± 0.03
6 1.149 ± 0.006 0.078 ± 0.001 4046 ± 14 0.58 ± 0.002
1j 1.040 ± 0.006 0.018 ± 0.003 922 ± 143 0.13 ± 0.02
2j 1.060 ± 0.011 0.026 ± 0.005 1374 ± 262 0.20 ± 0.04
3j 1.067 ± 0.011 0.030 ± 0.005 1569 ± 255 0.22 ± 0.04
4j 1.072 ± 0.003 0.032 ± 0.001 1678 ± 42 0.24 ± 0.01
5j 1.097 ± 0.011 0.044 ± 0.004 2303 ± 195 0.33 ± 0.03
6j 1.106 ± 0.021 0.051 ± 0.010 2650 ± 538 0.38 ± 0.08

Some trends could be observed in the CCN-C measurements which also occurred
in the HTDMA measurements. The ozonolysis experiment (9) showed the lowest
and experiment 11 the highest hygroscopic growth of all measurements. The
decrease in experiment 3 and the change during experiment 11 due to the stepwise
addition of the BMT were also visible. In the JPAC experiments both, CCN-C
and HTDMA measurements, showed higher κ values for particles selected out of
the first particle mode than from the second. But there were certain differences.
The α-pinene experiments exhibit a average κ, and during experiment 1 and 2
only a slight increase in κ was observed.

4.2.3 Measurement errors

κ given in Table 4.6, A.1, and A.2 was calculated applying equation 2.18 and
solving it for κ:

κ =
D3

p − D3
dry

D3
dry

⎛
⎝exp

(
A
Dp

)
RH

− 1

⎞
⎠ (4.3)

with A = 4Mwσw

R Tρw

This equation can be simplified using GF instead of the particle size:

κ = (GF 3 − 1)

⎛
⎝exp

(
A
Dp

)
RH

− 1

⎞
⎠ (4.4)
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The error of κ can be derived from this equation with Gaussian error propagation.

σ(κ) = ±
√(

σ(GF ) · 3 GF 2

(
100 · exp(A/Dp)

RH
− 1

))2

+

(
σ(RH) · (GF 3 − 1) · 100 · exp(A/Dp)

RH2

)2

+

(
σ(Dp) · (GF 3 − 1) · 100 A · exp(A/Dp)

RH D2
p

)2

(4.5)

The calculation of the statistical errors of GF , RH and Dp is described in section
3.2.3. Using these statistical errors leads to rather small σ(κ) (relative σ(κ) ∼ 5%
in each measurement).
To estimate the accuracy κ, the systematic errors of the measured quantities
are used in equation 4.5. Applying σ(GF )sys = 0.01, σ(RH)sys = 1.5%, and
σ(Dp)sys = 1% · Dp leads to average σ(κ)sys of ∼ 20% (see Tables A.1 and A.2).
Note that this is the upper limit of measurement uncertainty. For example:
calibration measurements with (NH4)2SO4 aerosol were conducted frequently to
measure the systematic offset of the RH sensors. The observed variations between
these measurements was within the reported statistical error. The derived correc-
tion factors for the RH measurement were constant for up to 6 weeks (see section
3.2.2 for details on calibration). The HTDMA was run under the same conditions
during the SOA measurements and the calibration. Consequetly, σ(RH)sys would
be reduced to the uncertainty of the calibration procedure, which is equal to the
much smaller statistical error.
The errors of ρion and φ are calculated in a similar way starting from equation
2.12 and 2.14. As κ, ρion , and φ are directly related by equations 2.13 and 2.24,
the relative errors are the same for all three parameters.
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5. Discussion

In this chapter the results from the BMT experiments in the SAPHIR cham-
ber will be discussed with respect to the closure between hygroscopic growth
and CCN-activity measurements. Thereafter the relation of hygroscopicity and
the formation conditions of the SOA will be investigated. Then chemical aging
of the particles will be discussed. Last the findings for the SAPHIR chamber
experiments will be transfered to the data from JPAC experiments.

5.1 Closure between the sub- and super-saturated

regime

In this section the discrepancies between HTDMA and CCN-C measurements -
if a constant κ is used for each measurement - will be described. Two possible
explanations using one additional single parameter are proposed.

5.1.1 Comparing CCN-C and HTDMA data

Apart from the minor different trends in the HTDMA and CCN-C measurements,
the main difference is that all κ values calculated from HTDMA measurements
at 90% RH (κ(90%)) are up to a factor of 3 lower than those from CCN-C
measurements. This discrepancy is much larger than the calculated statistical
error of κ (CCN-C: 2 - 6%, HTDMA: 5%). For most experiments it is also larger
than the accuracy estimated from the systematic measurement errors (σ(κ)sys ≤
20%). When using the κ(90%) values to extrapolate the Koehler curve (equation
2.18) to the super-saturated regime, much higher SScrit are predicted for a given
size than measured with the CCN-C. These calculations were performed for all
data sets and the results are shown in the SScrit vs. D50 plots in appendix A.1
(black triangles). Below in Figure 5.1 a representative example is shown.
The values predicted from hygroscopic growth can be fitted with the same method
as the measured SScrit/D50 (equation 2.29). As the variation in κ(90%) during
one experiment is minimal compared to κ(CCN), all HTDMA measurements of
one experiment are fitted together. The fitting parameter p0 is listed in Table 5.1.
The SScrit(90%) calculated from this fit are plotted versus the fits of the measured
SScrit(CCN) in Figures 5.2 and 5.3. The ozonolysis experiment exhibits the
largest overprediction of SScrit (by a factor of 2). On the second day SScrit is
only overestimated by 33 - 66%. This is not in agreement with findings of Rissler
et al. (submitted). They found an overprediction of SScrit of maximal 34% for
comparable aerosols.
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Figure 5.1: SScrit and D50 measured with CCN-C and calculated from HTDMA
data for experiment 3 using a constant κ.

Table 5.1: Fitting parameter p0 for SScrit/D50 predicted from HTDMA data.

experiment p0 · 10−11

1 1.53 ± 0.01
2 1.57 ± 0.01
3 1.58 ± 0.02
4 1.76 ± 0.01
5 1.800 ± 0.009
6 1.86 ± 0.01
7 1.72 ± 0.01
8 1.86 ± 0.02
11 1.337 ± 0.009

There are two approaches to explain these discrepancies which both introduce
another single parameter into the Koehler equation: A) The parameter κ is un-
derestimated when calculated from HTDMA data. This is equivalent to over-
estimating the amount of solute entities in the solution e.g. caused by limited
solubility. B) The parameter κ is overestimated when calculated from CCN-C
data as the surface tension of pure water was used, which was too high. The
surface tension of the solution droplet could be reduced by surface active organic
compounds which have been found in atmospheric aerosol by e.g. Facchini et al.
(2000) and Dinar et al. (2006) .
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Figure 5.2: SScrit predicted from hygroscopic growth measurements at 90% RH
vs. SScrit measured with the CCN-C in the first 6h of the experiments.

Figure 5.3: SScrit predicted from hygroscopic growth measurements at 90% RH
vs. SScrit measured with the CCN-C on the second day of the experiments.
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5.1.2 Solute entities in solution

When calculating κ(90%) from HTDMA data with equation 2.18 the volume of
water and the dry solute are derived from the measured particle diameters. If the
dry particle dissolves only partially, Vw is still described by equation 2.17 using
the measured dry diameter as Ddry. But the volume of the solute is only the
fraction fs of the dry particle that dissolved. With this equation 2.18 changes to:

S =

(
1 + κ

fs · D3
dry(

D3
p − D3

dry

)
)−1

· exp

(
4Mwσw

R TρwDp

)
(5.1)

Thus, the dissolved volume fraction of the dry particle equals:

fs =
κ(90%)

κ(CCN)
(5.2)

κ(90%) : κ derived from growth curves at 90% RH
κ(CCN): κ derived from fitting equation 2.29 to SScrit/D50 data

The calculated dissolved volume fractions are 0.27 to 0.83 for BMT, 0.16 to 0.30
for α-pinene, and 0.18 to 0.70 for JPAC experiments. The average values for the
six groups for BMT and α-pinene experiments are listed in Table 5.2. In the JPAC
experiments the values for the second particle mode are 10 to 65% lower than
for the first mode. For the SAPHIR experiments no clear trend comparing first
and second day measurements could be observed. Using the grouped HTDMA
data, the first three groups exhibit a 35 - 45% lower dissolved fraction than the
last three. But the spread within the groups is to some extend bigger than this
difference. This might indicate that the dissolved volume fraction is not directly
correlated to the absolute value of κ.

5.1.3 Surface tension of the solution

In the previous calculation of κ the surface tension of pure water was assumed for
the droplet. In the sub-saturated regime the influence of the Kelvin term (surface
tension dependent term in Koehler equation) is minimal. Therefore, changing the
surface tension does not change the κ values calculated from HTDMA measure-
ments. But in the super-saturated regime decreasing σw by a factor of fσ, reduces
κ by a factor of (fσ)3 (equations 2.30 and 2.24).

fσ =

(
κ(90%)

κ(CCN)

) 1
3

(5.3)

Using κ from the HTDMA measurements, the surface tension reduction can be
calculated for all CCN-C measurements. The values derived for the grouped hy-
groscopic growth data are shown in Table 5.2. Instead of 0.073 N/m (pure water)
values between 0.041 and 0.065 N/m for BMT, between 0.039 and 0.048 N/m
for α-pinene, and between 0.041 and 0.065 N/m for JPAC experiments were ob-
served. In the JPAC experiments the calculated σ was 10 to 25 % lower for the
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second particle mode than for the first mode. Generally, the same trends are
observed as described above for the limited solubility approach.
Measurements extending over the same range can be found in literature. Ziese
et al. (2008) found surface tensions of 0.052 to 0.069 N/m for aerosols containing
humic acid like substances. For aerosol produced by photo oxidation of α-pinene
surface tensions of 0.0553 and 0.0578 N/m depending on the precursor concen-
tration were observed (Juranyi et al. (2009)). For ozonolysis of α-pinene aerosol
Wex et al. (2009) calculated surface tensions of ∼30 N/m if hygroscopic growth
data measured below 98% RH was used. If the calculations were based on data
with RH > 98%, the surface tension was reduced only to 0.052 to 0.065 N/m.

5.1.4 Deducing Ms from κ

The two parameterizations fs and fσ describe two completely different physical
phenomena. But with the approach presented above they cannot be separated.
It could also be a combination of both effects leading to a κ in between κ(90%)
and κ(CCN). To evaluate the two approaches, equation 2.21 is used to calculate
the average molecular mass of the solute. The effective particle density measured
with the HR-Tof-AMS is used for ρs. In Table 5.2 the calculated values are listed
for the grouped HTDMA data. The CCN-C data was grouped accordingly using
the same time intervals as the HTDMA measurements. Ms(σ) is the molecular
weight of the solute calculated with reduced surface tension and κ(90%), and
Ms(sol) is calculated with limited solubility at 90% RH and κ(CCN).

