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A B S T R A C T

Clouds are an important component of the atmosphere as they regulate the hydrological cycle
and contribute to the Earth’s radiative budget by scattering and absorbing short and longwave
radiation. Clouds in the atmosphere can only form with the contribution of aerosol particles. Their
availability together with the dynamic forcings (e.g. updraft velocity) define the microphysical and
radiative properties of the clouds. Cirrus are high-level clouds composed uniquely of ice crystals
and account for about 17% of the clouds on a global average. The net radiative effect of cirrus
clouds is highly sensitive to their microphysical properties, such as the number concentration and
size of the ice crystals, which in turn depend on the formation mechanism. In the cirrus formation
temperature range (T < −38 °C), ice crystals can form via homogeneous freezing of ubiquitous
aqueous solution droplets or via heterogeneous freezing with the contribution of solid or partially
solid/liquid particles called ice nucleating particles (INPs). Currently, it is still poorly understood
which of the two mechanisms dominates in different geographical locations and thermodynamic
conditions. The abundance of aerosol particles and their ability to catalyze ice nucleation are key
parameters to correctly interpret and describe cirrus cloud formation in the atmosphere. However,
the role of secondary particles in ice cloud formation is still unsettled due to the complexity of
their composition, the variety of processes affecting their chemical and physical properties, and the
number of different ice formation pathways they can be subjected to.

In this thesis, the ice nucleation ability of secondary particles with compositions commonly found
in the upper troposphere was investigated with ad-hoc measurement campaigns. The experiments
were performed at the AIDA chamber at the Karlsruhe Institute of Technology and at the CLOUD
experiment at the European Organization for Nuclear Research (CERN). The ice nucleation mea-
surements were performed with expansion cooling experiments in the AIDA chamber and with
continuous flow diffusion chambers at temperatures between −38 °C and −65 °C. The first part
of the thesis describes the study of the ice nucleation ability of secondary inorganic and organic
aerosol particles as a function of their chemical composition and phase state. The second part of
the thesis explores the effect of aging processes and cloud cycling on the ice nucleation ability of
internally mixed particles.

Two inorganic systems were chosen due to their strong relation with anthropogenic emissions,
namely inorganic salts composed of sulfuric acid and ammonia, and ammonium nitrate. Ammo-
niated sulfate particles are among the most abundant in the atmosphere. Particles with different
degrees of neutralization can form depending on the relative concentration of gas-phase sulfuric
acid and ammonia. The ice nucleation ability of partially neutralized particles is investigated in
this thesis for the first time. The measurements indicate that partially neutralized particles with an
ammonium-to-sulfate ratio higher than 1.1 can initiate heterogeneous ice nucleation at temperatures
below about −50 °C. In particular, it was found that the ice nucleation ability of the ammonium-
sulfate particles increases with their degree of neutralization.

Although ammonium nitrate is expected to remain in an aqueous phase state even at very low
relative humidity, crystalline ammonium nitrate particles have been recently detected in the upper
troposphere during the Asian summer monsoon. A new heterogeneous crystallization pathway
for pure ammonium nitrate particles is here investigated by adding small amounts of sulfate by
co-condensation of small amounts of sulfuric acid and ammonia. The results indicate that a sulfate
content of about 0.4mol% is sufficient to initiate the heterogeneous crystallization of the ammonium
nitrate particles. In agreement with previous studies, the crystalline ammonium nitrate particles
showed a high ice nucleation ability, thus highlighting their importance as a potential seeds for
heterogeneous cirrus cloud formation.

Secondary organic aerosol (SOA) particles originate from the oxidation and gas-to-particle con-
version of volatile organic compounds (VOCs) and represent a large fraction of the organic aerosol
burden. The ice nucleation ability of SOA particles was studied for three different systems: α-
pinene, mixtures of α-pinene and isoprene, and naphthalene. Experiments with α-pinene SOA
were performed at different temperatures and relative humidities to investigate how the thermody-
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namic conditions at which SOA particles form (e.g., in the boundary layer or the upper troposphere)
may influence their chemical composition and thus their ice nucleation ability. As SOA particles
in the atmosphere are likely to be mixtures of several compounds, the effect of isoprene oxidation
products on the ice nucleation ability of α-pinene SOA particles was also investigated. Finally,
naphthalene SOA particles were studied as a representative system for anthropogenic SOA. All the
investigated SOA particles were found to initiate ice formation only at or above the ice saturation
ratio threshold for homogeneous freezing of aqueous solution droplets. These results suggest that
the SOA particles investigated here likely do not contribute significantly to heterogeneous cirrus
formation.

