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Zusammenfassung

Die Eisbildung in Wolken hat einen groÿen Einuss auf den Wasserkreislauf und das globale
Strahlungsbudget. In der AIDA-Wolkenkammer wurden die Eisnukleationseigenschaften verschiedener, atmosphärisch relevanter Mineralstäube sowohl für den Immersions- als auch den Depositionsnukleationsmodus untersucht. Experimente mit einem standardisierten Staub (Arizona Test
Dust) dienten als Grundlage für eine sättigungs- und temperaturabhängige Parametrisierung zur
Beschreibung der Depositionsnukleation bei Temperaturen oberhalb von 220 K. Dieser Ansatz
wurde auch zur Beschreibung der Depositionsnukleationseigenschaften weiterer Mineralstäube verwendet. Die beobachtete Zeitabhängigkeit der Eisbildung war nur bei sehr kleinen Kühlraten relevant.
Experimente mit atmosphärisch relevanten Stäuben ergaben groÿe Unterschiede in den beobachteten Eisbildungsezienzen. Vulkanaschepartikel vom Eyjafjallajökull waren weniger eisaktiv als
Wüstenstaubpartikel. Hingegen waren fossile Diatome und Bodenproben von landwirtschaftlich
genutzten Flächen sehr viel ezientere Eisnukleatoren als Stäube aus Wüstenregionen. Die hohe
Eisnukleationsezienz, die bei den agrarisch geprägten Stäuben beobachtet wurde, ist vermutlich
auf organische Komponenten zurückzuführen, jedoch nicht primär auf lebende Organismen wie
Pilze oder Bakterien.
Der Einuss von Beschichtungen auf die Eisnukleationseigenschaften von Mineralstäuben wurde
für sekundär-organische Substanzen und Schwefelsäure untersucht. Sekundär-organische Komponenten führten zu einer Unterdrückung der Eisbildung, während für Schwefelsäure dieser Eekt
nur im Depositionsnukleationsmodus beobachtet wurde.
Das Immersionsgefrieren von Wassertropfen auf denierten Oberächen wurde für Silizium und
Muskovit als Mineralstaubsubstitut untersucht. Muskovit initiierte das Gefrieren von Wassertropfen
bereits bei Temperaturen um 250 K, war jedoch ein wesentlich inezienterer Eisnukleator als natürliche Wüstenstäube. Tropfen, die auf einer Siliziumoberäche platziert worden waren, gefroren im
Bereich der Temperaturschwelle des homogenen Gefrierens von Wolkentropfen. Durch das Erzeugen künstlicher Strukturen auf Siliziumoberächen lieÿen sich die Gefriereigenschaften dieses Materials signikant verändern, so dass die Oberächenmorphologie als ein Faktor identiziert werden
konnte, der die Eisnukleationsezienz von Aerosolpartikeln beeinusst.

Abstract

Ice nucleation in clouds has a signicant impact on the global hydrological cycle as well as on the
radiative budget of the Earth. The AIDA cloud chamber was used to investigate the ice nucleation
eciency of various atmospherically relevant mineral dusts.
From experiments with Arizona Test Dust (ATD) a humidity and temperature dependent ice nucleation active surface site density parameterization was developed to describe deposition nucleation
at temperatures above 220 K. Based on these results, a parameterization for deposition nucleation
initiated by desert dusts and clay minerals is proposed. The time dependence observed during the
deposition nucleation experiments with ATD seems to be relevant only at very small cooling rates.
Experiments with atmospherically relevant dust samples revealed large dierences in the ice nucleation eciencies among the dierent dusts. Volcanic ash emitted during the Eyjafjallajökull
eruption in 2010 proved to be slightly less ice-active than mineral dust particles from desert areas.
In contrast, soil dust particles rich in organic matter and fossile diatomite were very ice-active particles. For the soil dust particles, the soil organic matter is probably the reason for the enhanced
ice nucleation eciency compared to desert dusts which is, however, most likely not directly determined by viable organisms such as fungi or bacteria.
Coatings with secondary organic compounds led to a signicant deterioration of the ice nucleation
eciency observed for fossile diatomite in the immersion freezing and the deposition nucleation
mode. Deposition mode nucleation initiated by mineral dust particles was suppressed by coatings
with sulfuric acid whereas there was no eect on the immersion freezing properties.
The immersion freezing properties of several substrates used as ice nuclei substitutes were investigated with a cold stage setup. Muscovite initiated heterogeneous ice nucleation at approximately
250 K but was much less ice-active than mineral dusts. Droplets placed on silicon wafers froze
only close to the homogeneous freezing threshold. The freezing properties of these silicon wafers
could be changed signicantly by modifying the wafer surface through adding regular structures
such as trenches which suggests that the surface morphology may have an inuence on the ice
nucleation eciencies of atmospheric particles.
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Chapter 1

Introduction

Aerosol particles such as sea salt or mineral dust are suspended in the layers of the lower
and upper troposphere and have a signicant inuence on atmospheric processes, and
thus on global climate (Pruppacher and Klett, 1997). Furthermore, they also inuence
biogeochemical processes in the ocean and interact with the biosphere (Pöschl, 2005;
Seinfeld and Pandis, 2006; Mahowald et al., 2011).
Aerosol induced climate eects are mitigated through the interaction between aerosol
particles and the incoming solar radiation as well as through aerosols inuencing clouds.
During the last decades, aerosol-cloud-interaction processes and dierent sources of atmospheric aerosols have received increasing interest from the atmospheric sciences community. The importance of gaining a better understanding of how aerosol particles may
impact global climate was especially highlighted by the 4th assessment report of the IPCC
issued in 2007 (Forster et al., 2007).

In the next section, sources of the most abundant aerosols are described, followed by
a brief discussion of the pathways of interaction between aerosols and clouds with a focus
on the ice nucleation in clouds initiated by mineral dust particles and clay minerals. The
last part of this chapter is dedicated to an outline of the goals that were pursued within
this thesis project.

1

1.1 Atmospheric aerosol
Dierent sources contribute to the atmospheric aerosol loading which consists of liquid
and solid particles. Solid aerosol particles are emitted from land sources as well as from
the oceans (Pöschl, 2005; Seinfeld and Pandis, 2006; Mahowald et al., 2011). Aerosol
emissions are characterized by a considerably high spatial and temporal variability. Model
simulations suggest than mineral dust and soot particles are the most numerous aerosol
species in the atmosphere (Hoose et al., 2010). In terms of mass, natural aerosols such
as mineral dust and sea salt make up most of the aerosol population. Sulfates are also
very prevalent in the atmosphere and often interact with other chemical precursors or
solid aerosol particles.

Among the natural aerosols there are several groups which can be distinguished:



Sea spray:

Droplets that are released from the ocean surface by production of

jets, lm drops and spume (Grini et al., 2002) contain mainly sodium chloride
and various bromines.

Upon drying, these droplets form solid aerosol particles

consisting of complex mixtures between organic and inorganic compounds.

Sea

spray particles can also contain remnants from oceanic biological activity such as
marine diatoms.

Emissions estimates for the ne fraction of sea salt (particles

with diameters smaller than 0.5

µm)

1 , whereas the
−1
yr
(Tsigaridis

−

range from 24 to 471 Tg yr

emissions of coarse particles are estimated as

1916 − 12210

Tg

et al., 2013). Note that the estimated source emissions are highly uncertain due
to the varying contributions of dierent sea spray production mechanisms and the
heterogeneity of the source regions (de Leeuw et al., 2011).



Mineral dust:

Another very important source for atmospheric aerosol particles

are arid regions such as the Sahara Desert where dry conditions meet exposed
soil surfaces. Above certain wind speed thresholds, saltation processes initiated by
large soil particles can induce a substantial vertical ow of particles smaller than
10

µm.

Main desert dust source areas are located in Africa and Asia, whereas

the contribution to atmospheric mineral dust from Northern American arid regions
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and the Southern Hemisphere is assumed to be almost negligible on the global
scale (Ginoux et al., 2012). Mineral dust particles emitted from dry regions mainly
consist of a variety of minerals such as illite or quartz (Broadley et al., 2012). In
contrast, soil dust particles emitted from agricultural areas may contain various
components of organic origin (Conen et al., 2011). Other sources of mineral dust
particles are volcanoes which sporadically release volcanic silicate particles into the
atmosphere (Durant et al., 2010). The emission ux estimates for mineral dusts

−

range from 500 to 4300 Tg yr

1

(Tegen and Schepanski, 2009; Huneeus et al.,

2011).



Biological particles: Aerosol emissions from biological sources are not very well

characterized because of the vast number of species which can contribute to the
emission ux, such as bacteria, pollen, lichen, fungi and plant debris. Additionally,
the complex interactions within the biosphere itself as well as with the other compartments, i.e. the hydrosphere and the atmosphere, lead to a high uncertainty of
estimated emission uxes. Estimates for the emission ux from biological sources
are highly variable and deliver values from less than 10 to 1000 Tg yr

−

1

(Després

et al., 2012).

In contrast to primary aerosol particles, secondary aerosol particles can form from nucleation or condensation of gaseous precursors such as sulfuric acid vapor or terpenes
(Pöschl, 2005).
It should be noted, however, that the total atmospheric aerosol burden not only on the
emission strengths of the individual sources but also on the meteorological conditions.

1.2 Inuence of aerosols on global climate:
direct and indirect eect
Aerosols have a signicant inuence on the global climate in several ways. First, aerosols
directly and indirectly inuence the radiation budget of the Earth and the hydrological
cycle.

Secondly, aerosol particles also inuence chemical processes in the atmosphere.

The chemical processes are in turn intertwined with physical processes such as the water
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uptake by aerosols or the freezing properties of atmospheric particles.

In the following

paragraphs, direct and indirect aerosol eects are discussed in greater detail.

Through scattering and absorption of incoming sun light and terrestrial radiation, aerosols
can inuence the radiation budget (direct eect) (Forster et al., 2007).

The radiative

properties with regard to scattering and absorption are largely controlled by the particle
size, the aerosol composition and the particle shape (Seinfeld and Pandis, 2006). Note
that during atmospheric transport, aerosol particles undergo changes in size, structure
and composition which also impact their radiative properties (Pöschl, 2005).

Additionally, aerosol particles may impact global climate by inuencing cloud characteristics (indirect eect) (Lohmann and Feichter, 2005). Mid-tropospheric clouds alone
cover more than 25

% of the Earth's surface and therefore act as a determinant of global

climate (Sassen and Wang, 2012). Aerosol particles inuence the structure and dynamics
of liquid water, mixed-phase and cirrus clouds because they can act as cloud condensation
nuclei (CCN) or as ice nuclei (IN) (Pruppacher and Klett, 1997).
Depending on their chemical composition and surface morphology, aerosols can take up
water and activate to cloud droplets. The CCN concentration also inuences the cloud
droplet sizes because within highly polluted clouds, droplets are more numerous and hence
smaller for a xed liquid water content (Bréon et al., 2002). Smaller droplets experience
gravitational sedimentation to a lesser degree than large droplets which causes collisions
and coalescence between droplets to become less frequent. Consequently, the number of
precipitation sized droplets is decreased and thus precipitation itself is suppressed. If this
eect is signicant, cloud lifetime is prolonged (Albrecht, 1989).
In mixed-phase clouds, the ice phase can be a very important driver of precipitation. Ice
formation in mixed-phase clouds also inuences cloud lifetime because ice crystals grow at
the expense of supercooled droplets (Bergeron-Findeisen process) (Pruppacher and Klett,
1997). The release of latent heat during freezing can also change the convective structure
of a cloud (Lohmann and Feichter, 2005). Generally, pure water droplets in clouds freeze
by homogeneous nucleation only at temperatures below 235 K (Pruppacher and Klett,
1997). Homogeneous ice nucleation above this temperature threshold is prohibited by an

4

energy barrier separating the metastable liquid phase from the more stable crystalline ice
phase.
An insoluble aerosol particle can act as ice nucleus (IN) reducing the energy needed for
forming a critical ice cluster which can then grow into an ice crystal (heterogeneous ice
nucleation) (Vali, 1985). Ice formation is assumed to occur at "active sites" which possess characteristics dierentiating them from the rest of the particle surface (Fletcher,
1969; Pruppacher and Klett, 1997).

There are several dierent ice nucleation pathways, namely immersion/condensation freezing, deposition nucleation and contact freezing (Vali, 1985). Immersion freezing requires
that an aerosol particle is enclosed within a droplet before the freezing event occurs,
whereas for condensation freezing water condenses on the aerosol particle's surface before freezing then occurs at the same temperature. For deposition nucleation, water vapor
is directly transformed into ice at the particle's surface. Contact freezing requires the presence of supercooled droplets and dry aerosol particles which collide with the droplets to
initiate freezing.
The ice nucleation properties of dierent aerosol species depend on their physico-chemical
surface properties and the particle size.

1.3 Ice nucleation properties of dust particles
Field measurements revealed that many ice crystals contain dust particles or clay minerals, in some cases mixed with biological components (Kumai, 1961; DeMott et al.,
2003; Pratt et al., 2009).

Atmospheric mineral dust mainly consists of clay minerals,

quartz and feldspar minerals with illite being the most abundant mineral component in
the atmosphere (Broadley et al., 2012; Murray et al., 2012). The impact of mineral dust
particles on cloud microphysical processes such as droplet activation and ice nucleation
largely depends on the origin of the dust (i.e. the chemical composition) and the ageing
that dust particles may experience during atmospheric transport (Pruppacher and Klett,
1997; Pöschl, 2005). For example, dust particles from the Sahara Desert and close to this
particular source region are less probable to activate to cloud droplets than dust particles
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transported through polluted areas (Smoydzin et al., 2012).

Modelling studies show that mineral dust particles have an especially large impact on
clouds whenever the meteorological conditions are favorable for heterogeneous ice nucleation and dust may dominate ice formation in mixed-phase clouds (Hoose et al., 2010).
Dust particles may initiate ice formation already at temperatures below 263 K according
to satellite observations (Zhang et al., 2012).

Ice crystals in turn inuence the radia-

tive properties of clouds and thus - under certain meteorological conditions - dust induced
freezing in mixed-phase clouds can be associated with cooling at the Earth's surface (e.g.,
Bangert et al. (2012)). However, there are still many open questions regarding the mechanisms of atmospheric ice formation and the ice nucleation properties of dierent mineral
dusts and clay minerals.

The ice nucleation properties of natural mineral dusts and clay minerals such as illite
have been investigated with laboratory studies since several decades (see references in the
review by Hoose and Möhler (2012)). Arizona Test Dust (ATD) which is a commercially
available dust has been used as a standard dust to be compared with natural dust samples and as a reference for intercomparisons between dierent experimental setups (e.g.,
Koehler et al. (2010)).
For some experimental studies, the ice nucleation properties of mineral dusts were characterized by the temperature threshold at which freezing was rst observed. Several mineral
dust samples were observed to initiate freezing at temperatures between 242 and 267 K,
depending on the particle sizes (not characterized) and their geological origin which is
strongly related to their physico-chemical characteristics (Isono and Ikebe (1960) and
references therein; Vali (2008)).

Note that these samples were collected from various

sources, such as volcanic eruptions, soils or glaciers. Fossil diatoms which, like mineral
dust particles, mainly consist of alumina silicates were observed to initiate ice nucleation
at 260 K (Pruppacher and Sänger, 1955).

Freezing thresholds, however, were recognized to strongly depend on particle size and
thus the sample preparation in dierent experimental studies (Hoose and Möhler, 2012).
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Therefore, the relation between aerosol surface area and observed ice fractions is now
often used to express ice nucleation eciencies of dierent aerosol types by the so-called
ice nucleation active surface site (INAS) density which will be explained in more detail in
the next chapter. For deriving the INAS densities, the observed ice crystal concentrations
are normalized by the total aerosol surface area. Using the INAS density as a measure
for the observed ice nucleation eciency allows for comparisons among dierent aerosol
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types and also between dierent experimental setups.

Parameterization for desert dusts (Niemand et al., 2012)
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Figure 1.1:

AD, SD, ID, CID, ATD (Niemand et al., 2012)
ATD (Connolly et al., 2009; Niemand et al., 2012)
ATD (Niedermeier et al., 2010)
Illite (Welti et al., 2009)
ATD (Marcolli et., 2007; Pinti et al., 2012)
HD (Pinti et al., 2012)
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T [K]

255
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Ice nucleation active surface site densities for immersion freezing initiated by various desert dusts (SD:
Saharan Dust, ID: Israel Dust, CID: Canary Island Dust, AD: Asian Dust, HD: Hoggar Dust) and illite

For immersion freezing, extensive investigations of the ice nucleation eciencies of mineral dusts and clay minerals have been conducted.

The INAS densities for selected ice

nucleation experiments with desert dusts and one clay mineral (illite) are depicted in
Fig. 1.1. Note that these values are derived from dierent ice nucleation counters which
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might partly contribute to dierences between the observed ice nucleation eciencies.
The ice nucleation eciencies of various desert dusts as derived from AIDA cloud chamber
experiments are remarkably similar and can therefore be parameterized by an exponential
function (Niemand et al., 2012).

This parameterization includes AIDA cloud chamber

(Karlsruhe, Germany) experiments with natural dusts from source regions such as Israel,
the Canaries, Asia and Northern Africa.

Despite dierences in the mineralogy and the

associated physico-chemical properties these dusts vary only by one order of magnitude
with regard to their INAS density.
The INAS densities for ATD derived from AIDA cloud chamber measurements agree well
within the measurement uncertainties (Connolly et al., 2009; Niemand et al., 2012). On
average, ATD is slightly more ice-active than natural desert dusts. For comparison, the
INAS densities measured by the ice nucleation counter LACIS (Leipzig, Germany) for
ATD are depicted (Niedermeier et al., 2010). These values are slightly lower than INAS
densities derived from AIDA cloud chamber experiments which might be explained by differences in the INAS densities averaged over a polydisperse aerosol population and the ice
nucleation eciency observed for size selected particles as used in the LACIS experiments.
Marcolli et al. (2007) investigated the immersion freezing properties of ATD suspensions.
Note that suspending dust in water might lead to a re-distribution of soluble material on
the dust particles and thus to a change in the ice nucleation eciency. For temperatures
below 250 K, a good agreement with the AIDA cloud chamber experiments can be observed whereas at higher temperatures the INAS densities for ATD are lower (Marcolli
et al., 2007; Pinti et al., 2012).
The large variation in ice nucleation eciencies observed for the Hoggar Dust sample is
interpreted as at least two dierent types of ice nucleating sites of which the most active
sites are, however, very rare (Pinti et al., 2012). Freezing at 260 K initiated by Hoggar
dust is observed for experiments with large droplets (in the millimeter size range) with a
large number of potentially ice nucleating particles whereas freezing of small (micrometer sized) droplets only occured at temperatures below 247 K (Pinti et al., 2012). The
freezing events observed at 260 K can be interpreted as a freezing threshold.
Note that the measurements presented in Pinti et al. (2012) are not directly comparable
to the results from cloud chamber experiments because the aerosol surface within the
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droplets was determined from BET measurements.
Complementing the ice nucleation experiments with desert dusts which consist of several
dierent minerals, the ice nucleation active surface site densities for illite are shown in
Fig. 1.1. The temperature dependence of the ice nucleation eciency measured for illite
is not as strong as for the desert dusts, but in general illite is similarly ecient than the
natural dusts (Welti et al., 2009).

From the measurements described in the previous paragraphs it can be concluded that the
immersion freezing eciency observed for dusts and clay minerals is relatively well quantied even though there are still unexplained dierences between dust and mineral species.
Note that dierent methods are used to quantify the surface area of ice nucleating particles which leads to INAS densities which cannot be directly compared to each other
(Murray et al., 2012). Furthermore, data are sparse above 250 K and additional experiments should be conducted in order to better characterize the ice nucleation eciencies
of mineral dusts and clay minerals (Hoose and Möhler, 2012). This is especially important
with regard to estimating the inuence of mineral dust particles on mixed-phase clouds at
small supercoolings for which biological particles might act concomitantly as very ecient
ice nuclei (Möhler et al., 2008b).

For deposition nucleation, there are only a few studies which express the observed ice
nucleation eciencies by ice nucleation active surface site density values (e.g, Wheeler
and Bertram (2012)). Also, a suitable metric for quantifying the ice nucleation eciency
in relation to the change in thermodynamic conditions is dicult to construct because
deposition nucleation is driven both by supercooling and relative humidity over ice (Pruppacher and Klett, 1997). So far, most experiments investigating the deposition nucleation
properties of mineral dusts only considered the humidity dependence but neglected supercooling (e.g., Wheeler and Bertram (2012)). However, with neglecting the temperature
dependence, the ice nucleation active surface site densities observed for mineral dusts
dier by up to four orders of magnitude (Hoose and Möhler, 2012).

Thus, for deposi-

tion nucleation more experiments which deliver temperature and humidity dependent ice
fractions as well as the aerosol surface area are needed to develop a parameterization
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analogous to the immersion freezing parameterization derived by Niemand et al. (2012).

Besides nding suitable measures for quantifying the ice nucleation eciencies of the
various aerosol species, another challenge is presented by the fact that the basic microphysical processes which determine atmospheric ice formation are still not completely
understood. However, experiments as well as molecular dynamics simulations try to gain
a better understanding of the processes involved in the formation of ice crystals in the
presence of aerosol particles (e.g, Cox et al. (2013)).

1.4 Objectives of this thesis
This thesis focusses on investigating the ice nucleation properties of dierent mineral dusts
ranging from pure fossile diatoms to soil dusts with potentially ice-active organic components. Results from ice nucleation experiments conducted at the AIDA (Aerosol Interaction and Dynamics in the Atmosphere) cloud chamber facility are presented. Mixed-phase
and cirrus clouds were simulated to learn more about immersion freezing and deposition
nucleation initiated by dierent mineral dusts.

Additionally, for some dust samples at-

mospheric ageing was simulated by letting secondary organic substances or sulfuric acid
vapor condense onto the aerosol particles. The impact of atmospheric ageing on the ice
nucleation properties of mineral dusts was investigated for diatoms, Saharan dust and
Arizona Test Dust.

The contribution of time dependent ice nucleation to the observed ice nucleation efciencies is discussed using cloud chamber experiments with Arizona Test Dust during
which the eect of varying cooling rates and aerosol concentrations was investigated.
These experimental studies were used as a basis for model calculations with the Aerosol
Cloud and Precipitation Interactions Model (ACPIM, University of Manchester). Also, a
parameterization for deposition nucleation initiated by desert dusts is proposed.

The cloud chamber studies are complemented by experimental results from droplet freezing studies with a cold stage setup. With desert dusts exhibiting very complex morpholog-
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ical and chemical characteristics, immersion freezing was investigated for monocrystalline
materials (silicon, copper and graphite) and muscovite. First results are also presented for
droplet freezing experiments investigating silicon wafers with engineered structures mimicking the inuence of particle morphology on ice nucleation and suspensions containing
feldspar particles.
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Chapter 2

Theory

Global circulation models (GCMs) are used to estimate the aerosol-induced radiative
forcing which is generated by direct and indirect eects. However, the reliability of these
estimates depends on how well the cloud microphysical processes are implemented in the
models. Generally, aerosol-cloud-interaction processes such as heterogeneous ice nucleation are described not explicitly but by simplifying model parameterizations because cloud
microphysical processes are very complex and depend on many variables. Heterogeneous
ice nucleation is a particularly dicult case because the basic microphysical processes
which govern the interaction between aerosol particles and water molecule clusters are
still not completely unravelled. As a consequence of this lack of fundamental understanding, several ways to quantify the ice nucleation eciencies of dierent aerosol species
have been explored and tested in the past decades.

The rst extensive ice nucleation studies quantied the ice nucleation eciencies of certain aerosols for each experimental run by the temperature threshold at which the rst
few aerosol particles initiated the formation of ice, e.g. one particle in twenty-thousands
in the study by Isono et al. (1959a). These temperature values are then taken as the ice
nucleation thresholds. Ice nucleation thresholds, however, are not only strongly inuenced
by the chemical composition of the aerosol particles, but also depend on various factors
such as the aerosol size distribution. Furthermore, ice nucleation thresholds also depend
on the denition of the thermodynamic threshold conditions.
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Thus, eorts were made

to nd more general denitions for the ice nucleation eciencies which can be applied in
other contexts than the one that was prescribed by the individual experimental setup.
Several approaches which can be used to describe the ice nucleation eciencies of complex
aerosol populations will be sketched in this section, such as



nucleation rate formulations based on classical nucleation theory



the ice nucleation active surface site (INAS) density approach



parameterizations combining stochastic and singular aspects of ice nucleation, and



parameterizations derived from eld measurements

At the end of this chapter, a short overview of model studies implementing dierent ice
nucleation parameterizations will be presented (e.g., Yun and Penner (2012); Spichtinger
and Gierens (2009); Spichtinger and Cziczo (2010); Barahona (2012); Sassen and Benson
(2000)). Note that only immersion freezing and deposition nucleation are discussed explicitly because these are the most relevant freezing modes with regard to the experimental
results that are presented in this work.

2.1 Classical nucleation theory
Ice nucleation is a process that starts with the clustering of water molecules at temperatures below the triple point temperature of water (Pruppacher and Klett, 1997). The
cluster sizes uctuate stochastically as clusters form and decompose again.

The Gibbs

free energy controls the average size distribution of the clusters. Only clusters reaching
a critical size will not disintegrate but grow into ice crystals.
The Gibbs free energy

G

is determined by two contributions: rst, a term related to

energy dierence between the congurations of a water molecule in the ice phase and the
original phase and, secondly, a term which quanties the energetic eort that is needed
to build an interface between water and ice phase (Pruppacher and Klett, 1997).
energy

G ∗ is then evaluated for a cluster of critical size.

