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Abstract

Heterogeneous ice nucleation plays an important role in both mixed- phase and pure
ice clouds. In mixed- phase clouds at temperatures above about 238 K, the threshold
temperature for the freezing of pure water droplets, all primary ice particles are formed
by heterogeneous ice nucleation processes. At lower temperatures in the upper tro-
posphere, however, homogeneous freezing of solution droplets and heterogeneous ice
nucleation compete with each other to form pure ice clouds, so- called cirrus clouds.
This competition determines the number concentration and size of ice crystals, and
thereby the life cycle and optical properties of the cirrus clouds. When simulating
clouds, the amount of nucleated ice in dependence of parameters like temperature,
humidity and aerosol concentration has to be parametrized in models. In order to
develop such parametrizations, comprehensive laboratory and/ or field measurements
are needed.
Based on results of 11 years of heterogeneous ice nucleation experiments at the AIDA
cloud chamber, a new empirical parametrization framework for heterogeneous ice nu-
cleation was developed as part of this thesis. The framework currently includes desert
dust and soot aerosol and quantifies the ice nucleation efficiency in terms of the INAS
approach which formulates the ice nucleation activity as a function of the aerosol surface
area. This new framework was then implemented into the COSMO- ART model in
order to simulate a cirrus cloud in a case study.

The evaluation algorithm for calculating the INAS densities was improved by two
extensions yielding to somewhat higher INAS densities compared to previously derived
INAS densities.
For desert dust aerosol, the immersion freezing INAS densities 𝑛𝑆 follow an exponential
fit, well in agreement with an earlier analysis of AIDA experiments. For soot aerosol
particles almost no ice nucleation activity was observed in the immersion freezing mode.
Therefore, only upper limits for 𝑛𝑆 are determined and used to rescale an existing
parametrization line.
Below water saturation and at temperatures below about 240 K, the ice nucleation
activity in the deposition nucleation mode was also described by an INAS density
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which now depends on both the temperature 𝑇 and the ice saturation ratio 𝑆𝑖. The
experimental results were approximated with the following formula

𝑛𝑆(𝑇, 𝑆𝑖) = exp
(︁
𝛼 (𝑆𝑖 − 1)1/4 cos (𝛽 (𝑇 − 𝛾))2 arccot (𝜅 (𝑇 − 𝜆))

)︁
,

where the parameters 𝛼, 𝛽, 𝛾, 𝜅 and 𝜆 are specific for the aerosol type. According to
the experimental results, the 𝑛𝑆 isolines show u- shaped curves in the 𝑆𝑖 − 𝑇− diagram
with positive slopes at higher temperatures, negative slopes at lower temperatures, and
a transition regime in between where the 𝑛𝑠 value is almost independent of tempera-
ture. The negative slopes towards lower temperatures may be explained by Classical
Nucleation Theory, whereas the behavior towards higher temperatures may be caused
by a pore condensation and freezing mechanism. For desert dust aerosol, the transition
occurs at about 205 K, for soot aerosol with a low organic carbon content at about
220 K. In the pore condensation and freezing regime, the 𝑛𝑆 isolines for soot aerosol
particles are much steeper than for desert dust particles. In the deposition nucleation
regime, the 𝑛𝑆 values for soot with a higher organic carbon content are shifted towards
higher 𝑆𝑖 compared to soot with a low organic carbon content.
The new parametrization framework is compared to the empirical framework imple-
mented in the COSMO- ART model. The comparison shows large differences in shape
and magnitude of the 𝑛𝑆 isolines especially for deposition nucleation. At temperatures
below about 240 K, the new framework tends to predict higher 𝑛𝑆 values compared to
the default scheme. Within the cirrus cloud case study, the new framework therefore
predicted more heterogeneously formed and less homogeneously formed ice particles
than the other framework. In comparison to aircraft measurements (MACPEX cam-
paign 2011), however, the model tends to underestimate the aerosol load in the flight
region and therewith underpredicts the influence of heterogeneous ice nucleation for
both frameworks.
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Kurzzusammenfassung

Heterogene Eisbildung spielt eine entscheidene Rolle in Mischphasenwolken und reinen
Eiswolken. In Mischphasenwolken und bei Temperaturen oberhalb von etwa 238 K, der
Grenztemperatur für das Gefrieren reiner Wassertröpfchen, werden fast alle Eispartikel
durch heterogene Nukleation gebildet. Bei niedrigeren Temperaturen in der oberen
Troposhäre stehen homogenes Gefrieren von Lösungstropfen und heterogene Eisbildung
hingegen im ständigen Wettbewerb während der Bildung von reinen Eiswolken, so
genannten Zirren. Dieser Wettbewerb bestimmt die Anzahlkonzentration und Größe
der Eispartikel, und damit die Lebensdauer und die optischen Eigenschaften des Zirrus.
Für die Simulation von Wolken muss die Menge an nukleiertem Eis in Abhängigkeit
von Temperatur, Feuchtegehalt und Aerosolmenge parametrisiert werden. Um solche
Parameterisierungen entwickeln zu können sind umfassende Labor- und/ oder Feldmes-
sungen nötig.
Basierend auf 11 Jahren Experimente in der AIDA Wolkenkammer zur heterogenen
Eisbildung wurde ein neues, empirisches Parameterisierungschema für die heterogene
Eisbildung entwickelt. Das Schema umfasst zur Zeit Wüstenstaub Aerosole und Ruß
Aerosole und quantifiziert die Eisbildungseffizienz mit dem INAS Ansatz, der die Eis-
bildungsaktivität als Funktion der Aerosoloberfläche beschreibt. Dieses neue Schema
wurde dann in das COSMO- ART Modell implementiert, um eine Eiswolke in einer
Fallstudie zu simulieren.

Zunächst wurde jedoch ein neuer Algorithmus zur Auswertung der Experimente entwi-
ckelt, der die Abnahme der Gesamtaerosoloberfläche aufgrund unvollständiger Aerosol-
zu- Tröpfchen- Aktivierung und die zeitliche Abnahme der Gesamtaerosoloberfläche
durch die Eisbildung berücksichtigt.
Die INAS Dichten 𝑛𝑆 für das Immersionsgefrieren auf Wüstenstaub folgen einem ex-
ponentiellen Verlauf, der mit einer früheren Analyse von AIDA Experimenten gut
übereinstimmt. Für Rußpartikel wurde nur schwache Eisbildung im Immersionsgefrier-
Bereich beobachtet. Deshalb wurden nur obere Grenzen für die INAS Dichte bestimmt
und genutzt, um eine bestehende Parameterisierungskurve zu reskalieren.
Unterhalb der Wassersättigung und Temperaturen unterhalb von 240 K wurde die Eis-
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bildungsaktivität auch mit der INAS Dichte beschrieben, die im Depositionsnukleations-
Bereich von Temperatur und Eissättigungsverhältnis abhängt. Die experimentellen
Ergebnisse wurden durch folgende Formel approximiert

𝑛𝑆(𝑇, 𝑆𝑖) = exp
(︁
𝛼 (𝑆𝑖 − 1)1/4 cos (𝛽 (𝑇 − 𝛾))2 arccot (𝜅 (𝑇 − 𝜆))

)︁
,

wobei die Parameter 𝛼, 𝛽, 𝛾, 𝜅 und 𝜆 spezifisch für den Aerosoltyp sind. Bezugnehmend
auf die experimentellen Ergebnisse zeigen die 𝑛𝑆 Isolinien einen u- förmigen Verlauf
im 𝑆𝑖 − 𝑇− Diagramm mit positiver Steigung bei hohen Temperaturen, negativer Stei-
gung bei niedrigen Temperaturen, und einem Übergangsbereich dazwischen, in dem
die 𝑛𝑆 Werte kaum von der Temperatur abhängen. Die negative Steigung bei niedri-
geren Temperaturen können mit der Klassischen Nukleationstheorie erklärt werden,
während die positive Steigung bei höheren Temperaturen wohlmöglich durch einen
Porenkondensations- und Porengefriermechanismus hervorgerufen werden. Für Wüs-
tenstaubpartikel liegt der Übergangsbereich bei etwa 205 K, für Rußpartikel bei etwa
220 K. Oberhalb dieses Übergangsbereich sind die 𝑛𝑆 Isolinien für den Ruß sehr viel
steiler als für den Wüstenstaub. Bei der Depositionsnukleation von Rußpartikel sind die
𝑛𝑆 Werte für Ruß mit einem höheren Anteil an organischen Kohlenstoff, im Vergleich
zu Ruß mit einem geringen Anteil, zu höheren Eisübersättigungen verschoben.
Das neue Parameterisierungsschema wird mit dem emprischen Schema, welches im
COSMO- ART Modell implementiert ist, verglichen. Im Vergleich zeigen sich vorallem
für die Depositionsnukleation große Unterschiede in Form und Größenordnung der 𝑛𝑆

Isolinien. Bei Temperaturen unterhalb von 240 K sagt das neue Schema dabei höhere 𝑛𝑆

Werte voraus als das Standardschema. In der Zirrus- Fallstudie ergaben sich daher für
das neue Schema mehr heterogen gebildete und weniger homogen gebildete Eispartikel
als für das Standardschema. Im Vergleich zu Flugzeugmessungen (MACPEX Kampagne
2011) unterschätzt jedoch das Modell die Aerosolmenge in der Messregion und -höhe
und unterschätzt damit den Einfluss von heterogener Eisbildung bei beiden Schemas.
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1. Introduction 1

1. Introduction

Ever since mankind weather controlled the evolution of whole cultures. Since ancient
people realized the connection between clouds, precipitation and the actual weather
situation, they tried to understand and predict the formation of clouds. Therefore, they
were capable to adjust their hunting, seeding and harvesting to the annual cycle of
the weather. This culminates in the effort to actively influence the weather by making
clouds rain. In spite of many contributions in understanding cloud physics, there are
still open questions like the formation of ice in clouds which this work is dedicated to.
A cloud is defined as „a visible aggregate of minute water droplets and/ or ice particles
in the atmosphere above the earth’s surface“(American Meteorological Society, 2016).
According to this definition two ice containing types of clouds are distinguished: mixed-
phase clouds and pure ice clouds. During the lifetime of mixed- phase clouds, the minute
particles grow to precipitating particles. Thereby, 50 % of all global precipitation events
are initiated by ice particles, emphasizing the crucial relevance of ice formation in clouds.
In this case, initially warm clouds become supercooled and subsequently glaciated (e.g.
Ansmann et al., 2008). In this terms, glaciation means the transformation of super-
cooled cloud droplets to ice particles. Once ice particles are present, they rapidly grow
due to the Wegener- Bergeron- Findeisen (WBF) process. The WBF process describes
the deposition growth of ice particles caused by the evaporation of cloud droplets in
mixed- phase clouds. This process is driven by the difference in the saturation water
vapor pressure over ice and supercooled water. However, the temperature and humidity
conditions in mixed- phase clouds require so- called ice nucleating particles (INPs), which
initiate the phase transformation from liquid water to ice.
In contrast to mixed- phase clouds the nucleation process is different in pure ice clouds.
In this case the water vapor directly deposits on the INP’s surface. While pure ice
clouds generally do not form precipitating particles, these clouds are of interest because
of their diverse radiative effect (Kärcher and Spichtinger, 2009).
In general, not all aerosol particles in the atmosphere serve as INPs. Airborne conden-
sates suspended in the air are called aerosol, whereas aerosol particles refer to the solid
particles. Solid aerosol particles are insoluble naturally or anthropogenically emitted
particles like dust, soot or pollen, or crystalline organics. Liquid particles, however,
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are mixtures of condensed trace gases. In this context, INPs are defined as the subset
of the solid aerosol particles which act as an ice nucleation initiating particle. Ice
nucleation initiated by such an INP is called heterogeneous ice nucleation. Thereby,
heterogeneous ice nucleation is distinguished by freezing of supercooled droplets e.g.
with immersed INP (immersion freezing) and by deposition of water vapor on the
INP’s surface (deposition nucleation). Recent studies e.g. Marcolli (2014); Vali et al.
(2015); Wagner et al. (2016) suggested deposition nucleation near water saturation to
be more likely the freezing of confined water in pores and cavities (pore condensation
and freezing (PCF) mechanism). The atmospheric relevance in so- called pre- activations
was recently shown by Wagner et al. (2016). The study showed the enhancement of the
ice nucleation ability e.g. of clay minerals due to the ice or liquid kept in the pores. In
contrast to heterogeneous ice nucleation, homogeneous ice nucleation refers to the ice
formation by the freezing of supercooled solution droplets or pure water droplets at
temperatures below about 235 K.
Field measurements show a broad spectrum of INP types e.g. minerals, sea salts, soot
or biological particles (Cziczo et al., 2013; DeMott et al., 2003). However, this spectrum
is not only influenced by the abundance of the different aerosol types, but rather by the
efficiency of the INPs in initiating ice nucleation. In laboratory studies the differences
in ice nucleation efficiencies of multiple aerosol types and different nucleation modes
have been shown (see e.g. Hoose and Möhler, 2012). Naturally-occurring dust was
found to be an efficient INP almost over the entire atmospherically relevant temperature
and humidity range (Hoose and Möhler, 2012). This finding is supported by in- situ
ice residual particle (IRP) measurements which indicate that the ice particles were
predominantly formed on naturally-occurring dust (Cziczo et al., 2013; Kamphus et al.,
2010; Pratt et al., 2009). However, these studies found that soot in form of EC/ BC
was only less or even not present as IRP. In laboratory measurements, the role of soot
as an INP is very controversial. BC particles seem to be a good INP (DeMott, 1990),
whereas soot from biomass combustion is less or not ice active (DeMott et al., 2009;
Petters et al., 2009). Depending on the geographic region and season, signatures from
biomass burning particles, sea salt aerosols as well as biological particles were also part
of the ice residuals. Anyhow, especially for these particles laboratory measurements are
very scarce.

Since heterogeneous ice formation is a very complex process depending on the meteoro-
logical situation and the aerosol types and concentration, the ice nucleation ability of
aerosol has to be parametrized for use e.g. in models. Commonly, there are two ways
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to describe the process of ice nucleation: (1) the Classical Nucleation Theory (CNT)
(e.g. Hoose et al., 2010; Chen et al., 2008; Barahona et al., 2010) and (2) deterministic
approaches. The first approach assumes ice nucleation to be purely stochastic which is
to say that the number of nucleated ice particles increases with time. In case of homoge-
neous freezing, CNT based parametrizations are in good agreement with experimental
results, but in case of heterogeneous ice nucleation observed ice formation can not be
reproduced (Barahona et al., 2010; Hoose and Möhler, 2012). Therefore, some efforts
were made to develop semi- deterministic or hybrid approaches. These approaches use
e.g. contact angle distributions obtained from fits to laboratory measurements (Chen
et al., 2008; Niedermeier et al., 2011).
The deterministic approaches result in parametrizations purely based on empirical find-
ings of laboratory and/ or field measurements. Early parametrizations e.g. Meyers et al.
(1992) only depend on the thermodynamic conditions. That means, these parametriza-
tions predict heterogeneous ice nucleation independent of the aerosol concentration and
the aerosol type. Later on, parametrizations were improved by taking into account
the aerosol concentration and/ or the aerosol type in order to prescribe ice nucleation
more physically. DeMott et al. (2010) proposed a correlation between the number
concentration of INP and the aerosol number concentration of particles larger than
5 𝜇m in diameter. However, in- situ observation of IRP suggest a significant number
of INPs with diameters smaller than 5 𝜇m (Cziczo et al., 2013; Kamphus et al., 2010).
Furthermore, the field experiments used to develop the parametrization were mostly
conducted at water supersaturated conditions referring to cloud droplet freezing only.
Other studies e.g. Connolly et al. (2009); Niemand et al. (2012); Atkinson et al. (2013)
parametrized the ice nucleation efficiency in terms of the INAS 1 density obtained from
laboratory measurements on multiple aerosol particles types. Phillips et al. (2008),
on the other hand, developed a parametrization framework based on laboratory and
field measurements. The framework was developed for the most important INPs in
the atmosphere and is applicable for cloud droplet freezing and deposition nucleation.
However, this framework depends on a reference INP spectrum determined from CFDC
measurements at only one location and only at water saturation. This reference spec-
trum might not be representative for other locations or for extraordinary condition
like dust plumes or wildfires. Furthermore, Hoose and Möhler (2012) revealed the dis-
crepancy between laboratory measurements and this framework especially below water
saturation. Therefore, a parametrization framework based on a statistically relevant
data base is needed. This data base has to contain experiments for all atmospherically
relevant INPs conducted at well- known conditions. Additionally, the framework should

1Ice Nucleation Active Site
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preferably cover the atmospherically relevant temperature and humidity range, because
extrapolations across the limits of the parametrization might cause unphysical behavior
(Curry and Khvorostyanov, 2012). In order to remedy the flaws revealed by Hoose and
Möhler (2012) this work will introduce a new parametrization framework respecting
the demands mentioned above.
In this work the framework is applied to two atmospherically relevant INP types - dust
and soot - which are also treated in common model microphysic schemes. In order to
get a representative spectrum of these dusts this work will use desert dust samples
to parametrize the ice nucleation efficiency of dust. Since modelling studies showed
that even low soot INP concentration influence cirrus formation (Kärcher et al., 2007;
Barahona et al., 2010), this work also will try to clarify the contribution of soot aerosol
to ice formation. The used experimental data base of heterogeneous ice nucleation
on desert dust and soot is provided by several years of experiments at the Aerosol
Interaction and Dynamics in the Atmosphere (AIDA) cloud chamber at KIT. First,
Chapter 2 will address the theory of aerosol and cloud microphysic. Chapter 3.1 will
describe the AIDA cloud chamber and its operation for ice nucleation experiments, the
source and nature of the aerosol used for these experiments, as well as the evaluation of
the experimental data. In this work, the ice nucleation ability of the aerosol is quantified
by the INAS density. The resulting INAS density parametrizations for desert dust and
soot will be discussed in Chapter 3.2. As argued above, soot might contribute to ice
formation only on a local scale and predominantly at high altitudes. Therefore, to prove
the parametrization framework a case study of a synoptically driven cirrus cloud was set
up (Ch. 4.3) using the regional model COSMO- ART. The COSMO- ART model will
be described in Chapter 4.1. To demonstrate the improvement, model simulations using
the newly developed framework and the default scheme will be evaluated. Therefore,
the modelling results will be compared to airborne measurements (Ch. 4.2).
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2. From Aerosols to Clouds

2.1. Aerosol Physics

Aerosol is defined as a disperse system of solid and/ or liquid particles within air. In
atmospheric science aerosol particles are typically classified according to their origin,
mixing state/ chemical composition, source or size range in dependence of the scientific
question. The size classification sorts the aerosol particles into three modes depending
on their diameter (Whitby, 1978): The Aitken mode includes particles with diameters
between 0.01 𝜇m and 0.1 𝜇m, the Accumulation mode particles with diameters of 0.1 𝜇m
to 1.0 𝜇m and the Coarse mode particles with diameters between 1.0 𝜇m and 10 𝜇m.
Sometimes a fourth mode called Nucleation mode is used for particles freshly nucleated
from the vapor phase. However, this mode is often neglected because these particles
grow very fast by condensation resulting into a particle diameter belonging to the Aitken
or Accumulation mode. Each mode of the aerosol spectrum can be represented by an
individual lognormal size distribution. The total number size distribution is then given
by the sum over all individual size distributions

𝑓𝑁(ln 𝑑𝑝) =
𝑘∑︁

𝑙=1

𝑛𝑝,𝑙√
2 𝜋 ln 𝜎𝑔,𝑙

exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑙

)︁2

2 ln2 𝜎𝑔,𝑙

⎞⎟⎠ . (2.1)

Where 𝑛𝑝,𝑙 is the aerosol particle number concentration of mode 𝑙, 𝑑𝑝 the aerosol particle
diameter, 𝑑𝑝,𝑙 the median diameter and 𝜎𝑔,𝑙 the geometric standard deviation of mode 𝑙.
The integral of this size distribution over the whole size range gives the total aerosol
particle number concentration 𝑛𝑝:

𝑛𝑝 =
∫︁ ∞

−∞
𝑓𝑁(ln 𝑑𝑝)d ln 𝑑𝑝 . (2.2)
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Based on this, surface area and volume concentration size distributions can be derived
via the Hatch and Choate conversion (Heintzenberg, 1994; Seinfeld and Pandis, 1998).

𝑓𝑆,𝑙(ln 𝑑𝑝) = 𝜋𝑑2
𝑝𝑓𝑁,𝑙(ln 𝑑𝑝),

𝑠𝑝,𝑙 = 𝜋 𝑛𝑝,𝑙 exp
(︁
2 ln 𝑑𝑝,𝑙 + 2 ln2 𝜎𝑔,𝑙

)︁
𝑓𝑉,𝑙(ln 𝑑𝑝) = 𝜋

6 𝑑3
𝑝𝑓𝑁,𝑙(ln 𝑑𝑝),

𝑣𝑝,𝑙 = 𝜋

6 𝑛𝑝,𝑙 exp
(︂

3 ln 𝑑𝑝,𝑙 + 9
2 ln2 𝜎𝑔,𝑙

)︂
(2.3)

Thereby, the number concentration 𝑛𝑝,𝑙, surface area concentration 𝑠𝑝,𝑙 and volume
concentration 𝑣𝑝,𝑙 can be identified with the zeroth, second and third moment, resp., of
the lognormal size distribution. Note that the geometric standard deviation is the same
for all moments. In general, the 𝑘-th moment of the aerosol size distribution of mode 𝑙

is defined by
𝜇𝑙

𝑘 =
∫︁ ∞

−∞
𝑑𝑘

𝑝 𝑓𝑁,𝑙(ln 𝑑𝑝) d ln 𝑑𝑝 . (2.4)

Figure 2.1.: Overview of the size depended formation, evolution and removal of aerosol
in the atmosphere. (From Raes et al., 2000)

The classification of the aerosol according to its origin distinguishes between natural
and anthropogenic sources. Natural aerosol particles originate from wind dispersion
(e.g. minerals, dust, pollen), sea spray, volcanic eruption (ash, sulphate) or wildfire
(soot) and their diameters cover mainly the Coarse mode size range. Anthropogenic
aerosol particles emitted from industry, traffic or slash-and-burn agriculture are smaller
than natural aerosol particles.
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Aerosol particles can also be classified according to their formation process. Here,
primary and secondary particles are distinguished (see Fig. 2.1). Primary particles are
directly emitted particles like dust, ash, pollen as well as natural and anthropogenic
soot. Secondary particles are particles formed from the gas phase by nucleation (so
called gas-to-particle conversion). These particles are mostly mixtures of condensed
semivolatile species. Examples for this category are sulphates from volcanic eruptions
or VOCs1 and PAHs2 from traffic fumes.
The amount of aerosol particles in the atmosphere is determined by their nucleation
rate or emission flux, resp., as well as their lifetime. Global emission models show that
minerals/ dust is one of the most abundant aerosol in the troposphere (Andreae et al.,
2009; Stier et al., 2005). However, the emissions from anthropogenic dust due to e.g.
road traffic or land use are less well quantified compared to the natural dust emissions
(Boucher et al., 2013). Sea salt particles show higher global emission rates than dust
(Andreae et al., 2009; Stier et al., 2005), but are limited to the sea and coastal areas.
Black Carbon (BC) particles are less abundant in the troposphere. However, BC aerosol
particles are emitted across the whole globe (Stier et al., 2005) and have a broad range
of emission sources. The main sources are natural and anthropogenic wildfires. The
emission rates of BC from traffic or industry depend strongly on the region and may be
underestimated in the commonly used emission inventories (Bond et al., 2013).
During their lifetime in the atmosphere the aerosol particles undergo processes changing
their physical or chemical properties. Prominent processes are condensation or coagula-
tion. Because the rate at which vapor condenses on a particle is inversely proportional
to the particle diameter, smaller particles will grow faster than larger particles and
the size distribution will become narrower (Seinfeld and Pandis, 1998). Coagulation
means the collision and coalescence of a particle with another particle. The efficiency
of the coagulation depends on the size of the colliding particles and external conditions
e.g. turbulence. This process rapidly removes small aerosol particles. Aerosols which
are undergone any such process are called aged aerosol. The detailed basis of these
processes is beyond the scope of this work. These physical and chemical changes of the
aerosol population will change its lifetime and its radiative effect.
In the last stage of its lifetime the aerosol particles are removed from the atmosphere
by two processes: wet and dry scavenging (Fig. 2.1). The term “dry scavenging”
summarizes aerosol losses due to gravitational settling and impaction onto obstacles on
the Earths surface. For wet scavenging two mechanisms are distinguished (Lohmann
et al., 2016). Nucleation scavenging refers to the removal of aerosol particles due to

1Volatile Organic Compounds
2Polycyclic Aromatic Hydrocarbons
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Figure 2.2.: Mean aerosol lifetime of tropospheric aerosol particles as a function of
particle radius. (From Roedel and Wagner, 2011).