Table 5.2: Calculated reduced surface tension of the droplet, dissolved fraction,
and molecular weights for the different approaches. The given errors are the
standard deviation from averaging in the groups.

group σs fs Ms(σ) [g/mol] Ms(sol) [g/mol]
1 0.053 ± 0.006 0.42 ± 0.14 721 ± 28 305 ± 102
2 0.052 ± 0.002 0.39 ± 0.05 616 ± 16 238 ± 27
3 0.054 ± 0.003 0.42 ± 0.05 648 ± 40 271 ± 34
4 0.063 ± 0.007 0.68 ± 0.24 507 ± 62 333 ± 94
5 0.064 ± 0.001 0.72 ± 0.03 343 ± 6 246 ± 8
6 0.063 ± 0.006 0.69 ± 0.19 367 ± 40 264 ± 86

The values calculated with reduced surface tension are between 343 and 721 g/mol.
As the molecular weight of the gas-phase precursors was 140 g/mol and only oxy-
gen is added due to oxidation, these high Ms could only be reached by oligomers
of the primary oxidation products. Evidence for oligomerization in aerosol par-
ticles during smog chamber experiments has been observed (e.g. Mueller et al.
(2009), Kalberer et al. (2004)). But here the particles would have to consist al-
most completely of those oligomers. Assuming that only the fraction fs of the
dry particle is dissolved, this leads to much lower Ms between 246 and 324 g/mol.
This is the upper end of the range of Ms determined with the APCI-MS.
From this deliberation the approach with limited solubility seems more likely to
be true. While both approaches are able to achieve closure between hygroscopic
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growth and CCN activation measurements, they cannot be used to predict the
CCN activation from GF data. In both cases the additional parameter (the
solved fraction or reduced surface tension) can only be derived if data from sub-
and super-saturated regime is already available.

5.2 UNIFAC model calculations

Although the discrepancies in the hygroscopicity parameters derived for sub- and
super-saturated regime can be explained with an additional parameter (solubility
or surface tension reduction), there is already a strong indication that there is a
dependency on the RH (i.e. the concentration in the droplet). In this section the
need for a concentration (RH) dependent parametrization of the Koehler theory
will be described. The use of the UNIFAC model to fit the measured data will
be explained and tested with surrogates for the most likely compounds in the
particles.

5.2.1 aw dependence of κ and φ

With equation 2.18 κ is calculated for each data point on the growth curve (see
Figure 5.4 and appendix A.3). This reveals that the hygroscopicity decreases
with increasing aw. Between aw 0.9 and 0.95 the curves reach a minimum before
it increases again. The position of this minimum (both aw and κ values) is
characteristic for the different growth curves groups. This upward trend for very
high aw can explain the overprediction of SScrit when using HTDMA data. Since
the observed increase after the minimum is less than the maximum systematic
error (black error bars in Figure 5.4), it might be a measurement artifact.

Figure 5.4: κ calculated for the complete growth curve measured in experiment 3.
Error bars in red represent the statistical error, and black error bars are the
accuracy (details in section 4.2.3). The shown error bars are representative for
all measurements.

58



5.2. UNIFAC MODEL CALCULATIONS

Although κ is a powerful tool for comparing sub- and super-saturated data, it
has the disadvantage that the limit for aw → 1 does not approach the same value
for all possible compounds (see equation 2.21). In addition no physical-chemical
model exists for the exact course of κ as aw → 1 for a wide range of organic
compounds. Thus, it can not be generally answered if the observed minimum is
real.
If φ is used instead, the characteristics of the φ vs. aw curve can be approximated
with the UNIFAC model (see section 2.3) and for dilute solutions (aw → 1) φ → 1.
To calculate φ from the hygroscopic growth data or rather from ρion , values for
Ms ρs, and ν must be known (or assumed). The effective density of the particles
can be calculated from the electro-mobility diameter measured in the SMPS and
the aerodynamic diameter measured in the HR-Tof-AMS (see equation 3.25).
For the BMT experiments effective densities between 1440 and 1730 kg/m3 were
determined. The average Ms was deduced from measurements with a APCI-MS
(Reinnig (2009)). As a starting value 210 g/mol was used. Further it is assumed
that the organic compounds do not dissociate and are completely dissolved in the
available amount of water (i.e. no deliquescence/efflorescence). Therefore, ν = 1.
With these values φ is calculated for each measured data point on the growth
curves (see Figure 5.5 and appendix A.3). The trend is the same as for the κ(aw).

Figure 5.5: φ calculated for the complete growth curve measured in experiment 3.
Ms = 210 g/mol and ρs = 1460 kg/m3 are used. Error bars in red represent the
statistical error, and black error bars are an estimate for the accuracy (details in
section 4.2.3). The shown error bars are representative for all measurements.

5.2.2 UNIFAC calculations with surrogates for SOA com-
pounds

The UNIFAC model calculates the corresponding aw for a given molar fraction of
water. Applying equation 2.8, this can be converted into φ. The UNIFAC model
can be used both to calculate binary (single organic compound + water) and
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complex multi-component mixtures. The organic compounds are represented as
the sum of their functional groups. The functional groups and parameters used
in this study are listed in Tables 2.1 and 2.2.
SOA particles can consist of a large number of different compounds and the ex-
act composition cannot be determined. Larsen et al. (2001) identified a range
of different particle phase products of the photo oxidation of single MTs. The
most abundant were C10-keto-aldehydes, C10-keto-carboxylic acids, C10-hydroxy-
keto-carboxylic acids, and C10-hydroxy-keto-aldehydes for MTs with a endo-
cyclic double bond (e.g. α-pinene) and C9-ketones, C9-dicarboxylic acids, and
C10-hydroxy-keto-carboxylic acids for MTs with an exocyclic double bond (e.g.
β-pinene). The common feature of these compounds is a hydrocarbon backbone
of 9 or 10 carbon atoms carrying two or three oxidized groups. The molecular
weights are between 150 and 200 g/mol, and the O/C ratio is between 0.2 and
0.5.

Homologue series of dicarboxylic acids

Before the measured data was fitted with the UNIFAC model, the prediction
of φ = f(aw) of the model was tested with a set of surrogates. The series of
dicarboxylic acids from oxalic to sebacic acid was chosen as they have the same
degree of functionality (two oxidized groups) and similar Ms and O/C values.
For this investigation the solubility was ignored, i.e. the metastable efflorescence
branch was calculated. The φ(aw) curves calculated for binary mixtures of one
acid and water are shown in Figure 5.6.

Table 5.3: Dicarboxylic acids used in UNIFAC calculations.

acid CH2 Ms [g/mol] O/C
oxalic 0 90 2.00
malonic 1 104 1.33
succinic 2 118 1.00
glutaric 3 132 0.80
adipic 4 146 0.67
pimelic 5 160 0.57
suberic 6 174 0.50
sebacic 8 202 0.40

As the chain length of the acids increases, φ at a given aw decreases. This was
to be expected as the CH2 groups are hydrophobic compared to oxidized groups.
By increasing the hydrophobic fraction in the organic molecules, the interactions
with the surrounding water become less ideal. Thus, φ, the parameter for the
ideality of the solution, diverges more strongly from one.
Except for oxalic and malonic acid all curves show a minimum between aw 0.9 an
0.99. With increasing chain length the position of the minimum moves towards
higher aw and lower φ. Also the minimum becomes more distinct and almost
turns into a step function. The slope of the curve leading towards the minimum
increases as well. Note that this behavior is similar to that of the measured data.
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Figure 5.6: φ(aw) curves calculated for binary dicarboxylic acid/water mixtures
with UNIFAC.

Dependence of φ on O/C ratio

The O/C ratio is a commonly used indicator for the oxidation degree of com-
pounds in aerosol particles as it can be derived from AMS data. Generally, the
O/C ratio of the identified compounds increases with aging, i.e. higher oxidized
compounds are more abundant in the particles. The O/C ratio is also used as a
proxy for the hygroscopicity. With increasing O/C ratio (i.e. increasing degree
of oxidation) the hygroscopicity increases. As shown in Figure 5.6, this is the
case for a series of compounds where only the occurrence of one functional group
varies (here CH2). Thus, the change in the O/C ratio is only due to the change
in the ratio of the two different groups.
To further investigate the interrelation of φ on the O/C ratio, the φ(aw) curves
for a series of “derivatives” of suberic acid were calculated. To the suberic acid
backbone the four oxidized groups used in this UNIFAC version were added
creating C10 compounds with three oxidized groups. As the keto group can
only be added to the model with an additional methyl group, there is a methyl
group added in all cases. UNIFAC is not sensitive to the exact position of a
group in a molecule therefore no additional structure information is needed. The
used compounds are listed in Table 5.4 and the calculated curves are shown in
Figure 5.7.
Introducing another oxidized group always led to larger φ for the same aw , i.e.
it increases the φ(aw) curve, even though the O/C ratio stays constant for the
methyl aldehyde and the methyl ketone and even decreases for the hydroxy ethyl
compound. The effect of the groups on φ(aw) increases in the following order:
CH3CO < OH < COOH � CHO. Adding the aldehyde group has by far the
largest effect on φ(aw).
From the results for these simple systems it can be concluded that the O/C
ratio can be used as an indicator for the hygroscopicity of aerosol particles only
under certain conditions. In a system where the chemical aging (oxidation) only
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adds more oxidized groups to the basic molecules an increase in the O/C ratio
is most likely correlated to an increase in the hygroscopicity. But if aerosol
particles from different gas-phase precursors and different oxidation regimes (e.g.
ozonolysis vs. photo chemistry) are compared, the connection between O/C ratio
and hygroscopicity might not be straightforward.

Table 5.4: Suberic acid derivatives calculated with UNIFAC. Ms is given in
g/mol.

organic component CH2 CH COOH CHO CH3CO OH Ms O/C
suberic acid 6 0 2 0 0 0 174 0.50
+ aldehyde 5 1 2 1 0 0 202 0.56
+ methyl aldehyde 6 1 2 1 0 0 216 0.50
+ methyl ketone 5 1 2 0 1 0 216 0.50
+ hydroxy ethyl 7 1 2 0 0 1 201 0.40
+ methyl carboxylic 6 1 3 0 0 0 232 0.60

Figure 5.7: φ(aw) curves calculated for binary “suberic acid derivatives”/water
mixtures with UNIFAC.