The

Together with the rate of water

molecules colliding with and adhering to the critical cluster,

G ∗ denes the nucleation

rate which in turn describes the emergence of stable ice crystals. The heterogeneous ice
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nucleation rate

Jhet

is given by

Jhet = A ⋅ exp (−

∗
Gmod
)
kT

(2.1)

A is a pre-factor depending on the ice nucleation mode, k is the Boltzmann constant
−2 −1
and T the temperature in [K]. Jhet is given in [m s ].
∗
Conceptually, the Gibbs free energy Gmod is dened similarly for immersion freezing and
where

deposition nucleation (Chen et al., 2008)

∗
Gmod
= f () ⋅ G ∗ = f () ⋅

3
16vw2 mod
3 (kT ⋅ ln(Smod ))2

[J]

(2.2)

with



f () being a form factor with f () = 0:25 ⋅ (2 + cos )(1 − cos )2 depending on 
which is formally the contact angle between ice embryo and particle surface which
is at compared to the emerging ice clusters,

3



vw



mod

is the volume of a water molecule in the ice phase conguration [m ],

refers to the surface tension

i;w

at the liquid water/ice interface for immer-

sion freezing and to the surface tension

2

i;v

at the water vapor/ice interface for

deposition nucleation given in [J/m ] (parameterizations decribed in Pruppacher
and Klett (1997)),



and

Smod

denotes the ratio between the saturation pressures over water and over

ice for immersion freezing, whereas for deposition nucleation

Smod

refers to the

saturation ratio with respect to ice (parameterizations given in Murphy and Koop
(2005)).

The prefactor

A in eq. 2.1 is given by
A = A∗mod ⋅ n1;mod ⋅ Zmod

(2.3)

A∗mod [s−1 ] is the rate at which the ice cluster grow by adsorption of water molecules,
n1;mod [m−2 ] is the number of molecules in contact with the aerosol particle's surface
where

and

Zmod

is the dimensionless Zeldovich factor representing the disintegration of critical

clusters. The factors

A∗mod , n1;mod

and

Zmod
15

are specic to each ice nucleation mode.

They are dened following the approach by Chen et al. (2008).
For immersion freezing, the following relations (Chen et al., 2008) are relevant

A∗imm = kT exp (− Ga )
h
kT
n1;imm = 1019 m−2
√
∗
Gimm
1
Zimm =
⋅
ng;imm
3kT
with

Ga

(2.4)

being the energy which is necessary to transfer a water molecule from the

liquid water phase to its conguration within the newly emerging ice phase and

ng;imm

the number of water molecules forming an ice germ. The factors mentioned above are
dened analogously for deposition nucleation (Chen et al., 2008) with

A∗dep = 4rg2 √ e
2mw kT
n1;dep = √ e
exp (− Gd )
(2.5)
kT
 2mw kT
√
∗
Gdep
Zdep = 1 ⋅
ng;dep
3kT
where rg denotes the size of an ice germ, mw is the mass of a single water molecule, Gd
is the energy needed for desorption of water molecules from the particle's surface, and

ng;dep is again the number of water molecules which form a critical cluster.

Note that all

variables refer to bulk properties of water which are not necessarily equal to the properties
of water at the microscopic scale.

 can be taken as a measure of the
ice nucleation eciency because the form factor f ( ) represents the aerosol-specic re-

For classical nucleation theory, the contact angle

duction of the energy barrier inhibiting the formation of stable ice germs (Pruppacher
and Klett, 1997).

From recent experimental studies it was concluded that typically a

single contact angle is not sucient to describe the ice nucleation behaviour of a complex, polydisperse aerosol population (Marcolli et al. (2007); Wheeler and Bertram (2012)
and others). Thus, it is generally assumed that a distribution of contact angles is more
suitable for representing variations in the ice nucleation eciencies among particles or
even with regard to the surface of a single particle. Commonly, the contact angles are
assumed to be lognormally distributed according to their probability of occurence (Lüönd
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et al., 2010):

1 exp (− (ln() − ln( ))2 )
22
 2 ⋅ 
contact angle and  the logarithmic

p ( ) =
with



being the median

√

(2.6)
width of the contact

angle distribution. Note that using a normal distribution might lead to problems with the
normalization as negative contact angles must be excluded.

For each time step

t

with only small changes in temperature

T

and relative humid-

RHice ), the fraction of aerosol particles having initiated the formation of ice

ity over ice (

crystals can be calculated with

∞

where

nice



nice = 1 −
2
∫ ∫ exp [−4rN ⋅ Jhet t ] ⋅ p () ⋅ f (rN ) d drN
n0
0 0
is the number of ice crystals formed during the time period t

the number of aerosol particles available at the beginning of the time step.

(2.7)

and

n0

being

f (rN ) refers

to the aerosol size distribution.

Application of classical nucleation theory for immersion freezing
In order to illustrate how contact angle distributions are related to observed ice fractions,
classical nucleation theory as described in Chen et al. (2008) was applied to contact angle distributions with dierent median contact angles
widths

 .



and contact angle distribution

Figure 2.1 depicts exemplary contact angle distributions with each distribution

representing the average ice nucleation properties of a particle population and the corresponding ice fractions predicted from classical nucleation theory.
Dierent contact angle distributions (eq. 2.6) are intended to represent "very good" ice

theta = 35○ , theta = 0:10 or theta = 0:23))), "good" ice nuclei (theta = 40○ ,
theta = 0:23) and "dust" ice nuclei (theta = 76○ , theta = 0:23)). The median contact
○
angle of the "dust" ice nuclei corresponds to theta = 76 found by Marcolli et al. (2007)
nuclei (

for immersion freezing initiated by Arizona Test Dust particles.

The ice fractions were calculated for a monodisperse aerosol population with a particle diameter

d = 0:25 µm and a cooling rate r = 2:6 K/min.

The ice fractions are calculated for immersion freezing and rely on the classical nucleation
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a) Contact angle distributions with dierent median contact angles and contact angle distribution widths
representing "very good" ice nuclei (green), "good" ice nuclei (red) and "dust" ice nuclei (blue)
b) Prescribed temperature ramp
c) Ice fractions calculated for dierent contact angle distributions
d) Comparison between ice-active particle fractions for freezing along a cooling ramp (dark green, dark
blue) or at constant temperature (light green, light blue)
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theory formulations as described in this chapter (following Chen et al. (2008)). Note that
for the calculations presented in Fig. 2.1 the Zeldovich factor was set to

Zimm = 1.

The

diusion energy was chosen according to the range of values presented in the study by
Chen et al. (2008) with

Ga = 15 ⋅ 10−20 J. The prescribed temperature ramp starting at

255 K is depicted in Fig. 2.1b whereas the ice fractions are shown in Fig. 2.1c.

All "very good" ice nuclei are activated to ice crystals when the temperature drops below



253 K. The ice fractions observed for the narrow contact angle distribution ( theta

= 0:10)

are initially by a factor of 2 smaller than the ice fractions predicted for the broad con-



tact angle distribution ( theta

=

0:23).

Note that the narrow contact angle distribution

includes fewer contributions by very ecient ice nuclei than the broad distribution. Thus,
ice fractions for the broad contact angle distribution are expected to be larger.
The "good" ice nuclei are also activated completely below 253 K. The ice fractions are
remarkably similar to the results obtained for the "very good" ice nuclei with the narrow
distribution.

Therefore, for tting observations with classical nucleation theory formu-

lations it has to be considered that several median contact angles and contact angle
distribution widths might lead to an agreement between measured data and calculated
freezing curves if the contact angle distributions have a signicant overlap. This nding
might only be relevant within a certain contact angle distribution range and for certain
temperatures but higher uncertainties regarding the tted parameters might result from
these ambiguities.
The simulated "dust" ice nuclei produce ice fractions which are by approximately two orders of magnitude lower than for the "very good" and "good" ice nuclei. The maximum
ice fraction which is predicted at 251 K is

fice = 2:5%.

Another feature of freezing described by classical nucleation theory is depicted in Fig. 2.1d
which shows a comparison between freezing curves as expected for the cooling ramp (panel
b) and a constant temperature

T = 255 K for the cases considering the "dust" ice nuclei

and the "very good" ice nuclei. Freezing occurs even if there is no change in temperature
(see eq. 2.7). For the "very good" ice nuclei there is no dierence between cooling rate
dependent freezing and ice formation at constant temperature. For the "dust" ice nuclei,
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the dierence between the two cases (cooling rate vs. constant temperature) is less than
a factor of 2 between the predicted ice fractions. Thus, in this example the contact angle
distribution parameters are more important than the time scale.
In conclusion, nucleation rate formulations based on classical nucleation theory can be
used to t observed freezing curves for aerosols with dierent ice nucleation eciencies.
However, the range of possible contact angle distribution parameters should be investigated in detail when applying classical nucleation theory. Classical nucleation nucleation
theory may also account for the time dependence of freezing which distinguishes this approach from the ice nucleation active surface site density theory which will be described
in the next section.

2.2 Ice nucleation active surface site density
approach
The ice nucleation active surface site (INAS) density approach is based on the assumption that ice nucleation occurs at characteristic sites at the aerosol particle's surface
(Fletcher, 1969). Ice nucleation at these ice active sites is observed to occur seemingly
instantaneously if certain temperature (and humidity) thresholds are reached (singular ice
nucleation behavior).

The INAS approach was motivated by experimental studies nd-

ing that the time dependence induced by the inherent stochasticity of ice nucleation was
masked by the change in temperature or relative humidity for certain aerosol types and
that the observed ice crystal concentration is strongly related to the aerosol surface available for ice nucleation (e.g., Möhler et al. (2006)). A description of immersion freezing
similar to the ice nucleation active surface site density concept was already proposed in
an experimental study by Vali (1971) where a temperature dependent ice nuclei concentration was derived. Later on, Fletcher (1974) quantied the ice nucleation eciency of
aerosol particles by using a temperature dependent expression for the ice nucleation sites
per square centimeter of the particle surface.

Connolly et al. (2009) then investigated the immersion freezing and deposition nucleation
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properties of three mineral dust samples and directly related the ice crystal concentration
to the measured aerosol surface and the change in temperature. For immersion freezing,
the fraction of aerosol particles nucleating ice at a certain temperature is given by the
INAS density

ns

with

nice = 1 − exp(−A ⋅ n (T ))
(2.8)
aer
s
n0
where nice is the number of ice crystals and n0 the number of particles available for ice
nucleation, i.e. particles being immersed in droplets. Aaer is the aerosol surface and ns (T )
−2
the temperature dependent INAS density function given in [m ]. Note that the ns (T )
relation stated in eq. 2.8 implicitly assumes a monodisperse aerosol population. However,
the INAS density approach was also used for describing the ice nucleation eciency of a
polydisperse aerosol population (Niemand et al., 2012). The INAS density for polydisperse

f
−2
[m ]

aerosol can be approximated for small ice fractions ( ice

with

nice

ns (T ) ≈ nice
Aaer

−

by

being the ice crystal number concentration (given in [cm

chamber measurements) and
cm

< 10%)

Aaer

(2.9)

−

3]

for AIDA cloud

µ

being the total aerosol surface area (given in [ m

3 ] for AIDA cloud chamber experiments).

2

For extending the INAS density approach

to deposition nucleation, in addition to the temperature dependence, the dependence of

ns

on relative humidity needs to be considered. Note that the actual INAS density can

vary among particles of dierent sizes, i.e. with varying chemical composition and surface
morphologies, whereas the INAS density given by eq. 2.9 is a value averaged over the
whole aerosol size distribution.
Several experimental studies have found that the INAS density can be used to represent
ice nucleation eciencies of dierent aerosol types in a consistent way (Hoose and Möhler
(2012) and references therein).

In the limit of near-zero cooling rates this parameteri-

zation predicts that there will be no additional ice crystals forming without a change in
temperature. This is partly in contrast to results obtained from classical nucleation theory
formulations which predict that ice crystals form even at constant temperature if there
are enough ecient ice nuclei (compare Fig. 2.1d).

Also, dening and measuring the surface

Aaer

to which the heterogeneous ice nucle-

ation process is related, has been subject to some debate within the atmospheric sciences
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community (Murray et al., 2012).

For determining the total aerosol surface area, the

aerosol size distribution can be used to estimate the geometric surface (e.g., Connolly
et al. (2009); Niemand et al. (2012)). Alternatively, the aerosol surface area can be derived from Brunauer-Emmett-Teller (BET) gas adsorption measurements as employed in
the studies by Murray et al. (2011) and by Broadley et al. (2012). The BET surface based
on the adsorption of gas molecules includes contributions by small surface irregularities
which will be neglected by geometric surface area estimates.

The two methods deliver

surface areas which dier by probably up to a factor 10 (Murray et al., 2012).

Note,

however that in climate models only the geometric particle surface area is available.

2.3 Ice nucleation parameterizations with
stochastic and singular aspects
A disadvantage of the INAS density approach is the missing description of time-dependent
ice nucleation at constant temperature.

This decit has inspired eorts to extend the

purely temperature dependent formulations of ice nucleation eciencies by explicitly representing the time dependence of ice nucleation and thus the cooling rate dependence of
the observed ice formation rates. Stochastic temperature uctuations of ice nucleation
events were investigated by letting ensembles of droplets containing aerosol particles experience several freeze/thaw cycles at dierent cooling rates (Vali and Stansbury, 1965;
Vali, 2008).

A change in cooling rate is assumed to be reected in a change in the

observed median freezing temperature leading to a cooling rate dependence of eq. 2.9
with

ns (T −
with the temperature shift

)≈

nice
Aaer

−

[m

(in [K]) given by

empirical parameter (Vali and Stansbury, 1965) and

2]

=

r

(2.10)

⋅ ln(∣r ∣)

where

=

0:66

is an

represents the value of the cool-

ing rate [K/min]. Note that other studies have found that

might be larger (

=

2:01

(Murray et al., 2011)) and thus appears to be not very well constrained by measurements.

A more mechanistic approach was pursued by Niedermeier et al. (2011b). In their study
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the so-called soccer ball model was proposed which is based on the assumption that not
all ice nucleation sites at the surface of an individual particle show the same ice nucleation
eciency (i.e. contact angle). According to the soccer-ball model, patches with varying
contact angles are distributed across the surface of an aerosol particle. The number of
active site patches as well as the contact angle distribution can be varied within this parameterization framework. Thus, the full range from nearly singular to fully stochastic ice
nucleation behaviour can be reproduced. However, neither the size of the patches nor the
contact angle distribution of individual particles are parameters that can be constrained
directly by measurements.

2.4 Ice nucleation parameterizations encomprising
several aerosol types
The parameterizations that have been discussed in this chapter so far were mainly applied
to specic aerosol types, such as certain mineral dusts or bacteria. However, atmospheric
measurements often do not explicitly distinguish between dierent aerosol species. Thus,
in several studies combinations of laboratory data and eld measurements have been used
to develop more general parameterizations intended to be used in regional and global
climate models (e.g., Meyers et al. (1992); DeMott et al. (2010); Phillips et al. (2012)).
Generally, most of these parameterizations assume a temperature or humidity dependent
power law behavior of the ice crystal concentration.

Meyers et al. (1992) parameterized the ice nucleation concentration

nice

observed for

combined condensation freezing and deposition nucleation as a power law relation depending only on the saturation ratio

Sice with

nice = exp(−0:639 + 0:1296 ⋅ 100 ⋅ (Sice − 1)) [l−1 ]

(2.11)

The ice nucleation data from which this parameterization was derived was collected during
atmospheric eld measurements investigating orographic clouds (Rogers, 1982) and the
ice nucleation properties of urban air (Al-Naimi and Saunders, 1985) with continuous ow
diusion chambers. This relation is, however, only justied for temperatures between 253
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and 266 K and should not be extrapolated beyond this temperature range.

DeMott et al. (2010) parameterized the ice crystal concentration observed at water saturation (immersion freezing) based on an extensive collection of eld measurements and
derived a temperature dependent relation with

2:64⋅10−2 (273:16−T )+3:3⋅10−3 [l−1 ]
nice = 5:94 ⋅ 10−5 ⋅ (237:16 − T )3:33 ⋅ naer
where

T

than 0.5

is the temperature in [K] and

µm

−

given in [cm

3 ].

naer

(2.12)

refers to the concentration of particles larger

A parameterization that was tailored more to the specic ice nucleation properties of
certain aerosol types was proposed by Phillips et al. (2008) (updated in Phillips et al.
(2012)) on the basis of continous ow measurements and corresponding ambient aerosol
data. This parameterization distinguishes between four subgroups: dust/metallic, soot,
soluble organics and primary biological aerosol particles (PBAP) such as fungi, bacteria
and pollen. Note that for estimating the ice crystal number concentration this parameterization uses the aerosol number concentration as well as the aerosol surface that is available
for heterogeneous ice nucleation. Additional empirical parameters are the aerosol-specic
freezing onsets and factors describing the individual contributions by immersion freezing and deposition nucleation in the thermodynamic regime where both freezing modes
may occur.

Contact nucleation is parameterized separately and will not be considered

explicitly in this work. The contribution of mineral dusts and metallic compounds to the
concentration of atmospheric ice nuclei is given by

∞

cIN;DM ≈

∫

{1 − exp[−DM (DDM ; Sice ; T )]} ⋅

log[0.1m]

dnDM d (log D )[m−3 ]
DM
d (log DDM )
(2.13)

DM (DDM ; Sice ; T ) is the average number of activated ice embryos per aerosol
particle. DM (DDM ; Sice ; T ) is dened in Phillips et al. (2008) as a function of aerosol
○
diameter DDM , temperature T in [ C] and relative humidity over ice Sice . nDM is the

where

number mixing ratio of aerosol particles belonging to the dust/metallic compounds group

−

given in [kg

1 ].

Thus,

cIN;DM

is given as a number mixing ratio but it is approximately

−

equal to the number concentration given in [m
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3 ].

2.5 Ice nucleation parameterizations in climate
models
Numerical models covering dierent spatial and temporal scales have been used to estimate the contribution of heterogeneous ice nucleation to the observed ice crystal concentration (e.g., Liu et al. (2012), Spichtinger and Gierens (2009), Barahona and Nenes
(2009)). Also, the role of dierent aerosol particle species as atmospheric ice nuclei has
been investigated. Selected results from modelling studies relying on dierent ice nucleation parameterizations as described in the previous sections will be discussed briey in
the following paragraphs.

Ice nucleation in cirrus clouds can either occur in solution droplets (homogeneous ice
nucleation) or as heterogeneous nucleation initiated by aerosol particles such as mineral
dust. Depending on temperature and relative humidity over ice, immersion freezing and
deposition nucleation are possible ice nucleation pathways.

For some thermodynamic

conditions homogeneous as well as heterogeneous ice nucleation can occur.

The share

of aerosol induced ice formation, however, is not only determined by the ice nucleation
eciencies of the aerosol particles but also by feedbacks between droplets and ice crystals
within the clouds. Thus, numerical models have specically investigated the competition
between freezing of solution droplets and heterogeneous ice nucleation in cirrus clouds.
Spichtinger and Cziczo (2010) describe ice nucleation within a box model by dierent
freezing thresholds and nd that heterogeneous ice nucleation inuences the temporal
development of relative humidity over ice in cirrus clouds. This deviation causes homogeneous freezing to be either diminished or even completely suppressed (Spichtinger and
Gierens, 2009). A parcel model study conducted by Kärcher and Lohmann (2003) nds
that aerosol particles with low freezing thresholds decrease the number of ice crystals compared to cirrus cloud formation by purely homogeneous freezing.

This eect, however,

depends not only on the distribution of freezing thresholds among the aerosol particles
but also on the updraft velocity of the simulated air parcel (Kärcher and Lohmann, 2003).
With regard to freezing in cirrus clouds, many models agree on the fact that heterogeneous
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ice nucleation becomes especially important for low updraft velocities (

w < 0:2 ms−1 ) and

high ice nuclei concentrations (Spichtinger and Cziczo, 2010; Sassen and Benson, 2000).
Thus, the presence of heterogeneous ice nuclei can have a signicant inuence on the
structure of cirrus clouds, but also on mixed-phase clouds in lower layers of the atmosphere.

As a next step, other models have been used investigate the inuence of dierent aerosol
species on atmospheric ice nucleation processes while relying on dierent ice nucleation
parameterizations. Hoose et al. (2010) used classical nucleation theory with aerosol specic contact angles to investigate the contribution of mineral dust, biological particles
and soot to the global ice crystal concentrations.

Mineral dust particles were found to

have a large impact on ice formation on mixed-phase clouds and also soot might have
a distinct impact on heterogeneous ice nucleation.

Biological particles, however, were

found to contribute only marginally to cloud ice nuclei (Hoose et al., 2010). Within the
uncertainty ranges, these estimates also agree with eld measurements (see references in
Hoose et al. (2010)).
Ice nucleation parameterizations other than classical nucleation theory were also able to
reproduce observations. Eidhammer et al. (2009) showed that the parameterization proposed by Phillips et al. (2008) is able to predict ice crystal concentrations within the
range of observed concentrations. Note, however, that these measured atmospheric ice
crystal concentrations also may scatter over several orders of magnitudes at a given temperature. Comparing several parameterizations, some studies nd that parameterizations
developed from the Phillips et al. (2008) parameterization might underestimate ice crystal concentrations in contrast to classical nucleation theory based approaches (Liu et al.,
2012; Curry and Khvorostyanov, 2012). Another study comparing ice crystal concentrations calculated with dierent parameterization concluded that the Phillips et al. (2008)
parameterization predicted higher tropospheric ice crystal concentrations - at least in the
Northern Hemisphere - than the parameterization developed by Meyers et al. (1992) (Yun
and Penner, 2012).

In the study by Niemand et al. (2012) an INAS density based pa-

rameterization describing immersion freezing of dust particles is compared to the Phillips
et al. (2008) parameterization, the approach proposed by DeMott et al. (2010) and clas-
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sical nucleation theory (Hoose et al., 2010).

At 255 K, the ice crystal concentrations

predicted by Hoose et al. (2010) and Phillips et al. (2008) agree well with atmospheric
measurements whereas the approaches proposed by DeMott et al. (2010) and Niemand
et al. (2012) result in ice crystal concentrations which are by one order of magnitude
lower than the measured values.

Note, however, that the atmospheric measurements

bear a considerably large measurement uncertainty. Also, the parameterization developed
by Niemand et al. (2012) only considers freezing of mineral dust particle whereas the
atmospheric measurements might be inuenced by a contribution by highly ice-active biological particles such as pollen or bacteria.

From these model comparisons it can be concluded that the general parameterizations do
not always agree with each other and therefore more aerosol specic parameterizations
should be developed in order to improve the representation of heterogeneous ice nucleation processes within models and consequently the agreement with observations. Hence,
there is also the need for more extended atmospheric measurements relying on dierent
ice nuclei counters to decrease the measurement uncertainties.

In the following chapters, the INAS density approach will be extended towards a temperature and humidity dependent formulation for describing deposition nucleation. This
approach will then be compared to the parameterizations developed by Phillips et al.
(2008) and Meyers et al. (1992).
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Chapter 3

Investigating ice nucleation
properties of mineral dusts with
AIDA cloud chamber experiments,
box model calculations and cold
stage studies

3.1 AIDA cloud chamber experiments1
The ice nucleation properties of aerosol samples can be investigated at the AIDA (Aerosol
Interaction and Dynamics in the Atmosphere) aerosol and cloud chamber facility at the
Karlsruhe Institute of Technology under atmospherically relevant conditions. Within the
AIDA chamber humidied air can be expanded and thereby cooled, simulating the ascent
of an air parcel in the atmosphere. The expansion process is almost adiabatic with

dTg Ra Tg
=
⋅
dp cp;a p
1 This

(3.1)

section was partly taken from "Ice nucleation properties of ne ash particles from the

Eyjafjallajökull eruption in April 2010" (Steinke et al., 2011)
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where
and

Tg is the temperature within the AIDA cloud chamber vessel, p is the pressure, Ra

cp;a

are the gas constant and the specic heat capacity of moist air. Note that the

walls of the cloud chamber vessel are not actively cooled and thus stay close to the initial
temperature. The walls therefore provide a source of heat and water vapor to the volume
within the AIDA chamber.
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Ice nucleation modes observed during AIDA cloud chamber experiments depending on temperature and
relative humidity over ice; arrows indicate possible experimental trajectories (adapted from Hoose and
Möhler (2012))

Experiments in the cloud chamber typically follow a trajectory where the gas temperature decreases while the relative humidity increases.

Possible trajectories are indicated

by the arrows in Fig. 3.1. Depending on temperature and relative humidity, dierent ice
nucleation modes can be observed. At temperatures above 240 K, many aerosol particles
initiate ice nucleation via the condensation or immersion freezing pathway as depicted in
Fig. 3.1.

Within this work, all freezing events observed after droplet activation are at-

tributed to immersion freezing. At lower temperatures, ice nucleation is typically initiated
through the deposition nucleation mode which occurs at subsaturated conditions with
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respect to water. Contact nucleation is not considered in this work because in most of
the experiments all particles are activated to droplets and thus no dry interstitial aerosol
particles are available for contact nucleation.

Ice multiplication via the Hallett-Mossop

process is assumed to be negligible at temperatures below 260 K (Mossop, 1978).

AIDA cloud simulation chamber

Rotating brush generator

Chilled-mirror
hygrometer

CPC 3010

TDL water vapour
spectrometer

SMPS2/APS2

SIMONE

WELAS/WELAS2

Figure 3.2:

Schematic drawing of the AIDA cloud chamber: aerosol instrumentation (rotating brush generator,
APS, SMPS, CPC3010) and instruments used for characterization of the droplet/ice crystal population
(welas/welas2, SIMONE) and for the relative humidity measurements (TDL, chilled-mirror hygrometer)

Figure 3.2 shows a schematic drawing of the AIDA chamber:

the vessel, where the

experiments take place, is situated within a large temperature-controlled housing.

For

the expansion experiments, the gas pressure inside the vessel is lowered at controllable
rates with a strong vacuum pump. Rigorous cleaning (i.e. pumping the vessel down to
pressures below 0.1 hPa and ushing with synthetic air) results in very low background

−

concentrations of aerosol particles (typically below 0.1 cm

3 ).

Additionally, most expan-

sion experiments were preceded by a reference activation during which the background
aerosol is activated to droplets or ice crystals, depending on the temperature and humidity
conditions within the chamber.
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With several optical instruments, aerosol particles, droplets and ice crystals can be measured and distinguished from each other.

In the following, the characteristics of these

instruments (Wagner et al., 2009) will be summarized briey:

●

Sizing and counting of the droplet and ice crystal population is done by the two
optical particle counters welas and welas2 (Palas GmbH) which detect scattering
signals from single particles crossing a beam of white light within the respective
instrument.

The intensity of the scattering pulses is then taken as a measure

of the corresponding particle size.