CCN/ INP activation in clouds. Impaction scavenging, however, means the removal of
aerosol particles by coagulation with a cloud particle (e.g. raindrop or ice crystals). The
lifetime of aerosol particles is mainly determined by their size as shown in Figure 2.2.
Nucleation mode and small Aitken mode particles are mainly removed by coagulation.
For Accumulation mode and small Coarse mode particles like BC particles wet scaveng-
ing dominates, whereas large Coarse mode particles (dust, sea salt) are predominantly
removed by dry scavenging (Textor et al., 2007). Wet scavenging removes about 30 %
of the total aerosol mass averaged over one year (Textor et al., 2007). However, because
the number of CCN is much higher than the number of INP, the contribution of INP
activation to wet scavenging would be much less than 30 %. Nevertheless, the number
concentration of ice particles in a cloud influences its optical and physical properties
e.g. rate of precipitation. Therefore, it is even more important to understand how and
how much ice particles are formed in dependence of aerosol particle type, size, chemical
composition and concentration in the atmosphere.

2.2. Ice Microphysics

In the atmosphere ice can form either from vapor or liquid phase. In Figure 2.3 the
main formation mechanisms of ice in the atmosphere are summarized. Basically two
formation mechanisms are distinguished: homogeneous and heterogeneous ice nucleation.
In principle, homogeneous ice nucleation is the phase transition without a surfactant,
solid aerosol particle. However, another two pathways of homogeneous freezing are
distinguished. In atmosphere pure water droplets can exist below 273 K down to a
specific threshold of about 235 K. At this temperature the supercooled water droplets
will freeze immediately. Solution droplets, on the other hand, form already below water
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saturation, take up water and freeze at a threshold ice saturation ratio 𝑆𝑖 (dashed line)
depending on their water activity (Koop et al., 2000). Homogeneous ice nucleation
directly from the vapor phase is not taking place in the real atmosphere.

Figure 2.3.: Schematic of the ice nucleation mechanism in dependence of the tempera-
ture 𝑇 and the ice saturation ratio 𝑆𝑖. The black solid line shows the ice saturation ratio
at water saturation and the dashed line the threshold 𝑆𝑖 for homogeneous nucleation of
solution droplets.

Heterogeneous ice nucleation denotes the ice formation initiated by a solid aerosol
particle. In Figure 2.3 three pathways of this mechanism are shown. Below water
saturation (solid line) deposition nucleation takes place when supersaturated water
vapor directly deposits on the INP surface. Above water saturation previously formed
supercooled water droplets freeze either initiated by an immersed aerosol particle
(immersion freezing) or by collision with an aerosol particle (contact freezing). Sometimes
a fourth heterogeneous ice nucleation pathway - condensation nucleation - is described
(not shown in Fig. 2.3). For this pathway, water condensates on the INP surface but
does not form a droplet as in the case of immersion freezing. Then, for a specific
temperature the liquid on the aerosol surface freezes. However, the existence of this
pathway is controversial (Vali et al., 2015).
Marcolli (2014) suggests that deposition nucleation near water saturation should be
viewed as freezing of confined water in pores and cavities. Because of the Kelvin
effect water vapor condenses in pores and cavities even below water saturation. By
cooling of particles with confined water, the particle will freeze either homogeneously
or by immersion freezing and will further grow by water vapor deposition (see Eqn.
2.15). This process was denoted as pore condensation and freezing (PCF) mechanism.
However, whether this process takes place depends on the pore structure (geometrical
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form or diameter). Assuming cylindrical pores, the pore diameter has to be greater
than the critical diameter of the ice embryo which has to form previously in order
to initiate the freezing (see next Chapter) of the pore water. Furthermore, the pore
diameter directly determines the critical supersaturation wrt ice at which water vapor
starts to condense in pores and cavities (Kelvin equation) (Marcolli, 2014). Thereby,
the larger the pore diameter is the larger would be the required supersaturation (see
Marcolli, 2014, , Fig. 1).

2.2.1. Classical Nucleation Theory

For homogeneous as well as heterogeneous ice nucleation the system consisting of liquid
(𝐿) or vapor (𝑉 ) undergoes a phase transition into a system consisting of ice (𝐼) and
the parent phase (𝑋 = 𝑉, 𝐿). The energy required for the phase transition is quantified
by the difference of the Gibbs free energy after and before the phase transition.

Δ𝐺 = 𝐺𝐼 − 𝐺𝑋 (2.5)

In theory the phase transition is assumed to be started by clustering of molecules until
the cluster reaches a critical size and transforms immediately into the new phase (𝐼).
During the growth, the cluster increases its surface area and volume. Therefore, the
change in the Gibbs free energy is given by the superposition of both increases.

Δ𝐺 = −4 𝜋 𝑟3
𝑐 𝑅𝑣 𝑇

3 𝛼𝑖

ln
(︃

𝑒𝑠,𝑋

𝑒𝑠,𝐼

)︃
+ 4 𝜋 𝑟2

𝑐 𝜎 (2.6)

Where 𝑟𝑐 is the cluster radius, 𝑅𝑣 the Gas constant of water vapor, 𝑇 the temperature,
𝑒𝑠 the saturation vapor pressure, 𝛼𝑖 the specific volume of ice and 𝜎 the interfacial
tension between both phases. Figure 2.4 illustrates Equation 2.6 (solid line). Before
the cluster reached a critical size 𝑟*

𝑐 , energy is required to create a larger cluster. At
this critical size the energy required for phase transition reaches its maximum Δ𝐺*.
By passing this energy barrier, the growth of the ice embryo becomes more favorable
than the evaporation and the ice embryo rapidly grows to an ice particle by vapor
deposition. As also shown in the figure, the energy barrier is reduced for heterogeneous
ice nucleation assuming that fewer vapor molecules are required to form a cluster of
critical size (Lohmann et al., 2016). This reduction is taken into account by multiplying
the homogeneous energy barrier by a factor 𝑓 . Assuming a spherical ice cap on the
planar aerosol surface, 𝑓 describes the level of contact between ice and aerosol in
terms of the contact angle 𝜃. In the case of 𝜃 = 180∘, 𝑓 becomes 1 and heterogeneous
nucleation is no longer favorable (Seinfeld and Pandis, 1998).
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Figure 2.4.: Schematic of the change in Gibbs free energy for homogeneous ice nucleation
(solid line) and heterogeneous ice nucleation (dashed line). (Adapted from Lohmann
et al., 2016).

The rate at which the cluster overcome this barrier at a given time interval is called
nucleation rate 𝑗. In addition to the thermodynamic conditions derived above, the
nucleation rate also considers the kinetic conditions of the phase transition (e.g. vapor
diffusion). In the case of liquid to ice transition, the water molecules have to break
the hydrogen bond linkages first before they can be incorporated into the ice lattice.
This second energy barrier is denoted by Δ𝑔𝑎𝑐𝑡. Therefore, the final nucleation rate
depends on the ice nucleation pathway taking place. For homogeneous ice nucleation
the nucleation rate gives

𝑗ℎ𝑜𝑚 = 𝐴ℎ𝑜𝑚 exp
(︃

−Δ𝑔𝑎𝑐𝑡

𝑘𝐵 𝑇
− Δ𝐺*

𝑘𝐵 𝑇

)︃
(2.7)

and for immersion freezing and deposition nucleation, resp.

𝑗𝑓𝑟𝑧 = 𝐴𝑓𝑟𝑧 exp
(︃

−Δ𝑔𝑎𝑐𝑡

𝑘𝐵 𝑇
− Δ𝐺* 𝑓

𝑘𝐵 𝑇

)︃

𝑗𝑑𝑒𝑝 = 𝐴𝑑𝑒𝑝 exp
(︃

−Δ𝐺* 𝑓

𝑘𝐵 𝑇

)︃
. (2.8)

𝐴 denotes the kinetic prefactor (see e.g. Zobrist et al., 2007; Barahona, 2012). One
of the major flaw of this theory is the inevitable extrapolation of the macroscopic
description of surface tension, density or chemical potential to a molecular level. Second,
many parameters in this theory can not be adequately measured. Therefore, in various
studies these values were parametrized. As a results, the values for e.g. Δ𝑔𝑎𝑐𝑡 or the
surface tension 𝜎 used in the literature vary over several orders of magnitude (e.g. Hoose
and Möhler, 2012; Ickes et al., 2015). Furthermore, the CNT prescribes that the surface
of the aerosol particles is uniform and that the surface of the particles is described
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with only one parameter 𝑓(𝜃). However, in nature aerosol particle are much more
complex in morphology and chemical composition than assumed in CNT. Models such
as the soccer- ball model (Niedermeier et al., 2011) tried to overcome this limitation by
assuming a number of sites at the particle surface whose ice nucleation probability can
be described by the CNT. A second approach for describing heterogeneous ice nucleation
assumes time- independent ice nucleation at specific sites on the particle surface. This
so- called active surface site approach is introduced in the following chapter.

2.2.2. Active Surface Site Approach

Whereas the CNT is determined by the random clustering of molecules and therewith
the time dependence of the ice nucleation probability, the singular approach assumes
that the time dependence is only of second order. Furthermore, this approach states
that the aerosol surface consists of so- called ice active sites which have their individual
nucleation temperature and probability. If the thermodynamic conditions trigger one
of these sites, the ice nucleation on the aerosol particle is initiated. Therefore, the
heterogeneous ice nucleation can be described by one temperature dependent function.
This approach was first developed for immersion freezing. The starting point is a popu-
lation of droplets each containing an aerosol particle characterized by its specific freezing
temperature 𝑇𝑓 . The number concentration of frozen droplets 𝑛𝑓 at a temperature
𝑇 < 𝑇0 = 273.15 K is then given by the initial number concentration of droplets 𝑛0

minus the number concentration of still unfrozen droplets 𝑛𝑑. Still unfrozen droplets
may freeze by further reduction of the temperature 𝑇 ′ = 𝑇 − d𝑇 . Therewith, the
fraction of droplets frozen in the temperature interval 𝑑𝑇 is given by (Vali, 1971)

d𝑛𝑓 (𝑇 )
𝑛𝑑(𝑇 ) = 𝑘(𝑇 ) 𝑆𝑎𝑒 d𝑇 , (2.9)

where 𝑆𝑎𝑒 is the aerosol surface area immersed in the droplets and 𝑘(𝑇 ) is the number
of activated INP per unit aerosol surface and unit temperature interval (e.g. m−2 K−1).
The integration of 𝑘(𝑇 ) between 𝑇0 and 𝑇 yields the cumulative number of activated
INP per unit aerosol surface, called Ice Nucleating Active surface Site (INAS) density
(𝑛𝑆)

−
∫︁ 𝑇

𝑇0
𝑘(𝜗)d𝜗 := 𝑛𝑆(𝑇 ) . (2.10)

The approach assumes that the most active site at the particle surface initiates freezing
of the whole droplet. However, this holds only for a monodispers aerosol population.



2. From Aerosols to Clouds 13

In the case of a polydispers population with size categories 𝑙 = 1, . . . , 𝑗, the number
concentration of ice particles nucleated from aerosols in size category 𝑙 is given by

d𝑛𝑖(𝑇 )
d𝑇

⃒⃒⃒⃒
⃒
𝑙

= 𝑛𝑎𝑒 𝑆𝑎𝑒|𝑙 𝑘(𝑇 ) , (2.11)

where 𝑛𝑎𝑒 is the aerosol number concentration available for ice nucleation. Assuming
that the change in 𝑛𝑖,𝑙 is proportional to the change in 𝑛𝑎𝑒,𝑙, the integration of this
equation gives

ln
(︃

1 − 𝑛𝑖,𝑙

𝑛𝑎𝑒,𝑙

)︃
= −𝑆𝑎𝑒,𝑙 𝑛𝑆(𝑇 ) . (2.12)

For ice- activated fractions 𝑓𝑖,𝑙 := 𝑛𝑖,𝑙

𝑛𝑎𝑒,𝑙
less than 1, this equation simplifies to

𝑓𝑖,𝑙 ≈ 𝑆𝑎𝑒,𝑙 𝑛𝑆(𝑇 ) . (2.13)

Assuming that the INAS density is constant throughout the aerosol particle size range,
the INAS density for the total aerosol population is given by

𝑛𝑆(𝑇 ) ≈
∑︀

𝑙 𝑛𝑖,𝑙(𝑇 )∑︀
𝑙 𝑠𝑎𝑒,𝑙

(2.14)

where 𝑠𝑎𝑒,𝑙 := 𝑛𝑎𝑒,𝑙 𝑆𝑎𝑒,𝑙 is the aerosol surface area concentration. Recent studies (Steinke
et al., 2015; Hiranuma et al., 2014b) extended this approach to deposition nucleation.
There, the INAS density is a function of both temperature and ice saturation ratio 𝑆𝑖.

(a) (b)

Figure 2.5.: Regular and approximated ice active fraction as a function of INAS density
and aerosol diameter (a) and range of 𝑆𝑎𝑒𝑛𝑆 for a proper approximation of Eqn.(2.12)
(b).
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Figure 2.5(a) shows the ice active fraction as a function of INAS density and aerosol
particle diameter calculated via Equation (2.12) (solid lines) and Equation (2.13) (dashed
lines). The aerosol surface area was approximated by 𝜋 𝑑2

𝑝. Across the range of probable
aerosol particle diameters and for all INAS densities, above an ice active fraction of
0.1 the approximated 𝑓𝑖 starts to deviate significantly from the non- approximated
calculation. Hence, for all combinations of 𝑛𝑆 and 𝑑𝑝 lying in the blue- shaded area
in Figure 2.5(b), the approximation of Equation (2.12) is valid. In Chapter 3.2 this
approximation will be cross- checked for typical particle diameters and INAS densities
derived from the AIDA laboratory measurements.

2.3. Cloud Ice Microphysics

Once formed, the ice particles undergo a life cycle similar to the aerosol particles. The
already discussed formation processes as well as the processes discussed in the following
are summarized in Figure 2.6. In pure ice clouds like cirrus (𝑇 < 235 K), the ice particles
grow mainly by deposition of water vapor (Lohmann et al., 2016; Lamb and Verlinde,
2011) following

d𝑚𝑖

d𝑡
= 𝛼𝑚 4 𝜋 𝐶 𝑠𝑖 𝐺 (2.15)

where 𝛼 is the accomodation coefficient taking into account the limitation of molecules
which can be incorporated into the ice lattice. 𝐶 is the so- called capacitance and takes
into account the non- sphericity of the ice particles. This asphericity mainly determines
the flux of water vapor molecules and therewith the formation of different ice crystal
habits. 𝑠𝑖 is the saturation wrt. ice and 𝐺 summarizes the thermodynamic (release of
latent heat) and kinetic (diffusion of the vapor molecules) limitations of the particle
growth.
In mixed phase clouds, the primary ice particles grow by deposition while supercooled
droplets evaporate (Bergeron- Wegener- Findeisen process) due to the differences in
saturation vapor pressure over liquid and ice surfaces. Larger ice particles might
also grow by accretion. Accretion means the collision of ice particles with other cloud
particles and the formation of larger ice particles like snowflakes or graupel. In particular,
snow flakes are formed by the collision and stick of two ice particles, called aggregation.
This process is most efficient for temperatures near the melting temperature, because
for this temperatures the quasi-liquid-layer at the ice particle surface is thicker and
therewith the sticking efficiency is higher. The collision of ice particles with supercooled
cloud droplets (riming) will form graupel. Hail, on the other hand, arises from a
freezing- melting cycle of ice particles. However, growth by accretion is determined
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Figure 2.6.: Summary of microphysical processes in clouds. (From Lohmann et al.,
2016)

by the different fall velocities of the cloud particles and turbulence (Lohmann et al.,
2016)

d𝑚𝑖

d𝑡
= 𝐸 𝑞 𝜋 𝑅2 (𝑣𝑇 (𝑅) − 𝑣𝑇 (𝑟)) . (2.16)

Where 𝐸 is the mean collection efficiency of the larger particle and 𝑞 is the liquid or ice
water content of the cloud. 𝑣𝑇 denotes the fall velocities of the collector with radius 𝑅

and the collected particle with radius 𝑟.
Therewith, accretion removes smaller particles and shifts the size distribution to larger
diameters. However, smaller ice particles are also removed by melting or sublimation,
whereas larger ice particles are removed either by sedimentation below the cloud
(precipitation) or by so- called ice multiplication. Ice multiplication means the splintering
of snowflakes or graupel due to collisions. Therewith, more smaller ice particles appear
in the size distribution.
Analogous to the aerosols, the different cloud particles span a large size range from a



16 2. From Aerosols to Clouds

few 𝜇m to a few cm. Commonly, the size distribution of the cloud particles is described
by generalized Gamma distributions (Khain et al., 2015)

𝑓𝑁(𝑑𝑝) =
∑︁

𝑙

𝐴𝑙(𝑛𝑝,𝑙) 𝑑𝜈
𝑝,𝑙 exp

(︁
−𝜆(𝑛𝑝,𝑙, 𝑚𝑝,𝑙) 𝑑𝜇

𝑝,𝑙

)︁
(2.17)

where 𝑛𝑝,𝑙 is the number concentration and 𝑚𝑝,𝑙 the mass concentration of the cloud
particle class 𝑙. 𝜇 and 𝜈 are the so- called shape factors and are assumed to be constant
for each cloud particle class (see e.g. Seifert and Beheng, 2001).
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3. From Experiments to the
Parametrization Framework

1According to the ice formation process described above a sheer theoretical description
of heterogeneous ice formation is not possible. Laboratory experiments provide the
possibility to investigate the ice nucleating behaviour of well- characterized aerosol parti-
cles. The AIDA cloud chamber is one of the most established laboratories investigating
heterogeneous ice nucleation and can simulate the ascent of an aerosol loaded, moist air
parcel up to the level of cloud formation at atmospherically relevant conditions.
The cloud chamber itself as well as the measurement techniques used for the ice nucle-
ation experiments will be explained in Chapter 3.1.
In order to quantify the INAS density as a function of the thermodynamic condi-
tions and for different aerosol types, previously performed AIDA experiments were
re- evaluated. This re- evaluation provided a broad and comprehensive data base for the
parametrization of the INAS density. The experimental data base for desert dust and
soot, and the development of the parametrization framework will be shown in Chapter
3.2.

1A slightly modified version of this chapter is currently under review at the Journal of Atmospheric
Science:
Romy Ullrich, Corinna Hoose, Ottmar Möhler, Monika Niemand, Robert Wagner, Kristina Höhler,
Naruki Hiranuma, Harald Saathoff and Thomas Leisner (2016): A new ice nucleation active site
parametrization for desert dust and soot
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3.1. AIDA cloud chamber experiments

3.1.1. Experimental Setup

Figure 3.1 shows a schematic of the AIDA cloud chamber with the relevant instru-
mentation. The core is a 84 m3 sized aluminium vessel which is located in a thermally
insulated housing.

Figure 3.1.: Schematic of the AIDA cloud chamber with the instrumentation relevant
for this work, including a tunable diode laser (TDL) absorption spectrometer to measure
the water vapor pressure, a chilled- mirror hygrometer to measure total water content,
two optical particle counters (OPC) welas1 and welas2 to measure large aerosol particles,
cloud droplets and ice crystals, a condensation particle counter (CPC, type 3010) as
well as a scanning mobility particle sizer (SMPS) and an aerodynamic particle sizer
(APS) to measure aerosol size distributions.

The ascent of an air parcel in the atmosphere can be simulated by evacuating the
chamber with one or two vacuum pumps. The related gas expansion causes a distinct
temperature decrease because of the adiabatic2 change of the system. After some time
of evacuation, the moist air inside the vessel becomes saturated wrt. to ice and/ or
water and forms a cloud. Thereby, the aerosol particles in the chamber air might act as
CCN or INP as explained in Chapter 2.2. According to this, the cloud in the chamber
is either a pure ice cloud or a supercooled liquid cloud or a mixed- phase cloud.
A mixing fan at the bottom of the vessel ensures the homogeneous spatial distribution

2An adiabatic process is a thermodynamic change of a system without exchange of heat.
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of temperature, humidity and aerosol. The temperature of the air inside the vessel
is measured by four thermocouples vertically aligned across the height of the vessel.
The spatial variability in the temperature during an experiments is of about ± 0.3 K
(Möhler et al., 2005a). A tunable diode laser (TDL) absorption spectrometer (APicT)
measures the water vapor concentration inside the vessel with an accuracy of ± 5 %
(Fahey et al., 2014). A second device, a chilled- mirror frost point hygrometer (MBW
Calibration Ltd.) sampling via a heated tube measures the total water content. From
both instruments, the relative humidity wrt. ice and water within the cloud chamber
can be determined.
In preparation of the ice formation experiments, the vessel is first cleaned from aerosols
of the preceding experiment by evacuation to a pressure below 1 hPa, flushing with
particle free synthetic air, adding pure water vapour to the evacuated vessel forming a
partial ice coverage to its inner walls, and filling to atmospheric pressure with particle
free synthetic air. After filling and temperature equilibration, the wall ice layers maintain
almost ice saturated conditions of the vessel air. The aerosol can be added directly or via
the smaller Aerosol Preparation and Characterization (APC) chamber. The latter one
is used for e.g. soot aerosol in order to get only a subset of the sampled concentration
or to generate larger particles by coagulation. The direct injection is mostly used for
the dispersion of powdery particle samples like desert dust. In this case, the sample
is first dry- dispersed with a Rotating Brush Generator (RBG) and passes afterwards
an aerosol dispersion nozzle and an impactor stage. The nozzle de- agglomerates the
particles and the impactor stage removes larger particles from the sample (Möhler et al.,
2006).
Before the evacuation starts, the size distribution of the aerosol sample is determined.
For this purpose, two instruments are used (Fig.3.1): a Scanning Mobility Particle
Sizer (SMPS, TSI) measuring particles with an mobility diameter between 0.014 𝜇m
and 0.82 𝜇m and an Aerodynamic Particle Sizer (APS, TSI) measuring particles with
an aerodynamic diameter between 0.523 𝜇m and 19.81 𝜇m (Wagner and Möhler, 2013).
In order to cover the full relevant size range of the aerosol sample, the data from
both instruments needs to be combined. Therefore, the mobility diameter (𝑑𝑚) and
the aerodynamic diameter (𝑑𝑎) are converted into a volume- equivalent diameter3 (𝑑𝑣𝑒)
(DeCarlo et al., 2004):

𝑑𝑣𝑒 = 𝑑𝑚

𝜒
𝑑𝑣𝑒 =

√︃
𝜒 𝜌0

𝜌𝑝

𝑑𝑎 . (3.1)

𝜒 is the dynamic shapefactor taking into account the discrepancy between the drag force
of the non- spherical particle and the drag force of the spherical particle (DeCarlo et al.,

3The volume equivalent diameter is the diameter of a sphere having the same volume as the particle
under consideration.