5.2.3 Fitting the measurement data

The UNIFAC model calculates aw for a given xw in dependency on the organic
molecule(s) defined in the system. Therefore, the measured RH is converted to
aw applying equation 4.2 and the measured GF is converted to xw:

xw =

(
1 +

ns

nw

)−1

(5.4)
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ns and nw can be expressed by equations 2.10, 2.11, and GF can be used instead
of the particle diameters.

xw =

(
1 +

ρsMwD3
dry

Msρw(D3
p − D3

dry)

)−1

(5.5)

xw =

(
1 +

ρsMw

Msρw

(
GF 3 − 1

)1
)−1

(5.6)

For Ms and ρs the values derived from HR-Tof-AMS and APCI-MS measurements
are used (210 g/mol and 1460 kg/m3 see section 5.2.1).
It is more than likely that there is a large number of different organic compounds
in the particles. But as no information on the exact number of different com-
pounds in the solution is available, it is assumed that only one organic component
exists in the aerosol particles. The variations in φ(aw) due to the interaction of dif-
ferent compounds will be attributed to this single molecule. To fit the xw/aw data
calculated from the measurements, the contribution of the functional groups to
this molecule is varied. The occurrences of the functional groups are not lim-
ited to integer values, i.e. the sum of functional groups does not add up to a
real existing molecule, but rather to a hypothetical compound representing the
properties of the aerosol particles. For the fitted hypothetical molecule aw can
be calculated for 0 < xw < 1. To convert xw back into GF equation 5.6 is solved
for GF . The dry diameter can be chosen freely as GF is a relative quantity.
This method was used to fit each growth curve individually (see appendix A.2)
and to calculate the average growth curve for the grouped data. The parameters
for each group (1 - 6 and 1j - 6j) are listed in Table 5.5. The resulting averaged
growth curves are shown in Figures 4.1 to 4.8 together with the measured data and
for better comparison the six curves derived from BMT and α-pinene experiments
are shown without the measured data in Figure 5.8.

Figure 5.8: Fitted growth curves of the 6 groups identified in the BMT and
α-pinene experiments.
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4.80±
0.02

2.99±
0.01

0±
0

0±
0

0±
0

0±
0

3
0±

0
0±

0
2.39±

0.03
2±

0
2.69±

0.01
0±

0
0±

0
0±

0
0±

0
4

0±
0

0±
0

1.98±
0.03

2±
0

2.84±
0.01

0±
0

0±
0

0±
0

0±
0

5
0.06±

358
0.52±

3476
1.34±

496
2±

0
0.87±

219
0±

0
0.54±

2181
0.41±

168
0.26±

345
6

0±
0

0.64±
17945

1.44±
44269

1.75±
31120

1.30±
195

0±
0

0.54±
6099

0.47±
1391

0±
0

1j
0±

0
0±

0
0±

0
4.32±

0.07
2.23±

0.05
0±

0
0±

0
0±

0
0±

0
2j

2.74±
0.05

0±
0

0±
0

0±
0

1.58±
0.03

0±
0

0±
0

0±
0

0±
0

3j
0±

0
0±

0
1.22±

7786
3.16±

9217
2.54±

234
0±

0
0±

0
0.006±

107
0±

0
4j

0±
0

0±
0

0±
0

4.05±
0.12

2.56±
0.08

0±
0

0±
0

0±
0

0±
0

5j
0±

0
0±

0
0±

0
4.08±

0.13
2.75±

0.09
0±

0
0±

0
0±

0
0±

0
6j

0±
0

0±
0

1.70±
15473

3.90±
2485

0.61±
887

0±
0

0.58±
7657

0.5±
660

0.74±
0.50
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5.2. UNIFAC MODEL CALCULATIONS

The RH range from 50% to 97.5% was used for the fitting as all measurements
covered this range. Up to 97.5% RH the data is represented very well by the
averaged growth curves even though the errors of the parameters for group 5, 6,
3j, and 6j are several orders of magnitudes larger than the actual parameters, i.e.
the group composition is not well defined. For groups 1 - 3 the fit overestimates
GF at RH higher than 98%. For the groups identified in the JPAC experiments
this cannot be verified as there are no valid data points above 97.5%. The over-
prediction in GF (RH) is caused by an overestimation of φ(aw) as the minimum
of φ(aw) is predicted at too low aw and the following increase is too steep.
The reason for this can be related to the availability of data for the fitting al-
gorithm in the critical parts of the curve. For groups 1 and 2 the measured
φ(aw) curves are the lowest and have not reached their minimum. For group 3
only very few data points with a rather wide spread show the upward trend. The
calculations with the surrogates (section 5.2.2) show that for absolutely lower
φ(aw) curves the minimum should be rather sharp. With the few available data
points the fitting algorithm is unable to determine the correct position of the
minimum, and due to the steepness of the φ(aw) function the deviation of the de-
rived growth curve is significant. Alternatively, it may well be that the UNIFAC
model is unable to fit the course of the φ(aw) curve as the general properties of
the solution change. If below 98% RH the particle was not dissolved completely
and an additional, less hygroscopic compound was dissolved in the solution above
98%, the measured GF above 98% RH would be lower than predicted. As the
UNIFAC model is set up with only one type of organic molecules, such behavior
could not be fitted.

Table 5.6: Ms and O/C ratio from the free UNIFAC fit. No constrains were
applied to the occurrence of the functional groups.

group Ms [g/mol] O/C
1 121 0.38
2 192 0.77
3 195 0.79
4 177 0.83
5 166 0.50
6 147 0.56
1j 152 0.68
2j 112 0.73
3j 168 0.73
4j 164 0.78
5j 173 0.81
6j 148 0.39

Although the calculated fit does not represent a “real” organic compound, the
Ms and O/C ratio can be calculated (see Table 5.6) and intercompared for the
different hygroscopicity classes. The calculated Ms are in the range of the MT ox-
idation products identified by Larsen et al. (2001). But the Ms value of 210 g/mol
used to calculate φ is not reached. The O/C ratio increases for groups 1 to 4 and
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1j to 5j. But the groups with the highest particle hygroscopicity (5, 6, 6j) have
rather low O/C ratios.
As shown in section 5.2.2 the O/C ratio can only be used to compare particle
hygroscopicity when looking at similarly composed compounds. Thus, the BMT
experiment data is fitted with a restricted model allowing only CH2 and COOH
groups. The fit parameters and calculated Ms and O/C ratios are listed in Table
5.7. The quality of the fit is reduced, but it is still sufficiently good. With these
restrictions the increasing particle hygroscopicity is correlated with increasing Ms

and O/C increase. But Ms is even further away from the value deployed for the
initial calculation of φ and xw from GF and RH.

Table 5.7: Fitting parameters, Ms, and O/C ratio from restrained UNIFAC fit.
Only CH2 and COOH groups were used.

group CH2 COOH Ms [g/mol] O/C
1 3.21 ± 0.02 1.62 ± 0.01 118 0.67
2 3.60 ± 0.02 2.05 ± 0.01 142 0.72
3 3.57 ± 0.02 2.13 ± 0.01 146 0.75
4 3.26 ± 0.02 2.27 ± 0.01 148 0.82
5 3.11 ± 0.05 2.53 ± 0.02 157 0.90
6 2.97 ± 0.05 2.80 ± 0.02 167 0.97

5.2.4 Prediction of CCN activation

aw calculated for the fit must be converted back to RH (or rather S) with equation
4.2 to determine the activation point for the fitted growth curves.

S =
RH

100
= aw · exp

(
4Mwσw

R Tρw GF Ddry

)
(5.7)

In this context Ddry from HTDMA measurements and D50 from CCN-C mea-
surements describe the same quantity: the dry diameter of the particles that are
activated. With equation 5.7 SScrit for any dry particle diameter can be derived
from aw calculated with UNIFAC. In Figure 5.9 the predicted curves are shown
extrapolated to the activation point(D50 = 100 nm). Despite the quite different
course of the growth curves in the sub-saturated regime all groups predict almost
the same SScrit.
The position of the activation point is described by equations 2.29 and 2.30.
Applying the definition of ρion (equation 2.13) to equation 2.30 leads to:

SScrit = p0 · D− 3
2

dry

=

(
2.56 · 106M2

w

27R3T 3ρ2
w

· σ3Ms

φcrit ν ρs

) 1
2

· D− 3
2

dry (5.8)
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Figure 5.9: Extrapolation of growth curves of the 6 groups identified in the BMT
and α-pinene experiments to the activation point with D50 = 100 nm. The GF
axis is in logarithmic scale

φcrit is the value of φ at the activation point. For a given dry particle diameter
SScrit depends on the parameter p0. Assuming that the dissociation (ν), the
molar mass (Ms), and the density (ρs) of the solute are constant, the ratio of
SScrit,1 and SScrit,2 calculated with two different values φcrit,1 and φcrit,2 equals:

SScrit,1

SScrit,2

=

√
φcrit,1

φcrit,2

(5.9)

Groups 1 and 6 are used to estimate the maximum difference in predicted SScrit

as they exhibit the largest difference in φcrit (0.964 and 0.982, respectively). In
this case SScrit,1 is larger than SScrit,2 by a factor of 1.009. A 100 nm particle
then activates at 0.336% instead of 0.339% SS. This difference is less than the
uncertainty in SS set in the CCN-C.
This behavior is due to the fact that at the activation point the properties of the
droplet are governed by the Kelvin effect. As the UNIFAC model calculates the
non-ideality in the solution, it solely influences the Raoult term. The implication
of these findings is that different hygroscopic behavior in the sub-saturated regime
will always predict the same SScrit as long as σ3Ms

νρs
is constant. On the other hand

two identical growth curves will predict different SScrit if the absolute value of
the quotient changes. Closure between measured CCN-C and HTDMA data can
be achieved by adjusting σ3Ms

νρs
. The D50/SScrit data from the CCN-C is used

to determine the value of the quotient. The value for σ was assumed (e.g. σw)
and Ms

νρs
was used to calculate φ from the HTDMA data. The resulting curve was

fitted as described above and the correct SScrit was predicted.
For an independent prediction of CCN activity from HTDMA data the parti-
cle density and average molecular weight must be known. The effective den-
sity of the particles is calculated from HR-Tof-AMS and SMPS measurements
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(Spindler (2010), see Figure 5.10). In all experiments the density increases con-
tinuously from the initial value of ∼1350 kg/m3 to the final value between 1500
and 1700 kg/m3. The spread within each data set is larger than the variations
between the experiments. From APCI-MS measurements the average Ms is esti-
mated to be between 150 and 350 g/mol. For the surface tension of the droplet
the value for pure water is assumed. Then the lower and upper limit for φ cal-
culated from hygroscopic growth data is obtained using the two combinations
350 g/mol/1350 kg/m3 and 150 g/mol/1700 kg/m3. This corresponds to ρion of
3857 and 11333 mol/m3, respectively (for φ = 1 and ν = 1). The φ(aw) curves
calculated with these extreme values for σ3Ms

νρs
are fitted with the UNIFAC model

and the activation point is predicted. In Figure 5.11 the upper and lower limit
for the prediction of SScrit from HDMA data are shown (dark and light green
line) together with the data measured with the CCN-C (colored diamonds). The
prediction using the UNIFAC model and any combination of Ms and ρs is always
closer to the measured CCN activity than the prediction using a constant κ (black
triangles).