The detection ranges (for liquid droplets) are

0:8−46 µm and 5:0−240 µm, respectively (Saatho et al., 2013). Depending on the
observed ice nucleation mode and the initial size distribution of the aerosol particles,
a size threshold can be set which allows to calculate the number concentration of
ice crystals.

●

SIMONE (Scattering Intensity Measurements for the Optical Detection of Ice)

detects scattering signals from particles crossing the pathway of a laser beam

( = 488 nm) which horizontally traverses the cloud chamber.
measured in forward (at

Scattering signals are

2○ ) and near-backward (at 178○ ) direction.

Additionally,

for the near-backward scattering signal, the depolarization, which can be taken as
an indicator of the dominating presence of either water droplets or ice crystals, is
measured using a Glan laser prism to separate the parallel and the perpendicular
polarized components of the near-backward scattered light.

●

The humidity conditions in the cloud chamber are derived from TDL (tunable
diode laser) absorption spectroscopy measurements.
lected water-vapor absorption line at 1.37

From scanning over a se-

µm, the absolute concentration of water

vapor within the cloud chamber can be inferred with an accuracy of

±5%

(Fahey

et al., 2009). The concentration measurements can then be converted into relative humidity values using the AIDA mean gas temperature
vapor pressure of water (Murphy and Koop, 2005).

Tg

and the saturation

Additionally, the total water

concentration can be determined from chilled mirror hygrometer measurements.

With this instrumentation, ice nucleation via immersion freezing can be clearly distinguished from deposition nucleation.
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Figure 3.3:

Time series of two experiments showing immersion freezing (1a-1e) and deposition nucleation (2a-2e)

a) Variation of the thermodynamical variables during expansion: decrease in gas temperature Tg and pressure p ;
the temperature at the walls of the vessel Tw stays approximately constant.
b) Development of relative humidity over water and over ice as derived from TDL data.
c) Depolarization of the backwardly scattered light (SIMONE) as an indication for the dominance of either droplets
or ice crystals.
d) Aerosol number concentrations (CPC3010) compared to particle concentrations (welas/welas2); ice crystal
number concentrations are calculated from welas/welas2 data.
e) Temporal evolution of particle sizes as measured by welas/welas2.
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In Fig. 3.3 data for two experiments is shown  the experiment on the left (1a to 1e) is
an example for immersion freezing of volcanic ash (EY01), whereas the experiment on
the right side (2a to 2e) is characterized by pure deposition nucleation initiated likewise
by volcanic ash.
As the structure of the data sets is conceptually the same for both experiments, a general
overview will be given, together with the main conclusions that can be drawn from the
measurements:

●

The rst panels a) show the progression of an expansion experiment:
chamber is pumped down from atmospheric pressure to a pressure
At the same time, the gas temperature

Tg ,

the cloud

p of ∼ 800 hPa.

which is the average temperature in

the volume of the cloud chamber, drops as approximately decribed by eq. 3.1. The
temperature

Tw , which is the average of several sensors on the walls of the aerosol

vessel, remains almost constant during the expansion. The temperature uncertainty
is

●

Tg = 0:3 K (Möhler et al., 2006).
wat ) and over

Panels b) show the evolution of the relative humidities over water (RH

ice ) as derived from the TDL water vapor measurements.

ice (RH

●

The SIMONE depolarization signal is shown in panels c): a depolarization value of

∼ 0:3

was observed for the volcanic ash particles. The growth of droplets and ice

crystals can be clearly dierentiated: formation of (spherical) droplets is accompanied by a decrease in depolarization. For immersion freezing experiments with only
low number concentrations of nonspherical ice crystals with a concomitant high
droplet number concentration there is no signicant change in the depolarization
due to the the formation of ice crystals.

●

The particle concentrations and size distributions that are shown in the panels d)
and e) are compilations of data from welas, welas2 and CPC3010. The welas and
welas2 instruments give information regarding the number concentrations (panels
d) and optical sizes (panels e) of droplets and ice crystals. The particles measured
by welas/welas2 before the expansion experiment starts are aerosol particles that
are large enough to be detected by these instruments.
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In panel d), the number

concentration as measured by the two optical particle counters is shown without
dierentiating between aerosol particles, droplets and ice crystals (welas all). Additionally, the ice crystal concentration can be derived by applying a size threshold to
the data presented in panels e) according to the fact that ice crystals are typically
much larger than aerosol particles and droplets.

For the immersion freezing ex-

periment, the size separation between droplet population and ice crystals is clearly
visible (1e).

Thus, the threshold is set at a particle size of

d = 20 µm.

For de-

position nucleation, this ice crystal threshold is set to a slightly smaller value of

d

=

tals.

15

µm

in order not to underestimate the number density of small ice crys-

Complementing the data on droplets and ice crystals, the aerosol particle

concentration is shown in panels d).

Putting together the information from all the instruments, it is possible to distinguish
between immersion freezing (1a to 1e) and deposition nucleation (2a to 2e): First, from
looking at the humidity data (1b and 2b) it can be seen that water saturation is only
reached during the rst experiment. The emergence of droplets is conrmed by the decrease of the depolarization signal (1c) from

∼

0:3 to values below 0.05  this can be

reasoned by the fact that aerosols which have been activated to droplets, in contrast to
dry aerosol particles, are spherical objects which do not cause signicant depolarization.
Ice nucleation sets in only after droplet formation has started (1d, 1e).
For deposition nucleation, the depolarization signal (2c) is more dicult to interpret because it also depends on ice crystal sizes and habits: during our experiments, overall, a
slight decrease in depolarization was observed during deposition nucleation. Sometimes,
however, the initiation of deposition nucleation can be accompanied by an increase in
depolarization (2e) which can be explained by the presence of small micrometer-sized
ice particles during the initial nucleation and growth stage as such small particles have a
maximum in depolarization (Wagner et al., 2009). Deposition nucleation is also associated with an immediate growth of ice crystals at a certain supersaturation over ice (2d, 2e)

Aerosol samples were generally introduced into the AIDA chamber with a rotating brush
generator (RBG 1000, Palas GmbH) combined with one or several cyclone impactor
stages which allow for dening a particle size cuto.
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The aerosol size distribution for

each aerosol sample is derived from combining SMPS (Scanning Mobility Particle Sizer
 TSI) and APS (Aerodynamical Particle Sizer  TSI) measurements. From the aerosol
particle size distribution that is obtained by combining the APS and SMPS data (Möhler
et al., 2008a), the aerosol surface distribution can be estimated from the mobility diameters and subjected to a lognormal tting routine.
Within this work, the cloud chamber was used to investigate the ice nucleation properties
of dierent mineral dust species such as fossil diatomite, desert dusts and soil dusts with
a complex organic composition.

The ageing of atmosperic aerosol was also simulated

by letting sulfuric acid or volatile secondary organics condense onto the aerosol particles'
surfaces.

The ice nucleation properties of these aged mineral dust particles were then

compared to uncoated mineral dust particles.

3.2 Numerical modelling with ACPIM
The AIDA cloud chamber simulates the ascent of cloud parcels in the atmosphere and
the activation of aerosol particles to droplets and ice crystals. Complementary, the box
model ACPIM (Aerosol-Cloud-Precipitation Interaction Model, University of Manchester,
Connolly et al. (2009)) is able to calculate the ascent of virtual air parcels allowing
for a more detailed investigation of aerosol-cloud-processes.

ACPIM assumes a closed

parcel which does not exchange energy or moisture with the environment. The change in
temperature is described by

dT
dt

Rm ⋅ dp − Lv ⋅ drv + Lf ⋅ dri ) ⋅ p
p dt T dt T dt cpm

(3.2)

Rm is the gas constant for moist air, p
is the pressure, Lv is the latent heat for vaporization, rv is the vapor mixing ratio, Lf is
the latent heat of fusion, ri is the ice mixing ratio, and cpm is the specic heat of moist
where

T

=(

is the temperature within the air parcel,

air. The total water content is described by

drv + drl + dri = 0
dt dt dt
with

rl being the liquid water mixing ratio.

(3.3)

Note that for the AIDA cloud chamber neither

eq. 3.2 nor eq. 3.3 hold strictly because during an expansion experiment the walls of the
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cloud chamber act as a source of heat and moisture.

The box model describes aerosol particles and droplets within a two-dimensional grid
where each grid point corresponds to a certain mass ratio between water and dry aerosol
mass at a dened particle size. A similar grid structure is applied for describing the interaction between aerosol particles and ice crystals. ACPIM also encomprises a detailed aerosol
thermodynamics scheme which describes hygroscopic growth and subsequent droplet activation of aerosol particles (Topping et al., 2005; Dearden et al., 2011). In this work,
the model is mainly used to test an ice nucleation active surface site density approach
with additional time dependent source terms. Note that ACPIM is also able to describe
processes relevant to immersion freezing and deposition nucleation, including secondary
processes such as riming, aggregation and ice multiplication (Connolly et al., 2012). However, for the modelling studies presented in this work these processes were not considered.
The aerosol size distributions were set up with a minimum particle size
extended up to

d = 105 µm.

d = 0:002 µm and

The bin sizes were determined by using a logarithmic scaling

factor of 2. For the simulations presented in this work, the time step was chosen to be

t = 5 s. The updraft velocities of the simulated air parcels were prescribed as xed values.
The results from using ACPIM to investigate the contributions of time dependent source
terms to the predicted ice crystal concentrations will be presented in the next chapter.

3.3 Cold stage experiments
With experiments at the AIDA cloud chamber, ice nucleation properties of complex aerosol
populations can be observed under atmospherically relevant conditions. However, the detailed observation of microphysical ice nucleation processes is not possible during large
scale cloud chamber experiments.
It has been postulated that heterogeneous ice nucleation occurs at characteristic surface
sites (Fletcher, 1969) which possess physico-chemical properties distinguishing those sites
from the average aerosol surface. However, the exact nature of these sites remains unclear because of the high variability with regard to the chemical composition of dierent
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aerosol species.

Additionally, most natural aerosol particles exhibit a very complicated

morphology as shown in Fig. 3.4 for a mineral dust particle.

Figure 3.4:

Microscope image of a mineral dust particle (courtesy of A. Kiselev)

It has been speculated that the spatial arrangement of certain molecules at the surfaces
of aerosol particles is able to mimic the hexagonal structure of ice which lowers the energy barrier for the formation of ice crystal precursors (Pruppacher and Klett, 1997).
Contrasting this approach, however, molecular dynamics simulations suggest that the determining factor is not so much the ice-like lattice structure of molecules at the particle
surface but is probably more likely that certain groups of hydrophilic molecules enhance
the adsorption of water molecules to the surface where then hydrogen bonds between adjacent molecules can form more easily (Nutt and Stone, 2004). Simulations investigating
freezing at a kaolinite surface suggest that the ice nucleation ability of kaolinite is not
mandated by a good lattice match but rather by a long-range ordering eect exhibited
by the kaolinite surface which results in an ice-like layer close to the surface (Cox et al.,
2013).
Note that the exact structure of the initial ice clusters is still under debate. Experimental
evidence suggests that ice clusters might not consist of purely hexagonal molecular structures but also encomprise cubic ice or amorphous structures (Cox et al., 2012; Carrasco
et al., 2009). It has also been proposed that surface defects such as trenches might be
favorable for the formation of ice (Croteau et al., 2010). Hence, as a rst step towards
investigating the interaction between aerosol particles and the ice phase, an experimental

d = 90 µm)

setup has been built which allows to investigate the freezing of small droplets (
which have been placed on certain substrates.
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At the heart of the experimental setup is a temperature controlled stage (cold stage)
upon which dierent substrates such as silicon wafers can be placed.

The cold stage

setup has been described in detail in the work by diNatale (2012). A sketch of the experimental setup is shown in Fig. 3.5.

Figure 3.5:

Schematic drawing of the cold stage setup (adapted from Haarig (2013))

Individual substrates are cooled down to the dew point temperature before an array of
several hundreds of small water droplets (

d = 90 µm) is printed onto the substrate.

The

droplets are printed with a piezo-electric injector using a standard syringe as reservoir for
deionized water (setup described in Duft and Leisner (2004)). Note that close to the dew
point, evaporation or condensational growth of droplets is assumed to be negligible.
The temperature is measured directly at the surface of each substrate. Droplets typically
are cooled at rates between 1 and 10 K/min by using liquid nitrogen as coolant.
The freezing of droplets as the temperature decreases during an experimental run is detected by observing light scattered back from the droplets or ice crystals. The light source
in this experimental setup consists of LEDs which are arranged as a ring. The white light
emitted from these LEDs is transmitted through a polarization lter with linear polarization. A camera is situated above the cold stage and detects light transmitted through a
second polarization lter after being scattered back from the droplets or ice crystals.
Figure 3.6 (left) shows an array of liquid water droplets as they are viewed by the camera
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Figure 3.6:

Array of water droplets on a silicon wafer and close-up side view of a sessile droplet on top of a silicon
wafer (courtesy of M. Haarig)

before the start of an experimental run.

A magnied view of a single droplet at room

temperature is depicted in Fig. 3.6 (right). Water contact angles of droplets vary between

○

30

○

and 85

for the materials that have been investigated (Haarig, 2013). From the ini-

tial image showing the liquid droplets their positions on the substrate are determined and
from the increase of backscattered white light intensity within these individual regions
of interest the freezing of droplets is diagnosed. This information is then used to derive
temperature dependent freezing curves.

In order to develop a better understanding of the microphysical processes contributing
to heterogeneous ice nucleation, several substrates with dierent characteristics (e.g.
surface roughness) were investigated.

Monocrystalline materials such as silicon (Plano

GmbH), graphite and copper (Goodfellow Ltd.) are commercially available and may be
used as ice nucleus substitutes with very regular surfaces. The roughness of monocrystalline surfaces varies among dierent materials with copper exhibiting an average surface
roughness in the range of micrometers whereas silicon is much smoother with roughness
values in the range of nanometers. However, the surface structure of these materials is
much less complicated than the morphology of natural aerosol particles such as mineral
dust particles (Fig. 3.4). Note that all substrates have been subject to dierent cleaning
procedures as described in the work by Haarig (2013).
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The chemical composition of muscovite (Conrad) is much closer to natural mineral dust
particles than the monocrystalline substrates.

Therefore, the ice nucleation properties

of muscovite were investigated with the cold stage setup as well.

Also, the inuence

of trenches on the ice nucleation properties of silicon wafers were investigated.

These

experiments are then compared to results from cold stage experiments with mineral dust
suspension droplets in order to link the ice nucleation behaviour of very dened surfaces to
the freezing properties of complex natural aerosol particles. For comparing between the
dierent ice nucleating materials, the ice nucleation active surface site density approach
(see ch. 2) was used. First results from the cold stage studies are presented in the next
chapter.
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Chapter 4

Experimental results

4.1 Time dependence of deposition nucleation:
AIDA experiments with Arizona Test Dust as a
test case

Developing ice nucleation parameterizations from cloud chamber studies is a further step
towards improving the implementation of cloud microphysics within global and regional
climate models.

The AIDA cloud chamber is generally used to simulate the ascent of

cloud parcels in the atmosphere and to investigate the formation of ice crystals under
atmospherically relevant conditions. The cooling rates can be varied, providing access to
dierent ice nucleation time scales. Hence, AIDA cloud chamber experiments might help
to answer the question at which cooling rates and for which aerosol types the inherent
stochasticity of ice nucleation must be explicitly considered by ice nucleation parameterizations. For the experiments presented in this section, the AIDA cloud chamber is used
to simulate cirrus cloud conditions for investigating deposition nucleation initiated by dust
particles.
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4.1.1 AIDA deposition nucleation experiments
Deposition nucleation experiments with Arizona Test Test Dust were conducted at the
AIDA cloud chamber. Arizona Test Dust (ATD, Powder Technology Inc.) is used as a
substitute for naturally occuring desert dusts.

Note that ATD consists of desert dust

which was washed, dried and milled to provide enough material in all size classes. Thus,
the composition of individual ATD particles is probably more homogeneous than the
composition of original desert dusts and also the surface properties might dier from
natural dusts. To investigate the impact of time dependence and variations in the aerosol
size distribution on the deposition nucleation eciency of ATD, the experimental cooling
rate was varied between 0.3 K/min and 2.9 K/min and also the aerosol size distribution
was varied by either including or discarding particles larger than 1

µm.

Several sets of

experimental runs were conducted, starting at 250 K, 235 K or 220 K.



For all experiments, the ice nucleation eciency was quantied by determining
the ice nucleation thresholds and by calculating ice nucleation active surface site
(INAS) densities and the contact angle distribution parameters. The contact angle
distribution parameters are derived by using classical nucleation theory to t the
observed ice fractions (eq. 2.1). An average INAS density function (eq. 2.9) was
derived and compared to two empirically derived parameterizations (Meyers et al.,
1992; Phillips et al., 2008) with regard to their sensitivity to temperature and
relative humidity over ice.



The relevance of time dependence to ATD deposition nucleation was inferred by
describing the time dependent contribution either by a linear time dependent source
term or by an exponential function increasing time.

The INAS density functions

- with and without the time dependent source terms - were then tested within
the box model ACPIM with regard to the impact of variations in cooling rate and
aerosol number concentration on the observed ice fractions.

An overview of all experiments considered in this study is provided in Table 4.1.

Note

that cyclone impactors are used to dene an aerosol particle size cuto at approximately
1

µm.

With a dened cuto the disproportional contribution of larger aerosol particles to

the observed formation of ice can be eliminated. Only two experiments were conducted
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without using cyclone impactors (see Table 1: IN17_22 and IN17_24).
During all experiments that are listed in Table 4.1 the ice crystal concentrations as well
as the aerosol size distributions were measured. The cooling rate and the aerosol surface
were varied in a systematic manner in order to investigate the impact of these factors on
the observed ice crystal concentration. The cooling rate determines the time scale that
is relevant to the observed ice nucleation and thus gives experimental access to the time
dependence of heterogeneous ice nucleation.

Table 4.1:

Overview of ice nucleation experiments with ATD as carried out at the AIDA cloud chamber; reference
experiments being omitted

Experiment

IN17_01
IN17_02
IN17_04
IN17_06
IN17_08
IN17_10
IN17_11
IN17_12
IN17_13
IN17_15
IN17_16
IN17_18
IN17_21
IN17_22∗
IN17_24∗
IN17_26
IN15_04
IN15_12

Tstart

Aerosol concentration

Median diameter

Aerosol surface area density

Cooling rate

[K]

[cm−3 ]

[µm]

[µm2 cm−3 ]

[K/min]

250.2
249.2
249.9
249.7
250.1
249.8
249.8
249.7
250.2
234.7
235.3
234.8
234.8
235.5
235.0
235.4
222.8
222.7

99
137
43
38
62
44
504
508
500
22
26
151
107
171
139
48
451
809

0.25
0.24
0.24
0.21
0.24
0.24
0.23
0.23
0.24
0.22
0.20
0.23
0.19
0.37
0.35
0.22
0.22
0.24

23
40
9
10
17
14
119
126
139
6
9
40
18
162
209
13
100
201

0.3
0.6
0.5
0.3
0.3
2.5
2.7
0.8
0.4
1.1
2.9
2.8
1.1
1.1
1.1
0.7
2.4
2.7
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Deposition nucleation is a process that depends largely on relative humidity over ice, but

ice space

also on temperature. Due to experimental restrictions not all areas in the T/RH

are accessible during AIDA cloud chamber experiments. The initial cooling phase is always
accompanied by an increase in RH

ice which denes trajectories in the T/RHice space.

130

125

RH

ice

[%]

120

115

110

105

220

Figure 4.1:

225

230

235
Temperature [K]

240

245

250

Trajectories of ice nucleation experiments: temperature and RHice change simultaneously during expansion experiments; trajectories are shown from the point on when ice crystal concentrations rst exceed
background concentrations - only the part is shown for which RHice increases linearly with temperature

Figure 4.1 shows trajectories of all AIDA expansion experiments described in Table 1. All
trajectories in Fig. 4.1 start shortly after ice formation was observed and end when ice
crystal growth leads to a deviation from the linear increase in RH

ice .

All experimental

runs began at initially subsaturated conditions with respect to ice. From Fig. 4.1 it can
be observed that trajectories for experiments starting at 235 K are more similar to each
other than those of the experiments at warmer temperatures.

46

4.1.2 Aerosol surface distribution of ATD particles
Information about the total aerosol surface area density is needed to calculate the INAS
densities. The aerosol surface area density is derived from the measured size distribution
after conversion into an aerosol surface distribution. To this surface distribution a lognormal t is applied from which the total aerosol surface area density can be estimated
through integrating the distribution. An exemplary aerosol surface distribution is shown
in Fig. 4.2.

dS/dlogdp (µm2 cm−3)

SMPS
APS
Fit

10

1
0.01

0.10

1.00

10.00

dp (µm)

Figure 4.2:

Aerosol surface distribution for dust particles (Arizona Test Dust) with lognormal t:

0 32 µm; surf = 1:55 (exp. IN17_04)

dmed;surf = :

Note that APS and SMPS data in combination cover the whole size range. The median

med;surf = 0:32 µm, whereas the median diameter of the number size distribution is dmed;num = 0:24 µm. In most experiments, the

diameter of the surface distribution lies at d

aerosol size distribution was cut o at about 1

µm by using cyclone impactor stages after

the rotating brush generator. Only for exp. IN17_22 and exp. IN17_24, the impactor
stages were not used, resulting in a shift of the size distribution towards larger sizes with

med;num = 0:35 µm and dmed;num = 0:37 µm (see also Table 4.1).

d

47

4.1.3 Ice nucleation properties of ATD
Thermodynamic ice nucleation thresholds

fice = 1% was observed
are presented in Fig. 4.3 separately for experiments starting at Tstart = 250 K (Fig. 4.3,
top) and Tstart = 235 K (Fig. 4.3, bottom).

The relative humidities over ice for which an ice number fraction
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Figure 4.3:

Cooling rate [K/min]

3

Cooling rate [K/min]

Cooling rate [K/min]

3.5

RHice thresholds for ice activation (fice=1%) - Tstart= 250 K
[%]
3.5
121
RH [%]
RHice [%]
ice
3
120
2.5

300
100
200
Aerosol surface [ μm2 cm-3]

101

Thermodynamic thresholds for ice nucleation: relative humidity over ice at an ice number fraction
fice =

1% for experiments starting at T=250 K (top row) and at T=235 K (bottom row); symbols

indicate variations in the aerosol size distribution with ● denoting standard experiments using cyclones
for dening a aerosol size cuto, and ⋆ for experiments without cyclones resulting in a shift of the
aerosol size distribution towards larger particles
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For the experiments starting at 220 K, rapid ice nucleation was observed slightly above
ice saturation (data not shown). Furthermore, the humidity thresholds are shown either
with respect to the initial aerosol concentration of each experiment (Fig. 4.3, left) or with
respect to the total aerosol surface area density (Fig. 4.3, right). Also, in the subgraphs
of Fig. 4.3 the relation between humidity thresholds and cooling rate is depicted. Fig. 4.3
shows that for Tstart

= 250 K the relative humidity thresholds vary non-systematically (i.e.

no correlation with the cooling rate) between

116% and 121%, whereas for Tstart = 235 K

ice nucleation already occurs at relative humidities slightly above saturation and humidity
thresholds vary between

101% and 106%.

For experiments with the aerosol size distri-

bution being shifted towards larger particles (Tstart

=

235 K) the ice nucleation onset is

observed at the lowest relative humidities compared to the other experiments. This observation agrees with the assumption that larger particles within an aerosol population reduce
the onset humidity threshold. The range of the observed humidity values corresponds to
the measurements uncertainty

RHice ≈ 3 − 5% with the thresholds for larger particles

being at the lower end of the observed humidity values. Figure 4.3 shows that there is no
stringent relation between relative humidity thresholds and cooling rates. If ice nucleation
was best described by a purely temperature or relative humidity dependent INAS density,
then we would expect no inuence of the cooling rate on the observed ice nucleation
thresholds because for a similar aerosol size distribution the ice fraction obtained at a certain temperature or relative humidity will always be the same. Conversely, if ice nucleation
was optimally described by a time dependent heterogeneous nucleation rate approach, the
freezing onset would have been shifted towards lower relative humidities for low cooling
rates. This is due to the fact that for low ice-active particle fractions the observed ice
crystal number concentration can be approximated by
where

n0

is the initial particle concentration,

Jhet

nice ≈ n0 ⋅ Jhet (T; Sice ) ⋅ Aaer ⋅ t

is the heterogeneous nucleation rate,

t is the time step during
which only small changes Sice and T occur. t and Sice are related by the experimental cooling rate r with r = T /t and thus Sice /t ∝ r at the beginning of the
cooling phase. This means that within the humidity interval Sice , nice will be larger for
slow cooling rates because the interval t is larger than for fast cooling rates. Because
Aaer

is the aerosol surface available for ice nucleation and

neither a completely singular behavior (i.e. always the same ice nucleation threshold) nor
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a relation between cooling rate and thresholds could be deduced from our measurements,
the inuence of dierent cooling rates (corresponding to ice nucleation time scales) on
the observed ice fraction cannot be inferred directly.

A similar behavior is observed for

the temperature thresholds (data not shown).

In contrast to the lack of evidence for an impact of changing cooling rates on the ice
nucleation thresholds, increasing the aerosol surface by introducing larger particles does
lead to reduced ice nucleation thresholds as also observed in other experimental studies
(e.g Welti et al. (2009)).

Ice nucleation active surface site densities
As a rst step, the ice nucleation eciency is expressed as the INAS density averaged
over the whole aerosol population for each experiment. This INAS density

ns

(Niemand

et al., 2012) is approximated as

ns = nice /Aaer
with the ice crystal concentration

Aaer

µ

2

[ m cm

−

3 ].