20 3. From Experiments to the Parametrization Framework

2004). 𝜌0 = 1000 kg m−3 is the reference particle density and 𝜌𝑝 the actual particle
density. In the next chapter, the values for the particle density and dynamic shapefactor
of the aerosol under investigation are discussed. Therewith, a sample- specific lognormal
size distribution (see Eqn.(2.1)) is determined. Following Equation (2.3), the according
surface area concentration and mass concentration size distributions are calculated.
During the experiment, a Condensation Particle Counter (CPC, type 2010, TSI)
measures the total number concentration of aerosol particles larger than 0.01 𝜇m. Addi-
tionally, two Optical Particle Counters (OPC, Palas GmbH) welas1 and welas2 measure
the optical size and number concentration of aerosol particles as well as cloud particles
(droplets, ice crystals). The OPCs welas1 and welas2 cover the full size range of the
droplets and ice crystals inside the AIDA cloud chamber. The detection range of welas1
is 0.7 𝜇m to 46 𝜇m and of welas2 5.0 𝜇m to 240 𝜇m (Wagner and Möhler (2013)).
Figure 3.2 shows typical time series for an immersion freezing (a) and a deposition nu-

Figure 3.2.: Typical time series of an immersion freezing (left) and a deposition
nucleation (right) experiment. Panel I shows the pressure (hPa) and gas temperature
(K), panel II the relative humidity wrt. water (blue) and ice (black), panel III shows
the total aerosol number concentration from CPC measurements (black) and the ice
number concentration from welas1 (gray) and welas2 (blue) measurement. Panel IV
shows the optical particle diameter from welas1 (gray) and welas2 (blue). The black
line in the lowest panel indicates the diameter threshold to distinguish ice from droplets
and aerosol particles. The red dashed, vertical lines indicate the ice nucleation interval.

cleation (b) experiment. After preparations as described above, the chamber evacuation
starts at 𝑡 = 0 s. Therefore, pressure and temperature decrease (panel I), whereas the
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relative humidity increases (panel II). In the case of an immersion freezing experiment
(Fig.3.2(a)), water saturation is reached at about 70 s. This results in the start of cloud
droplet formation indicated by the densification of the optical diameter point cloud and
an increase in optical diameter (panel IV) and also indicated by the decrease of the
aerosol concentration (panel III). After another 30 s the freezing of the droplets starts
(first red dashed line). This can be seen either in the strong increase in optical diameter
(panel IV) and in the increase in ice number concentration (panel III). Ice particles have
larger optical diameters compared to cloud droplets and aerosol particles. Therefore,
in panel IV a separation of ice particles and droplets/ aerosol can be observed and
is indicated by a threshold diameter 𝑑*

𝑖 (gray dashed line in panel IV). After about
280 s, the temperature inside the cloud chamber does not further decrease resulting
in a leveling off of the ice number concentration. The evacuation stops at 𝑡 = 450 s.
The temperature increases again due to the heat flux from the warmer chamber walls.
Therefore, chamber pressure increases and humidity decreases again. The ice number
concentration decreases because the ice particles sediment and later on evaporate. The
fluctuations in ice number concentration from welas1 are due to the small detected
concentrations.
In the case of deposition nucleation ice particles form before water saturation is reached
(Fig. 3.2(b)). However, at 30 s after start of evacuation saturation wrt. ice is reached.
By further cooling, the ice particle formation directly from the vapor phase starts at
about 80 s. Because the shown deposition nucleation experiment is an experiment with
soot particles, the welas instruments (panel IV) do not detect any aerosol particles. At
𝑡 = 110 s, the relative humidity has its maximum and ice nucleation stops. Analogous
to the immersion freezing experiment a threshold diameter 𝑑*

𝑖 is set which now discrim-
inates the ice particles from the aerosol. For deposition nucleation experiments this
diameter would be generally smaller than for immersion freezing experiments, because
the observed ice particles are smaller.

3.1.2. Origin, Preparation and Characterization of the Aerosol
Samples

For this work two of the major aerosol types in the atmosphere - desert dust and soot -
were used. Table 3.1 summarizes all desert dust samples used in this study and briefly
describes the origin of the sample. The samples originate from 7 different locations and
were collected from the ground. The sample SD1 was collected as sediment particles
50 km north of Cairo City during a sand storm event on the 18 February 2003 (Megahed,
2007, labeled as CD1 therein). With a backtrajectory analysis, Megahed (2007) showed
that the origin of the sample SD1 is the Sahara desert. SD4 was collected at the same
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Table 3.1.: Abbreviation and origin of the desert dust samples.
AIDA label Sample Description
AD1, AD2 Asian Desert Dust; collected from the ground in the easterly parts of

the Takla Makan desert in China, east of the Dalimu Basin between
Kuerle and Ruoquiang Möhler et al. (2006)

CID1 Canary Island Dust; collected as soil sample from the ground near
the town Mala/ Lanzarote (Kanji et al., 2011)

ID1 Israel Desert Dust; collected as sediment particles after a dust storm
in Israel/Tel Aviv (Kanji et al., 2011)

Saharan Desert Dust
SD1, SD4 collected 50 km north of Cairo City/ Egypt as sediment particle

after sand storm event (Megahed, 2007; Kanji et al., 2011)
SD2 collected from a hole of 1.5 m depth about 70 km north of Cairo

City/Egypt
SD6 collected in Morocco
SD19 collected as soil sample in southern Tunisia near Tozeur

33∘58′53.93′′N, 8∘0′6.72′′E (Dr. Emre Toprak, personal communi-
cation)

collection location as sample SD1 (Kanji et al., 2011; Niemand et al., 2012). In contrast,
SD2 was sampled 1.5 m below ground. All samples were sieved to remove particles
larger than 75 𝜇m. Before injecting the aerosol into the AIDA cloud chamber, most
of the samples passed a cyclone impactor with a cutoff value between 1 and 5 𝜇m to
further remove larger particles.
Elemental analysis of the sieved samples SD1, SD2, SD4, AD1 and AD2 showed
strong signals of silicon dioxide indicating that the samples contain quartz (Megahed,
2007; Möhler et al., 2006). For SD2, Linke et al. (2006) (therein labeled as Cairo2)
have not been able to detect iron oxides by using X-ray diffractometry (XRD). By
ion-chromatographic analysis of aqueous extracts of SD1, SD2, SD4, AD1 and AD2
Megahed (2007) found that the samples contain less than 0.6 wt% of ionic species
indicating that the samples may contain a very low amount of anthropogenic pollutants.
The samples ID1 and CID1 were collected after Saharan dust storm events (Kanji et al.,
2011; Koehler et al., 2010). Koehler et al. (2010) suggested that the CID1 sample might
contain beach sand and small amounts of ancient coral. All samples were considered to
provide a representative spectrum of natural desert dust.
As described in the previous chapter, the dust samples were dispersed using the RBG.
Before addition to the vessel, the sample passes a cyclone impactor stage with 50 %
cutoff between 1 𝜇m and 5 𝜇m to remove larger particles. In order to investigate the size
effect on ice nucleation, the cyclone impactor stage was not used for some experiments.
These experiments show broader size distributions with larger median diameters. As
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described in the previous chapter, the mobility diameter and aerodynamic diameter
from SMPS and APS, resp., have to be converted into the volume- equivalent diameter.
Hence, particle density and dynamic shapefactor are needed. For desert dust a bulk
density of 2.6 g cm−3 and a dynamic shapefactor of 1.2 were chosen. Those values are
in the range for density and dynamic shapefactor given by Kaaden et al. (2009).

Soot is composed of small, almost spherical primary particles formed at the early
state of soot production. With time, these primary particles coagulate and build a
agglomerate giving the soot aerosol particle its typical fractal- like structure. The size
as well as the number of primary particles of an agglomerate determine its fractal
dimension and therewith, the optical and aerodynamic behaviour (Wentzel et al., 2003).
The soot used for this study is characterized by its Organic Carbon (OC) content using
the thermographic carbon analysis according to the German VDI-guideline 2465, part 2
(VDI, 1999). The OC mass content refers to the fraction of carbon which thermally
desorbs at 650 ∘C in a pure helium atmosphere (Schnaiter et al., 2006).
The soot samples used for this study were generated with four devices right before the
experiments. A Combustion Aerosol STandard (CAST) burner (Jing Technologies) was
used to generated soot in a co- flow diffusion of the fuel gas propane and synthetic air.
The ratio of propane to air can be controlled and determines the carbon to oxygen
(C/O) ratio of the exhaust. Thereby, the OC mass content of the generated combustion
soot increases with increasing C/O ratio (Schnaiter et al., 2006; Crawford et al., 2011).
Outside the flame, the freshly generated soot particles passing a dilution and quenching
region which directly determines the growth of the primary soot particles to larger
agglomerates (Möhler et al., 2005a). Before injecting into the cloud chamber, the soot
particles passing through a diffusion dryer in order to reduce the relative humidity of
the sample to less than 10 % (Möhler et al., 2005a). This is done to make sure that the
particles do not directly act as CCN/ INP when injected into the cold AIDA chamber.
A modified version of the CAST burner, the so- called mini CAST burner (mCAST)
operates in a similar way, but generated soot with a somewhat higher OC/EC ratio for
the same fuel C/O ratio.
The soot of the Graphite Spark Generator (GSG1000, Palas GmbH) is generated by
the evaporation of graphite in a spark between two graphite electrodes. The evaporated
graphite is transported out off the spark within an argon flow which also prevents
oxidation of carbon. By further transport of the sample, the graphite condenses again
and forms small carbon particles. These particles start to coagulate and form chains,
known as the typical agglomerates. For some experiments nitrogen instead of argon
was used as carrier gas.
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The fourth sample is a diesel soot generated with a diesel engine test bench (Laborde
et al., 2012). This test bench was operated at 2000 revolutions per minute and a torque
of 81 Nm. For one experiment no particle filter (pf) was used in order to generate larger
soot particles. Before injecting, the exhaust passes a series of denuders reducing the
concentration of water, VOCs and nitrogen oxides (Saathoff et al., 2003).
Table 3.2 summarizes all soot samples with their typical OC mass content. As mentioned
above, by varying the C/O ratio of the CAST/ mCAST burner the OC mass content
of the soot is controlled. Therewith, nearly the total OC mass fraction range can be
covered. The CAST soot is often used as a model for Diesel soot, that covers a large

Table 3.2.: Abbreviation and OC mass content of the soot samples.
* from Crawford et al. (2011), † from Henning et al. (2012), ‡ from Blatt (2002).

AIDA label OC mass content (wt %)
CAST_minOC 5 for C/O ratio=0.28*

CAST_medOC 30 for C/O ratio=0.4*

CAST_maxOC 60 for C/O ratio=0.54*

mCAST_minOC 30 for C/O ratio=0.28*

mCAST_medOC 70 for C/O ratio=0.4*

mCAST_maxOC 90 for C/O ratio=0.54*

GSG-Ar, GSG-N2 12†

Diesel 19‡

range of OC/ EC ratios depending on engines, fuels and after treatment methods. The
GSG soot is a sample representing black carbon soot with a low OC mass content.
Because of the very different soot samples, bulk densities between 1.8 and 2.4, and shape
factors between 1.1 and 1.4 are assumed for the conversion to the volume- equivalent
diameter.

3.1.3. Data Processing

The ice nucleation efficiency of desert dust and soot is quantified with the INAS density
𝑛𝑆 introduced in Chapter 2.2.2. From Equation (2.14) therein, the total INAS density
is given by

𝑛𝑆(𝑇, 𝑆𝑖) = 𝑛𝑖(𝑇, 𝑆𝑖)
𝑠𝑎𝑒

. (3.2)

In order to calculate the INAS density, the ice number concentration 𝑛𝑖 and the aerosol
surface area concentration 𝑠𝑎𝑒 have to be determined first. The ice number concentration
is calculated from the welas1 and welas2 measurement, resp.
As mentioned in Chapter 3.1, the welas1/ 2 is an optical particle counter based on light
scattering.
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Figure 3.3.: Schematic of the welas detection volume located inside the welas sensor.
(From Schiebel, 2014)

A white light source illuminates a detection volume shaped like a 3D T (see Fig.3.3).
From above particles enter the detection volume and scatter the incoming light following
the Mie- theory. The scattered light is detected at an angle of 90°with a Photomultiplier
Tube (PMT). A more detailed description of the functional principle can be found in
Benz et al. (2005). In principle, the number of detected PMT pulses correspond to
the number of detected particles. The number concentration of detected particles 𝑛𝑝 is
then given by

𝑛𝑝 = 𝑁𝑝

𝑣𝑝 Δ𝑡 𝑆𝑜𝑑𝑣

. (3.3)

𝑁𝑝 is the number of particles detected within the time interval Δ𝑡. 𝑆𝑜𝑑𝑣 is the cross
sectional area of the detection volume. For welas1 this area is 𝑆𝑜𝑑𝑣 = (280 𝜇m)2 and for
welas2 (493 𝜇m)2. 𝑣𝑝 is the mean velocity of the particles through the detection volume
and is given by

𝑣𝑝 = 𝐿𝑜𝑑𝑣 𝜏−1 . (3.4)

𝐿𝑜𝑑𝑣 is the length of the detection volume. For welas1 𝐿𝑜𝑑𝑣 is 280 𝜇m and for welas2
313 𝜇m. As long as particles passes the light beam, the PMT measures an current pulse
resulting in an time- dependent voltage. 𝜏 is the according pulse length averaged for all
detected particles. However, Equation (3.3) gives the number of all detected particles
(aerosol, cloud droplets and ice). In order to get only the ice number concentration, the
ice particles have to be discriminated from the smaller droplets and/or aerosol particles.
This is done using the different sizes of ice particles and aerosol particles/ cloud droplets.
As shown in Figure 3.2, ice particles have a larger optical diameter than aerosol particles
and cloud droplets. Therefore, a diameter threshold as indicated by the dashed line
in panel IV of Figure 3.2 is set. Therewith, the ice particle number concentration is
calculated for particles larger than this threshold 𝑑*

𝑖 following Equation (3.3).

𝑛𝑖 = 𝑁𝑝(𝑑𝑝 ≥ 𝑑*
𝑖 )

𝑣𝑖 Δ𝑡 𝑆𝑜𝑑𝑣

(3.5)
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A time interval is set (vertical, red dashed lines in Fig. 3.2) in order to limit the
analysis of the ice nucleation to the period of valid and most accurate data. The time
at which 𝑛𝑖 exceeds its background value of about 0.1 cm−3 is defined as the start of
the ice nucleation interval. The end of the interval is that time when no further ice
nucleation can be observed. This is detectable by a change in the slope of the ice number
concentration. An ongoing increase in 𝑛𝑖 is observed for the case of smaller ice particles
growing into the detection limit of the welas1/2. This ice nucleation interval Δ𝑡 is
further split into smaller time bins for the analysis. In order to obtain representative
statistics, each bin 𝑘 is required to have a minimum length of 10 s to overcome internal
noise and has to include at least 5 ice particle counts. For each bin, the differential ice
number concentration 𝑛𝑖,𝑘 (Eqn. (3.5)) is calculated with a relative error of 0.2 (Wagner
and Möhler, 2013). Also the mean temperature 𝑇 and the mean ice saturation ratio
𝑆𝑖 = 𝑅𝐻𝑖

100 % are determined time- bin wise. The averaging of the temperature and the ice
saturation ratio results in an additional error depending on the length of the time bin
𝑘 assuming that the ice particles distributed normally within the interval. The total
error of the temperature and the ice saturation are then calculated by quadratic error
propagation.
For immersion freezing experiments, 𝑛𝑖 is calculated from the welas 2 instrument,
because of its larger detection volume and therefore higher sensitivity to measure
low ice particle concentrations. The welas 1 data is used for deposition nucleation
experiments at low temperatures because in this temperature regime ice crystals grow
slower, therefore stay smaller in size and can be detected earlier and more sensitively in
the smaller size range of welas 1.
The second step for calculating the INAS density is the determination of the aerosol
surface area concentration. As described in Chapter 3.1, a number concentration size
distribution is determined from SMPS and APS measurement. From this, the surface
area concentration size distribution is determined via

𝑓𝑆(ln 𝑑𝑝) = 𝜋 𝑑2
𝑝 𝑓𝑁(ln 𝑑𝑝) (3.6)

assuming spherical particles. Note, both size distributions are fitted each with a
lognormal distribution resulting in a different geometric standard deviation. Figure 3.4
shows a typical aerosol size distribution measured at the AIDA cloud chamber. On the
left hand side of the figure, the number concentration size distribution 𝑓𝑁 (ln 𝑑𝑝) is shown
and on the right hand side the surface area concentration size distribution 𝑓𝑆(ln 𝑑𝑝).
The upper panel shows an experiment with cyclone impactor stage, whereas the lower
panel shows an experiment without clearly indicated by the broader distribution and
larger median diameter. The black solid line shows the fitted lognormal distribution
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function.
The total aerosol number 𝑛𝑎𝑒 and surface area concentration 𝑠𝑎𝑒 with the according

Figure 3.4.: Measured aerosol number concentration size distribution (left) and surface
area concentration size distribution (right) with fit for an experiment with cyclone
impactor (upper panel) and without (lower panel).

median diameter 𝑑𝑚 and the geometric standard deviation 𝜎𝑔 are obtained from the fit.
These aerosol size distributions are measured before the evacuation of the AIDA cloud
chamber started. However, the aerosol population is reduced during the evacuation.
This is corrected by the pressure fraction 𝑝(𝑡𝑘)/𝑝(𝑡 = 0), where 𝑝(𝑡𝑘) = 𝑝𝑘 is the mean
pressure in the time bin 𝑘 and 𝑝(𝑡 = 0) = 𝑝0 is the pressure at start of the evacuation.
For immersion freezing, only the aerosol activated to droplets will contribute to ice
formation. If the CCn activated fraction is less than 50 % the total aerosol surface
area concentration is reduced to this fraction (see App C.1), otherwise the correction is
negligible and not considered. In each time- bin 𝑘 a part of the aerosol particles act
as INP. The aerosol surface area concentration 𝑠𝑎𝑒,𝑘 in each time bin 𝑘 is the fraction
of the total aerosol surface area concentration available 𝑠𝑎𝑒,0 which until this time
was activated to ice crystals. This fraction is obtained by integrating the lognormal



28 3. From Experiments to the Parametrization Framework

probability density function (PDF) from negative infinity to 𝑑𝑝,𝑎𝑐𝑡,𝑘−1 (see App C.2)
and corrected for the dilution effect

𝑠𝑎𝑒,𝑘 = 𝑠𝑎𝑒,0
𝑝𝑘

𝑝0
Φ
(︃

ln 𝑑𝑝,𝑎𝑐𝑡,𝑘−1 − ln 𝑑𝑠

ln 𝜎𝑔,𝑠

)︃
(3.7)

By doing so, it is implied that the largest aerosol particles activate first. This assumption
only is a first order correction taking into account that the nucleation probability is
proportionate to the squared particle diameter. In Equation (3.7), Φ(𝑥) is the standard
normal distribution function with cutoff value 𝑥, 𝑑𝑠 is the median diameter, and 𝜎𝑔,𝑠

the geometric standard deviation of the aerosol surface area size distribution function,
and 𝑑𝑝,𝑎𝑐𝑡,𝑘−1 is the aerosol diameter above which the aerosols were activated in the
previous time bin calculated from the ice number concentration.
Following the described algorithm, the INAS density for each time bin 𝑘 is then
calculated by

𝑛𝑆,𝑘(𝑇, 𝑆𝑖) = 𝑛𝑖,𝑘(𝑇, 𝑆𝑖)
𝑠𝑎𝑒,𝑘

. (3.8)

Note that this approach is different to the cumulative calculation by e.g. Niemand et al.
(2012) or Steinke et al. (2011). The error propagation with uncertainties of Δ𝑛𝑖,𝑘 = 0.2
(Wagner and Möhler, 2013) and Δ𝑠𝑎𝑒,𝑘 = 0.34 yields a relative error for the INAS
density of about 40 %.
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3.2. Parameterization Framework
Following the algorithm described in Chapter 3.1.3, heterogeneous ice nucleation experi-
ments on desert dust and soot were evaluated. Because in this work no new experiments
were performed, but rather were existing experiments re- evaluated. Already published
experiments are labeled with the appropriate study in the following overview tables. The
results for immersion freezing for desert dust and soot and the developed parametriza-
tion lines will be shown in the following chapter. The results and parametrization
functions for deposition nucleation for both aerosol types will be shown in Chapter
3.2.2.

3.2.1. Results Immersion Freezing

3.2.1.a. Desert Dust

Table 3.3 lists all AIDA immersion freezing experiments on desert dust performed in
the past 11 years with their corresponding initial aerosol number and surface area
concentration, the temperature, the ice saturation ratio and the INAS density for the
first analyzed time bin. As the evaluation algorithm was improved in this study (see
Ch. 3.1.3), also earlier published experiments from Niemand et al. (2012) and Connolly
et al. (2009) were reanalyzed. Those experiments are marked in Table 3.3. For the
experiments where no ice was detected (Tab. A.1 in Appendix) the temperature at
start of droplet formation and at stop of evacuation are listed instead.

(a) (b)

Figure 3.5.: INAS densities as a function of temperature for (a) all immersion freezing
experiments on desert dust listed in Table 3.3 and (b) all experiments with samples
ID1 and SD4 showing the influence of the cyclone impactor stage.
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Figure 3.5(a) shows the temperature dependent INAS densities for desert dust aerosol
from all experiments listed in Table 3.3. Note that because of the time bin- wise
evaluation, one or more data points per experiment can be obtained. A typical error
bar for the temperature and the INAS density is shown for only one data point.
Freezing of supercooled droplets was detected between 243 K and 259 K. The calculated
INAS densities range from about 4.0×1010 m−2 to 1.0 ·107 m−2, increasing for decreasing
temperature. Following Niemand et al. (2012), the INAS density values derived from
the measurements for immersion freezing on desert dust can be approximated by an
exponential function (see Fig.3.5(a), dashed line).