Figure 5.10: Effective particle density ρ calculated with equation 3.25 from
SMPS and AMS data (Spindler (2010)).

With this approach we tried to explain the observed deviation from ideal Koehler
theory solely by the non-ideal behavior of the solution in the droplet at sub-
saturation. Although the thermodynamic model applied was rigorous, it turned
out that de facto the approach is equivalent to the ones presented above using
surface tension reduction (section 5.1.3) or limited solubility (section 5.1.2) with
a constant hygroscopicity factor κ. It is more than likely that all three factors
(surface tension, solubility, ideality) play a role in the droplet and that their con-
tribution depends on the solute concentration in the droplet. Through equation
5.8 the parameters are linked, and by assuming (or using measured) values for
two of them the other one can be calculated. For each new set of σw and Ms

νρs
the

φ(aw) curve can be calculated from the HTDMA data. If the activation data is

68



5.3. INFLUENCE OF THE EXPERIMENT CONDITIONS ON THE
PROPERTIES OF THE FORMED SOA

used to determine σw and Ms

νρs
, the predicted SScrit will always match the CCN-C

measurements.

Figure 5.11: Measured and predicted D50/SScrit for experiment 3. Colored
diamonds: measured CCN-C data, blue line: fit to this data with equation 2.29,
black triangles: SScrit predicted from κ(90%), colored lines: prediction applying
the UNIFAC model with different values for Ms and ρs (see legend)

Irrespective of the thermodynamic implications discussed above the fitting with
the UNIFAC model is a powerful tool to calculate the average growth curve for
both a single and several measurements.

5.3 Influence of the experiment conditions on

the properties of the formed SOA

In section 5.1 and 5.2 it was shown that the CCN activity of aerosol particles
depends on the combination of Ms, ρs, and σs. Overall, the variations of the
hygroscopic growth data did not necessarily influence the activation behavior. In
detail these variations can reveal information about the influence of the oxidation
conditions on the chemical composition of the particles and the manifestation in
hygroscopic growth and CCN activation.
The formation and composition of SOA particles depends on several different
factors. In the SAPHIR chamber some of them were held constant (initial NOx,
O3 and water concentration). Others were varied intentionally (initial VOC con-
centration, composition of the mixture). As SAPHIR is an outdoor chamber, the
photochemical activity (photolysis and OH formation) depends on the natural
solar radiation. In principle, all of these changing conditions should influence the
chemical and microphysical properties of the formed particles. In the following
sections the changes in reaction conditions are compared to the observed differ-
ences (or similarities) between measurements of hygroscopic growth and CCN
activity.
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5.3.1 Oxidant to VOC ratio

There are two major processes in the SAPHIR chamber competing to oxidize the
VOCs: ozonolysis and reaction with OH radicals. Experiment 8 was conducted in
the dark chamber and with enhanced O3 concentration so that ozonolysis clearly
dominated in the VOC oxidation. Since the particles formed in the dark chamber
exhibited the lowest hygroscopicity and CCN activation, it can be concluded that
SOA consisting almost completely of ozonolysis products are less hygroscopic than
SOA containing a significant fraction of photo-oxidation products. The actinic
flux on an overcast day is already enough to increase the hygroscopicity of the
particles (compare experiment 8 (ozonolysis) and 5 (overcast) in Table A.1).
The relative importance of the two oxidation processes depends on the radiation
conditions. As OH radicals are formed from photolysis of HNO2 and O3 (via O1D
and subsequent reaction with H2O), increasing illumination of the chamber will
increase the production of OH. The ozonolysis is a non-photochemical process
(i.e. no radiation is needed to enable the reaction). However, one has to consider
that apart from the initially added O3, it is also formed photochemically by
reaction of NO with peroxy radicals. Thus, increasing radiation will increase the
photochemical production of O3. An increasing O3 concentration will enhance
the turnover of VOC by ozonolysis. But the OH concentration increases due to
the photolysis to O1D as well. Therefore, at the NOx level present in the experi-
ments an increase of the actinic flux will favor the OH reaction path over the
ozonolysis.
The best way to quantify the effect of the OH concentration over a longer time
period, is to measure the OH dosage present during the experiments. Due to
the low NOx level in all experiments, the OH steady state concentration was
below the detection limit of the used differential optical absorption spectrometer
on the first day of most experiments. Hence, the primary production of OH
from O3 photolysis is calculated as a proxy for the oxidation potential. The
primary production rate of OH (P (OHpot)) depends on the formation of O1D,
the consecutive reaction with H2O, and the quenching of O1D with N2 and O2

(Hofzumahaus et al. (1992), rate constants from DeMore et al. (1997)).

P (OHpot) =
k1 · [H2O]

k2 · [N2] + k3 · [O2] + k1 · [H2O]
· 2 · j(O1D) · [O3] (5.10)

k1 : rate constant for reaction with H2O 2.2 · 10−10 cm3/s
k2 : rate constant for quenching with N2 2.6 · 10−11 cm3/s
k3 : rate constant for quenching with O2 4.0 · 10−11 cm3/s

By integrating P (OHpot) over the time interval from experiment start to the end of
each HTDMA measurement the concentration of OH produced from O3 photolysis
([OHpot]) is calculated. The values for experiment 3 and 5 are given in Table 5.8
together with the integrated j(O1D) and [O3]. For 1000 ppbC VOC concentration
three radiation conditions were investigated (# 8 dark chamber, # 5 cloudy, # 3
bright). For all measurements of experiment 3 the integrated j(O1D) and [O3] are
already a factor of 2.2 - 2.7 larger than those determined for experiment 5. The
[OHpot] is also larger (by a factor of 4.7 - 5.4). Thus, the higher hygroscopicity
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for SOA formed under bright conditions can be attributed to the much higher
[OHpot] level.

Table 5.8: Integrated j(O1D), [O3], and potential OH ([OHpot]) for experiment
3 and 5.

exp. meas.
∫

j(O1D)
∫

[O3 ] [OHpot] / 1010 cm−3

# 3 1 0.255 623342 8.1
2 0.294 1131903 10.5
4 0.506 4027854 18.9
5 0.629 4560468 18.9

# 5 1 0.104 278976 1.7
2 0.119 421166 1.9
3 0.119 490075 1.9

As the influence of the irradiation can be quantified with [OHpot], the influence
of varying the gas-phase precursor concentration can be investigated. With the
pure standard BMT mixture experiments with 500 ppbC and 1000 ppbC were
conducted under bright conditions (# 1 and # 3). All measured growth curves
are very similar (classified in group 4). Only the last measurement of # 3 ex-
hibited slightly lower GF . The CCN-C measurements show a 30% lower κ for
the experiment 1 with only 500 ppbC BMT. (For general explanations of the
discrepancies of CCN-C and HTDMA measurement see section 5.1.) When only
3 x 40 ppbC BMT were used, both, the HTDMA and CCN-C, measured much
higher hygroscopicity than for 500 and 1000 ppbC.

Figure 5.12: Measured κ(90%) vs. calculated [OHpot]. Each experiment
is represented in one color (see legend in graph). The data is fitted with
κ = a + b · [OHpot] (black line) and κ = y0 + A exp(−[OHpot]/τ) (blue line).

To separate the influence of the different irradiation during the experiments,
j(O1D), [O3], and [OHpot] are calculated for each measurement (see Table A.3).
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In Figure 5.12 κ derived for 90% RH (as listed in Table A.1) are mapped ver-
sus the integrated [OHpot] of each measurement. Fitting the data of all the
experiments with a linear (κ = a + b · [OHpot]) or exponential function
(κ = y0 + A exp(−[OHpot]/τ)), leads to large error in the fit parameters thus in-
dicating a poor correlation between hygroscopic growth and oxidation potential.
Moreover, a detailed examination of single experiments reveals no obvious connec-
tion. Experiment 1 exhibits much lower [OHpot] than experiment 3 even though
they show almost the same hygroscopic growth (both are classified group 4). The
low concentration experiment (# 11), which produced by far the most hygroscopic
particles, lies in the same range as experiment 3.
To include the gas-phase precursor concentration, [OHpot] is scaled with the ini-
tially added amount of VOCs in ppbC ([VOC]0).

[OHs
pot] = [OHpot]/[VOC]0 (5.11)

These values are listed in the last column in Table A.3. In Figure 5.13 κ(90%)
is plotted versus [OHs

pot]. There is a clear correlation for the whole data set.
The [OHs

pot] values for experiment 1 and 3 (500 and 1000 ppbC VOC) fall closely
together (red and green diamonds, respectively). Corresponding to the largest
GF the low concentration experiment (#11) exhibits the largest [OHs

pot] values
(black diamonds).

Figure 5.13: Measured κ(90%) vs. calculated [OHpot]. Each experiment
is represented in one color (see legend in graph). The data is fitted with
κ = a + b · [OHs

pot] (black line) and κ = y0 + A exp(−[OHs
pot]/τ) (blue line).

The κ vs. [OHs
pot] data can be fitted very well with an exponential fit. The pa-

rameters for the fit are included in Figure 5.13. This result has two implications.
First, the observed increase in hygroscopicity and CCN activation at low [VOC]
can be attributed to increasing the OH to VOC ratio. In experiment 1 only half
of [VOC]0 was applied, but [OHpot] was also reduced by a factor of 2 (first day) to
4 (second day). Thus, no change in [OHs

pot] and hygroscopic growth was observed
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on the first day. Second, the κ([OHs
pot]) function shows saturation, i.e. above a

further increase of [OHs
pot] will not or only slowly increase κ. The OH radical

concentration seems to be no longer the limiting factor of the evolution of the
hygroscopic properties in time. In the low concentration experiment (# 11) the
OH steady state concentration was measured to be as high as 1.4 · 107 molecules
per cm3. This is an order of magnitude higher than the maximum observed in
all other experiments.
As experiment 8 was conducted in the dark chamber, the OH production due
to photochemistry is 0. These data points were not considered for the fitting.
From the fitting parameters the value of κ at [OHs

pot] = 0 is calculated to be
0.040±0.006. This is the same within errors as the κ of 0.038 measured for the
ozonolysis experiment.

5.3.2 Chemical composition of the gas-phase precursors

The basic composition of the gas-phase precursors is the BMT mix (an equal
mixture of α-pinene, β-pinene, limonene, ocimene, Δ-3-carene), which supposedly
is simulating the emissions of a boreal forest. To mimic different stress levels
of a boreal forest, experiments were conducted with the BMT mixture without
ocimene and with 13% SQTs added (α-humulene and β-farnesene).
No significant trend could be attributed to the change in the chemical compo-
sition of the precursors. Apparently, the conducted variations in composition
were too small to influence the hygroscopic properties of the formed particles in
a detectable way. The case of JPAC experiments will be discussed below (section
5.5.1). This is promising for atmospheric applications since details of the bio-
genic VOC precursor mix seem to be unimportant for prediction of microphysical
properties of biogenic SOA.