Note that

ns

nice

[cm

−

[ m −2 ]

(4.1)

3 ] and the total aerosol surface area density

can also be interpreted as a way of normalizing ice crystal

concentrations. Thus, eq. 4.1 may include an implicit time dependence of the observed
ice crystal formation.

ice

The INAS densities are depicted in Fig. 4.4 with respect to RH
to a thermodynamic variable

xther m (right) which is dened as

(left) or with respect

xther m = −(T ⋅ [K −1 ] − 273:2) + (Sice − 1) ⋅ 100

(4.2)

as an approximation for

xther m = −1:085 ⋅ (T ⋅ [K −1 ] − 273:2) + 0:815 ⋅ (Sice − 1) ⋅ 100
which was derived from least-square tting assuming that
temperature and the saturation ratio with respect to ice
The length of each

ns

(4.3)

depends exponentially on

Sice .

ns trajectory generally corresponds to a time period of t ≤25 s starting

at the rst observation of ice nucleation. For experiments during which the growth of ice
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crystals led to an early deviation from the linear increase of relative humidity over ice, this
time interval

t was chosen to be shorter than 25 s. The time interval t was dened with

regard to excluding reductions of the observed ice crystal concentration by sedimentation,
assuming that the largest ice crystals grow to approximately 100

µm.

These large crystals

determine the sedimentation time scale and sediment with terminal velocities between 0.1
and

10 cm/s (Westbrook, 2008).

This corresponds to sedimentation time scales between

20 and 2000 s for an average fall distance of 2 m (half of the cloud chamber height).
Thus, the time scale was chosen to be
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235 K or

250 K: INAS densities are depicted with respect to relative humidity over ice (left) and with
respect to the thermodynamic variable x
(right) with x
= −(T ⋅ [K −1 ] − 273:2) + (Sice − 1) ⋅ 100
Tstar t =

ther m
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ther m

In Fig. 4.4 (left) the two groups of experiments starting either at 235 K or 250 K are
clearly separated. Thus, Fig. 4.4 (left) shows that within the temperature range between

ice

230 and 250 K, deposition nucleation as a process does not only depend on RH

but

it is also controlled by temperature. By representing the INAS densities as a function of
relative humidity and temperature - see Fig. 4.4 (right) - the INAS trajectories fall much
closer together which means that deposition nucleation can be described by the change

xther m as dened by eq. 4.2.
The ns trajectories as shown in Fig. 4.4 are aicted with two sources of uncertainty of
which the ns values themselves are the rst source. The measurement uncertainty of ns
is determined by the uncertainties nice /nice ≈ 25% and Aaer /Aaer ≈ 25% which results
in ns /ns ≈ 35%. Secondly, the position of each trajectory within the T/RHice space
is aected by the uncertainties T = 0:3 K and RHice up to 5%. These uncertainties
then translate into the uncertainty of the thermodynamic variable xther m with xther m ≈ 5.
in

Figure 4.4 shows that the experiments at higher relative humidities over ice (corresponding
to warmer temperatures (Tstart

=

250 K)) are characterized by a much larger variety in

the slopes of INAS density trajectories than the experiments at lower relative humidities
over ice (corresponding to colder temperatures (Tstart

= 235

K)).

4.1.4 Comparison to other parameterizations
In this section, an average INAS density function is derived and compared to the dustadapted parameterization by Phillips et al. (2008, 2012) and the general parameterization
by Meyers et al. (1992). Complementing the INAS density approach, also results from
parameterizing the observed ice fractions by classical nucleation theory are presented.
Additionally, the time scale that is relevant for deposition nucleation of ATD is determined.

General ice nucleation active surface density approach
Figure 4.4 shows that the

ns

values do not diverge by more than one order of magnitude

which suggests that the observed INAS density trajectories may be described by an average INAS density function. According to least-square tting, all measurements can be
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described by the t function

ns (xther m )

ns (xther m ) = 1:88 ⋅ 105 ⋅ exp(0:2659 ⋅ xther m )
The measurements together with the t (

10

[m − 2 ]

(4.4)

r 2 = 0:49) are depicted in Fig. 4.5.
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Figure 4.5:

Ice nucleation active surface site densities as in Fig. 4.4 with exponential t function; grey lines indicate
deviations from the tting function by an order of magnitude

53

each experimental run.

ns

ice trajectories of
Isolines indicate the increase of the t function ns (xther m ) with

Figure 4.6 shows all measured

values corresponding to the T/RH

temperature and relative humidity over ice.
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Figure 4.6: ns

230

235
Temperature [K]

240

245

log10(ns)

trajectories derived from experimental runs (see Table 4.1) - the arrow indicates decreasing tem-

perature and increasing RHice during expansion experiments (see Fig. 4.1); colored lines correspond to
isolines of the tted INAS density (log10 (ns )) from Fig. 4.5 - symbols indicate ice nucleation active
surface site densities derived from experimental studies by other authors

The comparison with a previous AIDA cloud chamber study by Möhler et al. (2006) shows
that the derived INAS density

ns agrees well with our tted ns (xther m ). However, the INAS

densities derived from ice fractions observed in studies by Koehler et al. (2010), Sullivan
et al. (2010a) and Welti et al. (2009) generally dier by more than one order of magnitude
from our tted

ns (xther m ).

In the study by Koehler et al. (2010) a continuous ow

diusion chamber was used to investigate the ice nucleation properties of ATD particles
with selected diameters of 200, 300 or 400 nm.

A continuous ow diusion chamber

was also used by Sullivan et al. (2010a) who investigated monodisperse ATD particles

d = 200 nm).

(

Welti et al. (2009) investigated the deposition nucleation properties of size
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selected ATD particles with the Zurich Ice Nucleation Chamber (ZINC). In all studies the
ATD sample was dry-dispersed by either using a rotating brush generator or a uidized bed
generator. The INAS density values derived from the aforementioned studies are much
lower than the INAS densities derived within this experimental study.

The dierences

between our measurements and other experimental studies might be explained dierences
in the ice nucleation active surface site density values for particles of dierent sizes.

Comparison to parameterizations proposed by Phillips et al. (2008) and Meyers et al. (1992)
The ice nucleation parameterization developed by Phillips et al. (2008) (updated in Phillips
et al. (2012)) is tailored to dierent aerosol groups such as mineral dust/metallic compounds, soot, organic compounds and primary biological particles.
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Isolines for the INAS density calculated according to the parameterization by Phillips et al. (2008); the
grey line indicates water saturated conditions
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The Phillips parameterization is derived from eld campaigns investigating the ice nucleation properties of atmospheric aerosol with a continuous ow diusion chamber.

Fig-

ure 4.7 shows isolines with constant INAS density values as predicted for temperatures
between 220 and 250 K. The Phillips parameterization (Phillips et al., 2008, 2012) predicts between 232 and 237 K that the INAS isolines bend within the T/RH

ice space which

would provide a further motivation to construct a temperature and humidity dependent
formulation of deposition nucleation at least within this temperature range (see Fig. 4.7).
The bending of the

ns

isolines between 233 and 248 K was also suggested by Hoose and

-2

Ice nucleation active surface site density [m ]

Möhler (2012) based on a compilation of data from various experimental studies.

Figure 4.8:
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Comparison between INAS densities derived from this work (colored lines), the dust-adapted parameterization by Phillips et al. (2012) (colored dashed lines) and the parameterization by Meyers et al.
(1992) (black dashed line); for the Phillips parameterization, colors indicate the same temperatures as
for our parameterization - the grey dashed line indicates the experimental limit for ns values derived
from expansion experiments presented in this study

Figure 4.8 shows a comparison between the INAS density values derived from our experimental parameterization (eq. 4.4), from the ice crystal concentration as parameterized
by Phillips et al. (2008, 2012) and from the ice crystal concentration derived by using
the purely humidity dependent parameterization proposed by Meyers et al. (1992) with
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assuming a generic aerosol surface area density of

Aaer = 2 ⋅ 10−6 m2 m−3

as proposed in

Phillips et al. (2012) for background concentrations of tropospheric aerosol. The dashed
grey line in Fig. 4.8 indicates the experimental limit of observed ice nucleation active sur-

f

face site densities in this study ( ice

< 10 %).

The INAS density lines as shown in Fig. 4.8

are also restricted by deposition nucleation only occuring below water saturation.

Our experimental parameterization predicts

ns

values which are by several orders of mag-

nitude larger than for the other two parameterizations.

Larger deviations between ice

crystal predictions based on the Phillips parameterization and based on the INAS density
approach were also found in a study investigating the immersion freezing properties of
mineral dust particles (Niemand et al., 2012). For immersion freezing, an INAS density
parameterization based on cloud chamber experiments with desert dusts was implemented
within the regional model COSMO-ART and it was found that for temperatures above
255 K the ice nuclei concentration diagnosed from comparable model runs with the Phillips
parameterization diered by several orders of magnitude from the INAS density based calculations (Niemand et al., 2012).

Note, however, that for the comparison between the three approaches in this work not
the absolute INAS density values are considered to be most relevant but the slopes of the

ns curves because the absolute values are determined by the assumed aerosol surface area
density Aaer . The parameterizations by Phillips et al. (2008) and Meyers et al. (1992)
predict INAS densities with signicantly dierently slopes (i.e.

dependence on relative

humidity over ice) compared to the results from our ATD measurements.

Comparison to classical nucleation theory
Classical nucleation theory can be used to t results from deposition nucleation experiments with ATD particles. Ice formation requires that stable ice clusters are formed which
corresponds to overcoming an energy barrier

Gdep which separates the metastable water

phase from the more stable crystalline ice phase.
heterogeneous ice nucleation by a form factor
energy barrier

Gdep .

Classical nucleation theory describes

f (m )

which leads to a reduction of the

With a reduced energy barrier, ice formation can occur at tem-
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peratures above the homogeneous ice nucleation threshold. The form factor

m

=

cos()

depends on the so-called contact angle

.

f (m) with

The ice fraction observed for

an aerosol population can be related to an average contact angle



depending on the

observed ice nucleation eciency. For aerosol species with several ice nucleation active
components such as mineral dusts, a single contact angle is often not sucient to describe the observed ice fractions (Wheeler and Bertram, 2012). In these cases, a contact
angle distribution produces a better agreement between measurements and classical nucleation theory t (Marcolli et al., 2007; Lüönd et al., 2010; Wheeler and Bertram, 2012).

In this study, the observed ice nucleation eciency is expressed by a tted contact angle
distribution for each experimental run. The contact angle distribution is determined by
an apparent median contact angle



 .

can be derived from applying eqs. 2.1, 2.5 and 2.6

These parameters



and



and an apparent contact angle distribution width

to the observed ice fractions (Chen et al., 2008).

In this study, the time intervals for

 and  were estimated as best tting average values varied between t =10 s and t =30 s. For most experiments, the aerosol size distribution was
assumed to be lognormal with the median diameter d = 0:23 µm and the geometric size
distribution width d = 1:56. Only for the experiments without cyclone impactors (i.e.

which the parameters

larger particle being present) the aerosol size distribution parameters were chosen to be

d = 0:35 µm and d = 1:73.

Figure 4.9 shows the median contact angles

contact angle distribution widths

 as obtained for each experimental run.



and the

In Figure 4.9,

additionally the humidity ranges over which the contact angle parameters were obtained
are indicated. The uncertainty range of the estimated contact angle parameters was not
explicitly quantied.

However, the spread of obtained median contact angles suggests

that the uncertainties are probably very large. These uncertainties are also rooted in the
ambiguities of the classical nucleation theory t because for some cases contact angle
distributions with a signicant overlap may produce similar ice fractions.
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Figure 4.9:

nucleation theory with ● indicating values obtained for individual experiments and ★ indicating the
average values; indicated is also the humidity interval for which the apparent median contact angle was
estimated

For the experiments starting at Tstar t

○

tween 18
Tstar t

○

and 40

=

250 K, the median contact angles 

(excluding two outliers), whereas for experimental runs starting at

= 235 K or Tstar t =220 K, the median contact angles 
○

tween 25

○

and 40

vary be-

○

resp. between 8

were found to scatter be-

○

and 13 . It cannot be excluded that the observed ice

nucleation eciencies might be better described by a bi-modal contact angle distribution
representing two distinct types of ice nucleation sites.

This hypothesis is motivated by

nding a weaker agreement between measured and tted ice fractions for median contact

○

angles around 80 . However, in this study only a unimodal distribution was considered for
tting the observed ice fractions.
For high temperature deposition nucleation (Tstar t
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= 250

K) the contact angle distribu-

r 2 = 0:48) were  = 22:1○

tion parameters which best described all experimental runs (
and

 = 0:095.

For deposition nucleation at lower temperatures, the contact angle pa-

 = 36:2○ and  = 0:520 (r 2 = 0:52) for experiments at
○
2
Tstar t = 235 K and  = 16:9 and  = 0:540 (r = 0:89) at Tstar t = 220 K.
Thus, the best t values for the apparent median contact angle  increase with higher
rameters were found to be

supercooling and then decrease again which is seemingly counter-intuitive. However, this
behaviour is probably related to the large uncertainties involved in the measurements and
the tting procedure. Note, however, that increasing median contact angles with lower
temperature were also observed during immersion freezing studies investigating the ice
nucleation properties of kaolinite (Welti et al., 2012). The median contact angle increasing with greater supercooling was interpreted as the surface features (i.e. ice nucleation
properties) of individual dust particle becoming less relevant at lower temperatures. Similarly as the median contact angles, the contact angle distribution widths vary considerably
between experimental runs and tend to be much larger at low temperatures and low relative humidities.

The contact distribution widths also increase for higher supercooling.

From the experiments presented in the previous paragraphs it can be concluded that using classical nucleation theory to describe the deposition nucleation eciency of mineral
dust particles or other aerosol species requires a large number of experiments investigating combinations of dierent cooling rates, aerosol size distributions and thermodynamic
regimes (i.e. temperature and relative humidity) to derive the contact angle distribution
parameters in relation to these various conditions.

Deriving apparent INAS density values from classical nucleation theory
As an example for bringing together classical nucleation theory formulations and the INAS
density approach, in the following paragraphs apparent INAS densities as derived for two
dierent contact angle distributions are presented. The prescribed temperature and humidity changes represent conditions which resemble AIDA cloud chamber experiments.
Figure 4.10 shows a temperature ramp corresponding to a cooling rate of

r ≈ 2:5 K/min

(Fig. 4.10a) and a change in relative humidity over ice which is assumed to be comparable to the expected change observed in AIDA cloud chamber experiments (Fig. 4.10b).
Calculations were performed for time steps of
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t = 1 s.
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a cooling rate of r = : K/min and simultaneous change in the relative humidity (b) comparable to
AIDA cloud chamber experiments
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INAS density values as derived from classical nucleation theory for a narrow contact angle distribution
with  =
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(d-f); the INAS density values are depicted for three dierent time steps, i.e. after 1 s (a,d), after 5
s (b,e) and after 10 s (c,f)
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For these conditions, the ice fraction predicted by classical nucleation theory for deposition nucleation was calculated according to Chen et al. (2008) while assuming a contact
angle distribution with



=

30○

and



=

0:1.

From the calculated ice fraction, the

corresponding INAS density values were calculated under the assumption of an average
per-particle-surface of

Ap = 0:13 µm2 corresponding to a particle diameter of dp = 0:2 µm.

The temperature decreases from 250.0 to 249.6 K, whereas the relative humidity over
ice increases from

100:01% to 100:05% within the simulated time period of ttot = 10s

(Fig. 4.10a and b). The INAS density values for deposition nucleation at 250 K and humidities slightly above ice supersaturation are very small and range from 10

2 to 103 m−2 .

The same calculations as presented in Fig. 4.10 were repeated for a range of initial temperature and humidity conditions.

The INAS density values depicted in Fig. 4.11 are derived from classical nucleation theory according to Chen et al. (2008) as described for Fig. 4.10.

The thermodynamic

starting conditions were varied between 225 and 250 K and relative humidity between
RH

ice = 100% and RHice = 145%.

Each gridpoint in the subgures of Fig. 4.11 corre-

sponds to a simulated temperature and humidity ramp. The INAS density values shown in

 = 30○ and  = 0:1)

Fig. 4.11 were calculated for a narrow contact angle distribution (

 = 30○

and a broader contact angle distribution (

and

 = 1:0).

The broader contact

angle distribution includes contributions from very ecient ice nuclei (i.e. small contact
angles) which are, however, very rare.

Also, Fig. 4.11 shows how the apparent INAS

density values develop over time.

Fig. 4.11a shows INAS density values predicted for the narrow contact angle distribution after

t = 1 s.

The INAS density values increase with higher relative humidities over

ice at a constant temperature.

At constant relative humidity, the INAS density values

either stay constant or decrease slightly with higher supercooling. Note that only INAS
density values below water saturation are depicted because only deposition nucleation is

2 (see Fig. 4.10) and 1010 m−2 .

considered. The INAS density values vary between 10
the following time steps

For

t = 5 s (Fig. 4.11b) and t = 10 s (Fig. 4.11c), the general

trend of the INAS density values with temperature and relative humidity persists.
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The

predicted INAS density increase to approximately

1011 m−2 at high relative humidity over

ice.
In Fig. 4.11d the relation between INAS densities and the thermodynamic conditions (i.e.
temperature and relative humidity over ice) is depicted for a broader contact angle distri-

 = 30○ and  = 1:0. The predicted INAS densities vary between 7 ⋅ 109 m−2
10 m−2 . Especially at low supersaturations, the dierence to the INAS density
and 5 ⋅ 10

bution with

values for the narrow contact angle distribution becomes evident.

At low relative hu-

midities, the INAS densities predicted for the broader contact angle distribution are by
several orders of magnitude higher than for the narrow contact angle distribution. The
INAS density values increase with relative humidity over ice as observed for the narrow
contact angle distribution, but for the broader contact angle distribution the change in
INAS densities with temperature is even weaker.
increase to values up to

1011

m

−

2.

After

t = 10

s, the INAS densities

Note that this limit is not only determined by the

contact angle distribution parameters and the prescribed thermodynamic conditions but
also by the aerosol surface which is used to calculate the INAS density values.

From Fig. 4.11 it can be concluded that the apparent INAS densities are mostly inuenced by the relative humidity over ice. The impact of changes in temperature is only
weak.

Especially at relative humidities slightly above ice supersaturation, the predicted

INAS densities are sensitive to the contact angle distribution width and considerably higher
for broader contact angle distributions. For developing classical nucleation theory based
parameterizations from observations, the contact angle distribution width must be thoroughly characterized for a wide range of temperature and relative humidity conditions.
The observed increase of deposition INAS density values with higher supercoolings could
not be reproduced with classical nucleation theory.
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4.1.5 Time dependence of deposition nucleation and
extension of the INAS density approach
Ice nucleation active surface site densities - per denition - depend only on temperature
and relative humidity over ice. However, as ice nucleation is a stochastic process it can be
assumed that the INAS densities derived from experimental data include an implicit time
dependence.
over time.

Thus, for isothermal experiments, the observed

ns

values would increase

For quantifying the time dependence of deposition nucleation two dierent

approaches are used.
Time dependent ice nucleation may be described by

ns = n~s + a3 ⋅ t

(4.5)

= a1 ⋅ exp(a2 ⋅ xther m ) + a3 ⋅ t [m−2 ]

where

(4.6)

xther m is dened by eq. 4.2 and t [s] is the time starting from the rst observation

of ice crystals, neglecting ice formation below the detection limit. For deriving the coefcients in eq. 4.6 only the rst 20 s after ice formation was observed are considered for
which the ice fractions were smaller than
as

n~s

fice < 10%.

The rst part of eq. 4.6 expressed

describes the formation of ice crystals caused by the "best" ice nuclei among the

dust particles. Upon reaching certain thermodynamic thresholds (i.e.

xther m values) these

particles initiate ice nucleation immediately within the temporal resolution of our experimental setup.

The linear source term then describes the formation of ice by the less

ecient ice nuclei components which are only activated after a certain period of time.
The coecients in eq. 4.6 are determined from least-square tting as

a2 = 0:363 and a3 = 3:7 ⋅ 106 [m−2 s−1 ] (r 2 = 0:74).

a1 = 1:9 ⋅ 103 [m−2 ],

The other time dependence approach assumes that the measured INAS densities converge
towards a certain ice nucleation active surface site density

n~s (xther m ) at a constant xther m

value after very long periods of time. Time dependence is then described by

ns = n~s ⋅ (1 − exp(−b3 ⋅ t ))

= b1 ⋅ exp(b2 ⋅ xther m ) ⋅ (1 − exp(−b3 ⋅ t ))[m−2 ]

The coecients in eq. 4.8 are determined as

−

[s

1 ] (r 2 = 0:70).

(4.7)
(4.8)

b1 = 8:1⋅105 [m−2 ], b2 = 0:254 and b3 = 0:065
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Figure 4.12 shows how the ice nucleation active surface site densities as described by
eqs. 4.6 and

4.8 evolve over time.

have a constant value

xther m = 40.

The thermodynamic variable
For comparison, also the

parameterization without time dependence is shown.

ns

xther m

is assumed to

value predicted by the

For the time dependence as de-

scribed by eq. 4.6 the predicted ice nucleation active surface site density is initially smaller
than the value obtained from eq. 4.4 but gradually converges towards the INAS density
obtained from the time independent parameterization. This behaviour describes that at
rst only the most ice active nucleation sites initiate the formation of ice wheras the
more inecient sites require a certain amount of time to become active. Equation. 4.8
predicts a steep increase of the ice nucleation active surface site densities, followed by a
convergence towards a constant value. This constant value corresponds to a state at a
constant value of

xther m

where most of the ice active surface sites have become active

with only very few inecient sites not being involved in the formation of ice. It is assumed
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that these inecient ice nucleation sites would only activate at time scales longer than
relevant for atmospheric ice nucleation processes.
Both time dependence approaches t the measurements reasonably well and thus both
descriptions might be used for the description of time dependent deposition nucleation.
Note, however, that eq. 4.6 and eq. 4.8 need to be viewed as very simplistic approaches.
Nevertheless, these equations could be used to evaluate the time dependence of ice nucleation initiated by other particle species.

Relevance of the time dependent source term
The box model ACPIM (aerosol-cloud precipitation interaction model) which was developed at the University of Manchester (Connolly et al., 2009) was used to calculate the
ice formation within an ascending air parcel with a prescribed ice nucleation parameterization. The ice nucleation parameterizations as described by eqs. 4.4, 4.6 and 4.8 were
analyzed for dierent updraft velocities and aerosol parameters as described in Table 4.2.

T = 235 K, p = 550 mbar and
RHwat = 68%. The parcel is then allowed to develop for t = 600 s resp. for t = 1200 .

Each parcel run is initialized at cirrus cloud conditions with

Table 4.2:

Overview of cloud dynamics and aerosol property parameters as used for the ACPIM runs

Aerosol concentration [cm−3 ]
Aerosol particle median diameter [µm]
Updraft velocity w [m/s]

1
0.2
0.05

100
0.4
0.5

5.0

−

The aerosol concentration is varied between between 1 and 100 cm

3 to transfer the ex-

perimentally derived INAS densities into a context with atmospherically relevant aerosol
concentrations. The contribution of larger particles is investigated by shifting the median
diameter of the aerosol size distribution from 0.2

µm to 0.4 µm.

The updraft velocities of

the simulated air parcels are varied to allow for attributing the ice crystal concentration
not only to changes in the aerosol properties, but also to variations in cloud dynamics.
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Time series for calculations with the box model ACPIM: parcel runs with varying updraft velocities
(indicated by color) for investigating the inuence of aerosol concentration and the aerosol median
diameter on the observed ice active fractions; all runs start at T=235 K and Swat =0.68 - ice nucleation
is parameterized by eq. 4.4

Figure 4.13 shows the decrease in temperature (Fig. 4.13a), the development of relative
humidity over ice (Fig. 4.13b), and the change in the thermodynamic variable

xther m

as

dened in eq. 4.2 (Fig. 4.13c). The observed ice fractions at dierent updraft velocities
are depicted as a function of time (Fig. 4.13d) and as a function of the thermodynamic
variable

xther m (Fig. 4.13e).

For each updraft velocity value the trajectories are calculated

for all aerosol parameters as described in Table 4.2. For the trajectories shown in Fig. 4.13,
ice nucleation is assumed to be independent of time.



For the lowest updraft velocity (

w1 = 0:05 m s−1 ), the reduction in temperature is

less than 1 K over the whole simulated time period. Likewise, the increase in relative
humidity over ice is less than

5%.

Thus, only a small supersaturation is reached.
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37
After t = 1200 s, the observed ice fractions remain below 2%.
The thermodynamic variable



xther m

increases from

For intermediate updraft velocities (

w2

232 K and reach peak relative humidity
concentrations and RH

xther m

xther m

=

to

xther m

42.

0:5 m s−1 ), the parcels are cooled to
values of RHice = 110% at high aerosol

=

ice = 120% at low aerosol concentrations.

The increase in

is strongly driven by the increase in relative humidity and thus

reach peak values of

=

xther m = 47 and xther m = 65.

xther m

can

The observed ice fractions are

strongly inuenced by the prevalent aerosol concentrations and vary between 2 and

%.
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At very large updraft velocities (

w3 = 5:0 m s−1 ), temperatures as low as 206 K are

reached within 600 s. However, the determining factor for these simulations is the
peak relative humidity which is related to the prescribed aerosol concentration. At
low aerosol concentrations, all aerosol particles are activated within less than 100 s.
After ice activation is completed, relative humidity increases further to values larger
than RH

ice = 200%.

For high aerosol concentrations, the conversion of all aerosol

particles into ice crystals is only achieved at the end of the parcel run whereas the

ice = 120%) is already reached within the rst 100 s of

peak relative humidity (RH
the simulation.
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Figure 4.14 shows simulations similar to those depicted in Fig. 4.13.

However, for the

simulations presented in Fig. 4.14 ice nucleation was assumed to be time dependent according to eqs. 4.6 and 4.8. Note that the temperature and relative humidity trajectories
are very similar to the runs without time dependent ice nucleation (not shown). Likewise,
the evolution of

xther m is similar.
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Time series for calculations with the box model ACPIM: parcel runs with varying updraft velocities
(indicated by color) for investigating the inuence of aerosol concentration and the aerosol median
diameter on the observed ice active fractions; all runs start at T=235 K and Swat =0.68 - for the
subgures a) and b) ice nucleation is parameterized by eq. 4.6, whereas for c) and d) eq. 4.8 was used

Comparing the predicted ice fractions at the end of the updraft periods, the rst time
dependent ice nucleation parameterization (eq. 4.6) does not produce results deviating
much from those based on eq. 4.4. Only the initial increase of the observed ice fractions
is steeper than for purely humidity and temperature dependent ice formation. The sec-
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ond time dependent ice nucleation parameterization (eq. 4.8) generally predicts ice active

xther m dependent parameterization by a factor of
2 which is largely due to the coecient b1 . Note that the time dependent ice nucleation
fractions being higher than the purely

parameterization described by eq. 4.8 predicts rapid ice nucleation at low ice-active fractions. The measurements shown in Fig. 4.4 at least partially corroborate this result.