𝑛𝑆(𝑇, desert dust) = exp (150.577 − 0.517 𝑇 ) m−2, 𝑇 ∈ [243, 259] K (3.9)

This function yields 𝑛𝑆 values ranging from 7.4 · 1010 m−2 to 1.9 · 107 m−2 in the
temperature range from 243 K to 259 K. Comparing the different desert dust samples
concerning their ice nucleation ability no large discrepancies were observed, as also
reported by Niemand et al. (2012). Note that this also holds for the samples that have
been transported through the atmosphere, indicating that the INAS density fit line may
be representative for immersion freezing of both freshly emitted and transported dust.
The comparison of the new parametrization (Eqn. (3.9)) with the one from Niemand
et al. (2012) (Fig.3.5(a)) yields a mean shift by a factor of 1.64 to higher 𝑛𝑆 values.
This could be explained by the correction of the aerosol surface area available for
immersion freezing in a certain time bin for the amount of aerosols that already induced
ice formation in previous time bins. In the current analysis, this procedure reduces the
aerosol surface area and therefore, increases the resulting INAS density compared to
not corrected data.
For the experiments ACI04_31, 34, 37, 40, 43 and 46, no cyclone impactor stage was
used during the injection into the AIDA cloud chamber. These experiments have a
larger median diameter (factor ∼ 2) and a larger aerosol surface area concentration
(factor ∼ 2.5) than the experiments with cyclone impactor sage (Fig. 3.4). Figure
3.5(b) shows the INAS densities for experiments with ID1 and SD4 with and without
cyclone impactor stage. Fitting both data sets with the same slope as the common
parametrization line (Eqn. (3.9)) yields to somewhat lower INAS density values for the
data sets without a cyclone impactor stage. The shift in the offset compared to the offset
in Equation (3.9) is of about 0.3 % for the experiments without cyclone impactor stage
and 0.2 % for the experiments with cyclone impactor stage. However, the difference
between with and without cyclone impactor stage is within the uncertainty range as
indicated with the shaded area.
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3.2.1.b. Soot

In Table 3.4 all immersion freezing experiments on soot aerosol performed so far in
the AIDA cloud chamber are summarized. For each experiment the initial aerosol
number concentration and surface area concentration, the temperature at start of
droplet formation, and the INAS density and appropriate temperature are listed.
Heterogeneous ice formation was only observed in two experiments with CAST_minOC
soot (ACI03_5 and IN09_6) and an experiment with GSG soot (IN09_3) (Tab. 3.4),
but overall only 5 or less ice particles were counted. During five experiments with GSG
soot (see Tab. 3.4) supercooled droplets formed at about 240 K, but only homoge-
neous freezing was observed upon further cooling at about 238 K. For the experiment
HALO06_2, supercooled droplets existed in the temperature range from 251 K to 248 K,
but no freezing was observed.
Based on the welas detection limit, only an upper limit for the INAS density value was
determined from these experiments in contrast to the analysis of the previously shown
desert dust experiments. These upper limits were calculated by taking a total number
of five ice crystals as the welas ice number detection limit in the whole time period with
the supercooled droplet cloud present in the AIDA chamber. Accordingly, Figure 3.6
depicts one INAS density upper limit value for each experiment together with literature
data. Compared to the data points calculated from DeMott (1990) the 𝑛𝑆 values from
the AIDA measurements are up to three orders of magnitude lower. However, there is
a very good agreement with the very recent study of Schill et al. (2016) using diesel
exhaust particles. The AIDA measurements suggest that soot with a low OC content
is a poor immersion freezing INP. The deviation between the laboratory results may
indicate highly variable ice nucleation activity of different soot types.
In order to estimate a parametrization line for the INAS density of soot, the parametriza-
tion given by Murray et al. (2012) (based on data from (DeMott, 1990) and (Diehl and
Mitra, 1998)) was scaled to the AIDA data points in Figure 3.6, as done by Schill et al.
(2016).

𝑛𝑆(𝑇, soot) (3.10)
= 7.463 exp

(︁
−0.0101 (𝑇 − 273.15)2 − 0.8525 (𝑇 − 273.15) + 0.7667

)︁
m−2,

𝑇 ∈ [239, 255] K

This function yields 𝑛𝑆 values ranging from 5.4·108 m−2 to 3.0·106 m−2 in the temperature
range 239 K to 255 K. Note that this function represents the upper limit INAS density
values derived from AIDA immersion freezing experiments with soot. Therefore, the
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Figure 3.6.: Upper limit INAS densities as a function of temperature for all immersion
freezing experiments on soot listed in Table 3.4 (red circles). Additionally, data points
from Koehler et al. (2009) for thermal oxidized soot (blue circle), from Kanji et al. (2011)
for GSG soot (green circle), from DeMott (1990) for acetylene burner soot (𝑑𝑚 =0.12 𝜇m)
(orange circle) and from DeMott et al. (1999) for Degussa lamp black carbon (orange
squares) are shown. The dashed black line represents the parametrization line from
Murray et al. (2012), the dotted black line the parametrization line from Schill et al.
(2016), and the red dashed line the new scaled parametrization. The root mean square
error for ln 𝑛𝑆 is 1.94.

parametrization might have to be adapted to even lower INAS density values when
more experiments with soot in immersion freezing mode are available for analysis.

3.2.1.c. Comparison to Other Immersion Freezing Parametrizations

Figure 3.7 shows a summary of the parametrization for desert dust and soot together with
INAS density parametrizations from the literature. The lines for the dust components
Illite NX (Hiranuma et al., 2015), K- feldspar (Atkinson et al., 2013) and kaolinite
(Murray et al., 2011) were scaled to their mean mass fraction in natural desert dusts
following Atkinson et al. (2013) (Suppl.Table 1 therein). The line for milled hematite
(Hiranuma et al., 2014a) was not scaled, because the mass fraction within natural desert
dusts is unknown. Furthermore, note that Illite NX, kaolinite and K-feldspar are not
pure samples, but include some minor fraction of other minerals. Nevertheless, the
scaled parametrization for Illite NX does agree very well with the parametrization for
natural desert dust. Therefore, Illite NX seems to be a good proxy for ice nucleation
of desert dust. Kaolinite, feldspar and hematite are only minor components of desert
dusts and show a much steeper decrease in INAS density with increasing temperature.
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Figure 3.7.: Comparison of INAS density parametrization for immersion freezing
experiments with natural dust, soot and dust components. The parametrization of
Atkinson et al. (2013), Murray et al. (2011), O’Sullivan et al. (2014) and Tobo et al.
(2014) used the BET surface area whereas the other study used the geometric surface
area to calculate 𝑛𝑆. The parametrization lines for Illite NX, K-feldspar and kaolinite
were scaled according to their mean mass fraction in natural dusts (Atkinson et al.,
2013).

The transformation of BET aerosol surface areas to geometric surface areas would shift
the INAS densities for soil dust, K- feldspar and kaolinite slightly to higher values.
Compared to desert dust, soil dust shows a higher ice nucleation activity especially for
warmer temperatures (Steinke et al., 2016; Hill et al., 2016). Recent studies showed
that soil dust samples featured a significant fraction of organic matter and biological
active particles, which might influence the ice nucleation at warmer temperatures (Tobo
et al., 2014; Hill et al., 2016).
The high uncertainty of the immersion freezing efficiency of soot aerosol is represented
in the deviation of the parametrization line of Murray et al. (2012) and the rescaled
Murray- parametrization line for the upper limiting 𝑛𝑆 values from AIDA measurements.
Both lines deviate by three orders of magnitude. However, there is a very good agreement
between the derived soot parametrization and the fit line of Schill et al. (2016).

3.2.2. Results Deposition Nucleation

3.2.2.a. Desert Dust

Figure 3.8(a) shows the INAS densities (filled symbols) in the ice saturation ratio-
temperature plane for all deposition nucleation experiments on desert dust listed in
Table 3.5. The open symbols show results from two previous AIDA deposition nucleation
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studies (Möhler et al., 2006; Field et al., 2006). These data points were calculated by

(a) (b)

Figure 3.8.: INAS densities as a function of temperature and ice saturation ratio for
all deposition nucleation experiments on (a) desert dust listed in Tab. 3.5 and (b)
soot listed in Tab. 3.6. The black dashed line indicates the ice saturation ratio 𝑆𝑖

at water saturation and the gray dotted line the homogeneous freezing threshold for
solution droplets (Δ𝑎𝑤 = 0.34, Koop et al., 2000). The different symbols indicate the
different samples and the different colors the order of magnitude of the INAS density
as follows orange: 5 · 108 ≤ 𝑛𝑆 < 5 · 109 m−2, red: 5 · 109 ≤ 𝑛𝑆 < 5 · 1010 m−2, green:
5 · 1010 ≤ 𝑛𝑆 < 5 · 1011 m−2 and blue: 5 · 1011 ≤ 𝑛𝑆 < 5 · 1012 m−2. The open symbols
in (a) are AIDA deposition nucleation experiments with SD2 and AD1 evaluated by
Möhler et al. (2006) and Field et al. (2006), resp.

dividing the published activated fraction by the aerosol surface area calculated from
the median diameter and the aerosol number concentration also given in the papers by
Möhler et al. (2006) and Field et al. (2006). The range of the INAS density is indicated
by the different colors and typical error bars for temperature and ice saturation ratio
are indicated for one data point.
Deposition nucleation experiments with desert dust were so far only conducted at
temperatures above 206 K. These experiments yield INAS densities from 5 · 108 m−2 to
5 · 1012 m−2. The samples AD1, AD2 and SD2 show a similar ice nucleation behavior
over the whole temperature range. The samples CID1 and SD19 have a somewhat
higher deposition nucleation activity at lower ice saturation ratios. The INAS density
data from ID1 is located between the two other groups.

3.2.2.b. Soot

Figure 3.8(b) shows the INAS densities in the ice saturation ratio- temperature plane
for all deposition nucleation experiments with soot listed in Table 3.6. Crawford et al.
(2011) already published the onset ice active fractions for the experiments from the
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campaign IN09 and IN11. However, these experiments were re- evaluated because of the
evaluation algorithm. In Figure 3.8(b), the soot samples are listed with increasing OC
mass content. Typical error bars for temperature and ice saturation ratio are shown for
one data point. Note that the deposition nucleation INAS densities are not just upper
limit values as were reported for soot immersion freezing.
Deposition nucleation was observed for temperatures from 195 K to 235 K within INAS
densities ranging from 9 · 108 m−2 to 8 · 1013 m−2. The INAS density data for a higher
OC mass content (≥ 20 wt%; triangles and diamonds) lie at higher ice saturation ratios
than the results for a lower OC mass content (circles and squares), clearly showing that
the OC material suppresses the deposition nucleation activity of the soot particles. This
is in agreement with the findings of Möhler et al. (2005b) who also found a decreasing
deposition nucleation activity of CAST soot with increasing OC mass content.

3.2.2.c. Parametrization and Discussion

The measured deposition nucleation data for low OC content soot aerosol with u- shaped
INAS density isolines was fitted with the following equation.

𝑛𝑆(𝑇, 𝑆𝑖, aerosol) = exp
{︁
𝛼 (𝑆𝑖 − 1)1/4 cos [𝛽 (𝑇 − 𝛾)]2 arccot [𝜅 (𝑇 − 𝜆)] /𝜋

}︁
m−2

(3.11)

arccot(𝑥) := 𝜋

2 − arctan(𝑥)

The five parameters 𝛼, 𝛽, 𝛾, 𝜅 and 𝜆 determine the saddle point of the isolines, the
steepness of the isolines left and right from the saddle point and the distance between
the isolines. In order to get the best fit values, the data points were classified according
to their order of magnitude of the INAS density. The classified data set was then fitted
for a constant INAS density only as a function of temperature and extrapolated beyond
the data points. The parametrization is only valid for ice saturation ratios ranging from
1.0 to the homogeneous freezing threshold and water saturation, resp. The values of
the five parameters for soot with an OC mass content of less than or equal 20 wt% are
listed in Table 3.7. This parametrization approach is also used for the dust deposition

Table 3.7.: Fit parameter of Eqn.3.11 for desert dust and soot with an organic carbon
content of less than or equal 20 wt%.

Aerosol 𝛼 𝛽 𝛾 𝜅 𝜆 valid 𝑇 range
Desert Dust 285.692 0.017 256.692 0.080 200.745 [206 K,240 K]
Soot 46.021 0.011 248.560 0.148 237.570 [195 K,235 K]
(OC ≤ 20 wt%)
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nucleation data set, although no AIDA ice nucleation measurements with desert dust
were performed so far for temperatures lower than 206 K. U- shaped isolines for the
ice nucleation efficiency of minerals and ATD were found in laboratory studies (Welti
et al., 2009; Hiranuma et al., 2014b; Koehler et al., 2010) guiding the shape of the INAS
density isolines for desert dust below 206 K. The fit parameter values for desert dust
excluding the sample CID1 are listed in Table 3.7. Figure 3.9 shows the parametrization
for (a) soot and (b) desert dust together with an INAS density isoline of 𝑛𝑆 = 1011 m−2

and the data points within 5 · 1010 m−2 and 5 · 1011 m−2.

Figure 3.9.: Parametrization of the INAS density 𝑛𝑆 as a function of temperature 𝑇
and ice saturation ratio 𝑆𝑖 using Eqn.3.11 and the fit parameters listed in Table 3.7 for
(a) soot with OC≤ 20 wt% and (b) desert dust only including data points from samples
AD1, AD2, ID1 and SD2. The root mean square error for log10 𝑛𝑆 is for soot 1.08 and
for desert dust 1.87. The black dashed line indicates the ice saturation ratio at water
saturation and the gray dotted line the homogeneous freezing threshold for solution
droplets (Δ𝑎𝑤 = 0.34, Koop et al., 2000). The white solid line shows the isoline for
𝑛𝑆 = 1011 m−2 and the white points are the corresponding data points.

Note that INAS densities above about 3 · 1015 m−2 (assuming spherical particles with
diameters less than 0.01 𝜇m) are not relevant for atmospheric ice nucleation. The
extrapolation on the temperature scale is discussed in section 3.2.3. The u- shaped
form of the INAS density isolines was already suggested by Hoose and Möhler (2012).
The authors defined three regimes determining the ice nucleation behavior below water
saturation. The three regimes can be identified in the data set of the soot and are
shown as gray boxes in Figure 3.8(b). In regime A, the isolines decrease with increasing
temperature showing that for the same ice activity a higher ice supersaturation is
required. Thomson et al. (2015) explained this behavior from theory with the pressure
induced rarification of the water vapor which leads to an increase in ice saturation
ratio and therewith to the limitation of ice nucleation. Regime B is a transition regime
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between A and C and is defined by nearly horizontal isolines meaning that 𝑛𝑆 only
depends on the ice saturation ratio alone. In regime C, the isolines increase very steeply
towards water saturation indicating a strong temperature dependence. Therefore, it is
assumed that ice nucleation in regime C is not dominated by the classical deposition
nucleation mechanism, but rather influenced by the pore condensation and freezing
(PCF) mechanism as recently suggested by Marcolli (2014). This mechanism was
recently demonstrated by Wagner et al. (2016) by AIDA ice nucleation experiments
with minerals, desert dust and soot.

Figure 3.10.: Comparison of the INAS density parametrization for immersion freezing
(single dark blue line) and deposition nucleation (blue contours) for different water
saturation ratios for (a) desert dust with a linear extrapolation of the immersion freezing
line (dashed) and (b) soot.

Figure 3.10 shows a comparison of the immersion freezing parametrization and the
deposition nucleation parametrization for desert dust and soot. The linear extrapolation
of the parametrization line for immersion freezing on desert dust to temperatures between
238 K and 245 K would result in two orders of magnitude higher INAS densities than the
deposition nucleation isoline close to water saturation. For soot, both parametrizations
yield similar INAS density values at water saturation and a temperature of about 238 K.
However, the 𝑛𝑆 parametrization for soot immersion freezing is only an estimate for the
upper limit. For soot, the 𝑛𝑆 isolines below water saturation are much steeper than the
line for immersion freezing, indicating a change in the nucleation mechanism. Because
of the steepness of the isolines and this distinct change in the slope at water saturation,
the data suggests that as part of the PCF mechanism the confined water in the pores
and cavities freezes homogeneously. For desert dust the isolines below water saturation
are much flatter and show a similar slope as the immersion freezing parametrization
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line. This indicates that the water in pores and cavities of desert dust particles may
freeze heterogeneously.

Figure 3.11.: Comparison of the new parametrization for deposition nucleation on
desert dust and soot with parametrizations for soil dust, Arizona Test Dust and the dust
components hematite and kaolinite. In behalf of clarity only isolines for 𝑛𝑆 = 1010 m−2

are shown. Note that all shown parametrizations are only valid for 𝑆𝑖 ≥ 1.0. The black
dashed line indicates the ice saturation ratio 𝑆𝑖 at water saturation and the gray dotted
line the homogeneous freezing threshold for solution droplets (Δ𝑎𝑤 = 0.34, Koop et al.,
2000).

3.2.2.d. Comparison to Other Deposition Nucleation Parametrizations

Figure 3.11 shows a comparison of the new parametrization for desert dust and soot
below water saturation with parametrizations from the literature for soil dust (Steinke
et al., 2016), ATD (Steinke et al., 2015) and hematite (Hiranuma et al., 2014b) and
𝑛𝑆 values derived from measurements with kaolinite (Welti et al., 2009). For clarity,
only isolines for INAS densities of 1010 m−2 are shown. Comparing the natural dust and
dust components parametrization lines, the desert dust is less ice active below water
saturation. The higher ice activity of the soil dust might be explained by some biological
or organic materials. Note that the ice nucleation in the temperature range between
230 and 250 K was suggested to be triggered by the PCF mechanism, influenced by
the porous structure of the samples. ATD might have more suitable cavities in form of
cracks due to the milling during manufacturing. Also the soil dust samples might show
a more suitable pore structure than desert dust because of the organic or biological
materials on the surface. This may explain the higher ice nucleation activity of the
CID1 sample, which was excluded from the parametrization fit.
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The soot shows a higher ice nucleation activity than the desert dust in the temperature
range between 215 K and 235 K. However, soot is less ice active compared to soil dust,
ATD and the dust components hematite and kaolinite.
One striking feature shown in Figure 3.11 is the similar slope of all dust sample isolines,
which are much flatter than the soot isoline. This supports the suggestion of the previous
section, that the pore water freezes homogeneously for soot and heterogeneously for
dusts.

3.2.3. Discussion of Potential Use in Models

Various types of parametrizations for the heterogeneous ice nucleation ability of aerosols
have already been published. Parametrizations based on CNT (Hoose et al., 2010;
Chen et al., 2008; Barahona, 2012; Savre and Ekman, 2015) depend on parameters
which are difficult to determine. Therefore, the free parameters like contact angle or
surface tension differ significantly from study to study. Additionally, the results of
these parametrizations do not agree with laboratory results over the whole temperature
range (Hoose and Möhler, 2012). Especially, the suppression of deposition nucleation
for warmer temperatures is not reproduced. Savre and Ekman (2015) recently presented
a parametrization based on CNT addressing this issue by introducing a contact angle
distribution function and therewith matching better laboratory observations. However,
CNT- based parametrizations using contact angle distributions are complex to imple-
ment in models and need generally more computing time, in particular if the depletion
of the most efficient INP is taken into account.
The second type of parametrizations is empirical. Here, the most commonly used
aerosol specific parametrization framework is that of Phillips et al. (2008, 2013). The
framework is based on laboratory as well as field studies and includes also the sup-
pression of deposition nucleation for warmer temperatures. Some of the numerous
input parameters that define e.g. the aerosol composition are difficult to be derived
from atmospheric measurements (DeMott et al., 2010). More simpler descriptions
of heterogeneous ice nucleation (e.g. DeMott et al., 2010, 2015) are easier to use in
models but, in general, are not applicable to all atmospherically relevant conditions or
atmospherically relevant aerosol types. In the case of a Saharan dust layer, DeMott
et al. (2015) showed good agreement between their parametrization and the AIDA
based parametrization of Niemand et al. (2012).
Until now, there is no parametrization framework available which is based on well-
constrained laboratory experiments covering the whole atmospherically relevant tem-
perature and humidity range. The parametrization framework presented here is in
principle limited to the detection limits of the AIDA cloud chamber instruments and
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the number of evaluated experiments. Therefore, also the AIDA parametrization has
to be extrapolated to cover the atmospheric relevant temperature and ice saturation
ratio ranges when used in models. In particular in the cirrus regime, ice nucleation
data is lacking at high ice supersaturation and temperatures below 200 K which makes
the parametrization more uncertain in these regions.
The dashed red lines in the upper panel of Figure 3.12 show the proposed extrapolation
of the developed immersion freezing parametrization. The parametrization line is not
extrapolated to higher temperatures, because this study as well as previous laboratory
studies did not observe ice nucleation of desert dust as well as main dust components
above 260 K (Hoose and Möhler, 2012). Below 245 K and the homogeneous freezing
temperature, the parametrization is linearly extrapolated, because DeMott et al. (2011)
showed no leveling off of the ice active fractions from different measurements with
Saharan dust. For soot, the rescaled parametrization line from Murray et al. (2012) is
simply extrapolated either to the homogeneous freezing temperature and to the melting
temperature. Below water saturation and temperatures above 240 K, the ice activated
fraction is much lower than 1 % for a typical aerosol diameter of 1 𝜇m. Therefore, the
extrapolation to warmer temperatures is unproblematic (see Fig. 3.9). However, the
extrapolation to higher ice saturation ratios has to be limited to INAS densities less
than or equal 1.0 · 1015 m−2.
The parametrization framework developed in this study is simple to implement into
models. If the dust and soot surface area is provided in size bins, the number of INPs
can be calculated via

𝑛𝐼𝑁𝑃 (𝑇, 𝑆𝑖) =
∑︁

𝑗

𝑛𝑑𝑢𝑠𝑡,𝑗 (1 − exp (−𝑛𝑆 𝑆𝑑𝑢𝑠𝑡,𝑗)) +
∑︁

𝑙

𝑛𝑠𝑜𝑜𝑡,𝑙 (1 − exp (−𝑛𝑆 𝑆𝑠𝑜𝑜𝑡,𝑙)) .

(3.12)
Where 𝑗 is the index of size bins for dust and 𝑙 the index of the size bins for soot. 𝑛𝑎𝑒

is the number concentration and 𝑆𝑎𝑒,𝑗 the surface area of dust or soot in the size bin. If
only the total surface area is available, this equation can be simplified to

𝑛𝐼𝑁𝑃 (𝑇, 𝑆𝑖) = 𝑛𝑑𝑢𝑠𝑡 (1 − exp (−𝑛𝑆 𝑆𝑑𝑢𝑠𝑡)) + 𝑛𝑠𝑜𝑜𝑡 (1 − exp (−𝑛𝑆 𝑆𝑠𝑜𝑜𝑡)) . (3.13)

The aerosol number concentration and surface area are usually either predicted by
interactive aerosol modules in regional or global models (Vogel et al., 2009; Stier et al.,
2005) or can be prescribed from climatologies (Hande et al., 2015). To calculate the
maximum ice saturation ratio 𝑆𝑖 reached in models, a algorithm taking into account
the competition between homogeneous freezing and heterogeneous ice nucleation (e.g
Barahona and Nenes, 2009b; Kärcher et al., 2006) should be used.
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Figure 3.12 shows the new parametrizations for desert dust and soot together with

Figure 3.12.: Comparison of the new parametrization framework for desert dust and
soot with the equivalent INAS density (Hoose and Möhler, 2012) of Phillips et al. (2013)
and of Savre and Ekman (2015) in the immersion freezing (upper panel) and deposition
nucleation regime (lower panel). The new parametrization for immersion freezing is
extrapolated to 𝑇 ∈ [235, 261] K for desert dust and to 𝑇 ∈ [235, 273] K for soot. For the
black carbon group of the Phillips parametrization Ξ = 0.1. The small colored numbers
on the isolines in the lower panel indicate the exponent 𝑥 for 𝑛𝑆(𝑇, 𝑆𝑖) = 10𝑥 m−2.

the schemes of Phillips et al. (2013) and Savre and Ekman (2015). For the Phillips
parametrization the equivalent INAS density (Hoose and Möhler, 2012) is shown, with
the black carbon IN propensity fraction of Ξ = 0.1. The equivalent INAS densities for
the Savre and Ekman (2015) parametrizations were recalculated from the published ice
active fractions and the median diameters (Eqn. (2.13)). As the parametrization for
dust immersion freezing from Savre and Ekman (2015) is based on the data of Niemand
et al. (2012), the parametrization line shows a quite similar behavior compared to the
new line. In contrast, the Phillips et al. (2013) parametrization yields much lower
INAS densities for 𝑇 ≤ 253 K. The “leveling off” behavior shown in both schemes is
not supported by AIDA laboratory data. For soot immersion freezing, the scheme of
Phillips et al. (2013) and the new framework show similar INAS densities, whereas
Savre and Ekman (2015) yields up to 3 orders of magnitude higher INAS densities over
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the whole temperature range. The leveling off for lower temperatures is not shown in
the scheme of Savre and Ekman (2015).
For deposition nucleation, the scheme of Savre and Ekman (2015) covers only a small
temperature range because of the used data sets (dust: Kanji et al., 2011; soot: Möhler
et al., 2005a). Therefore, the application of this scheme is doubtful especially for cold
cirrus clouds. However, the order of magnitude of the INAS density is comparable to
the values of the new framework. The parametrization of Phillips et al. (2013) does
not show the observed u- shaped isolines and shows overall lower INAS density values
for a given temperature and ice saturation ratio for both dust and soot. Because of
the shape of the isolines, the scheme of Phillips et al. (2013) would give significant
INP concentration for soot only near water saturation. Below about 220 K the INAS
densities from the Phillips parametrization are very small and for ice saturation ratios
above 1.6, homogeneous freezing of solution droplets would be more likely.
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4. Application in the COSMO-ART
model

The parametrization framework introduced in the previous chapters can be used to
predict the primary ice formation in models. In order to investigate the interaction of
aerosol with mesoscale cloud systems a limited- area models are suitable.
In this chapter the application of the new parametrization framework in the COSMO-
ART model will be shown. For that a case study was set up simulating a synoptically
driven cirrus cloud, which was characterized by in-situ measurements in the aircraft
campaign MACPEX in April 2011.