5.4 Aging of SOA

5.4.1 Discussion of the general trends in the BMT exper-
iments

One of the objectives of this study was to investigate the influence of chemical
aging on the microphysical properties of biogenic SOA. Overall, there is no obvi-
ous common trend. In some experiments the hygroscopic growth increased on the
first day and decreased again on the second (# 2 and 3) while the CCN activation
ability increased monotonously. On the other hand, during experiments 5, 6, and
7 the CCN activation decreased while the hygroscopic growth increased on the
second day. Moreover, there is no direct relation of this behavior to the precursor
conditions (i.e. presence of SQT or ocimene).
These observations seem to contradict the correlation of κ and the potential OH
scaled with [VOC] found in the previous section. A higher [OHs

pot] should lead to
larger κ values (for [OHs

pot] < 3 · 108, see Figure 5.13). [OHs
pot] can only increase

with time. Thus, an increase (or remaining constant) of κ would be expected
during each experiment. Even if κ was close to the saturation limit, no decrease
of κ should occur.
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From HR-Tof-AMS measurements there is information about the temporal evolu-
tion of chemical and physical properties of the particles. Spindler (2010) demon-
strated that both the effective particle density and the O/C ratio increase with
time (see Figures 5.10 and 5.14). Except for the ozonolysis experiment (# 8),
where the increase of the O/C ratio is much slower, the time evolution is similar
for all experiments. Therefore, the parallel evolution of the hygroscopic properties
for all experiments would be expected. But the CCN activation depends on the
quotient σ3Ms

νρs
. If only the density of the particles increases, SScrit will decrease,

i.e. the CCN activity increases (see red and orange lines in Figure 5.11). But if
Ms increases as well, the CCN activation could stay constant or even decrease. If
the components in the particle become more surface active, σs will also decrease
and consequently the particles will become less CCN active. In the sub-saturated
regime the non-ideality of the compounds is dominant (Raoult term in Koehler
equation), but this is not necessarily correlated to σ3Ms

νρs
.

Figure 5.14: O/C ratio calculated from HR-Tof-AMS data (Spindler (2010)).

All except one HTDMA measurement were full humidogram measurements, i.e.
the SOA particles were probed four to five times with several hours in between.
In the exceptional measurement the HTDMA was set to a constant RH of
(92.2±0.15)% and GF was measured for 120 nm particles during the first three
hours of experiment 7. κ calculated from that data is shown in Figure 5.15. After
an initial steep increase the curve levels off. The temporal behavior of κ can be
fitted very well with an exponential function. Although only the data points of
the measurement with the fixed RH are used for the fit, the κ values derived
from the later humidogram measurements (green diamonds in Figure 5.15) are
predicted correctly. Assuming that this behavior is representative for all exper-
iments of type A, it can be concluded that during the first three hours of the
experiments the major changes occur in the particles causing a significant in-
crease in hygroscopicity. Generally, the humidogram measurement started 1 to
2h after the start of the experiments and took up to 2.5h. Due to the intrin-
sically small GF of SOA changes are only visible for higher RH (>∼85%). As

74



5.4. AGING OF SOA

the highest RH are reached at the end of each measurement, only the last part
of the initial aging can be captured. If the initial aging is slow, κ will not have
reached its final value when the first humidogram is measured. As a consequence
the second measurement should show an increase in the hygroscopicity.

Figure 5.15: κ(92%) measured during the first hours of experiment 8. The 1
σ standard deviation of the measured RH was ±0.15%. Red: measurement with
fixed RH, green: data points from full humidogram measurement.

The CCN-C was operated continuously beginning with the start of the experi-
ment. However, as the initially formed particles were very small, they could not
be activated at the available SSs set in the CCN-C until 1 or 2h after the particle
formation started. The period until the particles grew to sufficient size to be
activated depended on the condensational growth rate of the particles. Again,
experimental conditions determined if observations during the first hours of the
experiment could be evaluated.
There are two processes that can explain the fast increase in hygroscopicity in
the beginning of the experiments. Either an increasing amount of compounds
with a higher hygroscopicity is introduced into the particles (either from gas
phase or heterogeneous reactions) or less hygroscopic compounds evaporate from
the particles. If high precursor and oxidant concentrations are used in chamber
experiments, primary reaction products will be produced fast and their concen-
tration is high. Compounds with low volatility will always reside in the particle
phase. But the partitioning of the semi-volatile compounds will be favored by fast
formation as they can reach large super-saturations. If OH radicals are present,
the primary reaction products will continue to react. As no new VOCs are added
to the chamber, the gas-phase concentration of the semi-volatile intermediate will
be diminished as they react with OH. The gas/particle partitioning will adjust
continuously according to the new gas-phase concentration reducing the amount
of semi-volatiles in the particles and condensing more higher order oxidation prod-
ucts. Generally, for a molecule with roughly the same hydrocarbon backbone the
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volatility decreases with increasing functionality. Thus, reducing the amount of
semi-volatile compounds will increase the O/C ratio.
As this reduction of semi-volatiles is related to further oxidation of the interme-
diates in the gas phase and the reaction with O3 is limited to C-C double bonds,
it should correlate with [OHs

pot]. The higher [OHs
pot] the faster the semi-volatile

intermediates should be consumed and the faster the initial change is completed.
The next generation of products is most likely less volatile, therefore, they will
condense on the particles and increase the oxidation grade of the particle even
further. Hence, the two processes are connected to [OHs

pot] in the same way.
As described above, the faster the change the less the instrumentation will be
able to capture it. Therefore, experiments with low [OHs

pot] (# 4, 5, and 6)
show a monotonous increase in κ derived from HTDMA measurements while κ
varied only slightly in experiments with very high [OHs

pot] (# 1, 2, and 3). This
is also supported by the fact that experiments 4 to 6 started with significantly
lower κ. The data from CCN-C measurements indicates the opposite relation.
Experiments 1 to 3 show a significant increase in κ on the second day and in #
6 the initially κ is higher than in # 1 to 3. Furthermore, a significant decrease is
observed for experiment 6.
To minimize the effect of semi-volatiles being forced into the particle phase, ex-
periment 11 was started with only 40 ppbC BMT. The hygroscopic growth was
significantly higher than for all other experiments while the CCN activity was
average. This corresponds to the findings of Juranyi et al. (2009). Also Duplissy
et al. (2008) observed concentration dependence of the hygroscopic growth, but
also in CCN activation. But the increase in hygroscopicity is much higher in those
studies (up to κ = 0.13) whereas the maximum κ from HTDMA measurements
observed here was 0.079. After the second portion of 40 ppbC BMT was added
the hygroscopicity and CCN activation decreased significantly. The oxidation
condition for the fresh VOCs is almost the same as for the first portion. This
proves that the first product generation that will enter the particle phase is less
hygroscopic than those present in the particles after 3 h of photochemical and
ozonolysis reaction.

5.4.2 Implications of the α-pinene experiments

The setup of the α-pinene experiments allowed further investigations on the pro-
cesses contributing to chemical aging. In all experiments (# 20 - 22) pre-existing
seed aerosols were produced by ozonolysis reaction of α-pinene. The initially
added VOC concentration was reduced to less than the detection limit of the
PTR-MS (<0.01 ppbC) before the photochemistry was started by opening the
roof of the SAPHIR chamber. The CCN activity of particles generated by ozonol-
ysis of α-pinene is higher than measured during the BMT experiments. But it
has to be noted that only mixing ratios of 100 and 400 ppbC α-pinene were used
here. With the beginning of the photochemistry the CCN activation increases
even further. After 4.5 h of illumination the chamber was dark for 18 h. During
the dark period the hygroscopicity was constant. A possible explanation for this
is that α-pinene has only a single C-C double bond that can react with O3 . For
any further reactions (and thus changes in composition of the particles) OH is
needed. As NOx was low, NO3 chemistry in the dark can be neglected. The
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ozonolysis produces a small quantity of OH but as soon as the MT is consumed
completely, this source ceased. That OH radicals are responsible for the observed
aging can be deduced from experiment 22. Here 300 ppm of CO were added
before the opening of the roof in order to shift the HOx equilibrium almost com-
pletely towards HO2. Without the OH a slight decrease in CCN activation is
observed. This excludes a major role of HO2 in the aging process.
In the HTDMA the α-pinene ozonolysis particles exhibit a different growth be-
havior than all other SOA particles (see section 4.2.1). A minimum of the growth
curve is observed between 0.45 and 0.48 aw (see Figure 4.7). This feature is
persistent in the dark chamber, but is smoothed out when the SAPHIR cham-
ber is illuminated for a certain time. This also happens if CO is present. Pure
ozonolysis particles are solid containing voids (see section 4.2.1). Condensation
of vapors restructures the particles filling the voids. This process is independent
of the chemical composition of the condensing vapors, i.e. the gas-phase reaction
that produced it. But if OH is present, more condensable vapor is produced
(higher condensational growth rate of the particles). Thus, the restructuring
should happen faster and monotonous hygroscopic growth should be measured
with the HTDMA.

5.5 Transfer to JPAC data

The discussion presented above is based on the SAPHIR chamber experiments.
In this section the data gathered in JPAC is evaluated in regard to the same
aspects.

5.5.1 Influence of the oxidation pathway

First vs. second particle formation

The course of the experiments was quite different from that in the SAPHIR
chamber and therefore considered first. In the BMT experiments O3 and OH were
added to the chamber within minutes, as the chamber roof was opened as soon
as the O3 addition was finished. Photochemistry started immediately. In JPAC
experiments, however, O3 was already present in the RC, and the VOCs could
react with O3 for several hours before the UV light was switched on. No particle
formation took place and the ozonolysis products stayed in the gas phase. Only
when OH was produced particle formation took place. The ozonolysis products
were also oxidized by OH and could contribute to the nucleation and growth of
the new particles.
The particles from this first nucleation burst were flushed out of the RC contin-
uously. This caused a reduction of the total particle surface which was available
as a sink for the condensable vapors. VOCs continuously enter the RC and the
photochemical oxidation produced condensable vapors. Once the available to-
tal particle surface was small enough, this generated a super-saturation of VOC
oxidation products, and new particles were formed. The interplay of photochem-
ical production of vapors, generating and reducing the condensational sink by
nucleation and flush out of particles generated a quasi steady state system with
continuously ongoing new particle production. As there were no precondition
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vapors from ozonolysis, the oxidation grade in the particles was lower. Since a
higher grade of oxidation in the organic compounds is generally correlated with
higher hygroscopicity and CCN activation, this explains the measured differences
between the less hygroscopic particles from the second and more hygroscopic par-
ticles from the first mode. Note that the JPAC experiments were still different
from the SAPHIR experiments of type B, where particles were already formed
from the ozonolysis products.