From this simple case study it can be concluded that the importance of time dependence
for deposition nucleation initiated by ATD particles is generally small and only relevant at
low to moderate updraft velocities and small ice fractions.

4.1.6 Application of the INAS density approach to the
deposition nucleation by natural dusts
The results from the deposition nucleation experiments with ATD suggest that deposition
nucleation at temperatures warmer than 220 K can be best described by a temperature
and humidity dependent ice nucleation active surface site density approach.

Table 4.3:

Overview of selected deposition nucleation experiments with mineral dusts and clay minerals conducted
at the AIDA cloud chamber

Reference

Material

Temperature range [K]

Cziczo et al. (2009)
Möhler et al. (2006)
This work

Illite
Saharan Dust, Asian Dust
Saharan Dust

238 − 243
208 − 224
220 − 243

Figure 4.15 shows the ice nucleation eciencies of Saharan Dust (SD2), illite (Cziczo
et al., 2009) and Asian Dust (Möhler et al., 2006) expressed as ice nucleation active
surface site densities.
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Fit for ATD (this work)
ns=1.88*105*exp(0.266*xtherm) [m-2]
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Deposition nucleation eciency for unprocessed mineral dusts and clay minerals quantied by the ice
nucleation active surface site densities - INAS densities are shown as a function of xther m ; shading
indicates the measurement uncertainties

These measurements have been tted with an exponential function

ns;dep (xther m ) = 1:26 ⋅ 105 ⋅ exp(0:190 ⋅ xther m ) [m−2 ]
which depends on the thermodynamic variable

xther m as dened by eq. 4.2.

(4.9)

From Fig. 4.15

it can be inferred that eq. 4.9 ts the measurements especially well in the range between

xther m = 40 and xther m = 70.

The measurements at large values of

xther m ≈ 80 correspond

to deposition nucleation observed at temperatures lower than 210 K where the validity
of the

xther m

approach as given by eq. 4.2 is slightly questionable because experimental

studies (Hoose and Möhler, 2012) and the Phillips parameterization (Phillips et al., 2008)
suggest that the form of the INAS density isolines should be described by a dierent relation than eq. 4.2. Figure 4.15 also demonstrates that the deposition nucleation eciency
of Arizona Test Dust is higher than the ice nucleation eciency inferred for unprocessed
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natural dusts and clay minerals. It should be noted, however, that even for the deposition
nucleation eciency of ATD an investigation of the ice nucleation behaviour close to
water saturation at temperatures above 235 K is needed to nd an even more adequate
formulation than the linear approximation for

xther m .

The deposition nucleation proper-

ties of ATD have been investigated at least for the temperature range between 220 and
250 K but more deposition nucleation measurements with mineral dusts for which the
aerosol surface area is available are needed for developing a reliable prediction of the ice
crystal number concentration contributed by dust deposition nucleation. Also, the time
dependence of deposition nucleation initiated by desert dusts and clay mineral should be
investigated.

4.1.7 Summary
From cloud chamber experiments with Arizona Test Dust, deposition nucleation at temperatures warmer than 220 K has been identied as a process which is not only controlled
by relative humidity over ice, but also partly by temperature.

Thus, ice nucleation pa-

rameterizations should consider the temperature dependence of deposition nucleation at
higher temperatures.

Cloud chamber experiments with ATD were also used to investigate the time dependence of deposition nucleation.

For inferring the time dependence, the ice nucleation

eciencies expressed as ice nucleation active surface site densities were compared among
experimental runs with dierent cooling rates. The potential impact of the time dependent
contribution was investigated by using numerical calculations with a box model (ACPIM,
University of Manchester) simulating the ascent of cloud parcels. It was found that the
time dependent terms are mostly relevant at cooling rates below 0.5 ms

−

1.

The ice nucleation eciency of ATD was expressed by an exponential INAS density function with

ns;dep (xther m ) = 1:88 ⋅ 105 ⋅ exp(0:266 ⋅ xther m ) [m−2 ]
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(4.10)

where

xther m depends linearly on temperature and relative humidity.

Likewise, the deposition nucleation eciency of mineral dusts and clay mineral was expressed as

ns;dep (xther m ) = 1:26 ⋅ 105 ⋅ exp(0:190 ⋅ xther m ) [m−2 ]

(4.11)

These parameterizations should only be applied for temperatures between 220 and 250 K.
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4.2 Diatomite
The AIDA cloud chamber was also used to investigate the ice nucleation properties of
other mineral dust samples such as fossil diatomite. Diatoms are microalgae which consist of single cells enclosed within a silica shell. As living organisms these microalgae are
mainly emitted over the oceans by bubble-bursting and wave-breaking processes (Cipriano
and Blanchard, 1981). Additionally, from paleolakes and former uvial regions fossil diatomite is lofted into the lower and upper troposphere (Harper and McKay, 2010). One
of the most active regions with regard to the emission of fossil diatomite is the Bodélé
sink in Northern Africa (Todd et al., 2007; Warren et al., 2007). Several thousand years
ago the lake MegaChad was one the largest lakes in this region, but it dried out and left
large deposits of diatomite behind. The emission of diatoms and fragments benets from
the coincidence of strong surface winds, the landscape structure consisting of turbulence
inducing dunes and nally the presence of large diatomite akes which are easily lofted
into the air where they collide and fall apart releasing smaller particles (Warren et al.,
2007). Close to the source region two size modes are found for atmospheric diatoms a coarse mode centered at approximately 1

µm

and a ne mode at 0.5

µm.

particles (presumably fossil diatoms) over Niger were mostly larger than 0.4

Silicon-rich

µm

(Chou

et al., 2008). Dust plumes containing diatoms may travel as far as to the equatorial North
Atlantic and even Antartica (Harper and McKay, 2010). The Bodélé sink contributes be-

% to the global dust burden (Todd et al., 2007).

tween 6 and 18

Dust plumes emitted from the Saharan region carry fossil diatoms and provide a substantial number of ice nuclei impacting the structure of clouds.
found ice nuclei concentrations up to 300 l
rope (Klein et al., 2010).

−

Field measurements have

1 (at 255 K) for Saharan dust events in Eu-

Note that even though these ice nuclei were mainly silicates

and carbonates a contribution by co-transported biological particles or from regional ice
nuclei sources could not be excluded. Also, the ice nucleation properties of fossil diatoms
were not known.
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4.2.1 Ice nucleation properties of fossil diatomite
The ice nucleation properties of commercially available fossil diatom particles (Agrinova)
were investigated for immersion freezing and deposition nucleation.

30 µm

5 µm

10 µm
Figure 4.16:

Microscope images of a fossil diatom particle (left), a diatom fragment (middle) and an overview of
the bulk sample (right) - images: courtesy of A. Kiselev

Figure 4.16 shows an intact diatomite particle, a fragment of a circular fossil microalga

d ≈ 1 µm)

and an overview of the bulk sample. A large part of the sample consists of small (
diatom fragments.
The experiments which are discussed in this section are listed in Table 4.4.

Table 4.4:

Experiment

Overview of AIDA cloud chamber experiments with fossil diatomite

Initial temperature

Aerosol concentration

Median diameter

[K]

[cm−3 ]

[µm]

262
243
233
223
244

241
395
281
367
305

0.33
0.30
0.31
0.36
0.29

IN15_59
IN15_42
IN15_44
IN15_46
IN16_12

Ice nucleation mode

Imm. freezing
Dep. nucleation
Dep. nucleation
Dep. nucleation
Dep. nucleation

The ice nucleation eciency is quantied by the ice nucleation active surface site densities
with

ns

=

nice /Aaer

for immersion freezing and deposition nucleation.

The ice crystal

nice /nice ≈ 25 %. For desert dust particles
the measurement uncertainty of the aerosol surface area is given by Aaer /Aaer ≈ 25 %.

concentration is measured with an uncertainty

Note, however, that the fossil diatom particles are even more aspherical than desert dust
particles. Also, diatomite particles are characterized by a large number of micropores and

75

other surface features as shown in Fig. 4.16. Thus, the diatom surface area determined
by using the volume equivalent diameters as measured with APS and SMPS will probably
deviate more strongly from the actual surface area as for the desert dust particles.
Therefore, the BET surface areas for fossil diatomite and ATD were measured in order

1

to provide upper limits for the underestimation of the aerosol surface area . The BET
surface for diatoms is

43 m2 /g, whereas for ATD this value is lower with 12 m2 /g.

The

mass density within the AIDA chamber was not explicitly measured, and therefore only
estimates can be made with regard to the BET surface area of the aerosol population
within the AIDA chamber. It should also be noted that the BET analysis was conducted
for the bulk aerosol whereas for the AIDA cloud chamber experiments in most cases a
cyclon impactor was used to eliminate larger aerosol particles.

Therefore, only rough

estimates can be made.
The BET surface of a single ATD particle can be estimated by assuming that the dust
particles are massive spheres with a diameter of

AT D = 2:6 g/cm3 .

d

=

0:23

µm

and a bulk density of

With these values, the mass and the BET-based aerosol surface area

can be estimated as

Aaer;BET = 0:20 µm2 for a single ATD particle.

Similarly, for single diatom particles the aerosol surface area can estimated. In Fig. 4.16
(left) a cylindrical diatomite particle is shown with a length of
of

d

=

2

µm.

l = 20 µm and a diameter

The cylindric particle is assumed to be hollow and to have an average

Dia =
2:6 g/cm3 , the BET-based aerosol surface can be estimated as Aaer;BET = 137 µm2 . The

wall thickness of about 0.01

µm.

With a bulk density comparable to mineral dust

particle depicted in Fig. 4.16 (middle) can be approximated as the quarter of a disk with

r = 6 µm and a thickness of 0.01 µm.
2
is estimated as Aaer;BET = 124 µm .

a radius

With these dimensions the aerosol surface

From these order-of-magnitude estimates it can be concluded that the aerosol surface
area of a diatom is potentially much larger than the surface area of an ATD particle.
Note, however, that the actual densities of ATD particles and fossil diatoms might dier
from the standard values assumed for mineral dust.
the AIDA chamber are not monodisperse.

Also, the aerosol particles within

Additionally, the morphology of the diatom

particles diers from that of mineral particles, especially with regard to the occurence of

1 BET

measurements were conducted by T. Kisely (INE, Karlsruhe Institute of Technology)
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pores which might encourage the formation of ice. The potential inuence of morphology
will be discussed at the end of this chapter when the results of the cold stage studies are
presented.

Immersion freezing initiated by fossil diatomite
Figure 4.17 shows the ice nucleation active surface site density for diatomite over a
comparatively narrow temperature range between 254 and 257 K. For comparison, also
the INAS densities for desert dusts are shown (Niemand et al., 2012).
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11

Fossil diatomite
Fit for diatomite: n = exp(-0.517 (T-273.15)+12.622) [m-2]
s

Ice nucleation active surface site density n

s,imm

-2

[m ]

Desert dusts (Niemand et al., 2012)
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Ice nucleation active surface site density for immersion freezing initiated by fossil diatomite particles
compared to the ice nucleation eciency of desert dusts

Diatomite is a very active immersion freezing ice nucleus compared to desert dusts with
the temperature dependent INAS density

ns;imm being described by

ns;imm = exp(−0:517 ⋅ (T − 273:15) + 12:622) [m−2 ]
77

(4.12)

where

T

is the temperature given in [K]. Note that fossil diatoms consist of highly con-

densed amorphous silicate whereas mineral dusts consist of several mineral components
(Gendron-Badou et al., 2003; Broadley et al., 2012). Thus, not only the morphology of
fossil diatoms is very dierent from desert dusts but also the chemical composition.

Deposition nucleation initiated by fossil diatomite
Below 253 K, fossil diatoms initiate deposition nucleation. The INAS density values as
they increase with supercooling and relative humidity are shown in Fig. 4.18.

log10(ns)
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Deposition nucleation onsets for marine diatoms for 215 K < T < 235 K (Knopf et al., 2012)
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INAS density trajectories for ice nucleation initiated by fossil diatomite via the deposition nucleation
mode in the T/RHice space

ice

Figure 4.18 shows that experiments with similar T/RH

trajectories and cooling rates

may exhibit dierent ice nucleation eciencies. This feature might be either caused by
the heterogeneity of the fossil diatomite particles themselves or larger deviations between

78

measured and actual aerosol surface because the particles are highly non-spherical.

Fossil diatom particles become ice active at very low relative humidity over ice whereas
the deposition nucleation onsets for living marine diatomite are much higher at about
RH

ice

127%

=

between 215 K and 235 K. Note that marine diatoms not only consist

of silicates, but they also contain various proteins and polysaccharides (Knopf et al.,
2011). Experimental studies suggest that these organic compounds do not inuence the
ice nucleation properties of the diatoms (Alpert et al., 2011). However, certain organic
compounds may suppress ice nucleation as was shown by AIDA experiments with SOA
coated diatomite particles which will be presented in the last section of this chapter.
Additionally, organic compounds might prevent the diatom micropores from lling with
ambient water and thus prevent freezing within micropores (Marcolli, 2013).

The ice

ice = 117 % (Möhler et al., 2006)

nucleation onset for a sample of Saharan Dust is at RH

10
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10
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10

10
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Ice nucleation active surface site density n

s,dep

-2

[m ]

and fossil diatoms are therefore more ecient ice nuclei than desert dusts.

Fossil diatomite
Desert dusts and clay minerals (eq. 4.11)
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Figure 4.19:

INAS density trajectories for ice nucleation initiated by fossil diatomite via the deposition nucleation
mode as a function of xther m
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Figure 4.19 shows the INAS densities for the deposition nucleation mode as a function of
the thermodynamic variable
Fig. 4.19 it is evident that

xther m with xther m = −(T − 273:2) + (Sice − 1) ⋅ 100. From
xther m as a linear combination of temperature and relative

humidity is probably only a good approximation for temperatures above 235 K, because
temperature as a driving factor for ice nucleation seems to become less important at
lower temperatures. The slopes of the INAS densities depicted in Fig. 4.19 dier signicantly between experiments below and above 235 K. Therefore, no parameterization was
found for deposition nucleation initiated by fossil diatom particles. However, it can still
be concluded that fossil diatoms are on average more active ice nuclei with respect to the
initiation of deposition mode nucleation than desert dusts and clay minerals.

However,

fossil diatoms are less ice-active than Arizona Test Dust.

4.2.2 Summary
Immersion freezing and deposition nucleation was investigated for fossil diatomite particles. Fossil diatoms are emitted in particular by the Bodélé sink in Northern Africa which
contributes up to 18
et al., 2007).

% to the global dust burden according to model estimates (Todd

Fossil diatoms and fragments proved to be very active ice nuclei in the

immersion freezing mode, but also in the deposition nucleation mode.

Comparing the

ice nucleation active surface site densities, fossil diatoms are more ice-active than desert
dusts in both ice nucleation modes.

However, it was noted that the estimation of the

aerosol surface area relevant for heterogeneous ice nucleation might be dicult for materials with very complex morphologies such as fossil diatom particles.

For immersion freezing, the ice nucleation properties of fossil diatoms can be described
by

ns;imm = exp(−0:517 ⋅ (T − 273:15) + 12:622) [m−2 ]

(4.13)

Note, however, that only one single experimental run could be used to derive this parameterization.
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With number concentrations of atmospheric diatom particles not being available, the
ice nuclei concentration contributed by fossil diatoms can only be roughly estimated. Assuming that

5% of all dust particles are fossil diatoms and that their size distribution does

not dier much from the mineral dust particles, the aerosol surface area contributed by
diatom particles can be estimated as

Aaer ≈ 45 µm2 cm−3

according to model estimates

of the mineral dust aerosol surface area (Klein et al., 2010). This would result in an ice

cIN = 135 l−1 at 255 K with the measured ice nuclei concentration
−1
being up to cIN;obs = 300 l
during a Saharan dust event (Klein et al., 2010). Thus, fossil

nuclei concentration of

diatoms could contribute signicantly to the global ice nuclei concentration. However, so
far no studies report that fossil diatom particles have been found in ice crystal residuals
which means that they are probably highly ice-active but also very rare.

81

4.3 Volcanic ash2
Eruptions of volcanoes like El Chichon (1980) or Mt. Pinatubo (1991) had signicant impacts on the global atmospheric temperature (Soden et al., 2002) because of the emission
of large amounts of sulphur species into the stratosphere.

Such major eruptions (with

magnitudes larger than 4.5) occur at intervals ranging from four years to about 1000
years depending on the eruption strength. Non-explosive volcanic activities involving slow
degassing are associated with at least regional impacts on climate (Durant et al., 2010).
For several years, attention to the impact of volcanic emissions on climate has been
mainly focused on the contribution of volcanic sulfur species to the stratospheric aerosol
layer and the subsequent impact on the global radiation budget (Mather et al., 2003) or,
alternatively, the possible interaction between anthropogenic particles and sulphuric acid
droplets of volcanic origin (Raga et al., 1999).
During the recent explosive eruption (April/May 2010) of the Eyjafjallajökull located on

2

Iceland's southern coast, not only 3 Tg of SO

were released into the atmosphere, but

also about 10 Tg of ash mass (Schumann et al., 2011).

Estimates from inverse mod-

elling suggest that volcanic ash emissions with regard to particles with diameters between
2.8 and 28

µm

amount to approximately 8 Tg (Stohl et al., 2011). The Eyjafjallajökull

eruptions in 2010 generally reached heights of several kilometers producing an ash cloud
which was transported over a distance of several hundreds of kilometers (Gudmundsson
et al., 2010) towards Northern and North Western Europe. Ash particles smaller than 10

µm

are predicted to have atmospheric residence times of several days (Rose and Durant,

2009) and may alter cloud properties by acting as ice nuclei in mixed-phase and cirrus
clouds.
In laboratory experiments (Durant et al., 2008; Fornea et al., 2009 and references therein)
and atmospheric measurements (Bingemer et al., 2012; Seifert et al., 2011) the role of
volcanic ash particles as potential ice nuclei has been investigated. Volcanic ash particles

250 < d < 300 µm) from Mt. St. Helens were observed to nucleate ice via immersion

(

freezing at temperatures of about 255 K (Fornea et al., 2009).

2 Large

For several Japanese

parts of this section were taken from "Ice nucleation properties of ne ash particles

from the Eyjafjallajökull eruption in April 2010" (Steinke et al., 2011)
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volcanoes such as Mt. Asama, a signicant correlation between volcanic activity and an
increase of atmospheric ice nuclei concentrations in Tokyo was observed for meteorological conditions which allowed the transport of volcanic ash over several kilometers. The
increase in IN concentrations was especially pronounced for temperatures below 258 K
(Isono et al., 1959a).

A similar observation was made for Hawaiian volcanoes, where

eruptions of the Kilauea were followed by IN concentrations (measured at 252 K) rising
to more than one order of magnitude above background concentrations (Hobbs et al.,
1971).
Even though it was demonstrated that volcanic ash particles can be ecient ice nuclei, it
remained unclear whether volcanic ash particles are relevant for atmospheric ice nucleation
processes, because the ash particles' properties as ice-forming nuclei had neither been investigated for particles smaller than

∼100 µm

nor for temperatures below

∼250

K. Also,

some measurements suggest that not all eruptions contribute to atmospheric IN concentrations, as the ice nucleation properties of volcanic ash particles depend on their volcanic
source and the resulting chemical composition (Isono et al., 1959a) - e.g., volcanic ash
particles might become deactivated in volcanic plumes which are rich in sulfuric gases
(Schnell and Delany, 1976).

A comparison of ash samples from ten dierent Japanese

volcanoes indeed has shown that freezing thresholds vary not only amongst volcanoes,
but also for dierent types of eruptions. In general, freezing onset temperatures varied
between 250 and 265 K (Isono et al., 1959b; Mason and Maybank, 1958; Schaefer, 1949;
Durant et al., 2008).

Ice nucleation properties of volcanic ash were investigated over a temperature range between 219 and 264 K. The volcanic ash sample (referred to as `EY01') used for the
experiments presented in this work had been collected at a distance of 58 km from the
Eyjafjallajökull on the morning of April 15, 2010 after a major eruption phase had started

3

on April 13, 2010 (Gudmundsson et al., 2010) . According to a study by Gislason et al.
(2011), the ash from Eyjafjallajökull is dominated by andesitic glass. However, they also
found crystals of plagioclase, pyroxene and olivine. In addition to the ice nucleation ex-

3 Mrs.

Gudrun Larsen (Institute of Earth Sciences, University of Iceland) is thanked for kindly

having provided the volcanic ash sample from Eyjafjallajökull.
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periments in the AIDA cloud chamber, lter samples were taken from the aerosol in the
cloud chamber and analyzed with an environmental scanning electron microscope (ESEM
 FEI Quanta 650 FEG) combined with an energy dispersive X-ray analysis module (EDX
 QUANTAX, Bruker).

This method gives access to the surface morphology and the

chemical composition of individual particles. Additionally, the amount of soluble sulfates
on the surfaces of the ash particles was analyzed with an ion chromatograph (DX500,
Dionex): for this analysis 53 mg of volcanic ash were suspended in 20 ml of high-purity
water (Nanopure, Barnstead) and only the solution was analyzed for major anions and
cations including sulfate.

Table 4.5:

Experiment

IN14_95
IN14_98
IN14_100
IN14_103
IN14_105
IN14_107
IN14_110

Overview of AIDA cloud chamber experiments with volcanic ash

Initial temperature

Aerosol concentration

Median diameter

[K]

[cm−3 ]

[µm]

264
259
253
253
245
236
226

293
305
277
506
551
319
185

0.38
0.38
0.35
0.34
0.35
0.35
0.37

Ice nucleation mode

No ice
Imm. freezing
Imm. freezing
Imm. freezing
Imm. fr./Dep. nuc.
Dep. nucleation
Dep. nucleation

In Table 4.5 all cloud chamber experiments investigating the ice nucleation properties of
volcanic ash particles are listed.

4.3.1 Characteristics of volcanic ash particles
d > 5 µm) to the ice nucle-

For investigating the relative contribution of larger particles (

ation eciency of the total volcanic ash particle population, two ice nucleation experiments
(IN14_100 and IN14_103) were conducted at the same temperature, but with dierent
aerosol size cutos. As can be seen from Fig. 4.20, this cuto lies at

∼ 15 µm

for exper-

5 µm for experiment IN14_103. The median of the aerosol
surface distribution is shifted from dmed;surf = 1:36 µm to a smaller value dmed;surf = 0:77
iment IN14_100, and at

µm

∼

when using a cyclone. From the aerosol surface distributions it can be seen that the

volcanic ash particles fall mostly within the atmospherically relevant size range of particles
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smaller than

Figure 4.20:

∼ 10 µm which can stay elevated for several days (Rose and Durant, 2009).

Aerosol surface distributions of volcanic ash particles: comparison between distributions as obtained
without (left) and with (right) using an impactor (cyclone 3)  aerosol surface distributions are calculated from number size distributions as measured by APS and SMPS

1 36 µm; surf = 2:33 (exp. IN14_100)
dmed surf = 0:77 µm; surf = 1:66 (exp. IN14_103)

a) dmed;surf = :
b)

;

In Fig. 4.21 two ESEM images of volcanic ash particles are shown. The particle on the
left side of Fig. 4.21 has relatively sharp edges with smaller particles being attached to the
particle's surface. The picture on the right side shows a particle that consists of several
small particles (with sizes of

Figure 4.21:

∼ 0:2 µm).

ESEM images of two ash particles from the Eyjafjallajökull (sample name: EY01): examples for
dierent particle surface structures
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The high silicate content of the volcanic ash particles as determined from EDX analysis suggests that they are on average chemically akin to particles belonging to the coarse
fraction of certain mineral dusts (e.g., Saharan dust) (Formenti et al., 2003; Linke et al.,
2006; Krueger et al., 2004). Compared to mineral dusts, volcanic ash particles may have
been exposed to additional chemical processing because of the presence of sulfuric acid
during particle production (Mather et al., 2003). Therefore we have also measured the
sulfate content in our volcanic ash samples by ion chromatography. The sulfate content
as derived from our leaching experiments was approximately 0.1 g per kg of ash mass,
which is slightly lower than for similar samples that have been investigated (Eiríksdottir and Alfredsson, 2010).

However, direct atmospheric measurements of volcanic ash

particles being coated by sulfuric acid are still missing (Flentje et al., 2010).

4.3.2 Immersion freezing by volcanic ash particles
Figure 4.22 depicts the ice nucleation active surface site (INAS) densities derived from
two experiments (IN14_100 and IN14_103).

Both expansion experiments started at

the same temperature, but during the second experiment (IN14_103) a cyclone was
operated in series with the rotating brush generator, which resulted in the elimination of
particles larger than approximately 5

µm

(see Fig. 4.20). Freezing occured after aerosol

particles had been activated to droplets. Therefore, Fig. 4.22 represents ice nucleation
active surface site densities for immersion freezing of volcanic ash particles. The overlap
between both experiments demonstrates that INAS densities

ns;imm

are similar within

uncertainties from measurements and tting procedures. Thus, it can be concluded that
larger particles within the size interval between 5 and 10

µm  constituting roughly half of

the total aerosol surface  do not contribute over-proportionally to the INAS density
in comparison to the particles smaller than 5

ns;imm

µm.

ns;imm

The assumption of the INAS density

for volcanic ash not depending strongly on particle size is therefore supported by

this nding.