4.1. The COSMO- ART model

The COSMO (COnsortium for Small- scale MOdelling) model is the weather forecast
model of the German weather service (DWD, Offenbach/ Germany) operating on a
regional scale (meso- 𝛽 and - 𝛾). The ART (Aerosol and Reactive Trace gases) module
is an online- coupled extension of the COSMO model treating the explicit interaction
between aerosol and trace gases and atmosphere. The online- coupling has the benefit
that the ART module can use the same spatial and temporal grid (Vogel et al., 2009).
In order to take into account the spherical shape and rotation of the earth, spherical
coordinates (𝜆𝑔, 𝜙𝑔, 𝑧) are used in the COSMO model. However, the convergence of the
meridians and the resulting singularity at the poles would cause numerical problems,
which are overcome by transformation of the horizontal coordinates to rotated spherical
coordinates (𝜆, 𝜙, 𝑧). Those are derived by simply shifting the equator in a way it
runs centered through the model domain. Therewith, for mesoscale model domains
the problems of convergence are minimized. Because in most cases the ground of the
model domain is not flat and some of the modelled variables depend on the topography,
a terrain- following vertical coordinate 𝜁 instead of a geographic coordinate 𝑧 is used.
This vertical coordinate 𝜁 = 𝜁(𝜆, 𝜙, 𝑧) is set to be time- independent resulting in fixed
isolines of 𝜁 (Gal-Chen coordinate, Gal-Chen and Somerville, 1975). The influence of the
topography on the vertical coordinate is damped with higher altitudes. Therefore, for
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an altitude of 𝑧𝐹 ≃ 11430 m the terrain- following coordinate changes to a 𝑧-coordinate
up to the top of the model domain at 𝑧𝑇 = 22700 m.
For the numerical solution of the equation data set, the model domain is discretized
using constant grid spacing in the following way.

𝜆𝚤 = 𝜆0 + (𝚤 − 1)Δ𝜆 𝚤 ∈ [1, 𝑁𝜆]
𝜙𝑗 = 𝜙0 + (𝑗 − 1)Δ𝜙 𝑗 ∈ [1, 𝑁𝜙] (4.1)
𝜁𝑘 = 𝑘 𝑘 ∈ [1, 𝑁𝜁 ]

Where 𝑁𝑥 for 𝑥 = 𝜆, 𝜙, 𝜁 is the number of grid points in 𝑥-direction and (𝜆0, 𝜙0) cor-
responds to the south-west corner of the model domain. The discretized coordinates
(𝚤, 𝑗, 𝑘) describe the location in the centre of the grid box. The prognostic differential
equations are solved numerically with a finite differences algorithm (3rd order Runge-
Kutta scheme) and a two-level time splitting scheme (Wicker and Skamarock, 2002).

Table 4.1.: Hydrometeor classes in the implemented two- moment bulk microphysic
scheme. 𝑛𝑢 and 𝑚𝑢 are the shape factors of the generalized Gamma distribution (Eqn.
2.17). 𝑚𝑚𝑖𝑛 and 𝑚𝑚𝑎𝑥 are the minimum and maximum mass of the particle, and
𝑑𝑝,𝑚𝑖𝑛 and 𝑑𝑝,𝑚𝑎𝑥 the corresponding diameters calculated via 𝑑𝑝 = 𝑎𝑔𝑒𝑜 𝑚𝑏𝑔𝑒𝑜 (Seifert
and Beheng, 2006).

cloud particle class cloud droplet rain ice crystal snow graupel
𝜈 0 0 0 0 1
𝜇 1/3 1/3 1/3 0.5 1/3

𝑎𝑔𝑒𝑜 (m kg−𝑏𝑔𝑒𝑜) 0.124 0.124 0.835 2.4 0.15
𝑏𝑔𝑒𝑜 1/3 1/3 0.39 0.455 0.323

𝑚𝑚𝑖𝑛 (kg) 4.2 · 10−15 2.6 · 10−10 1.0 · 10−12 1.0 · 10−10 1.0 · 10−9

𝑚𝑚𝑎𝑥 (kg) 2.6 · 10−10 3.0 · 10−6 1.0 · 10−6 2.0 · 10−5 5.0 · 10−4

𝑑𝑝,𝑚𝑖𝑛 (𝜇m) 2.0 79.1 17.4 67.6 185.6
𝑑𝑝,𝑚𝑎𝑥 (𝜇m) 79.1 1.8 · 103 3.8 · 103 17.5 · 103 12.9 · 103

In the COSMO model the cloud microphysics is described by a two- moment bulk
microphysic scheme based on the work of Seifert and Beheng (2006). In this scheme
6 hydrometeor classes (cloud droplets, rain, cloud ice, snow, graupel and hail) are
distinguished each represented by a generalized Gamma distribution with constant
shape factors (𝜇, 𝜈) (see Ch. 2). The corresponding zeroth and third moments are used
to describe number and mass concentration of the hydrometeors. Table 4.1 summarizes
the shape factors as well as the minimum and maximum mass and diameters for each
hydrometeor class as set in the COSMO two- moment scheme. With the coupling of the
ART module to the cloud microphysics, the formation of cloud droplets and cloud ice
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depends on the aerosol. In the ART module the aerosols are categorized with respect
to their chemical composition and size, so called modes. These modes are described in
the aerosol module MADEextended

soot and are represented by lognormal probability density
functions (PDF) (see Eqn. (4.2) for the number size distribution).

𝑓𝑁,𝑙(𝑑𝑝) = 𝑛𝑝, 𝑙√
2 𝜋 ln 𝜎𝑔,𝑙

exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑙

)︁2

2 ln2 𝜎𝑔,𝑙

⎞⎟⎠ (4.2)

Where 𝑛𝑝,𝑙 is the aerosol particle number concentration, 𝜎𝑔,𝑙 die geometric standard
deviation and 𝑑𝑝,𝑙 the median diameter of the particles in mode 𝑙. In the standard version
of the ART module 12 overlapping modes are prescribed (see Table 4.2) representing
the most abundant aerosol types in the atmosphere. The total aerosol number size
PDF is given by the sum of all modes.

𝑓𝑁(𝑑𝑝) =
∑︁

𝑙

𝑓𝑁,𝑙(𝑑𝑝) (4.3)

Five out of the 12 modes represent sub- micron particles. One of these modes represents
pure soot directly emitted from anthropogenic sources. The other four modes represent
internally mixed particles with and without soot in two different size ranges. Further,
one mode corresponds to directly emitted coarse mode particles excluding soot (PM10)
and another 6 modes represent mineral dust and sea salt particles with three modes each.
Table 4.2 summarizes all aerosol modes with their corresponding size range, chemical
composition, geometric standard deviation and initial mass median diameter. As for the
hydrometeors, two moments (see Eqn. (2.4)) of the PSD are used to describe the physical
properties of the aerosol population. In particular, the zeroth (number concentration)
and the third moment (mass concentration) of the lognormal size distribution are used.
For mineral dust and sea salt emission and transport schemes are implemented into the
ART module. The emissions are parametrized as a function of atmospheric state and
surface properties (Vogel et al., 2006; Lundgren et al., 2013). The precursor substance
for sea salt DMS1 is given by external data sets. Both aerosol types are not allowed to
interact with other particles or gases. The formation and interaction of the internally
mixed particles is treated in the RADMKA2 (Vogel et al., 2009) and the SORGAM3

(Schell et al., 2001) mechanisms. The initial concentration of the precursor gases and
soot are given by external data sets from e.g. global chemical models. The recently

1DiMethyl Sulfide
2Regional Acid Deposition Model version KArlsruhe
3Secondary ORGAnic Model
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implemented plume rise model (Walter, 2014) treats the emission and transportation of
trace gases and aerosol from wildfires.

Table 4.2.: Aerosol classes treated in the ART module with their corresponding size
range, chemical composition, geometric standard deviation and initial mass median
diameter. (From Bangert, 2012)
size mode class chemical composition 𝜎𝑔 𝑑𝑚 ( 𝜇m )
Aitken secondary mixed parti-

cles
SO4

2-, NO3
-, NH4

+,
H2O, SOA

1.7 0.01

Aitken internally mixed soot
particles

SO4
2-, NO3

-, NH4
+,

H2O, SOA, soot
1.7 0.08

Accum. secondary mixed parti-
cles

SO4
2-, NO3

-, NH4
+,

H2O, SOA
2.0 0.07

Accum. internally mixed soot
particles

SO4
2-, NO3

-, NH4
+,

H2O, SOA, soot
2.0 0.08

Accum. soot 1.4 0.08
Coarse PM10 2.5 1.0
Coarse mineral dust A 1.5 1.7
Coarse mineral dust B 1.6 6.7
Coarse mineral dust C 1.7 14.2
Coarse sea salt A 1.9 0.2
Coarse sea salt B 2.0 2.0
Coarse sea salt C 1.7 12.0

For the activation of aerosol particles a CCN and INP spectrum, resp., is calculated in
dependence on the chemical composition and size of the aerosol and the supersaturation
during cloud formation. Because the IN spectrum is more relevant for the case study
discussed in Chapter 4.3, the CCN activation is not further addressed (see Bangert
et al., 2012).
The formation of cloud ice particles in the model depends mainly on the relative humidity
and temperature. These conditions determine whether homogeneous or heterogeneous
ice nucleation (see Ch. 2.2) or both take place. For temperatures above 235 K or if
already a liquid phase cloud exists solely heterogeneous ice nucleation takes place. Then,
the ice number concentration is calculated for the grid- scale ice supersaturation and
temperature using the parametrization scheme of e.g. Phillips et al. (2008) or using
the framework presented in this work. For temperatures below 235 K the competition
between homogeneous freezing and heterogeneous nucleation has to be considered. In
the ART module, this competition is based on the algorithm given by Barahona and
Nenes (2008, 2009a,b). The basis for this algorithm is the temporal evolution of the
subgrid- scale ice saturation 𝑠𝑖 in a Lagrangian air parcel (see Fig. 4.1). In this sketch
the curves show an increase in 𝑠𝑖 as expected in a rising air parcel. In the case no
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aerosol is present, the increase in 𝑠𝑖 (solid line) is less steep after passing the threshold
𝑠𝑖 (𝑠ℎ𝑜𝑚) because of the deposition of water vapor on the ice particles. Because of the
depletion of water vapor the ice saturation reaches at some time its maximum 𝑠𝑚𝑎𝑥.
For pure homogeneous nucleation of solution droplets the threshold saturation 𝑠ℎ𝑜𝑚 is

Figure 4.1.: Schematic of the parametrized temporal evolution of the ice saturation 𝑠𝑖

for a constant vertical wind velocity. The black solid line shows the evolution for pure
homogeneous nucleation of solution droplets above the threshold 𝑠ℎ𝑜𝑚. The black dashed
line shows the evolution for combined homogeneous and heterogeneous nucleation for
a small IN concentration and the black dotted line shows the pure heterogeneous
nucleation for a larger IN concentration above the threshold 𝑠ℎ𝑒𝑡. (Adapted from
Barahona and Nenes, 2008)

smaller or equal the maximum ice saturation 𝑠𝑚𝑎𝑥. The presence of INPs lowers the
maximum of 𝑠𝑖 compared to the pure homogeneous case, because the heterogeneous ice
particles are formed earlier and therefore, water vapor is consumed over a longer time.
As long as 𝑠𝑚𝑎𝑥 is larger than 𝑠ℎ𝑜𝑚 both nucleation mechanisms are competing with
each other. If the number of potential INP is large enough, 𝑠𝑚𝑎𝑥 becomes smaller than
𝑠ℎ𝑜𝑚 and homogeneous nucleation is completely inhibited. Equation 4.4 summarizes
this competition algorithm.

𝑛𝑖𝑐𝑒 =

⎧⎪⎨⎪⎩𝑛ℎ𝑜𝑚(𝑠ℎ𝑜𝑚) + 𝑛ℎ𝑒𝑡(𝑠ℎ𝑜𝑚), 𝑛ℎ𝑒𝑡(𝑠ℎ𝑜𝑚) < 𝑛𝑙𝑖𝑚

𝑛ℎ𝑒𝑡(𝑠𝑚𝑎𝑥), 𝑛ℎ𝑒𝑡(𝑠ℎ𝑜𝑚) ≥ 𝑛𝑙𝑖𝑚

(4.4)

Where 𝑛ℎ𝑜𝑚 and 𝑛ℎ𝑒𝑡 are the ice number concentration formed by homogeneous nucle-
ation and heterogeneous nucleation, resp., and 𝑛𝑙𝑖𝑚 is the threshold IN concentration
completely suppressing homogeneous ice nucleation. The implemented threshold ice
supersaturation for homogeneous nucleation 𝑠ℎ𝑜𝑚 is adopted from the parametrization
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of Ren and MacKenzie (2005). The ice number concentration from homogeneous ice
nucleation is calculated using the algorithm of (Barahona et al., 2010)

𝑛ℎ𝑜𝑚(𝑠ℎ𝑜𝑚) =

⎧⎪⎨⎪⎩𝑛𝑠𝑑 exp (−𝑓𝑐(𝑠ℎ𝑜𝑚)) (1 − exp(−𝑓𝑐(𝑠ℎ𝑜𝑚))) , 𝑓𝑐 < 0.6

𝑛𝑠𝑑

[︁
1 + exp

(︁
9−2𝑓𝑐(𝑠ℎ𝑜𝑚)

7

)︁]︁−1
, 𝑓𝑐 ≥ 0.6 .

(4.5)

Where 𝑛𝑠𝑑 is the number concentration of supercooled droplets formed from secondary
mixed particles and sea salt particles (see Tab. 4.2), and 𝑓𝑐 is the fraction of frozen
droplets taking into account the competition between homogeneous and heterogeneous
ice nucleation

𝑓𝑐(𝑠ℎ𝑜𝑚) = 𝑓𝑐,ℎ𝑜𝑚

⎡⎣1 −
(︃

𝑛ℎ𝑒𝑡(𝑠ℎ𝑜𝑚)
𝑛𝑙𝑖𝑚

)︃3/2
⎤⎦3/2

. (4.6)

Where 𝑓𝑐,ℎ𝑜𝑚 is the fraction of frozen droplets for pure homogeneous ice nucleation
(Barahona and Nenes, 2008). In the case of pure heterogeneous ice nucleation the
maximum ice saturation 𝑠𝑚𝑎𝑥 and the heterogeneous ice number concentration are
calculated numerically by the bisection method following the algorithm of Barahona
and Nenes (2009b)

𝑛ℎ𝑒𝑡(𝑠𝑚𝑎𝑥) = 𝑛* 1 + 𝑠𝑚𝑎𝑥√︁
Δ𝑠*

𝑐ℎ𝑎𝑟 𝑠𝑚𝑎𝑥

exp
(︂ 2

𝜆 𝑠𝑚𝑎𝑥

)︂
. (4.7)

Where 𝑛* and 𝜆 summarize some thermodynamic variables (see Barahona and Nenes,
2009b, therein Appendix C), and Δ𝑠*

𝑐ℎ𝑎𝑟 is the growth integral of the ice particle in
dependence of 𝑠𝑚𝑎𝑥. The heterogeneous ice number concentration 𝑛ℎ𝑒𝑡 is calculated via
the in the model implemented heterogeneous ice nucleation frameworks (e.g. Meyers
et al., 1992; Phillips et al., 2008, or the newly developed framework presented in this
work).
For the case study presented in Chapter 4.3 the developed framework from AIDA
laboratory measurements (see Ch. 3.2) and the framework of Phillips et al. (2008)
are used. Therefore, the latter framework is also briefly described. As the framework
presented in this work the Phillips framework is also based on the active site approach.
The number of IN of aerosol species 𝑋 (dust/ metallic, black carbon and insoluble
organics) is calculated via

𝑛𝐼𝑁,𝑋 =
∫︁ ∞

log(0.1 𝜇m )
(1 − exp [−𝜇𝑋(𝐷𝑋 , 𝑇, 𝑆𝑖)])

d𝑛𝑋

d log 𝐷𝑋

d log 𝐷𝑋 , (4.8)
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where 𝜇𝑋 is the number of aerosol 𝑋 activated to ice.

𝜇𝑋 = 𝐻𝑋(𝑆𝑖, 𝑇 ) 𝜉(𝑇 ) 𝛼𝑋 𝑛𝐼𝑁,1,*

Ω𝑋,1,*

dΩ𝑋

d𝑛𝑋

(4.9)

Where 𝛼𝑋 is the fraction of aerosol 𝑋 contributing to ice nucleation, Ω𝑋,1,* is the fraction
of the total aerosol surface area of species 𝑋 for particles with sizes of 0.1 𝜇m to 1 𝜇m in
the background and 𝜉 suppresses droplet freezing above 271 K. 𝐻𝑋 ∈ [0, 1] considers the
scarcity of heterogeneous ice nucleation below water saturation, where 𝐻𝑋 ≡ 1 at water
saturation. Assuming spherical particles the last term is approximated by dΩ𝑋

d𝑛𝑋
≈ 𝜋 𝐷2

𝑋 ,
where 𝐷𝑋 is the aerosol particle diameter. The variable 𝑛𝐼𝑁,1,* represents the reference
aerosol spectrum, partly obtained from CFDC4 measurements in various field campaigns.
However, the measurements were only conducted at temperatures below 233 K. For
temperatures above 248 K Phillips et al. (2008) rescaled the parametrization of Meyers
et al. (1992) and for temperatures between 248 K and 233 K Phillips et al. (2008)
interpolated between this and the parametrization obtained from measurements.
From Equation (4.9), an equivalent INAS density (Hoose and Möhler, 2012) can be
extracted.

�̃�𝑆,𝑋 = 𝜇𝑋

𝜋 𝐷2
𝑋

= 𝐻𝑋(𝑆𝑖, 𝑇 ) 𝜉(𝑇 ) 𝛼𝑋 𝑛𝐼𝑁,1,*

Ω𝑋,1,*
(4.10)

Herewith, a direct comparison with the framework developed in this work is possible.
Figure 4.2 shows the comparison of the equivalent INAS density of Phillips et al. (2008)
as implemented in the ART model (sPDA08) and the INAS density parametrization
from this work (U16) for dust and soot in immersion freezing mode as well as deposition
nucleation mode. For immersion freezing the sPDA08 scheme shows a discontinuity at
243 K. This is due to the simplified reference aerosol spectrum from Phillips et al. (2007)
implemented for the Phillips scheme in the ART model. Compared to the sPDA08
scheme, the U16 framework predicts higher INAS densities below 243 K for both aerosol
types. For BC aerosol the U16 framework yields smaller INAS densities above this
temperature, whereas for dust the U16 frameworks shows higher values between 243 K
and about 255 K and smaller values above 255 K. In general, the sPDA08 scheme shows
a much flatter slope meaning a weaker temperature dependency compared to the U16
framework.
In deposition nucleation mode the differences between both frameworks are even more
obvious. Within the atmospherically relevant temperature range, the sPDA08 scheme
shows much lower INAS densities compared to the U16 framework. Furthermore, the
sPDA08 scheme does not show u -shaped isolines as predicted by U16. Because of the
shape of the isolines, the sPDA08 scheme yields significant INP concentration for soot

4Continuous Flow Diffusion Chamber
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(a) immersion freezing

(b) deposition nucleation

Figure 4.2.: Comparison of the INAS density parametrization developed in this study
(U16) and the equivalent INAS density parametrization of Phillips et al. (2008) as
implemented in the COSMO- ART model (sPDA08). The upper panel shows the
comparison for immersion freezing, the lower panel for deposition nucleation. For
deposition nucleation isolines of 𝑛𝑆 are shown, where the small colored numbers indicate
the exponent 𝑥 of 𝑛𝑆 = 10𝑥 m−2.

only near water saturation. However, because of the small INAS densities obtained from
the sPDA08 scheme below 𝑇 ≈ 220 𝐾 and above 𝑆𝑖 ≈ 1.6, homogeneous nucleation of
solution droplets would be more likely.
Based on the INAS density framework developed in Chapter 3.2 and summarized in
Figure 4.2, the INP number concentration can be easily calculated - if the dust and
soot surface area is provided in size bins - via

𝑛𝐼𝑁𝑃 (𝑇, 𝑆𝑖) =
∑︁

𝑗

𝑛𝑑𝑢𝑠𝑡,𝑗(1 − exp (𝑛𝑆 𝑆𝑑𝑢𝑠𝑡,𝑗))

+
∑︁

𝑙

𝑛𝑠𝑜𝑜𝑡,𝑙(1 − exp (𝑛𝑆 𝑆𝑠𝑜𝑜𝑡,𝑙)) . (4.11)
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Where 𝑗 is the index of the dust mode and 𝑙 the index of the soot mode. 𝑛𝑋 is the
number concentration and 𝑆𝑋 is the surface area for dust or soot. In case of the
COSMO- ART model the dust aerosol has three modes (see Tab. 4.2). For soot the
modes for pure soot and the secondary mixed particles containing soot (see Tab. 4.2)
are summed up to one mode with median diameter and geometric standard deviation
from the pure soot mode. The surface area concentration 𝑠 is calculated from the aerosol
number size distribution (Eqn. (4.2)) via the Hatch- Choate conversion (Heintzenberg,
1994)

𝑠𝑗 = 𝜋 𝑛𝑗 exp
(︁
2 ln 𝑑𝑛,𝑗 + 2 ln2 𝜎𝑔,𝑗

)︁
. (4.12)

Where 𝑑𝑛,𝑗 is the median diameter of the number size distribution and 𝜎𝑔,𝑗 is the
geometric standard deviation of mode 𝑗. 𝑠𝑗 and 𝑛𝑗 are the surface area concentration
and number concentration, resp.
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4.2. Field Campaign MACPEX