VOC concentration

As shown in section 5.3.1, [OHpot]/[VOC] is an important parameter to charac-
terize biogenic SOA. In JPAC a UV lamp is used for OH production. During
the experiments, the irradiation was constant. As the O3 concentration varied
only slightly, the produced OH concentration was the same for all experiments.
As this chamber was run as a continuous flow reactor and [O3] and water vapor
concentration were held at a constant level, the OH production was the same for
the course of each experiment. Therefore, the OH to VOC ratio depends solely
on the VOC concentration entering the RC. In Figure 5.16 the average VOC
concentrations measured with the GC-MS system are displayed. The identified
compounds are classified into MT, SQT, and oxidized MT (OMT).

Figure 5.16: [VOC] measured in JPAC sorted by experiment date. Background
colors indicate the temperature in the PC. OMT: oxidized monoterpenes. The
lights in the PC were off for the experiment at 35◦C (gray background).

In Table 5.9 the average VOC concentration and κ(90%) measured for first mode
particles are listed. As the identified hygroscopicity groups 3j to 6j consist almost
completely of measurements from the first mode, they can be used to simplify
the comparison. j’ indicates that the few later measurements are not regarded
in the averaging. From group 3j’ to 6j’ the hygroscopicity increases and [VOC]
decreases. This is equivalent to the trend observed in the BMT experiments. For
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measurements from the second mode this trend is not as clear because the overall
differences are much smaller.

Table 5.9: κ(90%) and [VOC] for first mode particles.

group κ(90%) [VOC] / ppbC
3j’ 0.028 302.6
4j’ 0.032 249.7
5j’ 0.043 198.4
6j’ 0.051 91.6

5.5.2 Chemical composition

Although the identified major components are the same in the BMT and JPAC
experiments, they were observed in quite different ratios. In the JPAC exper-
iments 64 to 85% of the emissions were SQT (related to ppbC) while in the
BMT experiments only 13% SQTs were added. In the BMT experiments, both,
adding SQTs or omitting ocimene in the precursor mixture only had a minimal
effect. Overall, the differences observed in JPAC are small and the variability
is explained by the initial VOC concentration. However, reducing the SQT con-
tribution to the emissions to 25% or less increased the hygroscopicity and CCN
activation.
The reason for this effect of SQTs can be explained by the chemical structure
of the gas-phase precursors. Atmospheric oxidation of cyclic monoterpenes form
mainly C10 or C9 bi-functional compounds in the particle phase (Larsen et al.
(2001)). Accordingly, the same number of oxidation steps would lead to C15 or C14

bi-functional products for cyclic SQTs (such as α-humulene). Due to the larger
hydrocarbon backbone (hydrophobic part of the molecules) the hygroscopicity
will be much lower than for C10 or C9 compounds carrying the same functional
groups (compare UNIFAC calculations in section 5.2). Thus, to reach the same
hygroscopic growth and CCN activation, more oxidation steps are needed for in-
troducing more functional groups. Acyclic SQTs (like farnesene) will be split into
mono-functional compounds. The carbon chain length depends on the position
of the split C-C double bond. But as only low-volatile compounds will end up in
the particle phase and volatility increases with carbon chain length, the products
found in the particle phase from this reaction will also have a low hygroscopicity.
In total the same amount of SQT and MT will form less oxidized (and hence less
hygroscopic) compounds after the same number of oxidation steps. Additionally,
the average Ms of the products from SQT oxidation is larger. Hence, there are
less molecules per volume solid SOA (when applying a constant effective density).
This alone will decrease the measured hygroscopicity and CCN activity.
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For a given aerosol size distribution the hygroscopic properties and cloud conden-
sation nuclei (CCN) activation of aerosol particles determine their influence on
the radiation budget of the atmosphere and thus on the climate. Especially, for
particles near the critical activation dry diameter their composition determines if
they are activated or not. Organic compounds provide up to 70% of the particle
mass (Zhang et al. (2007)). In many environments these organic compounds are
mainly products of the oxidation of biogenic VOCs (Hallquist et al. (2009)).
In this work, the hygroscopic growth and CCN activation of SOA particles formed
by the oxidation of complex mixtures of biogenic emissions close to natural oxida-
tion conditions were investigated. For this purpose SOA particles were produced
in two different simulation chambers. In JPAC particles were produced from
photo-oxidation and ozonolysis of VOC emissions from real trees. In the SAPHIR
chamber pure α-pinene or a 1:1 mixture of α-pinene, β-pinene, limonene, ocimene,
Δ-3-carene (BMT-mix) were used as gas-phase precursors. SOA was produced
from the oxidation with O3 and photochemically formed OH radicals. The hygro-
scopic growth of the formed particles was measured with a self-built HTDMA and
the CCN activation with a CCN-C (DMT). The measured hygroscopic growth
and CCN activation were analyzed applying different parameterizations of the
ideal Koehler theory. The temporal evolution and relations to properties of the
gas-phase precursors were studied. Furthermore, the hygroscopic growth mea-
surements of the sub-saturated regime were compared to the CCN activation
measurements at super-saturation.
All SOA produced in this work could be characterized as slightly hygroscopic. GF
at 90% RH were between 1.03 and 1.15. For 0.31% SS the measured D50 varied
between 96 and 113 nm. For easier comparison to findings in the literature we also
present the hygroscopicity parameter κ from the one parameter representation of
the Koehler equation proposed by Petters and Kreidenweis (2007). This approach
assumes ideality, thus volume additivity, complete dissolution of the solute, and
surface tension of water. The measured GF at 90% RH and CCN activity convert
to κ(90%) between 0.013 and 0.079 and κ(CCN) = 0.037 - 0.224, respectively.
This is in good agreement with HTDMA and CCN-C data reported for similar
experiments in literature.
In an ideal case there should be closure between measurements in the sub- and
super-saturated regime, i.e. it is assumed that the final value of κ is reached
already at 90% RH and κ(90%) equals κ(CCN). Within the experiments κ(90%)
was up to a factor of 3 lower than κ(CCN). Moreover, in several experiments
opposite trends were observed for hygroscopic growth and CCN activation. This
is not in agreement with the findings of Rissler et al. (submitted) who observed
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a maximal overprediction of 34%.
Three possible reasons for the non-closure were investigated in this study: limited
solubility, surface tension reduction, and concentration dependent non-ideality of
the solution. If only a fraction of the solid particle is dissolved at 90% RH, κ is
underestimated. Then the dissolved fraction may serve as a free parameter since
the it is experimentally not assessible. Reducing the dissolved fraction to 27% -
82% of the dry particle volume led to the same values of κ(90%) as κ(CCN).
For these calculations the surface tension of pure water was used. However, it is
likely that the organic solutes are surface active. Therefore we can assume that
κ(90%) is valid and vary the surface tension of the solutions until κ(CCN) matches
κ(90%). Closure between HTDMA and CCN-C measurements was achieved with
surface tension values between 0.039 and 0.067 N/m2. Similar values between
0.03 and 0.072 N/m2 can be found in literature.
To model the non-ideality of the solution in the droplets, κ was converted to
the molal osmotic coefficient φ and RH to the water activity aw assuming the
average particle density (ρs) and average molecular mass (Ms) from AMS/SMPS
and APCI-MS measurements. The parameter φ has an expectation value of 1 at
infinite dilute solution. With the UNIFAC model a hypothetical organic molecule
was determined for each measured growth curve whose functionality and corre-
sponding φ(aw) reproduced the observed hygroscopic growth. Additionally, real
molecules, which can be thought of as surrogates for organics in SOA, were cal-
culated with UNIFAC. The surrogates exhibited the same general functionality
of φ(aw) (κ(RH), respectively) as the measured data with a distinct minimum
between aw = 0.90 − 0.96. Furthermore, the calculations reveal that the hy-
groscopicity is related to the degree of functionality and not generally to the
O/C ratio in the molecule, i.e molecules with identical O/C ratio but different
functional groups can exhibit a different hygroscopic growth.
All three explanations were equivalent in their ability to achieve closure between
the data measured in the sub- and super-saturated regime. From the available
data it could not be determined if one of them dominates or, more likely, if a com-
bination of all three processes is responsible for the observations. The UNIFAC
model has the advantage of being thermodynamically rigorous and already in-
cluding concentration dependence. Moreover, the behavior in the sub-saturation
regime is decoupled from the one in the super-saturated. Using the UNIFAC ap-
proach, the activation behavior predicted from the sub-saturated measurements
depends only on the chosen Ms

νρs
and σ. Assuming the surface tension of water

and applying the measured range for Ms and ρs improves the prediction of the
CCN activity compared to the single parameter (i.e. constant κ) approach. For
a better understanding of the interplay of limited solubility, surface tension re-
duction, and the ratio Ms

νρs
, however, direct measurements of these quantities and

their concentration dependence would be needed.
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The detailed chemical composition of the gas-phase precursors had only little
effect on both, hygroscopic growth and CCN activity. Changes within the group
of MTs and SQTs were barely recognizable in the hygroscopic properties. Only
if the precursors changed from MT to SQT dominated mixtures, κ decreased
significantly.
In the SAPHIR chamber experiments the observed κ values were correlated to the
ratio of produced OH and initial VOC concentration. With increasing exposure
to OH the hygroscopicity increased. The higher OH/VOC level also explained
the higher κ for low precursor concentrations. Although the absolute value of
produced OH for the JPAC experiments cannot be compared to the experiments
in SAPHIR due to the different reaction conditions, a similar correlation was
observed: at constant OH production in the chamber the hygroscopicity increased
with decreasing VOC concentration.
In the BMT experiments in SAPHIR the hygroscopic growth increased fast in
the first 3 h of the experiments and leveled off afterwards. This was due to semi-
volatile products leaving the particles and higher oxidized compounds condensing
on the particles. This initial aging was strongly connected to the OH production.
The evolution of the CCN activity depended on whether σs, Ms or ρs changed
significantly with time. The density increased in the same way in all experiments.
This should increase CCN activity if σs and Ms are constant. For cases where de-
creasing CCN activity was observed, either Ms must have increased more strongly
than ρs or the compounds became less surface active with time. For example:
the formation of oligomers in the particles will easily increase Ms. Organic com-
pounds are surface active if they consist of a hydrophilic (oxidized functional
groups) and a hydrophobic part (hydrocarbon backbone). If the hydrocarbon
backbone is oxidized with time, i.e. becomes more hydrophilic, the molecules
would lose their amphiphilic character. Thus, their impact on the surface tension
of the solution would be reduced.
It is important to bridge the gap between sub- and super-saturated measurements
to further understand the processes involved in hygroscopic growth and CCN
activation of SOA particles. To estimate the contribution of SOA particles to the
microphysical properties of all aerosol particles in global models, it is sufficient
to use an average κ of 0.10±0.02 for these compounds.
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A. Recorded CCN-C and
HTDMA data

In the following all data measured with the CCN-C and HTDMA is presented.