86

experiment with impactor stage
experiment without impactor stage

Ice nucleation active surface site density ns,imm [m-2]

Fit: ns=exp(-0.74*T+203.77)
Immersion freezing of mineral dusts
(Niemand et al., 2012)
1010

109

108

244

245

246

247

248

249

250

T[K]

Figure 4.22:

Ice nucleation active surface site densities for immersion freezing of volcanic ash particles (EY01) with
t () and measurement uncertainties (- -); for comparison average INAS densities for desert dusts
(Niemand et al., 2012) are depicted

From the measurement data, a t relating the ice nucleation active surface site density

ns;imm and temperature was derived (method described in detail by Niemand et al. (2012)):
ns;imm (T ) = nimm = exp(−0:74 ⋅ T + 203:77) [m−2 ]
(4.14)
Aaer
where T is temperature in [K], nimm the ice crystal number density and Aaer the aerosol
surface density scaled with losses due to diluting the aerosol by pumping. This relation
is valid for temperatures between 244 and 250 K. Above 250 K the ice fraction

was

108 m−2 at 252 K can
The dashed lines in Fig. 4.22 depict the uncertainty ns;imm of the t that

less than 0.1
be given.

f

%

and therefore only a rough estimate of

ns

∼

can be attributed to measurement and evaluation uncertainties in the ice crystal number

nimm (as derived from the welas/welas2 measurements) and the aerosol surface
density Aaer (as derived from the APS/SMPS measurements). From the measurement
uncertainties n /n and Aaer /Aaer being at least ±25%, ns;imm /ns;imm is estimated to
be ±35%.
density

Note that a factor that could have a major inuence on the measurement uncertainty
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Aaer

is that

Aaer

is derived under the simplifying assumption of spherical particles which

does not apply for volcanic ash particles. However, also in volcanic ash dispersion models
(Emeis et al., 2011) and for the evaluation of atmospheric measurements (Stohl et al.,
2011) volcanic ash particles are assumed to be spherical. Note that the review by Murray
et al. (2012) points out that measurements by Fornea et al. (2009) which investigated

d

the droplet freezing properties of large particles (

>

100

µm)

delivered ice nucleation

active surface site densities at temperatures above 250 K which matched very well with
the temperature trend of the measurements presented in this work. Compared to desert
dusts, volcanic ash is less ecient than natural mineral dusts for temperatures above
245 K.

4.3.3 Deposition nucleation by volcanic ash particles

Ice nucleation active surface site density ns,dep [m-2]

10

Figure 4.23:

11

Deposition nucleation of mineral dusts (eq. 4.11)
Deposition nucleation of volcanic ash
Fit: ns=1.12 *10 3 *exp(0.26*x therm) [m-2]

10

10

10

9

10

8

50

55

xtherm

60

65

Ice nucleation active surface site densities for deposition nucleation of volcanic ash particles (EY01) in
comparison to the ice nucleation eciency of mineral dusts; grey shading indicates the measurement
uncertainty of the INAS density

Analogously as for the immersion freezing experiments with volcanic ash, the ice nu-
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cleation active surface site densities have been calculated for deposition nucleation at
temperatures below 242 K. In Fig. 4.23 ice nucleation active surface site densities are
presented as a function of the thermodynamic variable

xther m which is a linear combina-

tion of temperature and relative humidity over ice. As a comparison, the ice nucleation
active surface site density derived for mineral dusts and clay minerals which has also been
derived from cloud chamber experiments is depicted. Figure 4.23 shows that volcanic ash
particles are slightly less ice-active than mineral dusts in the deposition nucleation mode
which is similar to their observed immersion freezing properties.

4.3.4 Summary
Volcanic ash particles initiate the formation of ice over a large range of atmospheric conditions with regard to relative humidity and temperature. Our results agree well with a
study of Hoyle et al. (2011) in which the ice nucleation properties of the same Eyjafjallajökull sample were investigated. For AIDA cloud chamber experiments, no ice formation
was observed at 260 K and the ice active fractions of volcanic ash particle did not exceed
a threshold of

0:1% before reaching temperatures lower than 250 K. Deposition nucle-

ation was observed only at temperatures below 242 K. In our experiments the maximum
ice fraction for volcanic ash is about

= 223

T

40% for deposition nucleation at RHice = 117% and

K.

Regarding the measured ice nucleation active surface site density for immersion mode
freezing and deposition nucleation, ne volcanic ash from the Eyjafjallajökull eruption
in April 2010 is slightly less ecient compared to certain natural mineral dusts both in
immersion freezing and deposition nucleation mode (Field et al., 2006; Niemand et al.,
2012; Möhler et al., 2006).

Note that even though volcanic ash particles can act as

ecient ice nuclei, they are currently neglected in global climate models (e.g., Hoose
et al. (2010)).

From atmospheric size distribution measurements in the Eyjafjallajökull

ash plume (Schumann et al., 2011), estimates for atmospheric ice nuclei concentrations
can be derived from the aerosol surface distributions and the ice nucleation active surface
site density at a certain temperature: for immersion freezing at 248 K, roughly a con-

AL ≈ 30

centration between 30 and 150 IN/l can be calculated with the aerosol surfaces (

µm2 cm−3 and ANA ≈ 150 µm2 cm−3 ) taken from Fig. 7 in Schumann et al. (2011) in which
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aerosol surface distributions from two measurements over Leipzig (April 19th) and the
North Atlantic (May 2nd) are depicted.
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4.4 Soil dust
Mineral dust particles are mainly emitted by desert areas and arid regions of the world.
The Saharan desert is one of the major dust sources on Earth and signicantly contributes
to the global dust burden with estimated emission uxes for mineral dusts ranging from
500 to 4300 Tg yr

−

1 (Tegen and Schepanski, 2009; Huneeus et al., 2011).

Freshly emit-

ted dust particles and dust particles with changed physico-chemical properties due to
long-range transport are assumed to signicantly inuence the structure of clouds and
thus global climate.

Mineral dust particles consisting mainly of alumina silicates and clay minerals nucleate
ice most eciently at around 250 K at water-saturated conditions (Murray et al., 2012).
However, ice crystals in clouds coinciding with dust events have already been detected for
cloud top temperatures as high as 268 K (Sassen et al., 2003). This might be explained
partly by dust events being accompanied by bioaerosols (Pratt et al., 2009; Hallar et al.,
2011) because primary biological particles such as fungi or bacteria are able to initiate
the formation of ice already at temperatures slightly below 273 K (Després et al., 2012).
Desert dust particles transported through the atmosphere carry few microorganisms which
are very well adapted to stressful environmental conditions such as desiccation, UV irradiation and nutrient depriviation (Kellogg and Grin, 2006; Perfumo and Marchant, 2010;
Toepfer et al., 2012). However, mineral dust particles containing signicant amounts of
organic matter are predominantly emitted from agricultural areas.

Estimates regarding

the contribution of agricultural areas to the global dust burden are not very well conned
and range from less than 10

% (Tegen et al., 2004) to 20-50% (Forster et al., 2007; Funk

and Reuter, 2006; Ginoux et al., 2012).

Enhanced concentrations of biogenic ice nuclei were found over agricultural areas, especially during tilling or harvesting activities which caused even higher dust emission uxes
than wind erosion (Garcia et al., 2012; Bowers et al., 2011). The biological origin of these
ice nuclei was deduced from a reduction in the ice nucleation eciency by more than a factor of 10 after heat treatment at 371 K (Garcia et al., 2012). However, the composition
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of biological ice nuclei over agricultural areas is not completely understood.

For exam-

ple, atmospheric bacterial communities sometimes were dierent than those populations
found in leafs and soils on the ground (Bowers et al., 2011). Also, eld measurements
found ice-active bacteria from the near-surface environment to be under-represented in
the atmosphere (Garcia et al., 2012).
Figure 4.24 shows a ourescence image of soil dust particles associated with colonies of
living and dead bacteria.

Figure 4.24:

Flourescence microscopy image of soil dust particles with living (green) and dead (red) bacteria (courtesy of A. Rieder)

This work presents experimental results from AIDA cloud chamber studies investigating the ice nucleation properties of four dierent soil dust samples from agricultural areas

4

in Germany, Mongolia and Argentina . The experiments were intended to nd relations
between the observed ice nucleation eciencies of the soil samples and their respective
organic matter content or biological components (e.g.

certain bacteria, fungi or other

species). All soil samples were collected from the top soil - further details regarding the
origin of the samples are listed in Table 4.6.

4 The

soil samples from Northern Germany, Mongolia and Argentina were provided by R. Funk

(Zentrum für Agrarlandschaftsforschung)
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Table 4.6:

Geological origin
Land use
Soil texture
Organic matter (dust)

Overview of soil samples used for ice nucleation experiments in this work

Germany

Germany

Argentina

China

Brandenburg

Baden-Württemberg

La Pampa

Inner Mongolia

(German Soil)

(Karlsruhe Soil)

(Argentinian Soil)

(Mongolian Soil)

Fluvial deposits
Arable land
Sand/loamy sand
2.89%

Fluvial deposits
Arable land
n.a.
n.a.

Aeolian deposits
Arable land
Sandy loam
1.45%

Aeolian deposits
Pasture
Loam
2.49%

All samples were sieved in order to obtain the dust fraction with particle sizes smaller than
63

µm

except the Karlsruhe Soil which was sieved with a 75

µm

mesh. The Argentinian

Soil was available as a sample collected from the soil matrix directly, but also as dust
trapped in 3.3 m height during a dust storm.

The soil samples were taken from areas

where soil textures and meteorological conditions may lead to an increased dust emission
ux by wind erosion. The organic content of all soil samples was 1-3
smaller than 63

µm.

% for the particles

In the next section, a detailed analysis of the physico-chemical and

the microbiological properties of three dust samples (German Soil, Argentinian Soil and
Mongolian Soil) will be presented.

4.4.1 Soil sample analysis

10 µm
Figure 4.25:

3 µm

1 µm

Microscope images of soil dust particles from the bulk sample (left), an agglomerate (middle) and a
single particle (right) - particles are taken from the Argentinian soil sample (courtesy of J. Busse and
A. Kiselev)

Generally, soil dusts are very complex mixtures with alumina silicates and organo-mineral
complexes being the main components.

Figure 4.25 shows microscope images of soil
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dust particles (Argentinian Soil). In Fig. 4.25 (left) a TEM image
shown, whereas the other subgures

6

5

of the bulk sample is

show one agglomerate and a single dust particle as

collected from the AIDA cloud chamber before an expansion experiment with Argentinian
Soil. Argentinian soil dust mainly consists of mineral particles which often have organic
agglomerates attached to their surfaces. Also, from visual inspection of the TEM image
(Fig. 4.25 (left)) it could be guessed that some of the particles are phytoliths.

Micro-

scope images of the other dust samples (not shown) suggest similar features as for the
Argentinian sample.

Elemental composition
Table 4.7:

Analysis of the chemical composition of three dust samples - all values are given in mg⋅kg−1

Argentinian Soil
German Soil
Mongolian Soil

Fe

Mn

Cu

Zn

Ca

Mg

K

Al

31928
12185
30149

485
577
546

78
263
121

6
48
417

2267
2219
3929

4654
1649
5639

5008
4149
6970

39457
21957
23431
7

The elemental composition of three dust samples was analyzed and is shown in Table 4.7 .
Due to their dierent geological origin, the soil dust samples dier with regard to their
elemental composition. The soil sample from Northern Germany contains much less iron
oxides than the Mongolian Soil and the Argentinian Soil. However, the German sample
contain more copper ions than the other two samples. Very striking is the enrichment of
the Mongolian Soil sample in zinc and in carbonates. Note that the German Soil sample
also contains less magnesium and potassium than the other samples.

5 Image

courtesy: J. Busse (Zentrum für Agrarlandschaftsforschung)
courtesy: A. Kiselev (Karlsruhe Institute of Technology)
7 Results from the chemical analysis were provided by R. Funk
6 Image
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Table 4.8:

Comparison to the elemental composition of desert dusts

Argentinian Soil
German Soil
Mongolian Soil
Saharan desert dust
Arizona Test Dust

K/Al

Ca/Al

Fe/Al

0.13
0.19
0.30
0.21
0.21

0.06
0.10
0.17
0.56
0.49

0.81
0.55
1.29
0.56
0.27

Table 4.8 then lists for the three soil samples the mass ratios K/Al, Ca/Al and Fe/Al
in order to compare these values with the ratios for Saharan dust (Gomes and Gillette,
1993) and Arizona Test Dust (Vlasenko et al., 2005) which is a dust standard.

The

Mongolian sample is signicantly enriched in iron oxides. Compared to the desert dust,
the agricultural dusts have similar K/Al ratios, but are depleted in carbonates. The soil
dust samples were enriched in iron oxides.

Mineralogy and organic matter from FTIR measurements
The dierent elemental composition of German Soil, Argentinian Soil and Mongolian Soil
and their dierent geological origins suggest that these three soil samples might dier
regarding their mineralogy and their organic matter content. Fourier transform infrared
(FTIR) spectroscopy

8

was used to further analyze the properties of the soil organic matter

and also the mineralogical composition.

Absorption intensities were measured for dierent vibrational excitations of certain molecular bonds which are characteristic for organic matter such as C-H (alkyls) or C=O (ketones, carboxylic acids or amides).

The C-H bands are assumed to be an indicator for

hydrophobic properties (Capriel et al., 1995) whereas the C=O bands are associated with
hydrophilicity (Morrison and Boyd, 1986). Thus, the C-H/C=O ratio of the spectra can
be used as a measure for the potential wettability of the soil organic matter (Ellerbrock
et al., 2005) with high values indicating a low potential wettability (i.e.
hydrophobicity).

8 FTIR

spectroscopy results were provided by M. Leue.
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high potential
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Figure 4.26:

Dust species

Hydrophobicity of the soil organic matter as inferred from FTIR spectroscopy; C-H absorption intensities are taken as an indicator for hydrophobic organic matter whereas C=O absorption intensities
correspond to the hydrophilic organic matter content of the soil samples (FTIR measurement: courtesy
of M. Leue)
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Figure 4.27:

ARG
AS

Dust species

Clay content as inferred from the FTIR absorption intensities measured at the Si-O-Al band (FTIR
measurement: courtesy of M. Leue)
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Figure 4.26 shows the C-H/C=O absorption ratios for the bulk samples of Argentinian
Soil, German Soil, Mongolian Soil and Arizona Test Dust. Arizona Test Dust is expected
to contain very little amounts of organic matter because its origin lies in the desert areas
of Arizona, USA. Thus, the C-H and C=O absorptions intensities for Arizona Test Dust
merely exceed the detections limits and thus the measured absorption values are probably
more uncertain than for the other samples.

For Mongolian Soil and German Soil the

C-H/C=O ratios indicate that the soil organic matter is less wettable than the organic
matter within the Argentinian Soil sample.

Absorption at



=

690

−

cm

1

can be attributed to the Si-O-Al band which indicates

the presence of clay minerals.

The absorption intensities at

 = 690

cm

−

1

are shown

in Fig. 4.27 for the bulk samples of Argentinian Soil, German Soil, Mongolian Soil and
Arizona Test Dust. Arizona Test Dust shows signicant absorption at the Si-O-Al band
whereas the values for the soil dusts are lower.
Arizona Test Dust may contain up to

This agrees with studies nding that

50% clay minerals (Broadley et al., 2012).

From

Fig. 4.27 it can be concluded that Mongolian Soil contains more clay minerals than Argentinian Soil and German Soil.

Microbiology
Three soil dust samples (Argentinian Soil, German Soil and Mongolian Soil) were also
subjected to a more detailed microbiological analysis delivering an assessment of the
dominating microbiological species.

Table 4.9:

Results from PCR analysis: Combined number of cells and cell fragments per g

Bacteria

Argentinian Soil
German Soil
Mongolian Soil

1 2 0 1 109
(9:5 ± 3:1) ⋅ 108
(2:0 ± 0:2) ⋅ 109

( : ± : )⋅

Actinobacteria

5 8 0 6 108
(5:2 ± 1:0) ⋅ 108
(1:4 ± 0:1) ⋅ 109

( : ± : )⋅
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Pseudonomads

1 5 0 6 105
(2:9 ± 0:9) ⋅ 106
(2:1 ± 1:6) ⋅ 105

( : ± : )⋅

Fungi

1 8 1 2 106
(4:7 ± 3:4) ⋅ 107
(1:3 ± 0:9) ⋅ 106

( : ± : )⋅

Table 4.9 shows values for the number of cells and cell fragments which have been de-

9

tected by using a PCR analysis . In Tab. 4.9 the number concentrations of bacteria and
fungi is listed for Argentinian Soil, German Soil and Mongolian Soil. Actinobacteria and
Pseudonomads are analyzed separately and are treated as subgroups of the whole bacteria
population. The soil dust from Mongolia contains about twice as much bacteria than the
other two samples from Germany and Argentina.

Conversely, the number of fungi and

fungi remnants found in the sample from Northern Germany is by a factor of 10 higher
than for the samples from Mongolia and Argentina. Neverless, the total number of microorganisms and cell fragments is highest for the Mongolian Soil.
The high biological activity level of the Mongolian Soil is supported by Waveband Integrated Bioaerosol Sensor (WIBS-4) measurements of the aerosol population within the
AIDA cloud chamber:

(8:5 ± 1:5)% of all Mongolian Soil particles showed uorescence sig-

natures (i.e. biological activity) whereas for Argentinian Soil this fraction is
and for the German Soil only

(2:2 ± 0:5)%

(2:9 ± 0:7)%

of all particles uoresced (E. Toprak, un-

published data). Note that the PCR analysis was conducted for the bulk samples which

d = 63 µm, whereas the aerosol population within
the AIDA cloud chamber is restricted to particles smaller than ≈ 15 µm.

contained particles with diameters up to

Single particle mass spectrometry has been used to investigate how frequently particles with certain biological ion markers occur for each individual soil sample, given as
a fraction of the total number of analyzed particles.

17%

Biological markers were found for

of all particles belonging to the Mongolian sample, but only for

12%

and

5%

of

German Soil and Argentinian Soil particles (B. Sierau, unpublished data). Note that the
mass spectrometry analysis has been conducted for the bulk samples like the PCR analysis.

Additionally, the total number of viable cells has been inferred from cultivating soil dust
particles on R2A agar for 5 days at 250.7 K. These tests indicate that the Mongolian
Soil contains much less viable cells than the Argentinian Soil. The total number of viable
cells dier approximately by a factor of 50 between Mongolian Soil and Argentinian Soil
(S. Kirchen, unpulished data). These measurements were like the WIBS-4 measurements

9 PCR

analysis data is courtesy of A. Ulrich
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conducted for aerosol particles extracted from the AIDA cloud chamber.

From the microbiological analysis, it can be concluded that the Mongolian Soil was the biologically most active soil sample but it did not contain the highest number of viable cells.
The German Soil sample was characterized by a high number of fungi and fungi fragments.

For the ice nucleation experiments, two additional samples were produced from the Argentinian soil dust sample by exposing a part of the sample to dry heat (383 K for one
hour) and another part to high energy gamma radiation for several days. Note that the
Argentinian Soil sample was chosen because viability tests had shown that this sample
contained the highest number of viable organisms. Both treatments resulted in a drastic
reduction of the number of viable organisms which could be inferred from cultivating these
two samples on a R2A agar medium as depicted in Fig 4.28.

Figure 4.28:

Pictures of soil dust particles (Argentinian Soil) having been incubated on a R2A agar: untreated (left),
exposed to high temperature (middle) and exposed to high energy irradiation (right) - the number of
viable soil dust organisms is drastically reduced by heat or radiation treatment (images: courtesy of
S. Kirchen)
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4.4.2 Ice nucleation properties of soil dust particles
The ice nucleation properties of the four soil dust samples were investigated for immersion
freezing and deposition nucleation over a temperature range between 229 and 271 K. All
experiments for which the ice nucleation mode could be determined unambiguously are
listed in Table 4.10.

Table 4.10:

Overview of AIDA cloud chamber experiments with Karlsruhe Soil (KS), German Soil (GS), Mongolian
Soil (MS) and Argentinian Soil (AS); AS_gamma and AS_heat refers to treated soil samples

Experiment

IN15_56
IN16_02
IN16_03
IN16_09
IN19_05
IN19_06
IN19_07
IN19_35
IN19_43
IN19_44
IN19_46
IN15_50
IN15_51
IN19_09
IN19_11
IN19_18
IN19_30
IN19_31
IN19_33
INUIT04_40
INUIT04_46
INUIT04_48

Aerosol

KS
KS
KS
KS
MS
GS
AS
AS_gamma
AS
AS_heat
GS
KS
KS
AS
MS
AS_wind
AS_gamma
AS_heat
GS
AS
MS
AS

Initial temperature

Aerosol concentration

Median diameter

[K]

[cm−3 ]

[µm]

262
264
271
264
258
258
259
254
254
254
255
233
242
248
248
247
247
248
248
248
238
238

268
230
262
232
95
124
138
162
165
132
167
295
339
144
124
121
163
224
194
260
112
269

0.54
0.40
0.42
0.43
0.33
0.44
0.42
0.40
0.41
0.50
0.45
0.40
0.46
0.42
0.52
0.51
0.40
0.35
0.28
0.40
0.31
0.40
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Ice nucl. mode

Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Imm.
Dep.
Dep.
Dep.
Dep.
Dep.
Dep.
Dep.
Dep.
Dep.
Dep. nucleation
Dep. nucleation

-2

Ice nucleation active surface site density ns,imm [m ]

Immersion freezing initiated by soil dust particles
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Karlsruhe Soil
Mongolian Soil
German Soil
Argentinian Soil
Argentinian Soil, treated
Desert dusts (Niemand et al., 2012)
ns=exp(-0.2947*(T-273.15)+16.252) [m-2]
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Figure 4.29:

Ice nucleation active surface site densities for immersion freezing initiated by soil dusts enriched with
organic matter; for comparison the average INAS densities observed for desert dusts are shown

Figure 4.29 shows the ice nucleation eciencies for immersion freezing initiated by the
four samples described in Table 4.6 and the two treated dust samples.

The ice nucle-

ation eciencies are expressed as the ice nucleation active surface site (INAS) density

ns

−

[m

2 ] which is given by ns = nice /Aaer

concentration for a specic AIDA cloud

3 ] being the observed ice crystal
2 3
chamber experiment and Aaer [µm cm ] being
with

nice

[cm

−

the aerosol surface area which is available for the immersion freezing process, i.e.
aerosol surface that belongs to particles immersed within a droplet.

the

The measurement

nice /nice ≈ 25% and Aaer /Aaer ≈ 25% translate into an uncertainty of
the ice nucleation active surface site density ns /ns ≈ 35%. Note that the actual aerosol
surface area might be underestimated by Aaer because it was derived from the geometric

uncertainties
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surface using the volume equivalent diameter derived from the size distribution measurements.

The ice nucleation eciencies depicted in Fig. 4.29 can be described by a temperature
dependent relation for the INAS density with

ns;imm = exp(−0:295 ⋅ (T − 273:15) + 16:252) [m−2 ]

(4.15)

The parameterization described by eq. 4.17 is only valid between 247 and 265 K.

The INAS densities for the four soil samples are compared to ice nucleation eciencies of gamma irradiated or heated Argentinian soil and also to desert dusts which are
assumed to contain only small amounts of organic matter.

From Fig. 4.29 it can be

concluded that the four soil dust samples are characterized by consistently higher INAS
densities than the desert dusts over the temperature range between 247 and 265 K. This
enhanced ice nucleation eciency of the soil dusts is especially evident at higher temperatures.

Mongolian Soil being the soil dust with the highest biological activity could

not be identied as the most ice active sample. The ice nucleation eciency of the soil
samples did not dier much at 254 K but the German Soil sample was most ice active at
temperatures belown 251 K. Note that the German Soil contained the highest number of
fungi and fungi fragments.

Even though a severe reduction of the number of viable cells was observed, neither the
heat treatment nor the irradiation had an eect on the ice nucleation eciency of Argentinian Soil even though the treatments were intended not only to reduce the number
of viable microorganisms, but also to possibly break up organic compounds. Other studies have found that heat treatments drastically reduce the ice nucleation eciency of
soil dusts (Garcia et al., 2012; Conen et al., 2011).

It is, however, not entirely clear

how organic matter responds to heat or irradiation. It should be considered that organic
matter in soils is not only present as free organic matter, but large parts may exist in
various mixing states such as mineral particles with organic coatings or organo-clay micro
aggregates. These organo-mineral complex are presumably more stable than free organic
matter (Chenu and Plante, 2006). Also, it has to be taken into consideration that heating
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of organic matter may result in the production of new chemical compounds (GonzálezPérez et al., 2004). INAS densities for soil dusts measured by O'Sullivan et al. (2013) are
by a factor of 20 smaller at 250 K than the average INAS density values observed in this
study. Note, however, that in the study by O'Sullivan et al. (2013) the aerosol surface
areas were quantied through BET analyses which deliver larger surface values than the
APS/SMPS measurements and consequently smaller INAS densities.
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Figure 4.30:

Ice nucleation active surface site densities for deposition nucleation initiated by soil dusts compared
to the INAS densities of desert dusts and clay minerals

Ice nucleation eciencies were also measured for deposition mode nucleation initiated by
soil dust particles and are expressed as INAS densities. The ice nucleation active surface
site densities are depicted in Fig. 4.30 as a function of the thermodynamic variable
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xther m

with

xther m = −(T ⋅ [K −1 ] − 273:2) + (Sice − 1) ⋅ 100.

The INAS densities are depicted for

water subsaturated conditions and temperatures between 235 and 248 K. For comparison, the INAS densities predicted for desert dusts and clay minerals are represented as
well. From Fig. 4.30 it can be observed that the ice nucleation eciencies of the dierent
soil samples are remarkably similar.

Note that in Fig. 4.30 also the INAS densities for

windblown Argentinian Soil are depicted. The INAS density values for this sample which
should resemble atmospheric dust particles do not dier much from the INAS densities
observed for the top soil sample. Similarly as for immersion freezing, the deposition nucleation eciency of Argentinian Soil is not inuenced by exposing the dust sample to dry
heat or radiation.

The observed variations in INAS densities among the dust samples can be both attributed to the natural variability of the soil dusts and the approximations made by using

xther m

for describing the deposition nucleation eciency.

der of magnitude and with the thermodynamic variable

Nevertheless, within one or-

xther m varying within the interval

32 < xther m < 50, the INAS densities for deposition nucleation of soil dusts can be described by a tting function

ns;dep = 1:93 ⋅ 106 ⋅ exp(0:217 ⋅ xther m ) [m−2 ]

(4.16)

The ice nucleation active surface site densities were found to be higher than predicted for
deposition nucleation initiated by desert dust particles and clay minerals.

4.4.3 Summary
The ice nucleation eciencies measured for the soil dusts are very similar among the
four samples despite dierences in the elemental composition, the clay content and the
biological activity.