4.2.1. Scientific Goal and Instrumentation

The NASA Mid- latitude Airborne Cirrus Properties EXperiment (MACPEX) campaign
was dedicated to determine the microphysical properties of ice crystals in mid-latitude
cirrus clouds. Especially, the occurrence and influence of small ice crystals and the
contribution of aerosol particles as INP in cirrus clouds was addressed. During the
campaign in March and April 2011 the NASA science aircraft WB-57F started from
Ellington Field/ Texas, U.S. on 14 science flights in synoptic and anvil cirrus clouds
over south central U.S.
In order to accomplish the scientific goals of the campaign, the WB-57F was equipped
among others with instruments measuring ice particle size, habit and residuals, aerosol
concentration and composition, and water vapor concentration. These instruments used
for the following comparison are briefly described.
The meteorological situation in terms of pressure, temperature and wind was measured
with the Meteorological Measurement System (MMS) (Scott et al., 1990). For the
determination of the water vapor content several instruments were flown, but the
Harvard Water Vapor (HWV) is used in this study because it provided the most
continuous data. The HWV instrument is a combination of a Lyman-𝛼 photofragment
fluorescence instrument and a tunable diode laser direct absorption instrument. It is
designed to determine the water vapor volume mixing ratio (VMR) (Weinstock et al.,
2009). The aerosol size distribution and total aerosol concentration were measured
by two instruments: the Focused Cavity Aerosol Spectrometer (FCAS) II and the
Nuclei-Mode Aerosol Size Spectrometer (NMASS). The FCAS II instrument measures
the size of particle in the range from about 100 nm to about 2000 nm passing a laser
beam in an optical cavity (Jonsson et al., 1995). The NMASS instrument consists of 5
parallel Condensation Nuclei Counters (CNC) and measures the size-resolved aerosol
concentration for particles ranging between 4 nm and 60 nm (NASA, 2012a). Especially
for the BC/ soot aerosol, a Single Particle Soot Photometer (SP2) was equipped. The
SP2 instrument delivers the BC mass concentration of either pure BC as well as internally
mixed BC particles in the size range of 90 nm to 600 nm volume- equivalent diameter
(Schwarz et al., 2006). A laser beam inside the SP2 heats up passing particles and
evaporates non-refractory coatings. Further laser heating lets the BC cores emit thermal
radiation which is correlated to the BC mass. The Particle Analysis by Laser Mass
Spectrometry (PALMS) instrument measures the chemical composition of particles.
The sampled particles can be either aerosol particles or residuals of ice particles. The
particles of 0.2 𝜇m ≤ 𝑑𝑝 ≤ 3 𝜇m are desorbed and ionized with a laser and characterized
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with a time-of-flight mass spectrometer (Thomson et al., 2000; Cziczo et al., 2006). Also
the ice particle size distribution and ice particle concentration are measured by several
instruments. The Video Ice Particle Sampler (VIPS) and the Small Ice Detector (SID) 3
detect ice crystals up to a diameter of 200 𝜇m. The VIPS collects continuously particles
on a loop belt coated with silicon oil and images these particles, whereas the SID3
detects the scattering intensity of a particle passing a laser beam. Larger ice crystals and
snow particles are detected with the High Volume Precipitation Spectrometer (HVPS)
and the 2D-S Stereo Probe. The 2D-S uses two orthogonal laser beams to image the
two- dimensional shadow of the particles passing a cross section of the two laser beams
(Lawson et al., 2006b). From the shadows particle size and habit are determined. The
HVPS uses the same mechanism but a larger detection volume. Therefore, combined
measurements of 2D-S and HVPS can probe particles with diameters from 10 𝜇m up
to about 2 cm (NASA, 2012a). Because of the detection method of the VIPS and the
2D-S/ HVPS the given diameter is an area- equivalent geometric diameter. However,
SID3 measures an optical diameter (Vochezer et al., 2016).

4.2.2. Main Scientific Findings

Apart from the numerous publication about instrument improvements and measurement
data from the MACPEX campaign (e.g. Cziczo and Froyd, 2014; Schmitt et al., 2016),
modelling studies are much scarcer. Studies by e.g. Krämer et al. (2016); Kienast-
Sjögren et al. (2015) used the in- situ data from the MACPEX field campaign to validate
their modelling results. Jensen et al. (2013), however, used the data sets to initialize
a model simulation. The objective of this work was to determine the influence of
heterogeneous ice nucleation on the physical properties of cirrus clouds. Therefore,
Jensen et al. (2013) analyzed the measured ice number concentration for the synoptically
driven cirrus cloud cases and found a good agreement between VIPS and 2D-S instru-
ment. In the case of synoptic cirrus clouds probed during the MACPEX campaign, ice
number concentrations of less than 1000 L−1 were observed. Ice number concentration
larger than 20 L−1 were predominantly found in the upper part of cirrus clouds where
homogeneous ice nucleation dominates. Concentration lower than 20 L−1, on the other
hand, were observed in the lower part of cirrus clouds and suggest the presence of
heterogeneous ice formation. In order to determine the contribution of heterogeneous
ice nucleation to the observed ice number concentration, Jensen et al. (2013) simulated
with the 1D CARMA5 model the formation and evolution of cirrus clouds driven by
the temperature and vertical velocity profiles from the aircraft measurements. In
comparison to the observed ice number concentration, pure homogeneous ice nucleation

5Community Aerosol and Radiation Model for Atmospheres
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underestimated the ice number concentration at temperatures between 225 K and 235 K.
Below this temperature, the modelled and measured ice number concentrations were
in good agreement. The authors included subsequently heterogeneous ice nucleation
assuming INP concentrations of 20 L−1 and 100 L−1. In both cases, heterogeneous ice
nucleation contributed most at temperatures above 225 K referring to the lower part of
the cirrus cloud. However, homogeneous ice nucleation was not suppressed even for the
high INP contribution.
These findings are in agreement with mass spectrometric analysis of residuals of ice
particles sampled in cirrus clouds. Using the PALMS instrument aerosol particles
sampled near-cloud and ice residuals sampled inside the cloud were analyzed. By
comparing both measurements, Cziczo et al. (2013) found that 94 % of all cirrus clouds
probed during 4 aircraft field campaigns (incl. MACPEX campaign) were formed by
heterogeneous ice nucleation. The predominant particle class observed as IRP were
mineral dust particles without a significant coating (Cziczo et al., 2013). Soot/ BC/ EC
particles as well as biological particles were not found neither as background aerosol nor
as IRP. The lack of soot/ BC/ EC particles is in contrast to other aircraft measurement
campaigns (e.g. Twohy and Poellot, 2005; Pratt et al., 2009) or in- situ measurements
at mountain top (e.g. Kamphus et al., 2010).
Nevertheless, the dominance of heterogeneous ice nucleation is also supported by the
measured 𝑅𝐻𝑖 from the HWV instrument. The (normalized) frequency of 𝑅𝐻𝑖 exceed-
ing 120 % is less than 5 % (Cziczo et al., 2013). Finally, Cziczo et al. (2013) suggested
that the low ice number concentrations (less than 100 L−1) also indicates the dominance
of heterogeneous ice nucleation.
In the following chapter, one day of the MACPEX campaign is chosen where hetero-
geneous ice nucleation was found to be the predominant nucleation mechanism. The
measurement data of this day will be compared to modelling results of this day.
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4.3. Case Study
As recapitulated in the previous chapter, Jensen et al. (2013) used a 1D model in
order to investigate the contribution of heterogeneously formed ice to the total ice
concentration measured in synoptic cirrus clouds during the MACPEX campaign. Here,
the newly developed parametrization framework is used to investigate this in the 3D
mesoscale model COSMO- ART (see Ch. 4.1). In a case study the model results and
aircraft measurements from one flight during the MACPEX campaign will be compared.
For the presented case study a synoptically driven cirrus cloud on the 13th April 2011
over western Texas, U.S. and northern Mexico was selected. This cloud system was
chosen, because a robust data base for IRP is available and suggests the dominance of
heterogeneous ice formation (Cziczo et al., 2013).
The aircraft took off at 17.05 UTC north-westward up to an height of about 14.6 km.
At 18 UTC the aircraft reached the tail of the cirrus system and descended into cirrus
tops at about 10.5 km altitude. At 20 UTC the aircraft ascended again and returned to
Ellington Field (see Fig. 4.3).

Figure 4.3.: Flight path of the research aircraft on 13th April 2011 (from NASA, 2012b).
The color indicates the time-dependent altitude of the aircraft shown in the little picture
in the upper right corner.

4.3.1. Meteorological Situation

On the 13th April 2011 a strong low pressure system south of the Alaskan- peninsula
and a high pressure system over central north Mexico lead to a south- west flow from
the Pacific Ocean over the Rocky Mountains (see Fig. 4.4(a)). On the leeward side
a cirrus cloud started to form in the afternoon UTC (local time: UTC -6) (see Fig.
4.4(b)). As typical for this weather situation, no precipitation was observed.
Figure 4.5 shows vertical profiles of the temperature and relative humidity wrt. water
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(a) Reanalyis map at 500 hPa pressure level at 12
UTC.

(b) Analyzed satellite image at 14.45 UTC.

Figure 4.4.: Maps of the meteorological situation on the 13th April 2011 over North
America. (a) reanalysis map at 500 hPa pressure level (Colorado State University, 2011)
with marked low and high pressure system causing south- west flow into south- central
U.S. (b) satellite image (figure courtesy of Karl Froyd, NOAA, Boulder/ U.S.; personal
communication) showing the start of the cloud formation. The yellow arrows show the
wind direction and velocity and the red framed contours show the relative humidity.

from radio soundings started at three different locations in the measurement region (see
Fig. 4.5(a)). The radio sounding at Ellington Field (green line) started at 20.05 UTC,
whereas at Midland (reddish lines) and at Del Rio (blueish lines) the radiosondes
started at 00 UTC on 12th April and 12 UTC on 13th April. From the temperature
profile all soundings show an approximate height of the tropopause at about 15 km.
The 𝑅𝐻𝑖 profile shows an increase in relative humidity over daytime and late evening.
Furthermore, the profiles from the daytime and late evening show a sharp increase in
𝑅𝐻𝑖 at about 10 km which is likely due to the formation of the cirrus cloud.
Southern U.S. and especially Texas was afflicted by a drought which started in fall
2010 (Nielsen-Gammon, 2011). This unprecedented drought boosted the frequency of
wildfires in the spring wildfire season leading to more than 3200 counted wildfires only
in Texas and only in April 2011 (Jones et al., 2011).

4.3.2. Model Setup

For the case study the model was set to have a horizontal resolution of 0.0625° (≈ 7 km),
40 vertical layers reaching a height of 22700 m and a time step of one hour. The model
domain (Fig. 4.6) covers an area between -104°E to -93°E and 20°N to 36°N, resulting
in 176 × 112 gridpoints (see Eqn. (4.1)). The simulation started at 00 UTC on 12th
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(a) Map of the location of the radio sound-
ings shown in (b) and (c).

(b) (c)

Figure 4.5.: Map and vertical profiles of radio soundings at Ellington Field (green)
started at 20.05 UTC (data obtained from NASA, 2012b), Midland (red: 12th April 00
UTC, orange: 13th April 12 UTC) and Del Rio (blue: 12th April 00 UTC, cyan: 13th
April 12 UTC) (data obtained from University of Wyoming, 2011).

April 2011 and ended at 00 UTC on 14th April 2011 in order to cover the time of
formation until start of depletion of the cloud system.
The simulation was driven by data from the GME global model of the German weather
service. The initial and boundary data for the ART module was provided by MOZART6-
4 data (Emmons et al., 2010). MOZART is a global chemical transport model for the
troposphere and provides 85 gas phase species and 12 bulk aerosol compounds. For
the present study only the gas phase species were used and pre- processed to match
the name conventions of ART (see Tab.7 in Emmons et al., 2010). The anthropogenic
emissions were given by the EDGAR7 HTAP version 1 data set (Janssens-Maenhout
et al., 2012). This harmonized global, gridded, air pollution emission data set is based
on national emission inventories and reports the emissions for the years 2000 to 2005.
The data set includes ozone precursor gases (CH4, NMVOC, CO and NOx), acidifying
gases (SO2 and NH3) as well as particular matter (PM10, PM2.5, BC and OC). Same as

6Model for OZone And Related chemical Tracers
7http://edgar.jrc.ec.europa.eu/
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Figure 4.6.: Map of the model domain for the case study. The domain covers the area
from -104.0 °E to -93.0°E and from 29.0°N to 36°N with a spatial resolution of 0.0625°.
The area included in the red dashed box is a sub- domain picked for data evaluation.

for the MOZART data set, the data set had to be pre- processed in order to rename
the species and distribute the NMVOC class to gas phase species used in the ART
module (Dominik Brunner, EMPA, Dübendorf/ Switzerland; personal communication).
Furthermore, the given NOx emissions were first classified by traffic and non- traffic
emissions according to their UNFCCC8 category. Afterwards, the NOx emissions from
traffic were apportioned to 90 % NO and 10 % NO2 (Knote, 2012), whereas the non-
traffic NOx emissions were apportioned to 83 % NO and 17 % NO2 (Grice et al., 2009).
Biogenic emissions were evaluated from land cover classifications given by the GLOBAL
Land Cover (GLC) data set for the year 2000 and the Fraction of Vegetation COVER
(FCover). For local dust emissions the Harmonized World Soil Database (HWSD) was
used. Non- regional dust emissions were taken into account using a global ICON-ART
(Rieger et al., 2015) simulation started on the 1st April 2011 and ran until the 15th
April 2011 with a resolution of about 40 km. This simulation showed a significant dust
transport over the northern Pacific Ocean into the westerly part of the U.S. (see Fig.
4.7).
In spring 2011 a lot of wildfires in and around the model domain were detected
and increased the aerosol load (Daniel J. Cziczo, MIT, Cambridge/ U.S.; personal
communication). HYSPLIT9 forward trajectories started on 12th April 2011 at 12 UTC
show that also air from wildfire regions in north and north-west Mexico reach the model
domain (see App. B). However, in the model only local biomass burning emissions
can be treated using the Global Fire Assimilation System (GFAS) Version 1 data set
provided by the ECMWF. The data set includes emissions of trace gases as well as
particular matter from the smoke. Analogous to the EDGAR HTAP v1 data set, the

8United Nations Framework Convention on Climate Change
9http://ready.arl.noaa.gov/hypub-bin/trajtype.pl?runtype=archive
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Figure 4.7.: Coarse mode dust at 8 km height on 13th April 2011 at 12 UTC simulated
with ICON-ART. The other dust modes are shown in Appendix B. The red rectangle
indicates the model domain.

NOx emissions from biomass burning were apportioned to 90 % NO and 10 % NO2.
Furthermore, the OC and PM2.5 emissions were apportioned to 90 % Accumulation
mode and 10 % Aitken mode (Carolin Walter, KIT, Karlsruhe/ Germany; personal
communication).
Table 4.3 summarizes all input data sets used for setting up the model. In order to
compare the model results with the in-situ measurements in a good way a sub- domain
lying in the upper left corner of the model domain is used for the model data averaging
(see Fig. 4.6). Furthermore, unless otherwise stated the model data is averaged over
four hours from 18 UTC until 22 UTC.

4.3.3. Comparison to Default Parametrization Framework

First the new parametrization framework (U16) (Ch. 3.2) was tested against the
implemented COSMO- ART default framework based on Phillips et al. (2008) (sPDA08).
Therefore, the model setup as described above was run once with the U16 framework
and once with the sPDA08 scheme.
The cloud occurrence and cloud structure are almost the same in both cases. This is due
to the fact that the cloud ice formation is dominated by homogeneous ice nucleation as
shown in Figure 4.8. Note that these profiles show the ice number concentration freshly
formed in one time step and not the total ice number concentration. The contribution
of homogeneous ice nucleation is reduced for the U16 framework only a little in the
upper part of the cloud. However, heterogeneously formed ice concentration is much
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Table 4.3.: Data sets used to set up the COSMO-ART model for the case study.
input data set reference
initial and boundary
conditions of trace gas
species

MOZART-4 http://www.acom.ucar.edu/
wrf-chem/mozart.shtml

anthr. emissions EDGAR HTAP v 1 http://edgar.jrc.ec.europa.
eu/overview.php?v=htap_v1

surface properties GLC2000
FCOVER Konrad Deetz, KIT Karls-

ruhe/ Germany
HWSD

dust concentration ICON- ART Daniel Rieger, KIT Karls-
ruhe/ Germany

wildfire emissions MACC GFAS v 1.1 http://www.gmes-atmosphere.
eu/about/project_structure/
input_data/d_fire/

meteorological initial
and boundary condi-
tions

DWD GME Heike Vogel, KIT Karl-
sruhe/ Germany

more increased for the U16 framework across the whole cloud height. This was already
expected from the comparison of the INAS density in Chapter 4.1. Figure 4.9 shows
for both dust and soot a distinct increase in activated INP when sPDA08 scheme is
replaced by the U16 framework. Note that these profiles show the instantaneous INP
concentration for one time step, whereas in Figure 4.8 the total concentration is shown.
For the U16 framework the activated dust INP concentration is almost 3 orders of
magnitude higher than the concentration for the sPDA08 scheme. The activated soot
INP concentration is even 4 orders of magnitude higher.
However, homogeneous ice nucleation dominates the ice formation in both model
simulations. The sensitivity of homogeneous ice nucleation to aerosol load is discussed
and its robustness is tested in sensitivity studies (see Ch. 4.3.5).

4.3.4. Comparison to in-situ Measurements of Clouds and
Aerosols

For the following comparison of the measurements and model results, the measurement
data sets are averaged between about 18 UTC and 22 UTC excluding take off and
landing.
The cirrus cloud started to form in the early afternoon on the 13th April 2011. Fig-
ure 4.10 shows the Ice Water Path (IWP) from the model (left) and from GEOS-E

http://www.acom.ucar.edu/wrf-chem/mozart.shtml
http://www.acom.ucar.edu/wrf-chem/mozart.shtml
http://edgar.jrc.ec.europa.eu/overview.php?v=htap_v1
http://edgar.jrc.ec.europa.eu/overview.php?v=htap_v1
http://www.gmes-atmosphere.eu/about/project_structure/input_data/d_fire/
http://www.gmes-atmosphere.eu/about/project_structure/input_data/d_fire/
http://www.gmes-atmosphere.eu/about/project_structure/input_data/d_fire/
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Figure 4.8.: Vertical profile of homogeneous (solid lines) and heterogeneous (dashed
lines) ice number concentration freshly formed in one time step. The blue line shows
the model results using the sPDA08 framework and the red line the model results using
the U16 framework.

Figure 4.9.: Vertical profiles of heterogeneous ice number concentration (left), dust
INP (middle) and soot INP (right). The blue line shows the model results using the
sPDA08 framework and the red line shows the model results using the new framework.

observation (right) at about 14 UTC. The cloud patterns especially in and right above
the northern edge of Mexico are in good agreement with the observed patterns in the
satellite image. However, the value of the IWP from the model is about one order of
magnitude smaller than the satellite- derived IWP values.
Therefore, the ice particle size distribution from the model (red line) is compared
to the measured ones from VIPS, SID3, 2DS and HVPS (see Fig. 4.11). The mea-
sured size distributions are in good agreement with each other. The SID3 instrument
showing the highest concentrations may overestimate the concentration of the smaller
particles because of shattering effects (Martin Schnaiter, KIT, Karlsruhe/ Germany;
personal communication). Also the VIPS instrument may overestimate the size and
the concentration due to scratches and impurities on the loop belt collecting the ice
particles (Carl Schmitt, NCAR, Boulder/ U.S.; personal communication). Further-
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(a) (b)

Figure 4.10.: Ice Water Path (IWP) from the COSMO- ART model at 14 UTC (left)
and from GEOS-E satellite observation (data obtained from NASA, 2011) at 13.45 UTC
on the 13th April 2011. The red rectangle in the right figure shows the model domain.

more, Jensen et al. (2013) found that the VIPS instruments may overestimates the
ice particle concentration for smaller particles in comparison to the 2DS instrument.
As suggested by Jensen et al. (2013), the first size bin of the 2DS measurement was
omitted. The larger particles detected by the 2DS and HVPS are predominantly bullet
rosettes typical for a synoptic cirrus (Lawson et al., 2006a). Note that the measured
diameters are not volume- equivalent diameters as given by the model. However, for
small ice particles (≤ 100 𝜇m) model and measurements are in reasonable agreement.
For the larger ice particles model and measurements disagree. These observed, large
ice particles might be formed by heterogeneous ice formation Jensen et al. (2013). If
heterogeneous and homogeneous ice formation take place, ice particles will be formed
first heterogeneously. These particles will also grow to the largest particles. Therefore,
the shown disagreement of the model and the measurement at larger particles sizes can
have two possible explanations: (1) the growth of the ice particles in the model is not
that efficient as suggested by the observations or (2) the ice particles in the model are
formed mainly by homogeneous ice nucleation. The latter reason would be the more
probable and is supported by the findings discussed the previous Chapter (see Fig. 4.8)
that homogeneous ice nucleation dominates the total ice number concentration.
However, IRP measurements suggest the dominance of heterogeneous ice nucleation
(Cziczo et al., 2013). Particles analyzed with the PALMS instrument were sampled
with a CVI10 inlet (Cziczo and Froyd, 2014) enabling the measurement of ice crystals
with diameters up to 70 𝜇m. Therewith, PALMS probes particles in the lower range

10Counterflow Virtual Impactor
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Figure 4.11.: Cloud ice and snow number concentration size distribution from model
(red) and aircraft measurements (blue: VIPS, light blue: 2DS, purple: HVPS (data
obtained from NASA, 2012b) and green: SID3 (data obtained from Martin Schnaiter,
KIT, Karlsruhe/ Germany; personal communication)). The gray shaded area is the
given uncertainty for the VIPS particle concentration.

of ice particle sizes. Before the IRP are analyzed with the PALMS instrument, within
the CVI inlet interstitial aerosol is rejected and the remaining particles are heated to
remove water. The averaged background particle composition (Fig. 4.12(a) right) is
compared with the averaged IRP composition (Fig. 4.12(a) left). For overall similar
composition and the predominance of sulphate/ organics IRP, the nucleation mechanism
is interpreted as homogeneous nucleation, otherwise as heterogeneous nucleation (Cziczo
et al., 2013).
On the 13th April 2011 the comparison of both compositions indicated heterogeneous
ice nucleation (Daniel Cziczo, MIT, Cambridge/ U.S. and Karl Froyd, NOAA, Boul-
der/ U.S.; personal communication). The INP concentrations from secondary mixed
particles without soot, mineral dust and soot (pure and internally mixed) were averaged
between about 8 and 12 km height corresponding to the height range of the aircraft. The
secondary mixed particles containing among others sulphate, nitrate and ammonium
(see Tab. 4.2) act as homogeneous INP and show the highest contribution to the
total ice nucleation. The PALMS measurements found a less distinct contribution of
sulphates-organics. Almost half of the probed ice crystals contained mineral dust parti-
cles, although mineral dust is not the predominant aerosol particle in the background.
The majority of the detected IR mineral dust particles were un- coated (Cziczo et al.,
2013). This finding supports the application of the derived parametrization framework
for uncoated mineral dust particles in this case study. In the model mineral dust was
also the predominant heterogeneous INP (Fig.4.12(a)). The most abundant background
aerosol particle class during the measurement campaign was biomass burning presum-
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(a)

(b)

Figure 4.12.: Composition of the INP from
(a) PALMS measurement in- cloud (left)
and background (right) (data obtained from
Daniel Cziczo, MIT, Cambridge/ U.S. and
Karl Froyd, NOAA, Boulder/ U.S.; personal
communication) and (b) model.

able from the wildfires in this area. However, only a small fraction of these particles
were also present as IRP. In contrast, EC particles were not present as IR particles. In
the model a small but significant contribution of soot to ice nucleation was found. The
soot in the model includes pure BC as well as internally mixed BC (see Tab. 4.2). Since
biomass burning particles are complex mixtures of OC, EC, trace gases and minerals the
contribution of soot (especially the internally mixed) to ice nucleation in the model is
not unreasonable. Note, mixtures of sulphate and organics, and sea salt may act as INP
when present as glasses or anhydrous salts (Cziczo et al., 2013). However, homogeneous
ice nucleation of supercooled droplets containing sulphate or sea salts is more likely and
therefore, can be interpreted as homogeneous “INP” in the piechart. Furthermore, the
class “uncategorized” in the PALMS piecharts includes organic-rich particles or particles
of sulphate/ organics/ nitrate mixtures (Cziczo et al., 2013) representing presumably
more homogeneous INP than heterogeneous INP.
In summary it can be stated that the observed fraction of homogeneous INP is not
negligible compared to the fraction of heterogeneous INP. Nevertheless, the model
shows much more homogeneous ice nucleation. The larger amount of homogeneously
formed ice in the model compared to the aircraft PALMS measurement has two possible
explanations. First, the derived parametrization framework might underestimate the ice
nucleation ability of mineral dust and soot particles. However, the desert dust particles
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used in the AIDA laboratory experiments represent a realistic mixture of minerals.
Therefore, the ability of mineral dust to nucleate ice is assumed to be parametrized
realistically. Furthermore, in Chapter 3.2 it was shown that the parametrized OC-poor
soot is more ice active than the OC-rich soot. Therewith, the ice nucleation ability of
the atmospheric soot is assumed to be rather overestimated than underestimated.