A.1 CCN-C data

The CCN-C data is shown as SScrit vs. D50 with time since experiment start
as color code. For all SAPHIR experiments this is the addition of ozone (for
type A almost at the same time the camber roof was opened). For all JPAC
experiments this is the time when the UV lamp was turned on (i.e. the start
of the photochemistry). Data measured with the single-size selection mode are
indicated with red circles. All other data was measured using the polydisperse or
size-scanning method.
The CCN-C data was fitted with equation 2.29. The dark blue line is a “free” fit
and the light blue line is calculated with a fixed exponent of -1.5. The coefficients
for this fixed fit are shown in the graph.
The D50 and SScrit values calculated from HTDMA measurements in the same
experiment are shown as black triangles (see section 5.1 for details).
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A.1.1 BMT- and α-pinene experiments in SAPHIR

Figure A.1: Measured SScrit/D50 pairs for experiment 1: SAPHIR, 500 ppbC
BMT, type A, b/c.

Figure A.2: Measured SScrit/D50 pairs for experiment 2: SAPHIR, 500 ppbC
BMT without ocimene, type A, b/c.
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A.1. CCN-C DATA

Figure A.3: Measured SScrit/D50 pairs for experiment 3: SAPHIR, 1000 ppbC
BMT, type A, b/b.

Figure A.4: Measured SScrit/D50 pairs for experiment 4: SAPHIR, 500 ppbC
BMT + 45 ppbC SQT, type A, c/c.
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Figure A.5: Measured SScrit/D50 pairs for experiment5: SAPHIR, 1000 ppbC
BMT, type A, c/c.

Figure A.6: Measured SScrit/D50 pairs for experiment 6: SAPHIR, 1000 ppbC
BMT without ocimene, type A, c/b.
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Figure A.7: Measured SScrit/D50 pairs for experiment 7: SAPHIR, 1000 ppbC
BMT + 45 ppbC SQT, type A, b/b.

Figure A.8: Measured SScrit/D50 pairs for experiment 8: SAPHIR, 1000 ppbC
BMT, 200 ppb O3, type B*, dark. Red line is a fit with fixed exponent to the data
of the first 6h.
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Figure A.9: Measured SScrit/D50 pairs for experiment 11: SAPHIR, 3x40 ppbC
BMT, type A, b/b.

Figure A.10: Measured SScrit/D50 pairs for experiment 20: SAPHIR, 100 ppbC
α-pinene, type B, b/dark.
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Figure A.11: Measured SScrit/D50 pairs for experiment 21: SAPHIR, 400 ppbC
α-pinene, type B, b/b.

Figure A.12: Measured SScrit/D50 pairs for experiment 22: SAPHIR, 400 ppbC
α-pinene + 300 ppm CO, type B, b/b.
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A.1.2 JPAC experiments

Figure A.13: Measured SScrit/D50 pairs for experiment 15 1: JPAC, PC 15◦C.

Figure A.14: Measured SScrit/D50 pairs for experiment 15 2: JPAC, PC 15◦C.
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Figure A.15: Measured SScrit/D50 pairs for experiment 15 3: JPAC, PC 15◦C.

Figure A.16: Measured SScrit/D50 pairs for experiment 15 4: JPAC, PC 15◦C.

99



APPENDIX A. RECORDED CCN-C AND HTDMA DATA

Figure A.17: Measured SScrit/D50 pairs for experiment 15 5: JPAC, PC 15◦C.

Figure A.18: Measured SScrit/D50 pairs for experiment 15 6: JPAC, PC 15◦C.
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Figure A.19: Measured SScrit/D50 pairs for experiment 15 7: JPAC, PC 15◦C.

Figure A.20: Measured SScrit/D50 pairs for experiment 20 1: JPAC, PC 20◦C.
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Figure A.21: Measured SScrit/D50 pairs for experiment 20 2: JPAC, PC 20◦C.

Figure A.22: Measured SScrit/D50 pairs for experiment 20 3: JPAC, PC 20◦C.
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Figure A.23: Measured SScrit/D50 pairs for experiment 20 4: JPAC, PC 20◦C.

Figure A.24: Measured SScrit/D50 pairs for experiment 25 1: JPAC, PC 25◦C.
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Figure A.25: Measured SScrit/D50 pairs for experiment 25 2: JPAC, PC 25◦C.

Figure A.26: Measured SScrit/D50 pairs for experiment 25 3: JPAC, PC 25◦C.
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Figure A.27: Measured SScrit/D50 pairs for experiment 30 1: JPAC, PC 30◦C.

Figure A.28: Measured SScrit/D50 pairs for experiment 30 2: JPAC, PC 30◦C.
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Figure A.29: Measured SScrit/D50 pairs for experiment 35D 1: JPAC, PC
35◦C, lights off in PC.

Figure A.30: Measured SScrit/D50 pairs for experiment 35D 2: JPAC, PC
35◦C, lights off in PC.
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A.2 Hygroscopic growth data

In the following, the measured growth curves (diamonds) and fits calculated with
UNIFAC (lines) for all experiments are presented. To enhance clarity, the error
bars are only shown for the first data set. They are representative for all data
sets. The measurements are numbered according to the time they were taken.
Numbers from 1 to 3 indicate measurements on the first day of a SAPHIR chamber
experiment. 4 to 6 are measurements on the second day. For JPAC experiments 1
and 2 are particles from the mode nucleated first and 3 and 4 are from the second
mode. To enable direct compatibility between measurements with different dry
particle sizes (50 - 250 nm), GF is plotted vs aw as the Kelvin effect is eliminated
this way.
In the table A.1 and A.2 GF , κ, and φ at 90% RH are listed for all measurements.

A.2.1 BMT- and α-pinene experiments in SAPHIR

Figure A.31: Measured growth curves for experiment 1: SAPHIR, 500 ppbC
BMT, type A, b/c.
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Figure A.32: Measured growth curves for experiment 2: SAPHIR, 500 ppbC
BMT without ocimene, type A, b/c.

Figure A.33: Measured growth curves for experiment 3: SAPHIR, 1000 ppbC
BMT, type A, b/b.
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Figure A.34: Measured growth curves for experiment 4: SAPHIR, 500 ppbC
BMT + 45 ppbC SQT, type A, c/c.

Figure A.35: Measured growth curves for experiment 5: SAPHIR, 1000 ppbC
BMT, type A, c/c.
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Figure A.36: Measured growth curves for experiment 6: SAPHIR, 1000 ppbC
BMT without ocimene, type A, c/b.

Figure A.37: Measured growth curves for experiment 7: SAPHIR, 1000 ppbC
BMT + 45 ppbC SQT, type A, b/b.
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Figure A.38: Measured growth curves for experiment 8: SAPHIR, 1000 ppbC
BMT, 200 ppb O3, type B*, dark. Red line is a fit with fixed exponent to the data
of the first 6h.

Figure A.39: Measured growth curves for experiment 11: SAPHIR, 3x40 ppbC
BMT, type A, b/b.
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Figure A.40: Measured growth curves for experiment 20: SAPHIR, 100 ppbC
α-pinene, type B, b/dark.

Figure A.41: Measured growth curves for experiment 21: SAPHIR, 400 ppbC
α-pinene, type B, b/b.
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Figure A.42: Measured growth curves for experiment 22: SAPHIR, 400 ppbC
α-pinene + 300 ppm CO, type B, b/b.
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Table A.1: GF , κ, ρion, and φ at 90% RH for all HTDMA measurements at
SAPHIR. The given errors are the accuracy calculated according to equation 4.5.

exp No. # GF κ ρion φ

1 1 1.12 ± 0.01 0.059 ± 0.010 3065 ± 534 0.44 ± 0.08
2 1.13 ± 0.01 0.058 ± 0.010 3033 ± 497 0.43 ± 0.07
4 1.13 ± 0.01 0.054 ± 0.009 2816 ± 489 0.40 ± 0.07

2 1 1.11 ± 0.01 0.053 ± 0.010 2774 ± 506 0.40 ± 0.07
2 1.13 ± 0.01 0.058 ± 0.010 3018 ± 501 0.43 ± 0.07
4 1.12 ± 0.01 0.050 ± 0.009 2609 ± 472 0.37 ± 0.07

3 1 1.12 ± 0.01 0.055 ± 0.009 2864 ± 482 0.41 ± 0.07
2 1.13 ± 0.01 0.057 ± 0.009 2955 ± 443 0.42 ± 0.06
4 1.12 ± 0.01 0.052 ± 0.008 2694 ± 420 0.38 ± 0.06
5 1.12 ± 0.01 0.048 ± 0.007 2516 ± 390 0.36 ± 0.06

4 1 1.09 ± 0.01 0.040 ± 0.009 2087 ± 452 0.30 ± 0.06
2 1.11 ± 0.01 0.044 ± 0.008 2321 ± 396 0.33 ± 0.06
4 1.10 ± 0.01 0.041 ± 0.007 2163 ± 385 0.31 ± 0.06
5 1.12 ± 0.01 0.051 ± 0.008 2649 ± 392 0.38 ± 0.06

5 1 1.09 ± 0.01 0.036 ± 0.008 1856 ± 396 0.27 ± 0.06
2 1.10 ± 0.01 0.042 ± 0.007 2178 ± 387 0.31 ± 0.06
3 1.11 ± 0.01 0.042 ± 0.007 2192 ± 363 0.31 ± 0.05

6 1 1.11 ± 0.01 0.044 ± 0.009 2314 ± 443 0.33 ± 0.06
4 1.11 ± 0.01 0.046 ± 0.008 2391 ± 401 0.34 ± 0.06
5 1.12 ± 0.01 0.047 ± 0.007 2456 ± 388 0.35 ± 0.06

7 1 1.10 ± 0.01 0.044 ± 0.008 2302 ± 437 0.33 ± 0.06
2 1.10 ± 0.01 0.043 ± 0.007 2248 ± 390 0.32 ± 0.06
4 1.11 ± 0.01 0.046 ± 0.008 2427 ± 402 0.35 ± 0.06
5 1.11 ± 0.01 0.045 ± 0.007 2337 ± 375 0.33 ± 0.05

8 1 1.09 ± 0.01 0.038 ± 0.007 1993 ± 348 0.28 ± 0.05
2 1.09 ± 0.01 0.038 ± 0.007 2008 ± 348 0.29 ± 0.05

9 1 1.15 ± 0.01 0.078 ± 0.015 4036 ± 803 0.58 ± 0.11
11 1 1.15 ± 0.01 0.079 ± 0.015 4057 ± 784 0.58 ± 0.11