Mineral dust particles, sulfates, and organics have often been found internally mixed in upper
tropospheric aerosol samples and also in cirrus ice crystal residuals. Experiments were performed
with internally mixed particles composed of ammonium sulfate (AS) and secondary organic ma-
terial (SOM) from the oxidation of α-pinene to investigate the effect of different atmospheric pro-
cesses on their ice nucleation ability. The measurements show that small organic mass fractions
of 5 − 8wt% condensed on the surface of AS crystals are sufficient to completely suppress their
heterogeneous ice nucleation ability. However, ice or liquid cloud processing of such SOM-coated
AS crystals significantly improved their ice nucleation ability. Most probably the particles adopt a
partially engulfed structure, where some ice nucleating sites of the AS component remain uncov-
ered by the organic material. The morphology of the internally mixed particles is found to be a key
aspect to describe their ice nucleation ability.

The effect of atmospheric aging has also been investigated for feldspar mineral dust particles.
Mineral dust particles are among the most ice-active INPs present in the atmosphere. However,
during their uplift or transport in the upper troposphere, they can acquire coatings of different
substances. In the experiments presented in this thesis, thin coatings of sulfuric acid and SOM from
the oxidation of α-pinene were condensed on the surface of the mineral dust particles to simulate
atmospheric aging. The high ice nucleation ability of the bare mineral dust particles was strongly
suppressed by the thin coatings. Both the low ice nucleation onset of the bare particles and the
strong suppression of their ice nucleation ability by small amounts of condensed material suggest
that pores and cracks are responsible for the high ice nucleation ability of the uncoated feldspar
particles. These results indicate that aging processes can strongly alter the ice nucleation ability of
mineral particles, at least those including feldspar components, and should be considered when
calculating or predicting cirrus cloud formation.

The results presented in this thesis show that the chemical composition of the particles can crit-
ically define the ice nucleation ability of some secondary aerosol particles, such as for particles
in the ammonium-sulfate and ammonium-nitrate systems. Instead, the secondary organic aerosol
particles investigated here did not show such a dependency on their chemical composition. Atmo-
spheric processes, such as coating and cloud cycling were shown to modify the ice nucleation ability
of internally mixed particles by changing their surface properties and morphology. This thesis pro-
vides a comprehensive and coherent investigation of the ice nucleation ability in the cirrus cloud
temperature range for relevant atmospheric secondary aerosol particles also considering the effects
of the most common atmospheric aging processes.



C O N T E N T S

1 introduction 1

1.1 Atmospheric aerosols 1

1.2 Research questions and thesis outline 6

2 scientific background 9

2.1 Homogeneous nucleation 9

2.2 Heterogeneous nucleation 12

2.3 Secondary organic aerosol: formation and properties 14

2.4 Thermodynamics of atmospheric inorganic salts 18

3 methods 25

3.1 Aerosol instrumentation 25

3.2 AIDA facility 26

3.3 CLOUD experiment 30

3.4 Continuous Flow Diffusion Chambers 35

4 ammoniated sulfate particles 51

4.1 Introduction 51

4.2 Aerosol preparation and characterization 52

4.3 Low-temperature deliquescence behavior 55

4.4 Ice nucleation measurements 59

4.5 In situ neutralization experiment 63

4.6 Conclusions 66

5 ammonium nitrate particles 69

5.1 Introduction 69

5.2 Aerosol preparation and characterization 70

5.3 Results and discussion 74

5.4 Conclusions 78

6 secondary organic aerosol particles 81

6.1 Introduction 81

6.2 Experimental methods 83

6.3 Ice nucleation results 86

6.4 Conclusions 92

7 ammonium sulfate and secondary organic material internally mixed parti-
cles 95

7.1 Introduction 95

7.2 Aerosol preparation and characterization 98

7.3 Results and discussion 101

7.4 Conclusions 111

8 coated mineral dust particles 113

8.1 Introduction 113

8.2 Aerosol preparation and characterization 114

8.3 Ice nucleation experiments 116

8.4 Results 119

8.5 Conclusions 121

9 summary 123

bibliography 131

iii





1 I N T R O D U C T I O N

1.1 atmospheric aerosols

Aerosol particles are solid or liquid particles suspended in a carrier gas. Atmospheric aerosol
particles, or just aerosols, range in size from a few nanometers to tens of micrometers in diameter,
and vary widely in concentration and composition within the atmosphere (Seinfeld and Pandis,
2012). The complexity of the aerosol temporal and spatial distribution depends on the geographical
non-uniformity of their sources and on the atmospheric processes they are subjected to (such as
chemical processing, transport, and removal mechanisms), which is why a quantitative description
of their properties and interactions in the Earth system is still challenging (Sorensen et al., 2019).