Figure 4.13.: Aerosol number concentration size distribution from FCAS II measure-
ments (red line, data obtained from NASA, 2012b) and model. The black dashed line
is the total aerosol size distribution from model, whereas the solid lines indicate the
different modes.

The more plausible explanation is that the model may underestimate the aerosol con-
centration. Figure 4.13 shows the measured (red) and modelled aerosol size distribution.
Unfortunately, the NMASS instrument measuring particles with diameters smaller
than 0.06 𝜇m was not operated on this day. No instruments were equipped to measure
aerosol particles larger than 1 𝜇m. The externally and internally mixed soot modes
dominate the total aerosol concentration below 0.05 𝜇m. Above 0.05 𝜇m the dust modes
dominate. The concentration of PM10 mode appears negligible. Overall an obvious
difference between model and in-situ measurement can be observed, although the FCAS
measurements cover only a small particle diameter range.
Nevertheless, the total soot number and mass concentration can be validated using
the measurements of the SP2 device. Figure 4.14 shows the vertical profile of the
soot number concentration and mass mixing ratio (mmr). The number concentration
from the model (red lines) is in very good agreement with the SP2 measurement (blue
line) assuming an average mass of 2 fg per BC particle (Joshua Schwarz, NOAA, Boul-
der/ U.S.; personal communication). The modelled mmr (red line) is consistent with
the measurement (blue line) up to an altitude of 6 km. Above 6 km the modelled profile
shows a sharp decrease up to an height of about 8 km. This reduction is due to the fact
that in the simulation, the particles emitted at the ground do not reach this altitudes
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(a) (b)

Figure 4.14.: Vertical profile of the soot/ BC (a) number concentration and (b) mass
mixing ratio. Blue lines are from SP2 measurement (data obtained from NASA, 2012b).
The red lines are from the model simulation and show the externally and internally
mixed Accumulation mode soot.

and therefore, the concentrations drop down to their numerical background level, which
was set in the model to 0.75 · 10−9 𝜇g m−3. In contrast to the dust, the inflow from
long- range transport can not be taken into account for soot, because soot is not yet
implemented into ICON- ART. Therefore, no data set of the amount of soot emitted
by long- range transport for initializing the model is available. However, the high mmr
measured by the SP2 in the upper troposphere is assumed to be due to the wildfires
occurring at this time and region of measurement.
Note that the model predicts the total mass of the externally and internally mixed soot
particles, whereas the SP2 instrument gives the mass of the BC core for particles of
90 to 600 nm in size. Assuming a coating of the particles, the SP2 instrument detects
BC- containing particles in the Accumulation mode size range. Therefore, only the
externally mixed soot and the internally mixed soot particles in the Accumulation mode
size range are shown in Figure 4.14. However, the model is not able to backtrack the
BC core particles in order to determine their original size. Nevertheless, the background
soot mass concentration of 0.75 · 10−9 𝜇g m−3 in the model seems to be too small.
Observations suggest mass concentration of about minimum 9 orders of magnitude
higher (e.g. Petzold et al., 1999; Schaap et al., 2004) than the mass concentration in the
ART module. Therefore, in order to obtain a better representation of the soot mass
concentration a sensitivity study was set up (see Ch. 4.3.5).
Note that the discrepancy between model and measurements is partly based on the
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exceptional weather conditions at the modelled time. The drought and the additional
wildfires in the season of the MACPEX campaign caused higher dust and soot/ BC
emissions. The long- term inventories of land cover, land use and aerosol/ trace gas
emissions driving the model are not necessarily representative for short- term effects
during the time of interest.
Figure 4.15 summarizes the modelled mean vertical profiles of aerosol, activated INP
and ice number concentration. Note that the shown ice number concentration (turquoise
line) as well as the aerosol concentrations are the total concentrations, whereas the INP
concentrations and the hom./ het. ice number concentrations showing instantaneous
concentrations only from one time step. Homogeneous ice nucleation dominates the

Figure 4.15.: Vertical profiles of aerosol, activated INP and ice number concentration
from the model. The turquoise line shows the total ice number concentration, whereas
the blue and dashed lines show the concentrations only from one time step.

cloud ice formation. Even though the dust concentration is much smaller than the soot
concentration, dust contributes most to heterogeneous ice nucleation. However, the
contribution of dust and soot to ice formation is not uniformly distributed neither in
the horizontal nor in the vertical (see Fig. 4.16).
Figure 4.16 shows the relative spatial fraction of homogeneously and heterogeneously
formed ice calculated via

𝑓 = hom. INP − het. INP
hom. INP + het. INP . (4.13)
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Figure 4.16.: Spatial fraction of homogeneous and heterogeneous ice (Eqn. (4.13)).
The black solid line shows the approximated flight path. On the top of the figures, 𝑚𝑙
indicates the model layer number and 𝑧 the altitude. Note that for model layers 10 and
11 the given altitude is the mean altitude of the domain.

That means, for 𝑓 = 1 (red color) pure homogeneous ice nucleation took place and for
𝑓 = −1 (purple color) pure heterogeneous ice nucleation took place. Only in model
layer 9, significant heterogeneous ice nucleation is taking place (see Fig. 4.16). In the
layers above the contribution is much smaller and confined to the cloud edges. This
finding might be explained by entrainment of dry air and therewith a lower relative
humidity wrt. ice which is more favorable to heterogeneous ice nucleation.
Dust INP dominate the simulated heterogeneous ice nucleation across the cloud (see
Fig. B.3 in Appendix). However, above about 12 km the soot particles seem to be more
contributing to ice nucleation. One simple explanation for this might be the high soot
concentration and the decreasing dust concentration in this altitudes in the model (see
Fig. 4.15). However, the small dust number concentration compared to the soot number
concentration is not in agreement with vertical profiles measured by PALMS/ SP2.
Figure 4.17 summarizes the vertical profiles of the aerosol number concentration. The
solid lines show measured profiles from PALMS and SP2, resp., whereas the dashed
lines show the modelled profiles. The dashed, purple line shows the profile of the
secondary mixed particles without soot contributing to homogeneous ice nucleation. In
contrast to the solid line from PALMS measurement, these mixed particles consist of
nitrate, ammonium, SOA and primary organics in addition to sulfate (see Tab. 4.2).
Assuming that sulfate is the predominant component of this mixture, the profiles are
consistent. The concentration of biomass burning particles is comparable to the sulfate.
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Figure 4.17.: Vertical profile of aerosol from aircraft measurement (solid lines) and
model (dashed lines). The profile of BC was evaluated from the SP2 measurement on
the 13th April 2011. The other measured profiles were evaluated from the PALMS
measurements averaged over the whole campaign (Karl Froyd, NOAA, Boulder/ U.S.;
personal communication). The modelled profile of soot contains the externally as well
as the internally mixed modes. The dashed purple line indicates the homogeneous INP
profile from the model (see Tab. 4.2).

However, in Figure 4.12 it was shown that these particles seem to be not ice active
in cirrus altitudes. This is in agreement with laboratory measurements with biomass
combustion particle (e.g. DeMott et al., 2009). The worst agreement is found for dust
particles. Between 5 km and 12 km height, both dust profiles deviate by a factor of
about 100. The profiles of soot number concentration agree very well, whereas the mass
mixing ratio is not in agreement, as discussed previously. The last two findings might
indicate that the aerosol load in the modelled atmosphere is too small and motivated
the sensitivity studies discussed in the following.

4.3.5. Sensitivity Studies

In order to test the sensitivity of the model to more realistic (in this case measured)
aerosol concentrations, a number of sensitivity studies were conducted. Table 4.4 gives
an overview of the performed sensitivity studies discussed below. The questions to be
answered by this studies are: What is the influence on heterogeneous and homogeneous
ice concentration when adjusting the aerosol load to measured vales? and Is the resulting
INP partitioning in agreement with the measurements?.
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Table 4.4.: Overview of the sensitivity studies.
Number Adjustment

S1 Increasing the ICON- ART dust mode A number and mass concen-
tration by a factor of 100.

S2 Increasing the pure soot mass concentration background level from
0.75 · 10−9 𝜇g m−3 to 2 · 10−3 𝜇g m−3.

S3 Study combining S1 and S2.
S4 S3, but with reduced INAS density to account for soot with a

medium OC content.
S5 S3, but with reduced INAS density to account for soot with a high

OC content.

4.3.5.a. Simulation S1

For the first sensitivity study (S1) the smallest dust mode is adjusted in order to match
the concentrations given by the PALMS instrument. From Figure 4.17 a deviation
between the PALMS measured and the modelled profile by a factor of about 100 was
found. The dust concentration is initialized by ICON- ART simulations. Therefore, the
number and mass concentrations of the ICON- ART dust mode A are scaled up by a
factor of 100 such that the median diameter remains constant. As a first approximation,
the data was scaled uniformly over the whole time range, horizontal, and vertical.

(a) Control Simulation (b) Simulation S1

(c) Simulation S2

Figure 4.18.: Aerosol number size dis-
tribution (a) from control simulation
and (b) with scaling of ICON- ART dust
mode A concentration (Simulation S1)
and (c) with adjustment of the soot
background mass (Simulation S2).
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(a) Control Simulation U16
framework

(b) Simulation S1 U16 frame-
work

(c) Control Simulation
sPDA08 scheme

(d) Simulation S1 sPDA08
scheme

Figure 4.19.: Contribution of aerosol to ice nucleation using the U16 framework for (a)
the control simulation and (b) after scaling of the ICON- ART dust mode A concentration
(Simulation S1), and using sPDA08 scheme for (c) control simulation and (d) Simulation
S1.

As expected, the scaling of the smallest dust mode by a factor of 100 is also visible in
the number size distribution (see Fig. 4.18(b)). Because both number and mass were
scaled, the median diameter is kept constant. In comparison to the control simulation
the dust modes seem to be in better agreement with the FCAS in-situ measurement.
From the increase in dust concentration a higher contribution of dust to ice nucleation
is expected.
Figure 4.19(a and b) shows that the activated dust INP number concentration is
increased by more than a factor of 10, whereas activated soot INP and homogeneous
INP are decreased. This result seems to be in better agreement with the PALMS IR
composition shown above. The increase in activated dust INP is even higher for the
sPDA08 scheme (Fig. 4.19(c and d)), but the total contribution of dust INP to ice
concentration is still insignificant and much less than the contribution shown for the U16
framework. The vertical profiles of the activated INP concentrations (see Fig. B.4(a) in
Appendix) indicate that in simulation S1 homogeneous ice nucleation takes place only
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Figure 4.20.: Vertical profile of the accumulation mode soot/ BC mass concentration for
control simulation (red line), after adjustment of the soot background mass concentration
(red dashed line) and from SP2 measurement (blue line, data obtained from NASA,
2012b).

in the upper part of the cloud. The lower part is clearly formed by heterogeneous ice
nucleation on dust particles.

4.3.5.b. Simulation S2

As shown in Figure 4.14, the modelled soot mmr does not agree with SP2 measurements
above 6 km. Furthermore, the modelled soot mass concentration seems to decrease
down to a background level above 6 km. In the model, the background level of the
pure soot mode is set to 106 m−3 in number and 0.75 · 10−9 𝜇g m−3 in mass. This mass
concentration background level seems to be too small in this case study. Therefore, in
a second sensitivity study (S2), the background soot mass concentration is adjusted
to SP2 measurements. Because the modelled number concentration agrees well with
the SP2 data, the number concentration background level is not changed but used to
adjust the mass concentration background level. Adapting the mean BC core mass
of 2 fg from SP2 measurements (Joshua Schwarz, NOAA, Boulder/ U.S.; personal
communication), the lower limit of the pure soot mass concentration background level
was set to 2 · 10−3 𝜇g m−3.
The BC mmr after the adjustment agrees much better with the SP2 measurement above

6 km compared to the control simulation (see Fig. 4.20). The increase in soot mass
above 6 km also increases the activated soot INP fraction to about 90 % across the whole
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(a) U16 framework (b) sPDA scheme

Figure 4.21.: Contribution of aerosol to ice nucleation after adjusting the soot back-
ground mass (Simulation S2) using (a) U16 framework and (b) sPDA08 scheme.

cloud for the U16 framework (Fig. 4.21(a)). As for Simulation S1, homogeneous ice
nucleation only takes place in the upper part of the cloud (see Fig. B.4(b) in Appendix)
e.g. at higher ice saturation ratio and lower temperature. For the sPDA08 scheme,
the increase in activated soot INP is also significant (Fig. 4.21(b)). However, the
total contribution of soot to ice nucleation is still low similar to the dust in Simulation
S1. This behaviour was already expected from the comparison of the INAS density
parametrizations. In Chapter 4.1 the INAS density parametrization for soot particles
from the sPDA08 scheme indicated that significant heterogeneous ice nucleation on
soot particles takes place for conditions more favorable for homogeneous ice nucleation.
Therefore, homogeneous ice nucleation still dominates the ice formation for the sPDA08
scheme, whereas homogeneous ice nucleation is almost inhibited in the case of the U16
framework.

4.3.5.c. Simulation S3

However, the high contribution of soot to ice formation for the U16 framework appears
unrealistic. Therefore, a combined simulation (S3) with both adjustments (S1 and S2)
was performed.
For the sPDA08 scheme, homogeneous ice nucleation still dominates the ice formation,
whereas for the U16 framework homogeneous ice nucleation is almost completely
suppressed. Furthermore, homogeneous ice nucleation seems to taking place exclusively
in a narrow layer in the middle of the cloud (see Fig. B.4(c) in Appendix). For the
U16 framework the contribution of soot to ice formation is damped in comparison to
Simulation S2 (Fig. 4.22(a)). However, the contribution of soot to ice formation is still
higher than observed. The reason for that could be the higher ice nucleation activity
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(a) U16 framework (b) sPDA08 framework

Figure 4.22.: Fractions of INP after scaling of the ICON- ART dust mode A and the
soot background mass concentration (S3) using the (a) U16 framework and (b) sPDA08
scheme.

of soot in comparison to dust for temperatures above 220 K as discussed in Chapter
3.2.2.c.
The total ice number concentration decreases from about 140 L−1 down to 61 L−1.
This lower ice number concentration also indicates the dominance of heterogeneous ice
nucleation (Cziczo et al., 2013) and is in better agreement with the measurements of
VIPS and 2DS (67.7 L−1 and 98.7 L−1, resp.)

4.3.5.d. Simulations S4 and S5

From the laboratory studies at the AIDA cloud chamber, a parametrization of the INAS
density for soot with a low OC content was found. Soot with a higher OC content
showed a weaker activity in comparison. But because of a too small data set for OC-rich
soot (see Fig. 3.8(b)) a similar parametrization was not possible. However, from the
measurements a scaling factor 𝜉 for the INAS density parametrization function (Eqn.
(3.11)) could be estimated:

𝑛𝑆(𝑇, 𝑆𝑖, OC-rich soot) = 𝜉 𝑛𝑆(𝑇, 𝑆𝑖, soot) (4.14)

with 𝜉 =

⎧⎪⎨⎪⎩0.2, medium OC soot

0.01, high OC soot .

Therewith, two more simulations were ran with 𝜉 = 0.2 (S4) and 𝜉 = 0.01 (S5) in
order to test the sensitivity of the INP composition to the OC mass content of the
soot particles. Hence, more aged and internally mixed soot is simulated. Applying
this scaling factor significantly suppresses the contribution of soot INP to primary ice
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(a) Simulation S3 (b) Simulation S4 𝜉 = 0.2 (c) Simulation S5 𝜉 = 0.01

Figure 4.23.: Fractions of INP for Simulation S3 and for simulations with scaled INAS
density functions (S4 and S5).

formation (Fig. 4.23). However, suppressing the ice nucleation activity of the soot does
not again increase the fraction of homogeneous INP, but rather the fraction of dust
INP. In comparison to Simulation S3, the contribution of soot to heterogeneous ice
nucleation for Simulation S5 is in better agreement with observation.

4.3.6. Discussion of the Modelling Results

In previous studies investigating the ice nucleation in cirrus clouds the impact of hetero-
geneous ice nucleation on cirrus formation was discussed controversial. Some studies
proposed the dominance of homogeneous ice nucleation in cirrus altitudes (Gettelman
et al., 2010), others found reasonable impact of heterogeneous ice nucleation or even
the suppression of homogeneous ice nucleation (e.g. Kärcher et al., 2006; Jensen et al.,
2010; Spichtinger and Cziczo, 2010). Studies which found an influence recommended a
better representation of the heterogeneous ice nucleation and/ or INP activation spectra
(Jensen and Toon, 1997; Spichtinger and Cziczo, 2010). Therefore, the parametrization
framework presented in this work was developed in order to investigate the influence of
heterogeneous ice nucleation and of different aerosol types.
For the simulations using the U16 framework a depression of homogeneous ice nucleation
was observed. In particular, the increase in soot INP yielded to complete suppression
of homogeneous ice nucleation. Taking the same amount of soot, but assuming more
internally mixed/ aged soot resulted in an INP composition comparable to in-situ mea-
surements. Therefore, the performed sensitivity studies showed that the dominance of
homogeneous ice nucleation is mainly due to too low aerosol load in the model and not
due to overestimation of homogeneous ice nucleation within the ice nucleation module
of the COSMO- ART model (see Ch. 4.1). The strong sensitivity of the nucleation
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mechanism on the number of INP was also found in the global model simulations from
Barahona et al. (2010). The authors showed that an increase in dust and BC number
concentration by a factor of 2 changes the predominant nucleation mechanism from
pure homogeneous to pure heterogeneous. Thereby, a BC ice activated fraction of about
1 % is even enough to impact the cirrus formation (Barahona et al., 2010).
In contrast to findings using the U16 framework, the simulations with the default
parametrization scheme sPDA08 did not show the suppression of homogeneous ice
nucleation, although the sPDA08 was even more sensitive to increased aerosol concen-
trations compared to the U16 framework. Therefore, this behaviour seems to be not
caused by too less INP, but rather by too weak ice nucleation activity of dust and soot
aerosol predicted by the sPDA08 scheme. This finding was also noted by Curry and
Khvorostyanov (2012).
Because heterogeneous ice nucleation triggers at lower 𝑆𝑖 compared to homogeneous ice
nucleation, the threshold INP number concentration 𝑛𝑙𝑖𝑚 in the Barahona and Nenes
(2009b) scheme depends on the depression of 𝑆𝑖 due to heterogeneous ice formation.
However, in case of weak heterogeneous ice nucleation (as found for the sPDA08 scheme)
the depression of 𝑆𝑖 is also very small and hence, the threshold INP concentration 𝑛𝑙𝑖𝑚

would be higher compared to the case with stronger heterogeneous ice nucleation (as
found for the U16 framework) (see Barahona and Nenes, 2009b, Eqn. (29)).
Using the Phillips et al. (2008) scheme, Barahona et al. (2010) found that 96 % of
the total ice was formed by homogeneous ice nucleation resulting in the highest max-
imum 𝑆𝑖. These findings are in very good agreement with the results presented in
the previous sections. Although the predominant contribution of homogeneous ice
nucleation to cirrus ice formation is in agreement with previous modelling studies,
the results are in strong disagreement with findings from the measurement campaign
MACPEX (Cziczo et al., 2013; Jensen et al., 2013). Furthermore, the high values of
𝑠𝑚𝑎𝑥 centered around the homogeneous freezing threshold obtained from the simulation
with the sPDA08 scheme (see Fig. B.5 in Appendix) are in strong disagreement with in-
situ humidity measurements in cirrus clouds (e.g Cziczo et al., 2013; Krämer et al., 2009).

Barahona et al. (2010) compared the heterogeneous and total ice particle number
concentration of different heterogeneous ice nucleation parametrizations. The simula-
tions were performed with a global model using the Barahona and Nenes (2009a,b)
microphysics scheme. They found that the Phillips et al. (2008) scheme predicts higher
ice particle number concentration compared to the Meyers et al. (1992) scheme and a
CNT- based scheme. In contrast to this, the control simulations of the U16 framework
and the sPDA08 scheme done in this work predicted similar total ice number concen-
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trations (≈ 140 L−1). This was expected because both simulations were dominated by
homogeneous ice nucleation. However, in simulation S3 the total ice number concen-
tration predicted by the U16 framework decreased by nearly one order of magnitude
compared to its control simulation. The simulations with sPDA08 scheme did not show
this effect. The reduction of the total ice number concentration when heterogeneous ice
nucleation is present was also found in previous modelling studies (e.g. Barahona et al.,
2010; DeMott et al., 2010).