2 1.14 ± 0.01 0.067 ± 0.012 3502 ± 618 0.50 ± 0.09
3 1.14 ± 0.01 0.067 ± 0.012 3462 ± 612 0.49 ± 0.09
5 1.15 ± 0.01 0.074 ± 0.012 3811 ± 640 0.54 ± 0.09

20 1 1.11 ± 0.01 0.050 ± 0.010 2761 ± 504 0.37 ± 0.07
2 1.09 ± 0.01 0.037 ± 0.009 2072 ± 446 0.28 ± 0.06
4 1.10 ± 0.01 0.042 ± 0.008 2358 ± 441 0.32 ± 0.06

21 1 1.09 ± 0.01 0.037 ± 0.008 2056 ± 416 0.28 ± 0.06
2 1.10 ± 0.01 0.043 ± 0.008 2364 ± 438 0.32 ± 0.06
4 1.11 ± 0.01 0.045 ± 0.008 2486 ± 407 0.33 ± 0.06
5 1.10 ± 0.01 0.041 ± 0.008 2283 ± 392 0.31 ± 0.06
6 1.09 ± 0.01 0.037 ± 0.007 2056 ± 362 0.28 ± 0.05

22 1 1.09 ± 0.01 0.036 ± 0.008 1992 ± 407 0.27 ± 0.06
2 1.10 ± 0.01 0.041 ± 0.008 2261 ± 392 0.30 ± 0.06
3 1.09 ± 0.01 0.035 ± 0.007 1956 ± 367 0.26 ± 0.05
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A.2.2 JPAC experiments

Figure A.43: Measured growth curves for experiment 15 1: JPAC, PC 15◦C.

Figure A.44: Measured growth curves for experiment 15 4: JPAC, PC 15◦C.
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Figure A.45: Measured growth curves for experiment 15 5: JPAC, PC 15◦C.

Figure A.46: Measured growth curves for experiment 15 7: JPAC, PC 15◦C.
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Figure A.47: Measured growth curves for experiment 20 1: JPAC, PC 20◦C.

Figure A.48: Measured growth curves for experiment 20 2: JPAC, PC 20◦C.
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Figure A.49: Measured growth curves for experiment 20 3: JPAC, PC 20◦C.

Figure A.50: Measured growth curves for experiment 20 4: JPAC, PC 20◦C.
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Figure A.51: Measured growth curves for experiment 25 1: JPAC, PC 25◦C.

Figure A.52: Measured growth curves for experiment 25 2: JPAC, PC 25◦C.
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Figure A.53: Measured growth curves for experiment 25 3: JPAC, PC 25◦C.

Figure A.54: Measured growth curves for experiment 30 1: JPAC, PC 30◦C.
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A.2. HYGROSCOPIC GROWTH DATA

Figure A.55: Measured growth curves for experiment 30 2: JPAC, PC 30◦C.

Figure A.56: Measured growth curves for experiment 35D 1: JPAC, PC 35◦C,
lights off in PC.
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Figure A.57: Measured growth curves for experiment 35D 2: JPAC, PC 35◦C,
lights off in PC.
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Table A.2: GF , κ, ρion, and φ at 90% RH for all HTDMA measurements at
JPAC. The given errors are the accuracy calculated according to equation 4.5.

exp No. # GF κ ρion φ

20 1 1 1.08 ± 0.01 0.034 ± 0.009 1782 ± 458 0.25 ± 0.07
3 1.03 ± 0.01 0.013 ± 0.006 693 ± 300 0.10 ± 0.04

20 2 1 1.06 ± 0.01 0.025 ± 0.008 1276 ± 394 0.18 ± 0.06
3 1.04 ± 0.01 0.019 ± 0.007 994 ± 347 0.14 ± 0.05

30 1 1 1.07 ± 0.01 0.030 ± 0.008 1573 ± 436 0.22 ± 0.06
3 1.04 ± 0.01 0.019 ± 0.007 980 ± 349 0.14 ± 0.05

30 2 1 1.08 ± 0.01 0.036 ± 0.009 1884 ± 480 0.27 ± 0.07
2 1.11 ± 0.01 0.047 ± 0.008 2454 ± 443 0.35 ± 0.06
3 1.04 ± 0.01 0.017 ± 0.006 882 ± 332 0.13 ± 0.05

15 1 1 1.10 ± 0.01 0.048 ± 0.012 2482 ± 624 0.35 ± 0.09
25 1 1 1.07 ± 0.01 0.032 ± 0.009 1664 ± 446 0.24 ± 0.06

2 1.07 ± 0.01 0.029 ± 0.007 1536 ± 358 0.22 ± 0.05
3 1.05 ± 0.01 0.021 ± 0.007 1063 ± 359 0.15 ± 0.05

25 2 1 1.07 ± 0.01 0.032 ± 0.008 1649 ± 439 0.24 ± 0.06
3 1.05 ± 0.01 0.020 ± 0.007 1062 ± 363 0.15 ± 0.05

25 3 1 1.09 ± 0.01 0.040 ± 0.009 2083 ± 490 0.30 ± 0.07
3 1.05 ± 0.01 0.023 ± 0.007 1207 ± 380 0.17 ± 0.05

35D 1 1 1.09 ± 0.01 0.044 ± 0.010 2297 ± 513 0.33 ± 0.07
3 1.09 ± 0.01 0.039 ± 0.009 2005 ± 486 0.29 ± 0.07

15 4 1 1.09 ± 0.01 0.044 ± 0.010 2297 ± 516 0.33 ± 0.07
3 1.07 ± 0.01 0.031 ± 0.008 1593 ± 433 0.23 ± 0.06

15 5 1 1.14 ± 0.01 0.066 ± 0.012 3449 ± 619 0.49 ± 0.09
3 1.07 ± 0.01 0.029 ± 0.008 1492 ± 425 0.21 ± 0.06

15 7 1 1.09 ± 0.01 0.038 ± 0.009 1999 ± 490 0.29 ± 0.07
3 1.07 ± 0.01 0.031 ± 0.008 1595 ± 433 0.23 ± 0.06

20 3 1 1.07 ± 0.01 0.033 ± 0.009 1708 ± 453 0.24 ± 0.06
3 1.05 ± 0.01 0.023 ± 0.007 1201 ± 387 0.17 ± 0.06

20 4 1 1.09 ± 0.01 0.042 ± 0.010 2177 ± 499 0.31 ± 0.07
3 1.06 ± 0.01 0.024 ± 0.008 1239 ± 392 0.18 ± 0.06

35D 2 1 1.10 ± 0.01 0.046 ± 0.010 2373 ± 522 0.34 ± 0.07
3 1.06 ± 0.01 0.027 ± 0.008 1385 ± 410 0.20 ± 0.06
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A.3 φ(aw) curves from HTDMA measurements

In this section the φ(aw) curves calculated for the whole range of the measured
growth curves are shown.

Figure A.58: Calculated φ(aw) curves for experiment 1: SAPHIR, 500 ppbC
BMT, type A, b/c.
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Figure A.59: Calculated φ(aw) curves for experiment 2: SAPHIR, 500 ppbC
BMT without ocimene, type A, b/c.

Figure A.60: Calculated φ(aw) curves for experiment 3: SAPHIR, 1000 ppbC
BMT, type A, b/b.
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Figure A.61: Calculated φ(aw) curves for experiment 4: SAPHIR, 500 ppbC
BMT + 45 ppbC SQT, type A, c/c.

Figure A.62: Calculated φ(aw) curves for experiment 5: SAPHIR, 1000 ppbC
BMT, type A, c/c.
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Figure A.63: Calculated φ(aw) curves for experiment 6: SAPHIR, 1000 ppbC
BMT without ocimene, type A, c/b.

Figure A.64: Calculated φ(aw) curves for experiment 7: SAPHIR, 1000 ppbC
BMT + 45 ppbC SQT, type A, b/b.
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Figure A.65: Calculated φ(aw) curves for experiment 8: SAPHIR, 1000 ppbC
BMT, 200 ppb O3, type B*, dark. Red line is a fit with fixed exponent to the data
of the first 6h.

Figure A.66: Calculated φ(aw) curves for experiment 11: SAPHIR, 3x40 ppbC
BMT, type A, b/b.
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A.4 Primary OH production

In the following table the integrated j(O1D), [O3], and potential OH are listed
for all HTDMA measurements at SAPHIR. All quantities are integrated from
opening the roof of the chamber until the end of the humidogram measurement.
In the last three columns j(O1D), [O3], and OHpot are scaled with the initial VOC
concentration in each experiment.

Table A.3: Integrated j(O1D), [O3], and potential OH ([OHpot]) for all experi-
ment. The last three columns are the values presented in the previous columns
scaled with the initial VOC concentration.

exp No. #
∫

j(O1D)
∫

[O3]
∫

OHpot

∫
j(O1D)s

∫
[O3]

s
∫

OHs
pot

·106 ·1010 ·10−3 ·107

1 1 0.12 0.45 1.91 0.242 894 3.8
2 0.15 1.84 2.04 0.296 3689 4.1
4 0.22 2.05 2.21 0.431 4094 4.4

2 1 0.15 0.47 2.33 0.291 946 4.7
2 0.20 0.87 3.20 0.396 1741 6.4
4 0.25 2.76 3.39 0.504 5517 6.8

3 1 0.25 0.62 4.34 0.254 623 4.3
2 0.29 1.11 5.44 0.292 1108 5.4
4 0.50 3.87 7.33 0.505 3873 7.3
5 0.62 4.39 8.66 0.625 4392 8.7

4 1 0.12 0.39 1.24 0.209 678 2.2
2 0.14 0.69 1.45 0.241 1206 2.5
4 0.16 1.67 1.50 0.286 2899 2.6
5 0.18 1.79 1.52 0.319 3118 2.6

5 1 0.10 0.27 0.62 0.101 269 0.6
2 0.12 0.41 0.69 0.118 414 0.7
3 0.12 0.49 0.69 0.118 485 0.7

6 1 0.17 0.46 1.99 0.171 457 2.0
4 0.45 2.46 3.50 0.447 2464 3.5
5 0.51 3.21 3.82 0.508 3207 3.8

7 1 0.23 0.57 2.26 0.201 499 2.0
2 0.23 0.85 2.26 0.345 742 0.0
4 0.40 1.85 2.79 0.345 1610 2.4
5 0.47 2.06 3.01 0.406 1789 2.6

9 1 0.33 1.25
11 1 0.18 0.48 3.34 4.545 11959 83.6

2 0.31 1.06 6.30 3.828 13204 78.7
3 0.32 1.62 6.73 2.697 13517 56.1
5 0.41 3.60 7.24 3.399 29962 60.3
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Promotion durchführen zu können.

Bei meinem Betreuer PD Dr. Thomas Mentel möchte ich mich nicht nur für
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