Atmospheric aerosols influence several aspects of our lives, from air quality and human health
(e.g., Schwartz et al., 1996; Silva et al., 2013; Shiraiwa et al., 2017) to weather and climate, also by
means of their interactions with clouds (e.g., Boucher et al., 2013; Charlson et al., 1992; Pöschl, 2005;
Fan et al., 2016). Clouds are important regulators of the hydrological cycle through precipitation
(Ramanathan, 2001), and of the Earth’s temperature through their radiative effect (Lohmann and
Feichter, 2005). It is thus crucial to study their formation mechanism and properties. In particular,
cloud formation in the atmosphere is underpinned by aerosol particles that act as seeds for droplets,
called cloud condensation nuclei (CCN), or ice crystals, called ice-nucleating particles (INPs) (Prup-
pacher and Klett, 1997).

Atmospheric aerosols are usually classified according to their (i) physical characteristics, (ii)
sources, or (iii) chemical composition (Seinfeld and Pandis, 2012). Aerosol size distributions are usu-
ally described with four characteristic modes: nucleation mode (1-10nm in diameter), Aitken mode
(10-100nm), accumulation mode (0.1-1µm), and coarse mode (1-10µm). Particles with diameters
larger than 2.5µm and 10µm are identified as coarse and giant particles, respectively, while those
with diameters smaller than 2.5µm and 0.1µm are called fine and ultrafine particles. Schematics of
these classes of particle number, surface, and mass size distributions are shown in Figure 1.1. The
nucleation and Aitken modes usually dominate the number size distribution, while the accumula-
tion mode contribute, together with the coarse mode, to the majority of the aerosol surface. Finally,
despite their low number concentration, particles in the coarse mode are responsible for a large
fraction of the aerosol mass.

Aerosol particles are also classified according to their origin. Aerosols are defined as primary
if directly emitted into the atmosphere, or secondary if originated by chemical reactions resulting
in gas-to-particle conversion (Seinfeld and Pandis, 2012). Examples of natural primary aerosols are
mineral dust, sea spray, volcanic ash, and biological particles such as bacteria and pollen (Pandis
et al., 1995). Primary particles can also originate from human-related activities like fuel combustion
and industrial processes, and are thus labeled as anthropogenic primary particles (Tomasi and
Lupi, 2017). Primary particles are emitted into the atmosphere via mechanical processes such as
wind resuspension (Mahowald et al., 2005), wave crashing (Lewis and Schwartz, 2004), combustion
(Lighty et al., 2000), and spore discharging (Elbert et al., 2007). Secondary particles of natural origin
derive from the oxidation of gas precursors such as sulfur gases, emitted for example by oceans,
wetlands and volcanoes (Bates et al., 1992), and organic compounds, mainly emitted from vegetation
(Guenther et al., 1995). Sulfate (e.g., from biomass burning and fossil fuel combustion), nitrates (e.g.,
from fuel combustion, agriculture and biomass burning), and ammonium (e.g. from live-stocks) are
the major components of anthropogenic secondary inorganic aerosol particles (Smith et al., 2011).
Additionally, organic compounds (e.g., from cooking and transportation related emissions) are also
often found in anthropogenic secondary aerosols (e.g., Parrish et al., 2009; McDonald et al., 2018). A
description of the formation mechanism and thermodynamic properties of secondary aerosols are
presented in Sections 2.3 and 2.4.
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Figure 1.1: Schematic particle number (upper), surface (middle), and mass (lower) size distributions. Figure
adapted from Seinfeld and Pandis (2012).

Finally, aerosols can be classified according to their elemental composition and mixing state. A
primary distinction can be made between inorganic and carbonaceous aerosol particles, the first
include sulfate and nitrate-containing compounds, while the second comprises carbon-containing
compounds (Seinfeld and Pandis, 2012). Carbonaceous aerosol particles, in turn, can be divided
in two major categories: organic carbon, which itself includes different classes such as terpenes
and aromatics, and elemental (or black) carbon (Contini et al., 2018). The large variety of aerosol
components results in a complex mixture of aerosol types that reside in the atmosphere. If each
aerosol component can be assumed to be physically separated from the others the particles form
a so-called external mixture, if instead each particle is a mixtures of the different components the
aerosol population is defined as internally mixed (Seinfeld and Pandis, 2012).