Modelling studies using multiple types of models and microphysic schemes pointed out
the importance of sedimentation (Spichtinger and Cziczo, 2010; Jensen et al., 2013)
and updraft velocity (Spice et al., 1999; Barahona and Nenes, 2009a) for the process of
heterogeneous ice nucleation. The COSMO- ART model used in this work takes into
account both. However, a flaw of the model is that the aerosol concentration is not
depleted after INP activation. This might lead to an overestimation of the amount of
heterogeneously formed ice (Prenni et al., 2007).
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5. Summary

The comprehensive data base from AIDA cloud chamber experiments of the last 11
years was used to develop a parametrization framework for immersion freezing and
deposition nucleation. The objective was to parametrize the ice nucleation ability in
terms of the Ice Nucleation Active Site (INAS) density for desert dust and soot, and
to develop the parametrization in a way extentable to other aerosol types. Also, the
INAS density approach developed for immersion freezing was extended to deposition
nucleation.
The previous AIDA data evaluation for calculating the INAS densities was improved
by two extensions. The first accounts for incomplete CCN activation of the aerosol,
which leads to a reduced aerosol surface area active in the immersion freezing mode
during the cloud expansion experiment. The second corrects for the reduction of the
total aerosol surface area immersed in the droplets due to the ongoing droplet freezing
in the course of an experiment. Because of these reductions of the aerosol surface area,
the INAS densities slightly increase compared to previously derived INAS densities.
In case of immersion freezing on desert dust samples collected from the ground in
desert dust areas, and samples collected from the surface after transport through the
atmosphere and deposition on the ground were used. Although the transport might
modify the ice nucleation ability by e.g. chemical coating, no significant deviation
in the ice nucleation ability of both desert dust samples was observed. Furthermore,
an exponential relation of the INAS density and the temperature was found and the
derived parametrization line represents immersion freezing of both freshly emitted and
transported desert dust. This parametrization is in good agreement with the earlier
study of Niemand et al. (2012) which used the same samples as this work.
For immersion freezing on soot, a graphite rich soot and a combustion soot with a
low organic carbon content were used. Heterogeneous ice nucleation could only be
observed during three out of nine experiments and only close to the detection limit of
the optical particle counter. Further cooling caused the supercooled droplets to freeze
homogeneously at a temperature of about 238 K. Because of the weak ice nucleation
ability, upper limit INAS densities were calculated by assuming the presence of five ice
particles during the time period when supercooled droplets were present. The existing
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parametrization line derived by Murray et al. (2012) was scaled to the obtained upper
limit INAS densities. This parametrization is in good agreement with the recently pub-
lished parametrization line of Schill et al. (2016), but deviates by 3 orders of magnitude
from previous studies.
For deposition nucleation on desert dust the same samples were used as for the immer-
sion freezing experiments. In contrast to the immersion freezing experiments, the desert
dusts collected after atmospheric transport showed a somewhat higher deposition ice
nucleation activity than the other samples. The reason for this tendency is unclear. For
deposition nucleation on soot combustion soot with a higher organic carbon content was
used next to the graphite rich and low organic carbon combustion soot. Ice nucleation
was observed at higher ice saturation ratios for the samples with a high organic carbon
content compared to samples with a low organic carbon content (<20 wt %).
In the deposition nucleation mode, u- shaped isolines of INAS density were found for
both soot and desert dust. Therewith, ice nucleation below water saturation and
temperatures below 240 K can be split into three subregimes. At warmer temperatures,
the INAS density isolines show a positive slope with a strong temperature dependency
maybe explainable with the pore condensation and freezing mechanism. Thereby, the
slope of the soot INAS density isolines is much steeper than for the desert dust. The
reason for this is unclear but might be explained by the differences in the pore structure.
At colder temperatures, the INAS density isolines show a negative slope as described
by the classical deposition nucleation theory. In the transition regime connecting both
regimes, ice nucleation is determined by ice saturation ratio alone.

In comparison to other parametrization frameworks based on CNT or empirical studies,
the framework presented in this work has the benefit of a small set of input parameters.
Therewith, the framework can be implemented into models more easily. The comparison
of the new framework with a CNT- based framework and an empirical framework showed
large differences in INAS densities especially below water saturation and therewith the
number of ice nucleating particles when applied in models.
The developed parametrization framework was implemented into the limited- area model
COSMO- ART. Within a case study of a synoptically driven cirrus cloud the model re-
sults were compared to aircraft measurements conducted at the time and the location of
the case study. At first, the new framework was tested against the default implemented
scheme and showed an increase in heterogeneously formed ice. In comparison to the
aircraft measurements a strong disagreement to the ice residual particle composition
was found, because the modelled aerosol number concentration was found to be several
orders of magnitude smaller than the measured concentrations. As a consequence,
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the model predicted much more homogeneous ice nucleation than measured by the
PALMS instrument. However, the new framework as well as the default parametrization
scheme and the PALMS measurement suggested mineral dust to be the predominant
heterogeneous ice nucleating particle.
The disagreements between model and in-situ measurement gave rise to perform some
sensitivity studies to test the influence of higher aerosol concentration in the model
atmosphere. It was found that the increase in soot background mass concentration as
well as the increase in dust concentration yielded to a aerosol size distribution better
agreeing with the measurements. Furthermore, using the new framework homogeneous
ice nucleation was almost suppressed as suggested by the aircraft measurements. In
contrast, the default parametrization scheme in the model still predicted the dominance
of homogeneous ice nucleation.
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6. Outlook

The developed parametrization framework covers the two major atmospheric aerosol
types, desert dust and soot, with a potentially high contribution to the abundance of
atmospheric ice nucleation particles (INPs) (Cziczo et al., 2013; Stier et al., 2005). Fur-
thermore, the framework is applicable for immersion freezing and deposition nucleation.
The developed parametrization framework was successfully tested for high aerosol
concentrations and cirrus cloud conditions. In order to validate the applicability of the
framework at other conditions further tests in other regions, for other cloud types (e.g.
mixed- phase clouds) and different aerosol loadings should be performed and compared
to field measurements (aircraft and ground- based). Since the long- range transport
of aerosol was not well represented in the shown case study, the model simulations
have to be repeated either by using more global model results as done for dust or by
nesting e.g. using the new global model ICON- ART. Thereby, the contribution of
heterogeneous ice nucleation should be compared to other recent heterogeneous ice
nucleation parametrizations (e.g. DeMott et al., 2015; Savre and Ekman, 2015; Phillips
et al., 2013) next to Phillips et al. (2008) scheme.
For the use in models the range of validity of the parametrizations has to be maximum.
Therefore, experiments on desert dust in immersion freezing mode at temperatures
below 245 K down to the homogeneous freezing temperature and above 255 K have to
be conducted to corroborate the parametrization. Especially for temperatures above
250 K, experiments with desert dust are needed since the observed differences to soil
dust are explained by organic matter (Tobo et al., 2014) being ice active at higher
temperatures. Below water saturation, recent AIDA measurements with desert dust
samples at cold cirrus temperatures will corroborate the parametrization for deposition
nucleation on desert dust.
Since the contribution of soot to ice formation in clouds is still controversial more
experiments on soot particles have to be performed. As suggested by Crawford et al.
(e.g. 2011); Möhler et al. (e.g. 2005b) and also found in this work, the OC content of the
soot strongly influences the ice nucleation efficiency. Therefore, (1) more experiments
with OC- rich soot has to be conducted in order to quantify the de- activation and
(2) experiments with atmospherically more relevant soot aerosol particles e.g. traffic
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and industrial soot or biomass burning exhaust have to be done. The latter is also of
interest in models since emission inventories driving the models provide emission data
sets especially for these aerosol types.
The developed parametrizations are limited to uncoated aerosol particles, although
many aerosols are transported for long distances and therewith possibly coated before
contributing to ice formation. Möhler et al. (2005a) found that below water saturation
soot coated with sulphuric acid is less ice active than uncoated soot. This was also found
for sulphuric acid and SOA coated mineral dusts (Cziczo et al., 2009; Möhler et al.,
2008). A quantification of the influence of coating on the ice nucleation efficiency (e.g. in
terms of a scaling factor as introduced in this work or an independent parametrization)
again would be useful for model applications. Therefore, an ongoing work analyzes
the effect of atmospheric coating on the ice nucleation activity of dust samples. This
analyses points out the need for more AIDA experiments on coated aerosol particles in
both immersion freezing mode and deposition nucleation mode.
One objective of the parametrization framework developed in this work was the pos-
sibility to extent this framework to other aerosol types. In the last 11 years, several
experiments with other atmospherically relevant aerosols like organics, sea salt or bio-
logical materials were done and could be used to extend the parametrization framework.
This extension would also be of interest in further modelling studies, since the IRP
measurements suggested a contribution of sea salt particles and biological materials to
ice formation (Cziczo et al., 2013; Pratt et al., 2009).
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B. Additional Figures

HYSPLIT Trajectories
NOAA HYSPLIT model forward trajectories to show the inflow of biomass burning
particles from wildfires into the model domain. The approximate position of the shown
wildfires (labeled by the star) was taken from NASA FIRMS Fire Mapper based on
MODIS measurements (NASA FIRMS (2012)).

Because of the south- western flow, wildfire emissions from northern Mexico were

(a) (b)

Figure B.1.: HYSPLIT forward trajectories started on 12th April 2011 12 UTC at (a)
26∘ N, −106.8∘ E and 2980 m ASL and (b) 29∘ N, −102∘ E and 1364 m ASL.

transported into the model domain. Local wildfire emissions were distributed over the
whole model domain and reach altitudes of up to 8 km.
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ICON-ART Dust Number Concentrations
In addition to Figure 4.7 showing the dust mode C mass concentration, dust mode A
and B mass concentrations are presented here.

(a) dust mode A (b) dust mode B

Figure B.2.: Dust mode (a) A and (b) B at 8 km height on 13th April 2011 at 12 UTC
simulated with ICON-ART.

Spatial Distribution of Soot-to-Dust INP Fraction
In addition to Figure 4.16 showing the fraction of homogeneous and heterogeneous INP
on different model layers, the following figure adds the fraction of dust and soot INP
on the same model layers.

Figure B.3.: Spatial fraction of soot and dust INP. Black solid line is the approximated
flight path. Small number above the single figures are the model layers from bottom to
top.
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Vertical Profiles of Ice Number Concentration, Activated INP Concentra-
tion and Aerosol Concentration for the Sensitivity Studies

(a) Simulation S1 (b) Simulation S2 (c) Simulation S3

Figure B.4.: Vertical profiles of aerosol, INP and ice number concentration for (a)
Simulation S1, (b) Simulation S2 and (c) Simulation S3 obtained from model simulation
with the U16 framework.

Probability Distribution of Ice Saturation Ratio

Figure B.5.: Relative frequency of 𝑆𝑖 during heterogeneous ice formation from simula-
tions using the (a) U16 framework and (b) sPDA08 scheme. The bluish bars show the
control simulation and the reddish bars Simulation S3.

Note that the bars in Figure B.5 are shown overlapped. That means that in Figure
B.5(b) the bars for both simulation are almost equal, whereas in (a) a distinct shift to
lower 𝑆𝑖 can be observed for Simulation S3.
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C. Correction of the Aerosol Surface
Area Concentration

C.1. Reduction due to incomplete CCN activation

As for some immersion freezing experiments in the AIDA cloud chamber not all aerosol
particles are activated to droplets, the aerosol surface area available for freezing is not
equal to the total surface area. Therefore, the total aerosol surface area has to be
reduced by the part which was not activated to droplets. Assuming that the largest
aerosol particles in the distribution activate first, then the CCN activated part of the
total aerosol size distribution is given by

𝑠𝑎𝑒 = 1√
2 𝜋

∫︁ ∞

ln 𝑑𝑝,𝑚𝑖𝑛

d ln 𝑑𝑝
𝑠𝑎𝑒,0

ln 𝜎𝑔, 𝑠
exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑠

)︁2

2 ln2 𝜎𝑔,𝑠

⎞⎟⎠ . (C.1)

The total aerosol surface area concentration 𝑠𝑎𝑒,0, and the appropriate median diameter
𝑑𝑝,𝑠 and geometric standard deviation 𝜎𝑔,𝑠 are obtained from the fit shown in Figure
??. Therefore, 𝑑𝑝,𝑚𝑖𝑛 is that aerosol particle diameter down to which the aerosol was
activated to CCN. However, because equation C.1 includes two unknown variables
(𝑑𝑝,𝑚𝑖𝑛 and 𝑠𝑎𝑒), a second equation is needed. From the measurements the CCN activated
fraction 𝑓𝑑 can be calculated. Hence, the number size distribution of the CCN activated
part of the aerosol size distribution is given by

𝑓𝑑 = 𝑛𝑑

𝑛𝑎𝑒,0
= 1√

2 𝜋

∫︁ ∞

ln 𝑑𝑝,𝑚𝑖𝑛

d ln 𝑑𝑝
1

ln 𝜎𝑔,𝑛

exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑛

)︁2

2 ln2 𝜎𝑔,𝑛

⎞⎟⎠ . (C.2)

Where 𝑛𝑑 is the droplet number concentration, 𝑛𝑎𝑒,0 the total aerosol number concen-
tration, and 𝑑𝑝,𝑛 and 𝜎𝑔,𝑛 the appropriate median diameter and geometric standard
deviation obtained from the fit. Note, that the median diameter and geometric standard
deviation are different from the surface area size distribution, because they are deter-
mined by two independent fit functions. By substituting the term in the exponential
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function, the above equation reduces to the standard normal distribution function
Φ(𝑥𝑚𝑖𝑛) with cutoff value 𝑥𝑚𝑖𝑛.

1 − 𝑓𝑑 = 1√
2 𝜋

∫︁ 𝑥𝑚𝑖𝑛

−∞
d𝑥 exp

(︃
−𝑥2

2

)︃
(C.3)

with 𝑥 := ln 𝑑 − ln 𝑑𝑝,𝑛

ln 𝜎𝑔,𝑛

Using standard mathematics programs (e.g. MatLab, IDL), the cutoff value 𝑥𝑚𝑖𝑛 can be
determined and therewith the minimum diameter for INP activation can be recalculated
by

𝑑𝑝,𝑚𝑖𝑛 = 𝑑𝑝,𝑛 exp (𝑥𝑚𝑖𝑛 ln 𝜎𝑔,𝑛) . (C.4)

By applying this diameter in Equation C.1 and substituting the term in the expo-
nential function in Equation C.1 analogous, the CCN activated aerosol surface area
concentration available for INP activation is given by the following equation.

𝑠𝑎𝑒 = 𝑠𝑎𝑒,0

(︃
1 − Φ

(︃
ln 𝑑𝑝,𝑚𝑖𝑛 − ln 𝑑𝑝,𝑠

ln 𝜎𝑔,𝑠

)︃)︃
(C.5)

C.2. Correction due to IN activation

In Section 3.1.3 the splitting of the ice nucleation interval in bins 𝑘 was described.
During each bin 𝑘 a certain number of aerosol particles activate to ice crystals and
therefore, is not available for further INP activation. Hence, the total aerosol surface
area concentration has to be reduced after each bin 𝑘 depending on the ice activated
fraction 𝑓𝑖. Assuming that the largest aerosol particles activate first, the non- activated
part of the total aerosol surface area size distribution in bin 𝑘−1 𝑠𝑎𝑒,𝑘, which is available
for ice nucleation in bin 𝑘 is given by

𝑠𝑎𝑒,𝑘 = 1√
2 𝜋

∫︁ ln 𝑑𝑝,𝑎𝑐𝑡,𝑘−1

−∞
d ln 𝑑𝑝

𝑠𝑎𝑒,0

ln 𝜎𝑔,𝑠

exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑠

)︁2

2 ln2 𝜎𝑔,𝑠

⎞⎟⎠ . (C.6)

Where 𝑠𝑎𝑒,0 is the total aerosol surface area concentration (if necessary, reduced due
to incomplete CCN activation, Ch. C.1) obtained from the fit to the measured size
distribution, and 𝑑𝑝,𝑠 and 𝜎𝑔,𝑠 the appropriate median diameter and geometric standard
deviation, resp. However, because equation C.6 includes two unknown variables (𝑑𝑝,𝑎𝑐𝑡,𝑘−1

and 𝑠𝑎𝑒,𝑘), a second equation is needed. From the measurements the INP activated
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fraction 𝑓𝑖 can be calculated. Hence, the number size distribution of the non- activated
part of the aerosol size distribution is given by

1 − 𝑓𝑖,𝑘−1 = 1 − 𝑛𝑖,𝑘−1

𝑛𝑎𝑒,0
= 1√

2 𝜋

∫︁ ln 𝑑𝑝,𝑎𝑐𝑡,𝑘−1

−∞
d ln 𝑑𝑝

1
ln 𝜎𝑔,𝑛

exp

⎛⎜⎝−

(︁
ln 𝑑𝑝 − ln 𝑑𝑝,𝑛

)︁2

2 ln2 𝜎𝑔,𝑛

⎞⎟⎠ .

(C.7)
Where 𝑛𝑖,𝑘−1 is the ice number concentration in bin 𝑘 − 1, 𝑛𝑎𝑒,0 the total aerosol
number concentration, and 𝑑𝑝,𝑛 and 𝜎𝑔,𝑛 the appropriate median diameter and geometric
standard deviation obtained from the fit. Note, that the median diameter and geometric
standard deviation are different from the surface area size distribution, because they
are determined by two independent fit functions. By substituting the term in the
exponential function, the above equation reduces to the standard normal distribution
function Φ(𝑥𝑎𝑐𝑡,𝑘−1) with cutoff value 𝑥𝑎𝑐𝑡,𝑘−1. Using standard mathematics programs,
𝑥𝑎𝑐𝑡,𝑘−1 can be calculated and the appropriate activation diameter for bin 𝑘 − 1 can be
recalculated.

𝑑𝑝,𝑎𝑐𝑡,𝑘−1 = 𝑑𝑝,𝑛 exp (𝑥𝑎𝑐𝑡,𝑘−1 ln 𝜎𝑔,𝑛) (C.8)

Applied in Equation (C.6), the available aerosol surface area concentration in bin 𝑘

additionally corrected for dilution is given by

𝑠𝑎𝑒,𝑘 = 𝑠𝑎𝑒,0
𝑝𝑘

𝑝0
Φ
(︃

ln 𝑑𝑝,𝑎𝑐𝑡,𝑘−1 − ln 𝑑𝑝,𝑠

ln 𝜎𝑔,𝑠

)︃
. (C.9)

Note that 𝑠𝑎𝑒,0 has to be corrected for incomplete CCN activation as described in the
previous section.
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List of Symbols and Abbreviations

Table C.1.: List and description of the symbols.

Symbol Description

𝐴 kinetic prefactor in CNT
𝑑*

𝑖 diameter threshold for separating ice from cloud droplets/ aerosol
particles

𝑑𝑝,𝑎𝑐𝑡,𝑘−1 INP activation aerosol diameter for time bin 𝑘 − 1 in 𝜇m
𝑑𝑝 median diameter of the aerosol size distribution in 𝜇m

𝑑𝑝,𝑚𝑖𝑛 CCN activation aerosol diameter in 𝜇m
𝑑𝑝 particle diameter, depending on the context particle means aerosol

or ice
Δ𝐺* maximum of difference in Gibbs Free energy before and after phase

transition
Δ𝑔𝑎𝑐𝑡 energy barrier for liquid to ice phase transition
𝑒𝑠,𝑋 saturation vapor pressure wrt water or ice (𝑋 = 𝑤, 𝑖)
𝑓 form factor

𝑓𝑑/ 𝑓𝑖 CCN and ice activated fraction, resp.
𝑓𝑁 , 𝑓𝑆, 𝑓𝑉 particle number/ surface area and volume size distribution

𝑗 ice nucleation rate in m−2 s−1

𝑘 index time bin
𝑘(𝑇 ) number of activated INP per unit aerosol surface and unit tempera-

ture interval
𝑘𝐵 Boltzmann constant (1.381 · 10−23 J K−1)
𝑙 index of particle size category

𝑚𝑝 particle mass concentration, depending on the context particle means
aerosol or ice

𝜇 shape factor for generalized Gamma distribution
𝜇𝑙

𝑘 k-th moment of size category 𝑙

𝑛𝑎𝑒, 𝑛𝑎𝑒,0 aerosol number concentration and 𝑛𝑎𝑒 measured by CPC at begin
expansion in cm−3
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Table C.1 Continued:

𝑛ℎ𝑒𝑡 number concentration of heterogeneously nucleated ice
𝑛ℎ𝑜𝑚 number concentration of homogeneously nucleated ice

𝑛𝑖 ice particle number concentration
𝑛𝑖𝑐𝑒 modelled ice crystal number concentration in m−3

𝑛𝐼𝑁𝑃 number concentration of ice nucleating particles in m−3

𝑁𝑝 particle number, depending on the context particle means aerosol
or ice

𝑛𝑝 particle number concentration, depending on the context particle
means aerosol or ice

𝑛𝑆 Ice Nucleating Active surface Site (INAS) density in m−2

𝑛𝑆,𝑘, 𝑛𝑆,𝑠𝑡𝑎𝑟𝑡 𝑛𝑆 for time bin 𝑘 and the first time bin
𝑛𝑆,𝑚𝑎𝑥 upper limit 𝑛𝑆 for soot immersion freezing

𝜈 shape factor for generalized Gamma distribution
𝑝𝑘, 𝑝0 chamber pressure for time bin 𝑘 and at start of expansion in hPa
Φ(𝑧) standard normal distribution function with cutoff value 𝑧

𝑆𝑎𝑒 aerosol surface area
𝑠𝑎𝑒 aerosol surface area concentration

𝑠𝑎𝑒,0, 𝑠𝑎𝑒,𝑘 aerosol surface area concentration at begin expansion and for each
time bin in 𝜇m2cm−3

𝑆𝑖 ice saturation ratio
𝑆𝑖,𝑘, 𝑆𝑖,𝑠𝑡𝑎𝑟𝑡 ice saturation ratio for time bin 𝑘 and the first time bin

𝑠𝑚𝑎𝑥 maximum ice saturation wrt. ice (Barahona and Nenes, 2009b)
𝑠ℎ𝑜𝑚 threshold ice saturation wrt. ice for homogeneous ice nucleation
𝜎𝑔 geometric standard deviation
𝑇 temperature in K

𝑇𝑘, 𝑇𝑠𝑡𝑎𝑟𝑡 temperature for time bin 𝑘 and for the first time bin in K
𝑇𝑑𝑟𝑜𝑝𝑙𝑒𝑡 temperature at start of droplet formation in K
𝑇𝑚𝑎𝑥 temperature for upper limit 𝑛𝑆

𝑇𝑠𝑡𝑜𝑝 temperature at stop of expansion in K
𝜃 contact angle between particle surface and droplet
𝑣𝑙 volume of a molecule in the liquid phase

𝛼, 𝛽, 𝛾, 𝜅, 𝜆 fit values for INAS density parametrization in deposition nucleation
mode
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Table C.2.: List and description of the abbreviations. Abbreviations of the desert dust
samples can be found in Table 3.1.

Abbreviation Description

AIDA Aerosol Interaction and Dynamics in the Atmosphere
APS Aerodynamic Particle Sizer
ART Aerosol and Reactive Trace gases
BC Black Carbon

BET Brunauer-Emmett-Teller (method to measure the surface area of
particles via gas adsorption)

(m)CAST (miniature) Combustion Aerosol STandard
CCN Cloud Condensation Nuclei

COSMO COnsortium for Small- scale MOdelling
CNT Classical Nucleation Theory
CPC Condensation Particle Counter
EC Elemental Carbon

FCAS Focused Cavity Aerosol Spectrometer
GSG Graphite Spark Generator

HVPS High Volume Precipitation Spectrometer
HWV Harvard Water Vapor
ICON ICOsahedral Nonhydrostatic

INAS (density) Ice Nucleation Active Site (density)
INP Ice Nucleating Particle

IR/ IRP ice residual and ice residual particle, resp.
IWP Ice Water Path

MACPEX Mid-latitude Airborne Cirrus Properties EXperiment
mmr mass mixing ratio

NMASS Nuclei-Mode Aerosol Size Spectrometer
OC Organic Carbon

PAH Polycyclic Aromatic Hydrocarbon
PALMS Particle Analysis by Laser Mass Spectrometry

PCF Pore Condensation and Freezing
PDF Probability Density Function
PSD Particle size Distribution
RBG Rotating Brush Generator
SID Small Ice Detector

SMPS Scanning Mobility Particle Sizer
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Table C.2 Continued:

SP2 Single Particle Soot Photometer
sPDA08 Phillips et al. (2008) parametrization scheme as implemented in the

ART module
VIPS Video Ice Particle Sampler
VOC Volatile Organic Compound
welas WhitE-Light Aerosol Spectrometer system
wt% weigth percentage, means fraction as percentage by mass
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