The observed INAS densities are consistently higher than for desert

dusts and clay minerals, both for immersion freezing and deposition nucleation mode.
The ice nucleation eciencies can be expressed by INAS density functions

ns;imm = exp(−0:295 ⋅ (T − 273:15) + 16:252) [m−2 ]
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(4.17)

for immersion freezing occuring between 247 and 265 K, and for deposition nucleation by

ns;dep = 1:93 ⋅ 106 ⋅ exp(0:217 ⋅ xther m ) [m−2 ]
with the thermodynamic variable

(4.18)

xther m varying within the interval 32 < xther m < 50.

Mongolian Soil was the sample with the highest number of microorganisms, but not
the most ice-active soil dust. FTIR absorption spectroscopy indicated that for Mongolian Soil also the clay content was the highest among the three soil samples that were
investigated in greater detail. German Soil which is characterized by the highest number
of fungi and fungi fragments was slightly more ice-active below 251 K whereas at higher
temperature the soil samples were similarly ice active. Exposing Argentinian soil to dry
heat (383 K) led to a reduction in the number of viable organisms but did not deteriorate
the ice nucleation eciency of Argentinian Soil which is in contradiction to the ndings
of other studies.
In conclusion, the ice nucleation eciency of soil dusts could not directly be related to the
biological activity, clay content or the elemental composition. The increased ice nucleation

T > 254 K) might be attributed to primary biological

eciency at higher temperatures (

particles (auch as bacteria and fungi) which are more relevant at small supercoolings,
whereas at lower temperatures the stable organic matter becomes more important. Also,
dierences in mineralogy might explain the increased ice nucleation eciency when comparing soil dust from agricultural elds and mineral dust from desert areas.

The concentration of ice nuclei contributed by soil dusts can be very roughly estimated

%

by assuming that approximately 1

of all dust particles are emitted from agricultural

elds which is a conservative estimate compared to models suggesting contributions up
to 25

%

(Ginoux et al., 2012).

The average dust concentrations of particles available

−

for heterogeneous freezing lie between 10 and 50000 l

1 according to model simulations

(Hoose et al., 2010; Bangert et al., 2012). Under the assumption of a dust particle diam-

d = 1:0 µm and by using eq. 4.17, the IN concentrations caused by soil dust might
−1
reach 3 l
at 255 K. For mineral dust particles emitted from desert areas (estimated
eter

% of the global mineral dust concentration) the IN concentrations can be calcu-

as 99

lated analoguously by employing the parameterization proposed by Niemand et al. (2012)
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for immersion freezing by desert dust particles. The parameterization by Niemand et al.
(2012) predicts ice crystal concentrations up to 14 l

−

1 at 255 K. Even though these ice

nuclei concentrations are very rough estimates it can be concluded that soil dust particles
may contribute non-negligibly to the global ice nuclei population.
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4.5 Ice nucleation properties of coated dust particles
Mineral dust particles are very ubiquitous in the atmosphere as dust is frequently lofted into
the air from desert areas and arid regions. Gaseous species such as sulfates, nitrates and
organics may adsorb to the surface of mineral dust particles because dust is transported
over very large distances (Murphy and Thomson, 1997). Dust plumes from the Saharan
desert were found to contain dust particles (

d > 1 µm) which were almost all coated with

sulfate layers with an average thickness of 60 nm (Kandler et al., 2007). Coatings are
assumed to change the physico-chemical properties of mineral dust particles and are thus
suspected to change processes through which mineral dust particles and clouds interact
such as droplet activation and heterogeneous ice nucleation.

Emissions of secondary organic and sulfate aerosol particles
Organic aerosol mainly consists of water-soluble compounds with complex multifunctional
compositions. Organic compounds are either emitted as particulate matter (primary organic aerosol - POA) or as particles formed from reaction products of oxidized organic
species in the gas phase (secondary organic aerosol - SOA). Terpenes emitted from vegetated areas are assumed to be the major source of atmospheric SOA even though the
exact chemical reaction pathways are not completely understood (Kanakidou et al., 2005).
Aromatic compounds from anthropogenic sources were also identied as precursors for
the formation of SOA (Odum et al., 1996). Estimates for the global production of SOA
range from 12 to 70 Tg yr

−

1 (Kanakidou et al., 2005).

Sulfate aerosols nucleate from reaction products originating from the reaction of sulfur
dioxide with other compounds and water vapor. One of the most relevant pathways for
the formation of sulfates is the oxidization of SO

2

through reaction with OH radicals.

Precursors for the formation of sulfate aerosols are emitted as by-products of combustion

2 emissions

processes or by natural sources such as volcanoes and oceans with global SO

−

being around 70 Tg S yr

1 (Huneeus et al., 2013).
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Inuence of secondary organics and sulfate coatings on the ice nucleation
properties of mineral dusts and clay minerals
With sulfates and secondary organic compounds being abundant in the upper and lower
troposphere, several laboratory studies investigated the inuence of coatings with sulfuric
acid or organics on the ice nucleation properties of mineral dusts, clay minerals and mineral
dust surrogates. Some studies also investigated the freezing of acid or organic solutions
with solid mineral dust inclusions as a substitute for coated mineral dust particles (see
references in Tables 4.11 and 4.12).

Table 4.11:

Overview of experiments investigating the eect of coatings with secondary organic compounds on the
ice nucleation properties of mineral dusts, clay minerals and mineral dust surrogates

Study

Temperature range

Ice nucleation modes

Core material

Möhler et al. (2008a)
Möhler et al. (2008a)
Koehler et al. (2010)
Niemand (2012)
Niemand (2012)
This work

205 to 210 K
205 to 210 K
208 to 253 K
224 to 251 K
224 to 251 K
240 to 264 K

Dep.
Dep.
Cond., dep.
Imm., dep.
Imm., dep.
Imm., dep.

ATD (dry, polydisp.)
Illite (dry, polydisp.)
ATD (dry, monodisp.)
Asian Dust (dry, polydisp.)
Saharan Dust (dry, polydisp.)
Diatomite (dry, polydisp.)

Table 4.11 lists several laboratory studies that have investigated the inuence of secondary
organic compounds produced from

-pinene on the ice nucleation properties of mineral

dusts.
A decreased deposition nucleation eciency was reported from cloud chamber experiments with illite and ATD particles after treatment with secondary organic compounds
(Möhler et al., 2008a). The uncoated dust particles almost activated completely at rela-

ice = 105% and RHice = 120% whereas coating with SOA led
to a reduction of the ice fractions to less than 20% for ATD and to less than 10% for
tive humidities between RH

illite. Also, these ice fractions were only reached at much higher relative humidities with
up to RH

ice = 130% for ATD and RHice = 170% for illite.

These ndings are supported by

deposition nucleation measurements of coated mineral dust particles (Asian Dust, Saharan Dust) for which the observed ice fractions were lower than for uncoated dust particles
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(Niemand, 2012).

Note that for immersion freezing, the impact of organic coating on

the ice nucleation eciency seems to be ambiguous (Niemand, 2012).

Monodisperse

sub-micron ATD particles with organic coatings were also investigated by Koehler et al.
(2010). Deposition nucleation initiated by coated ATD particles at temperatures below
233 K occured only for relative humidities close to the homogeneous freezing threshold.

Table 4.12:

Overview of experiments investigating the eect of coatings with sulfuric acid on the ice nucleation
properties of mineral dusts, clay minerals and mineral dust surrogates

Study

Temperature range

Ice nucl. modes

Core material

Archuleta et al. (2005)
Archuleta et al. (2005)
Archuleta et al. (2005)
Knopf and Koop (2006)
Eastwood et al. (2009)
Cziczo et al. (2009)
Cziczo et al. (2009)
Cherno and Bertram (2010)
Cherno and Bertram (2010)
Sullivan et al. (2010b)
Niedermeier et al. (2011a)
Niemand et al., unpublished
This work
This work

213 to 228 K
213 to 228 K
213 to 228 K
197 to 260 K
233 to 246 K
228 to 253 K
228 to 253 K
234 to 247 K
234 to 247 K
243 K, 248 K
233 to 245 K
239 to 254 K
220 to 253 K
220 to 253 K

Imm., dep.
Imm., dep.
Imm., dep.
Imm., dep.
Cond., dep.
Imm., dep.
Imm., dep.
Dep.
Dep.
Cond., dep.
Imm.
Imm., dep.
Imm., dep.
Imm., dep.

Aluminium oxide (susp., monodisp.)
Aluminium silicate (susp., monodisp.)
Iron oxide (susp., monodisp.)
ATD (suspension)
Kaolinite (suspension)
ATD (dry, polydisp.)
Illite (dry, polydisp.)
Clay minerals (susp., polydisp.)
Quartz (susp., polydisp.)
ATD (dry, d=300 nm)
ATD (dry, d=300 nm)
ATD (dry, polydisp.)
SD2 (dry, polydisp.)
ATD (dry, polydisp.)

An overview of experimental studies investigating the eect of sulfuric acid coatings on
the ice nucleation properties of mineral dusts is given in Table 4.12.
Archuleta et al. (2005) used a continuous ow diusion chamber to conduct experiments
with aluminum oxide, alumina silicates and iron oxide particles coated with sulfuric acid.
The change in ice nucleation activity with the coating strongly depended on the core
material with only alumina silicates showing a reduction of the ice nucleation eciency
in most cases. The inuence of sulfuric acid coatings on atmospherically more relevant
particles was investigated by Eastwood et al. (2009). Kaolinite particles coated with sul-

RHice

furic acid required higher relative humidities (
at higher temperatures (

∼

up to

30%) for ice activation and

245 K), deposition nucleation was replaced by condensation
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freezing.

Sullivan et al. (2010b) and Niedermeier et al. (2011a) exposed monodisperse

ATD particles to hot sulfuric acid vapor with the temperature of the hot sulfuric acid
reservoir chosen to be either 318, 348 or 353 K and then tested their ice nucleation
eciencies. Observed ice fractions in the immersion freezing mode were smaller for acid
coated particles only at temperatures above 237 K (Niedermeier et al., 2011a).

A de-

creased condensation nucleation eciency was also observed by Sullivan et al. (2010b).
Surface modications caused by exposure to the hot sulfuric acid vapor also caused a
decreased deposition nucleation eciency (Sullivan et al., 2010b). Cziczo et al. (2009)
investigated acid coated illite and ATD particles and found more pronounced eects for
ATD than for illite.

For deposition nucleation initiated by coated dust particles higher

relative humidities were required (

RHice

up to 30

%) whereas at higher temperatures

and for especially thick coatings immersion freezing could be completely suppressed. The
eect of acid coatings on the deposition nucleation onsets observed for clay minerals
(kaolinite, illite, montmorillionite) and quartz was investigated within a study by Cherno
and Bertram (2010).
were shifted by

The required relative humidities at which ice nucleation occured

RHice

up to

30%

for illite and kaolinite, and by

RHice

up to

20%

for montmorillionite and quartz. The previously described studies are in contradiction to
experiments by Knopf and Koop (2006) which found a high variability in the ice nucleation onsets measured for uncoated ATD particles and therefore no clear impact of acidic
coatings on the ice nucleation properties of ATD.

Coating procedure in the AIDA cloud chamber
As indicated in Tables 4.11 and 4.12, this work presents results from AIDA cloud chamber
experiments with mineral dust aerosols having been coated with either sulfuric acid or
secondary organics in order to investigate the inuence of these treatments on the ice
nucleation properties



10 .

For the experiments with secondary organics coating,

-pinene was converted into

secondary organic compounds by ozonolysis after having added dry-dispersed mineral dust (diatomite) to the AIDA cloud chamber (Saatho et al., 2009).

10 All

coating experiments were conducted in close cooperation with H. Saatho
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The

products of the chemical reaction between

-pinene and ozone were then allowed

to condense onto the mineral dust particles.



In contrast to other studies which either used dust suspensions containing sulfuric acid or relied on coating by letting hot sulfuric acid vapor condense onto the
particles, coating for the ice nucleation experiments presented in this work was
achieved by exposing dry-dispersed dust particles to an environment within the

2

AIDA cloud chamber where H SO

4 had been produced by oxidization of SO2 .

2

SO

was oxidized by reacting with OH radicals which were generated from mixing ozone
and tetramethylethylene (2,3-dimethyl-2-butene) (Atkinson and Aschmann, 1993).
Sulfuric acid produced from this chemical reaction was then allowed to condense
onto the mineral dust particles. The coating thickness could be varied by changing

2

the concentrations of ozone, tetramethylethylene and SO . This particular coating
procedure was chosen in order to avoid destruction of ice nucleation active sites
by digestion through hot sulfuric acid.

The "cold" coating procedure also more

strongly resembles processes that occur in the atmosphere.
The eect of secondary organics was analyzed for immersion freezing and deposition
nucleation experiments conducted with fossil diatomite which is assumed to be a component of windblown Saharan dust. Furthermore, in this section the results for ice nucleation
experiments with sulfuric acid coated ATD and Saharan Dust particles are presented.

Deriving the INAS density values for coated particles
For all experiments the ice crystal concentrations were measured with the two optical
particle counters welas and welas2. Additionally, the size distribution of the aerosol particles within the cloud chamber was measured in order to be able to estimate the aerosol
surface. The ice nucleation active surface site density as a measure for the ice nucleation
eciency of each aerosol type is given by

ns = nice [m−2 ]
(4.19)
Aaer
−3
2 −3
with the ice crystal concentration nice [cm ] and the aerosol surface area Aaer [µm cm ].
The measurement uncertainties are given by nice /nice ≈ 25% and Aaer /Aaer ≈ 25%
and amount to ns /ns ≈ 35%.
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Figure 4.31:

Aerosol surface distribution for coated fossil diatom particles: the small particle size mode corresponds
to particles nucleated from the organic phase whereas the larger mode represents the fossil diatom
particles

Figure 4.31 shows an examplary size distribution for SOA coated fossil diatom particles.
A lognormal distribution is tted to the measurements for calculating the total aerosol
surface area from integrating the distribution. Figure 4.31 also shows that the size distribution is bi-modal:

particles below 0.02

µm

are most likely small nucleated organic

particles whereas the mineral dust particles build the second mode at larger particle sizes.
For calculating the INAS densities, only the dust mode is considered. The solution droplets
are assumed not to participate in the freezing process because for most experiments, the
relative humidities were too low for homogeneous ice nucleation.

4.5.1 Impact of SOA coating on the ice nucleation properties
of diatoms
The eect of SOA coatings on the ice nucleation properties was investigated within
a temperature range between 240 and 264 K (see Table 4.11).
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Ice nucleation active

surface site densities were derived both for immersion freezing and deposition nucleation
experiments (Table 4.13).

Table 4.13:

Experiment

IN16_07
IN16_10
IN16_13
IN16_15

Overview of AIDA cloud chamber experiments with SOA coated diatom particles

Coating thickness

Initial temp.

Aerosol conc.

Median diameter

[K]

[cm−3 ]

[µm]

264
253
243
243

477
539
529
578

0.37
0.32
0.32
0.30

5.7 nm
0.8 nm
0.4 nm
6.4 nm

Ice nucleation mode

No ice
Immersion freezing
Deposition nucleation
Deposition nucleation

Immersion freezing initiated by SOA coated diatom particles
Figure 4.32 shows ice nucleation active surface site (INAS) densities as derived from
AIDA experiments with fossil diatoms and SOA coated diatomite particles.

The INAS

densities for fossil diatoms are extrapolated towards lower temperatures in order to be
able to compare between the ice nucleation eciencies of coated and uncoated fossil
diatoms. Figure 4.32 also depicts the average INAS density for desert dusts as parameterized by Niemand et al. (2012).

For coatings with secondary organics derived from

-pinene, the INAS density for one immersion freezing experiment is shown. The coating thickness as estimated from COSIMA calculations was approximately 1 nm assuming
that the complete secondary organics yield was adsorbed to the surfaces of the diatom

11 .

particles (Naumann, 2003)

The ice nucleation eciency of SOA coated diatoms was

signicantly lowered compared to uncoated diatoms.
than for desert dusts.

INAS densities were even lower

For coatings thicker than 1 nm immersion freezing initiated by

fossil diatoms was completely suppressed (see Table 4.13). This strong impact of SOA
coating on the immersion freezing eciency diers from recent ndings regarding the
INAS densities of SOA coated desert dust particles for which no signicant change in ice
nucleation eciency was observed in comparison to the uncoated dust (Niemand, 2012).

11 Estimates

of the extent of the coating thickness for selected experiments with SOA and

sulfuric acid were provided by K.-H. Naumann and H. Saatho
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Deposition nucleation initiated by SOA coated diatom particles
INAS densities were also determined for deposition nucleation initiated by SOA coated
fossil diatom particles. Figure 4.33 shows the ice nucleation active surface site densities
for deposition nucleation initiated by fossil diatomite with and without SOA coating as a
function of the thermodynamic variable

ice

S

xther m (T; Sice ) with T

being the temperature and

the relative humidity over ice. It can be concluded that the coating with secondary

ns;dep = 109 m−2 ) towards
larger xther m corresponding to higher relative humidities (RHice ≈ 15%). Increasing the
organics causes a shift of the ice nucleation onset (dened as

coating thickness from 0.4 nm to 6.4 nm leads to a further shift of the ice nucleation
onset by

xther m ≈ 2.

However, the INAS density values from the two experiments with

dierent coating layer thickness are similar within the measurements uncertainties.
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Figure 4.33:

Ice nucleation active surface site densities for deposition nucleation initiated by fossil diatom particles
with secondary organics coating

It should be noted that the average coating thickness is only a rough estimate. Additionally, because of the complex surface structure of the fossil diatom particles the aerosol
surface area is supposedly underestimated by using the volume equivalent diameter of
spherical particles. The surface structure of fossil diatoms might lead to incomplete coatings with only certain patches being covered by secondary organics.

Additionally, the

secondary organic compounds could be characterized by varying volatilities which would
enhance the non-uniform coating eect.
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4.5.2 Impact of "cold" coating with sulfuric acid on the ice
nucleation properties of mineral dusts
Mineral dust particles with dierent mineralogical composition (Saharan Dust, Arizona
Test Dust) were subjected to coatings with sulfuric acid.

Dierent dust types were

expected to react dierently to the exposure to sulfuric acid vapor (see references in
Table 4.12).

Note that for the experiments in this work the sulfuric acid vapor was

directly produced within the AIDA cloud chamber and therefore the coating took place at
temperatures below 273 K.

Table 4.14:

Overview of AIDA cloud chamber experiments with mineral dust particles exposed to OH radicals
or with sulfuric acid coating; for experiments marked with an asterisk, the sulfuric acid coating was
achieved by using hot sulfuric acid vapor (Niemand et al., unpublished)

Experiment

Aerosol

Initial temp.

Aerosol conc.

Median diameter

(Coating thickness)

[K]

[cm−3 ]

[µm]

IN18_09
IN15_28
IN15_29
IN15_57
IN15_62
IN18_03
IN18_02
IN18_07
IN18_06
IN18_08
IN15_21
IN15_23
IN15_20
IN15_02
IN15_08
IN15_10
IN15_14
IN15_18
IN18_04

SD2 (medium)
ATD (thick)
SD2 (thick)
ATD (thick)
ATD (thin)
ATD (medium)
ATD (OH radicals)
ATD (thick)
ATD (thin)
ATD (medium)
SD2 (thin)
SD2 (thick)
SD2 (medium)
ATD (60 nm)
ATD (3 nm)
ATD (1 nm)
SD2 (thin)
SD2 (medium)
ATD (OH radicals)

250
253
253
252
253
250
250
241
241
241
243
243
243
223
223
223
223
223
221

481
891
477
307
577
598
433
524
596
800
381
341
441
570
447
514
464
461
742

0.30
0.24
0.42
0.23
0.26
0.24
0.23
0.24
0.24
0.26
0.40
0.39
0.43
0.21
0.22
0.22
0.39
0.39
0.23

Immersion freezing
Imm./Dep.
Imm./Dep.
Imm./Dep.
Imm./Dep.
Imm./Dep.
Imm./Dep.
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation
Deposition nucleation

IN08_26*
ACI02_25*
IN08_08*

ATD(thick)
ATD(thin)
ATD (thick)

254
245
241

309
1333
185

0.24/0.60
0.20
0.20/0.52

Immersion freezing
Deposition nucleation
Deposition nucleation
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Ice nucleation mode

AIDA cloud chamber experiments investigating the impact of coatings with sulfuric acid
on the ice nucleation properties of mineral dust particles are listed in Table 4.14. Note
that for several experiments starting at approximately 250 K, immersion freezing and
deposition nucleation initiated by coated dust particles were observed simultaneously.
For these experiments, the contributions of the two ice nucleation modes could not be
separated and therefore these experiments will be excluded from the following analyses.
Note that at least for ATD in this temperature range generally deposition nucleation is
preferred. However, the coating also changes the hygroscopic properties of the aerosol
particles and presumably causes higher contributions by immersion/condensation freezing.

Immersion freezing initiated by sulfuric acid coated dust particles

10

11

SD2 with sulfuric acid coating

-2

[m ]

Desert dusts (Niemand et al., 2012)

Ice nucleation active surface site density n

s,imm

ATD (Connolly et al., 2009 - corrected)
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10
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9

Figure 4.34:

246

246.5

247
Temperature [K]

247.5

248

Ice nucleation active surface site densities for immersion freezing by Saharan Dust (SD2) particles with
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results for ATD particles with "hot" acid coating are shown

117

Figure 4.34 shows the ice nucleation active surface site densities for immersion freezing
initiated by Saharan Dust (SD2) particles treated with sulfuric acid.

Additionally, the

average INAS densities for immersion freezing of desert dusts are depicted (Niemand
et al., 2012). For comparison, Fig. 4.34 also shows INAS densities for bare ATD particles
(Connolly et al. (2009), corrected by a factor of 20 according to Niemand et al. (2012))
and ATD particles subjected to a treatment with hot sulfuric acid vapor (M. Niemand
et al., unpublished data).

For sulfuric acid coated Saharan Dust, the measured INAS

density did not deviate largely from the average INAS density for uncoated desert dusts.
However, with the ice nucleation eciency of uncoated ATD particles being approximately
one order of magnitude higher than for natural dusts, the treatment with hot sulfuric
acid vapor resulted in a signicant reduction of the observed ice nucleation eciency.
Thus, this observation can be taken as an indication that both coating methods might
lead to diverging results concerning their inuence on immersion freezing by mineral dust
particles. However, the impact of the sulfuric acid coating was also observed to depend
on the ambient temperature (Niedermeier et al., 2011a).

Deposition nucleation initiated by sulfuric acid coated dust particles
Experiments investigating the ice nucleation properties of sulfuric acid coated particles in
deposition nucleation mode were conducted at the AIDA cloud chamber analogously to
the immersion freezing experiments with acid coated dust particles.
Figure 4.35 shows the INAS densities observed for bare ATD particles and dust with
varying coating thicknesses. The INAS densities are shown for two groups of expansion
experiments starting either at

Tstar t = 223 K (Fig. 4.35, left) or Tstar t = 241 K (Fig. 4.35,

Tstar t = 223 K only deposition nucleation was observed whereas at warmer
temperatures Tstar t = 241 K, close to water saturation ice formation can be probably

right).

For

partly attributed to condensation freezing. Therefore, ice fractions observed for relative
humidities shortly below water saturation are excluded from the analysis. For deposition
nucleation at

Tstar t = 223 K (Fig. 4.35, left), bare ATD particles already activate to ice

crystals at very low supersaturations. For particles coated with sulfuric acid or subjected
to a treatment with OH radicals, lower INAS densities are observed at considerably higher
relative humidities over ice with

RHice

up to
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35%.

For the measurements at higher

T

temperatures ( star t

= 241

K), only INAS density values for coated particles are shown.

The ice nucleation active surface site densities shown in Fig. 4.35 (left) were derived

2 concentration (4 ppb, 20 ppb, 36 ppb) and thus the

from experiments for which the SO

2

expected H SO

4

yield was varied. The observed INAS densities are consistently shifted

towards higher relative humidities for thicker coatings.
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star t
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=
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Figure 4.36 shows a compilation of all INAS density values obtained for deposition nucleation experiments with sulfuric acid coated ATD particles and bare ATD particles.
Additionally, INAS densities obtained for ice nucleation experiments with ATD particles
having been exposed to hot sulfuric acid vapor are shown (M. Niemand, unpublished data).
All ice nucleation active surface site densities are represented as a function of the thermodynamic variable
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Ice nucleation active surface site densities for deposition nucleation of ATD with sulfuric acid coating
with varying coating layers; values obtained from experiments with "hot" sulfuric acid vapor are shown
for comparison with the temperature of the sulfuric acid bath being indicated (M. Niemand, unpublished
data)

The coating causes a shift of the INAS densities towards larger values of

xther m

for all

experimental runs. For the experiments starting at 223 K, these shifts are correlated with
the coating layer thickness with the thickest layer resulting in a shift

xther m ≈ 50.

The

2 also produces a signicant deterioration of

exposure to OH radicals without adding SO
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the ice nucleation eciency for deposition mode nucleation.

This can be explained by

the production of unknown chemical species which may be produced either from chemical reactions between contaminants in the AIDA cloud chamber or from heterogeneous
reactions at the surface of the dust particles.

Note, however, that for this specic ex-

periment the expected OH radical yield was much higher than for the experiments with

3

sulfuric acid production due to increased precursor concentrations (i.e. high TME and O
concentrations).
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Figure 4.37:

Ice nucleation active surface site densities for deposition nucleation initiated by Saharan Dust particles
with sulfuric acid coating; shown are also the INAS densities measured for uncoated Saharan Dust
particles

Figure 4.37 shows INAS density values obtained for deposition nucleation by bare and
acid coated Saharan Dust (SD2) as a function of the thermodynamic variable

xther m .

For

Saharan Dust, the slope of the INAS densities is similar for all experiments. The INAS

121

xther m ≈ 55 represent experiments which started at Tstar t = 232 K or
Tstar t = 243 K, whereas the trajectories at higher xther m values represent experiments at
lower temperatures (Tstar t = 223 K). It can be observed from Fig. 4.37, that coating with
density values at

sulfuric acid becomes especially relevant at temperatures below 223 K as the shift of the
INAS densities for coated particles compared to the bare dust is most evident. For deposition nucleation at higher temperatures, the reduction of the ice nucleation eciency
does not depend on the coating thickness as there is no dierence observed for thin and
medium/thick coatings.

From the ice nucleation experiments with sulfuric acid coated mineral dust particles,
it can be concluded that the reduction of ice nucleation eciency is most relevant for a
decreased ice nucleation eciency in the deposition nucleation mode. For Saharan Dust,
the deterioration in the ice nucleation eciency also depends on the ambient temperature
within the AIDA cloud chamber. The observed reduction of the ice nucleation eciency
is proportional to the coating layer thickness for deposition mode nucleation initiated by
ATD but not for Saharan Dust. It should be noted, however, that the estimated sulfuric
acid layers should only be interpreted as rough estimates because the estimation of the
coating thickness assumes that the SO
converted into sulfuric acid coatings.

2

injected into the cloud chamber is completely

However, the chamber walls might act as a sink

for sulfuric acid vapor and also some unknown chemical species might be produced from
contaminants in the cloud chamber.

4.5.3 Summary
Dust particles may acquire diverse coatings during long-range atmospheric transport.
Among the most abundant chemical species in the atmosphere are sulfates and secondary
organics.

Therefore, the inuence of coatings with sulfuric acid or secondary organics

produced from

-pinene on the ice nucleation eciency of mineral dust particles was

investigated.



Coatings with secondary organics derived from the oxidization of

-pinene were

tested with regard to their inuence on the ice nucleation properties of fossil di-
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atoms. Secondary organics caused a deterioration of the ice nucleation eciency
both for immersion freezing and deposition nucleation. The INAS densities observed

RHice up
to 20%. This shift compares well with an increased humidity threshold (RHice
up to 20%) observed for SOA coated ATD particles (Möhler et al., 2008a). The

for coated particles were shifted towards higher relative humidities with

complete suppression of ice nucleation below the experimental detection limit was
only observed for immersion freezing. For immersion freezing, the reduction of the
ice nucleation eciency seems to depend on the dust composition as a reduction
of ice nucleation eciency was not observed for desert dusts (Möhler et al., 2008a;
Niemand, 2012). Note that the diatom particles have a very porous structure which
might be advantageous to the uptake of volatile compounds in comparison to the
surface of dust particles. Also, the impact of the SOA coating depending on the
mineral dust species might be due to a variation of the water-surface interaction
depending on the surface atoms involved.



Sulfuric acid coating only had a weak inuence on the immersion mode nucleation

2

eciency when the coating was produced by oxidization of SO . In contrast, there
are indications that coatings with hot sulfuric acid vapor may lead to an irreversible
destruction of ice nucleation active sites which then causes a reduction of the ice
nucleation eciency (Niedermeier et al. (2011a); M. Niemand et al., unpublished).
However, modelling studies suggest that in the presence of sulfuric acid, highly
ordered water layers may form which even accelerate the formation of stable ice
clusters (Yang et al., 2011).
For deposition mode nucleation, it was found that the INAS densities are distinctly
lower when particles are treated with sulfuric acid.

This is in agreement with

several other studies (Cziczo et al., 2009; Sullivan et al., 2010b; Eastwood et al.,
2009). The reduction of the deposition nucleation eciency of coated mineral dust
particles can be expressed as a shift of the INAS density function towards larger
values of

xther m .

This shift, however, was found to depend on the core mineral

and the coating thickness. The deterioration of the ice nucleation eciency was
more pronounced for ATD than for Saharan Dust. Similarly, Cziczo et al. (2009)
found that the shift towards higher relative humidities was larger for ATD than
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for illite. It was observed that thick coatings could lead to shift of the dominant
ice nucleation mode from deposition nucleation to condensation freezing due to an
improved water uptake by the dust particles (data not shown).

The coating thickness for some of the presented experiments was estimated by assuming
that the coating precursors (

2

-pinene or SO ) would be completely converted into the

actual coating agent (SOA or sulfuric acid). However, contaminations within the cloud
chamber, condensation at the chamber walls and the formation of nucleated particulates
might interfer with this conversion. The coating thickness could also be estimated from
cloud condensation nuclei measurements but these results will be presented in other studies (C. Oehm, unpublished). Note, however, that the heterogeneity of coatings was not
investigated in this work but may inuence the eciency of ice nucleation suppression.
Also, it has to be considered that the coating thickness might vary among particles of
dierent sizes. Thus, the presented results can only be interpreted as an average for all
coated particles of the investigated aerosol population.

From the experimental results, it can be concluded that coatings cause a reduction of the
ice nucleation eciency in the deposition nucleation mode and for SOA coatings also for
immersion freezing. Also, the change in dust particle hygroscopicity with various coatings
and thus shifts from deposition nucleation to condensation freezing might be relevant
under atmospheric conditions. Concerning atmospheric implications of coated particles,
a modelling study investigating Arctic clouds suggests that mineral dust particles with sulfuric acid coating may have a signicant inuence on cloud microstructure and radiation
over the Central Arctic (Girard et al., 2013).
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4.6 First results from immersion freezing studies
with a cold stage setup
The characteristics that an atmospheric particle must possess to initiate the formation
of ice ecienctly are still under debate. Cracks, trenches and other surface irregularities
are suspected to lower the energy barrier that must be overcome in order to form stable
ice clusters (Roberts and Hallett, 1969).

Molecular dynamics simulations investigating

heterogeneous ice nucleation at surfaces with dierent properties suggest that there is a
strong attractive interaction between surface atoms and water molecules within trenches
of

10 − 100 nm width (Croteau et al., 2010).

This interaction might aid the formation of

stable ice clusters and thus it could accelerate the ice formation at "rugged" surfaces in
comparison to smooth surfaces.

The cold stage setup was used to simulate immersion freezing under very controlled
experimental conditions. Droplet freezing was investigated for several materials ranging
from monocrystalline surfaces to structured silicon wafers ("articial" ice nuclei). Also,
suspensions containing feldspar particles were investigated with regard to their immersion
freezing properties.

For all experiments, measurements at dierent cooling rates from

0:2 K/min to 8 K/min were conducted in order to determine the freezing curves.

The

observed freezing curves were then analyzed by calculating the ice nucleation active surface site densities. For most experiments, the ice nucleation eciency did not vary much
for changing cooling rates.

Therefore, the time dependence of the observed freezing

processes is presumably small.

4.6.1 Ice nucleation at surfaces with "simple" structures12
Average ice nucleation surface site densities

ns

with

ns

=

fice /A

were calculated from

f

combining the measured freezing curves ( ice ) with estimates of the droplet-surface con-

A which were derived from side-view images of water droplets placed onto the
individual substrates. For the contact area A the measurement uncertainty is estimated to

tact areas

12 Measurements

presented in this section were carried out by M. Haarig.
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be at least

A/A ≈ 30%.

The uncertainty with regard to the detection of frozen droplets

is mainly determined by the optical contrast between the water droplets and the individual
substrates. The measurement uncertainty of the number fraction of frozen droplets
can be as high as

fice /fice ≈ 40%.

fice

Thus, the ice nucleation active surface site densities

are associated with a maximum uncertainty

ns /ns ≈ 50%.

The measured INAS densities

are averaged over several freeze-thaw cycles as described in Haarig (2013).
Figure 4.38 (taken from Haarig (2013)) shows average INAS densities observed for copper, muscovite and graphite. For comparison, INAS density values for mineral dust from
desert areas (Niemand et al., 2012), soil dusts enriched in organic matter (this work),
hematite (Hiranuma et al., 2013) and illite (Broadley et al., 2012) are additionally depicted in Fig. 4.38.

Muscovite
Graphite
Copper
Desert dusts
Niemand et al., 2012
Soil dusts
NX illite
Broadley et al., 2012
Hematite (cubic)
Hiranuma et al., 2013
Hematite (cubic, milled)
Hiranuma et al., 2013
NX illite
Hiranuma et al., 2013

Temperature [K]

Figure 4.38:

Ice nucleation active surface site densities measured for copper, graphite and muscovite compared
to values obtained for atmospherically relevant mineral dusts and clay minerals (taken from Haarig
(2013))

Ice nucleation for graphite is observed at temperatures near the homogeneous freezing
regime, whereas copper and muscovite initiate the freezing of water droplets at around
251 K. The average roughness values as determined from Atomic Force Microscopy mea-

Ra ≈ 10 nm) and muscovite (Ra ≈ 2 nm) are much

surements vary considerably. Graphite (

Ra ≈ 800 nm) (Haarig, 2013).

smoother than copper (
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Note that the average roughness

µm2

domain due to technical restrictions and thus

may vary over the total substrate areas.

However, muscovite and copper are similarly

values can only be derived for a 400

ice-active despite dierent roughness values which means that ice nucleation eciency
and roughness values are not strictly correlated for these two materials.

The observed INAS densities for graphite, copper and muscovite are much lower than
INAS densities derived for aerosols with a more complex chemical composition and surface
morphology such as desert dusts. Note that even commercially available mineral samples
such as the NX illite sample contain contaminations with other mineral species such as
quartz and cannot be considered as pure minerals. In contrast, hematite particles are regularly shaped iron oxide particles with only small deviations from the average cubic form.
Hematite appears to be a less ecient ice nucleus than many natural dusts (Hiranuma
et al., 2013) but still more ecient than graphite in the same temperature range. The ice
nucleation eciency of hematite can be enhanced by changing its surface morphology by
intense physical treatment (milling) (Hiranuma et al., 2013). These observations can be
taken as an indication that the surface morphology as well as the chemical composition
at determine the ice nucleation characteristics of atmospheric aerosol particles.

4.6.2 Simulating immersion freezing at articial ice nucleus
structures
Within a previous study (Haarig, 2013) it was found that commercially available silicon
wafers cleaned with acetone and puried water do not majorly inuence the freezing properties of small water droplets (

d = 90 µm).

Water droplets placed onto silicon wafers froze

close to the homogeneous freezing limit except a small droplet fraction that froze due to
surface defects or contaminants on the silicon wafers. Therefore, silicon wafers were used
to simulate the inuence of morphology on the freezing properties of water droplets.
In cooperation with the "Karlsruhe Nano Micro Facility", structured silicon wafers were
manufactured with trenches simulating the morphology of aerosol particles. The structures consist of trenches which are either 10 or 100
trench is 1

µm

wide and 1

µm

µm

apart from each other.

deep as indicated in the sketch in Fig. 4.39.
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Each

10 µm

Figure 4.39:

Sketch of the structures applied to silicon wafers by dry etching - not to scale (left); ESEM image of
silicon wafer with trenches (image: courtesy of A. Kiselev)

The structures depicted in Fig. 4.39 were produced by dry etching.

For dry etching, a

polymer coating is applied to the silicon wafers and only destroyed where the reactive gas

6

(SF ) is supposed to etch away the rst layers of silicon and silicon oxide at the surface
of the silicon wafer.

The gas reacts with the uncovered areas to create trenches with

very vertical and smooth side walls.

Later on, the polymer coating is removed again,

leaving behind a silicon surface with the engineered structures. Figure 4.39 also shows an
microscope image of the trenches etched into silicon wafers.
Silicon wafers with dierent geometries (i.e., distances of

a

=

10

µm

or

a

=

100

µm

between the trenches) were investigated with regard to their capability to initiate the
freezing of water droplets.
water.

The silicon wafers were cleaned with acetone and puried

An array consisting of small water droplets (

d

=

90

µm)

was printed onto the

structured wafers and freezing was investigated at dierent cooling rates. Note that to
suppress evaporation, the droplets were covered with silicone oil which is assumed not to
have an inuence on the observed freezing behavior.

Results from repeated freeze-thaw cycles with two dierent wafers are shown in Fig. 4.40.
Note that the freezing curve for water droplets on silicon wafers without trenches was
taken from the study by Haarig (2013).

The shaded area in Fig. 4.40 indicates the

part of the freezing curve which might be impacted by heterogeneous freezing of surface
irregularities or contaminants (e.g. residuals from the cleaning process). For the structured wafers, residuals from the etching process or incomplete etching might inuence
the observed freezing behaviour.
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Fraction of frozen droplets for structured silicon wafers with a =

250

255

10 µm (green symbols) and a = 100 µm

(blue symbols) compared to the freezing curve observed for droplet freezing on pure silicon wafers;
a is the distance between the trenches etched into the silicon wafer surface - grey shading indicates

possible contributions by heterogeneous freezing caused by contaminants

In comparison to the freezing of water droplets on pure silicon wafers, Fig. 4.40 shows
that for both geometries the freezing curves are shifted towards higher temperatures. The
median freezing temperatures for the droplets placed on a structured silicon surface are
shifted to

T10 = 243 K and T100 = 245 K. Freezing curves observed for the wafer with a

smaller distance between the trenches are not strongly cooling rate dependent within the
temperature uncertainty

T = 0:2 K. The measurement uncertainty of the ice fractions

observed for freezing of water droplets on silicon was determined in the study by Haarig
(2013) as

fice /fice ≈ 20%.

For the wafer with a larger distance between the trenches

a tendency of freezing being shifted towards higher temperatures for low cooling rates
is observed.

This observation is in agreement with the notion that freezing should be

time dependent due to the stochasticity of heterogeneous ice nucleation (Pruppacher and
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Klett, 1997).

For the wafer with a smaller distance between the trenches, a single droplet will always
be inuenced by several trenches whereas for the wafers with larger distances, a single
droplet will only be impacted by approximately one trench. The multiple droplet-trench interaction probably explains why the freezing curves observed for the wafer with

a = 10 µm

are much more similar to each other than the experimental runs investigating the wafer
with

a = 100 µm where the droplet-trench interaction might be more dependent on the

local freezing conditions. Also, it cannot be excluded that the manufacturing process led
to dierences with regard to the quality of the etched structures.
However, the freezing curves observed for the two wafers cannot be explained so far. If
the trenches directly facilitated the formation of ice clusters, a smaller distance between
the trenches leading to more trenches inuencing the individual droplets, would cause
the freezing curve to be shifted towards warmer temperatures compared to the geometry
with

a = 100 µm.

This hypothesis, however, is refuted by the observed freezing curves.

Note, however, that for the wafers with

a = 100 µm only about 100 droplets were investi-

gated due to a larger interdroplet distance (reducing the number of droplets per sample)
and a worse-than-average contrast between wafer and droplets was rendering the optical
detection of droplets dicult.

4.6.3 Immersion freezing of feldspar suspensions
For relating the freezing behaviour of droplets placed on articial surface structures to
the ice nucleation eciency of atmospheric aerosol particles, suspensions containing very
small amounts of natural mineral dust particles were investigated. Feldspar particles were
identied as very ecient ice nuclei initiating immersion freezing at 255 K (Atkinson et al.,
2013).

13

Cold stage measurements were conducted with feldspar particles

w

into 300 ml of nano-pure water (

=

0:001%).

to remove particles larger than 200 nm.

13 The

by suspending 3 mg

The feldspar suspension was ltered

ESEM measurements investigating feldspar

feldspar sample was provided by M. Ebert (Technical University of Darmstadt).

130

suspension droplets with a larger amount of feldspar (

w = 0:8%) found several thousand

particles per droplet with many particles having a diameter around 200 nm (Homann,
unpublished).
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Figure 4.41:

Immersion freezing of feldspar suspension droplets compared to freezing of pure water droplets on
silicon wafers - grey shading indicates possible contributions by heterogeneous freezing caused by
contaminants

Figure 4.41 shows the freezing curves obtained for droplets of feldspar suspensions. For
comparison, the freezing curve obtained for pure water droplets on silicon is shown (taken
from Haarig (2013)). The measurement uncertainties are assumed to be similar to the
values obtained for freezing studies with water droplets on silicon with

fice /fice ≈ 20%.

In Fig. 4.41 ice fractions up to

T = 0:2 K and

fice = 15% are shaded to indicate the

possible contribution of contaminants to the observed droplet freezing at low ice fractions.
From Fig. 4.41 it can be observed that the feldspar suspensions initiate immersion freezing
at about 250 K. The ice fractions also depend on the cooling rate and thus slightly time
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dependent.

The median freezing temperature is shifted by approximately by

T = 2 K

towards lower temperatures when the cooling rates is increased from 0.2 to 8.0 K/min.
This nding agrees well with a study by Welti et al. (2012) investigating immersion freezing
by size selected kaolinite particles for which a shift of

T = 1 K for an increase of the

cooling rate by one order of magnitude was observed. The shift in the median temperature
observed for feldspar suspensions is also in the range of temperature shifts observed for
montmorillionite and kaolinite in a similar experimental setup with

Tkao;mon

=

2:7

K

over two orders of magnitude in cooling rates (Wright et al., 2013 (submitted)). Note,
however, that for an exact quantication of the time dependence observed for immersion
freezing initiated by feldspar particles more experimental runs would be needed.

4.6.4 Summary
To compare the ice nucleation eciency observed for feldspar to results obtained for copper, graphite and muscovite as well as to the droplet freezing eciency of the structured

Ice nucleation active-surface site densities [m-2]

wafers, ice nucleation active surface site densities were calculated.

Figure 4.42:
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with the cold stage setup in comparison to desert dust INAS densities
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The INAS densities for the materials discussed in the previous sections are shown in
Fig. 4.42. The INAS density values calculated for feldspar have to be treated as rough
estimates because the aerosol surface area is not known.

From ESEM measurements

investigating the feldspar content of water droplets produced from a feldspar suspension
with

w = 0:8 % it can be concluded that each droplet contains 1 − 10 particles with the

largest particles' diameters being around 200 nm (N. Homann, unpublished). Thus, the
maximum surface area is estimated as

Aaer = 1:26 µm2 with a resulting INAS density of

ns ≈ 7 ⋅ 1010 m−2 at 250 K. The ice nucleation properties of sodium-rich feldspar were also
9 −2
investigated by Atkinson et al. (2013) with INAS densities for feldspar of ns = 2 ⋅ 10 m
at 250 K. This INAS density value is by a factor 35 smaller than results from the cold
stage measurements.

However, caution has to be applied when comparing these INAS

density values directly because the per-droplet aerosol surface of the feldspar particles
investigated with the cold stage setup is not very well conned. Furthermore, Atkinson
et al. (2013) used a dierent method (i.e. BET analysis) to determine the aerosol surface. It has been observed that these two methods (BET vs. geometric surface) might
dier by at least one order of magnitude (see references in Murray et al. (2012)).
Nevertheless, feldspar particles appear to be much more ice-active than desert dusts for
which the ice nucleation eciency can be predicted by using the parameterization developed by Niemand et al. (2012).

For the structured wafers, the contact area between droplets and the silicon wafer is
assumed to be the same as for the untreated silicon wafers with

Aaer = 8000 µm2 .

Apply-

ing trenches to silicon wafers causes a shift from homogeneous freezing to heterogeneous
ice nucleation.

However, the ice nucleation active surface site densities observed for

structured wafers are still several orders of magnitude smaller than the values predicted
for desert dusts. Similarly, materials such as copper or muscovite are much less ice-active
than natural desert dusts.
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Chapter 5

Summary and outlook

Dust particles may have a signicant inuence on global climate because they are abundant in the atmosphere and interact with clouds in manifold ways, e.g. by initiating the
formation of ice crystals.

Mineral dust particles and clay minerals have been identied

as ecient ice nuclei over a wide range of temperature and humidity conditions (Murray
et al., 2012).

AIDA cloud chamber experiments were used to investigate the ice nucleation properties of several atmospherically relevant mineral dusts such as fossil diatomite, volcanic
ash and agricultural soil dusts. The inuence of surface coatings with secondary organic
compounds or sulfuric acid on the ice nucleation eciency of mineral dust was also investigated.
Using cloud chamber experiments with Arizona Test Dust (ATD) as a basis, the time
dependence of deposition mode nucleation was quantied and investigated under various
atmospheric conditions (e.g.

varying updraft velocities) by simulating the ascent of air

parcels with the box model ACPIM.
Complementing the AIDA cloud chamber experiments, droplet freezing experiments were
used to learn more about the freezing capabilities of monocrystalline surfaces, surfaces
with prescribed morphologies ("articial" ice nuclei) and feldspar suspensions.
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From these experimental studies the following conclusions can be drawn:



Deposition nucleation experiments with ATD were conducted at various cooling
rates and aerosol number concentrations.

The ice nucleation active surface site

(INAS) density values were found to depend not only on the relative humidity over
ice but also on the ambient temperature.

Thus, between 220 and 253 K, for all

experiments the INAS density values can be best described as a function of the

xther m is best approximated by a linear combination of temperature and relative humidity. This xther m metric was then

thermodynamic variable

xther m .

This variable

also applied to the deposition nucleation eciencies of desert dusts and clay minerals in order to develop an INAS density parameterization for deposition nucleation.
Classical nucleation theory was also used to represent the ice nucleation eciency
of ATD particles by a distribution of contact angles. However, it was found that
the uncertainty with regard to the derived contact angle distribution parameters is
very large because the contact angle distributions cannot always be tted unambiguously which increases the range of possible parameter combinations.
The AIDA cloud chamber experiments were also used to investigate the time dependence of deposition nucleation initiated by ATD particles. The time dependence
was found to be very small and - according to model calculations - only relevant at
low cooling rates.



Fossil diatom particles which might contribute signicantly to dust emissions from
the Sahara desert are much more ice-active than desert dusts in the immersion
freezing and the deposition nucleation mode.



Volcanic ash from the Eyjafjallajökull eruption in 2010 mainly consists of alumina
silicates like common desert dusts but it is, in comparison to desert dusts, slightly
less ice-active with regard to initiating immersion freezing and deposition nucleation.



Soil dusts containing large amounts of organic matter are very active ice nuclei,
especially at temperatures above 250 K. The ice nucleation eciency of soil dust
from Argentina could not be reduced by extensive treatments with heat or irradiation which damage or destroy viable organism and protein structures. The observed
ice nucleation eciency was apparently neither connected to the biological activ-
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ity nor the viability of the soil organisms. The increased ice nucleation eciency
compared to desert dusts might be caused by an enrichment in stabilized organic
matter, e.g. organo-clay mineral complexes or mineral dust particles coated with
organic substances.



Coatings with secondary organic compounds, however, caused a reduction of the
ice nucleation eciency of fossil diatoms in both ice nucleation modes (immersion
freezing and deposition nucleation). For immersion freezing even a total suppression
of ice formation below the measurement sensitivity threshold was observed.



For coatings with sulfuric acid, the immersion freezing eciency was mostly not
inuenced whereas for deposition nucleation a reduction of the ice nucleation active
surface site densities was observed for Saharan Dust and Arizona Test Dust.

In

contrast, using hot sulfuric acid for coating ATD particles signicantly reduced the
immersion freezing eciency.



Immersion freezing studies conducted with the cold stage setup revealed that materials such as muscovite, graphite and copper were very much less ice-active than
desert dusts with more complex physico-chemical properties. Even muscovite which
was assumed to be similar to atmospheric dust particles proved to be less ice-active.
Freezing of water droplets on silicon wafers was shifted from homogeneous nucleation to immersion freezing when articial morphologies (trenches) were applied
to the silicon wafers. Nevertheless, the ice nucleation eciency of the structured
wafers expressed as ice nucleation active surface site densities was still lower than
for natural dust particles.

The cold stage was also used to investigate feldspar

suspensions which were much more ice-active than desert dust particles.
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Figure 5.1:

Overview of ice nucleation active surface site densities obtained from immersion freezing experiments
within this thesis project

Figure 5.1 shows an overview of ice nucleation active surface site densities measured for
dierent mineral dusts and mineral dust surrogates.

For comparison, the INAS density

for immersion freezing by desert dusts is also depicted (Niemand et al., 2012). Feldspar
particles, fossil diatoms and soil dusts enriched in organic compounds were found to be
signicantly more ice-active than desert dusts. The fossil diatoms were similarly ice-active
than the soil dust particles when comparing the INAS density values. Volcanic ash was
only slightly less ice-active than desert dusts. First steps towards a better understanding
of heterogeneous ice nucleation processes were made by investigating muscovite surfaces
(Haarig, 2013) and silicon wafers with articial morphologies. However, these materials
were still much less ice-active than mineral dust particles even though the application of
articial morphologies at least caused a shift from homogeneous nucleation to immersion
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freezing.

The ice nuclei concentration estimated for soil dust particles were of the same order
of magnitude as the ice nuclei numbers derived from the atmospheric concentrations of
desert dust.

Thus, soil dust particles carrying micro-organism and organic matter may

have at least a regional impact on atmospheric ice nucleation.

Volcanic ash particles

are emitted sporadically with very high particle concentrations. Thus, even though they
are slightly less ecient than desert dusts, they might act as atmosperic ice nuclei like
the particles from desert dusts and agricultural areas. The fossil diatomite particles are
potentially very ice-active but have not been identied as very frequent ice nucleators in
the atmosphere.

From the ice nucleation studies within this projects, several new research questions arise:



The enhanced ice nucleation eciency observed for soil dust particles is still not
completely understood. The mineralogy as well as the stable organic compounds
should be investigated further in order to gain a better understanding of the inuence that these components have on the overall ice nucleation eciency. Also, the
impact of soil dust particles on ice nucleation in clouds could be estimated by using
regional models such as COSMO-ART.



Stable (i.e. heat resistant) organic compounds such as complex carbohydrates are
suspected to contribute to the enhanced ice nucleation eciencies of soil dusts.
Solution droplets containing carbohydrates such as glucose, galactose or pectin
could be easily investigated with the cold stage setup.

Other soil components

that could initiate the formation of ice are phytoliths which are mineralized plant
residuals which can be extracted from leafs by using a household microwave. These
phytoliths could be investigated either in the AIDA cloud chamber or with droplet
freezing experiments.



The huge dierence between the ice nucleation capabilities of mineral dust surrogates such as muscovite or structured silicon wafers and natural aerosol particles
also remains unexplained.

Further cold stage experiments with more advanced
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structures such as smaller trenches or small holes with dierent geometries may
point towards possible explanations. Additionally, molecular dynamics simulations
investigating the clustering of water molecules in the presence of dierent surface
geometries could provide further insights into the microphysical processes relevant
for heterogeneous ice nucleation.



Deposition nucleation initiated by ATD particles could be investigated over a wider
temperature range than presented in this study in order to better dene the temperature and humidity dependent variable

xther m .

Additionally, the deposition nu-

cleation eciency of atmospherically relevant particles such as wind-blown mineral
dusts, soot or biological particles should be investigated over a wide range of thermodynamic conditions in order to quantify the temperature dependence of deposition nucleation for these aerosols.
incorporated in aerosol dependent

The temperature dependence could then be

xther m formulations.
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