While suspended in the atmosphere, aerosols continuously transform due to several atmospheric
processes that can modify their chemical and physical characteristics. Chemical aging, for example,
can occur due to the condensation and evaporation of gaseous compounds (Donahue et al., 2006;
Jimenez et al., 2009) and to heterogeneous reactions on the surface of the particles (Zhang et al.,
2008; Shiraiwa et al., 2011; Gaston, 2020). Aerosol physical processing results from temperature and
humidity cycles the particles are exposed to during their lifetime in the atmosphere. In particu-
lar, cloud processing and subsequent evaporation or sublimation of the hydrometeors is estimated
to be an important mechanism that involves a large fraction of the atmospheric aerosol particles
(Pruppacher and Jaenicke, 1995; Hoose et al., 2008). Following a cloud process the particle number
concentration and size distribution (Hoppel et al., 1986), their chemical composition (Herrmann
et al., 2015), and morphology (Adler et al., 2013) can be affected.
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Since this thesis focuses on secondary aerosol particles and their ability to catalyze ice crystals
formation in the upper troposphere at temperatures below −38 °C, a brief review of sources and
composition of the upper tropospheric particles is presented in the following section. An overview
of atmospheric ice nucleation and ice nucleating particles follows (Section 1.1.2), together with a
summary of the radiative effects of clouds, with particular attention to clouds composed only of ice
crystals (Section 1.1.3).

1.1.1 Aerosol particles in the upper troposphere

All aerosol sources are close to the Earth’s surface, but several mixing and transport mechanisms
contribute to their spread at different latitudes and altitudes. As the residence time of aerosol par-
ticles increases with altitude, particles in the upper troposphere have long lifetimes, ranging from
days to months, and can spread over large geographical areas, making their influence on the Earth’s
climate of great importance (Seinfeld and Pandis, 2012). Sources and processes taking place in the
lower troposphere have been extensively investigated, while studies on the concentration, distri-
bution, and properties of upper tropospheric aerosols are still technically challenging and scarce.
Our knowledge of the chemical-physical properties of upper tropospheric constituents essentially
derives from aircraft measurements that are limited in space and time and can thus provide only
snapshots of the atmospheric composition.

Aerosol particles and gas precursors are uplifted from the boundary layer to the upper tropo-
sphere (UT) and lower stratosphere (LS) mainly by deep convective systems (e.g., Twohy et al.,
2002; Vernier et al., 2011). However, particles and gases originated from volcanic eruptions and
biomass burning can directly reach high altitudes (e.g., Robock, 2000; Fromm et al., 2000). Aircraft
measurements have shown large areas of the upper troposphere, especially in tropical and subtrop-
ical regions, with high number concentrations of aerosol particles in the fine and ultrafine modes,
thus presumably originated in situ (Clarke, 1998; Andreae et al., 2018; Williamson et al., 2019).

The elemental composition of UTLS aerosol particles measured over a 10-year period revealed a
high variability related to geographical location, season, and altitude (Martinsson et al., 2019). In
fact, depending on where convection takes place, different types of primary particles and precursor
molecules can be loft and lead to the formation of particles with different chemical compositions.
Sulfate and organics have been suggested to dominate the formation and growth of the fine particles
over pristine regions, such as the Amazon basin or the oceans (Clarke, 1998; Andreae et al., 2018).
Chemical composition measurements performed in the remote troposphere over the Atlantic and
Pacific oceans during the ATom (Atmospheric Tomography Mission) missions revealed that organic
matter is one of the three dominant components of the submicron aerosol, together with sulfate and
sea salt (Murphy et al., 2019; Hodzic et al., 2020).

Anthropogenic emissions, e.g. of sulfate and nitrate, can dominate over highly polluted regions,
such as tropical and subtropical Asia. During the summer monsoon period, for example, pollutants
produced close to the surface are uplifted to high altitudes and form the so-called Asian Tropopause
Aerosol Layer (ATAL, Vernier et al., 2011). A weaker and of smaller extent aerosol layer associated
with the North American monsoon was also observed over the Southwestern United States and
Mexico (Vernier et al., 2011; Thomason and Vernier, 2013). Several aircraft measurement campaigns
performed in the UT over central and north America have shown that most of the particles in the
accumulation mode consist of sulfate and carbon compounds (both organic and black carbon), often
found as internal mixtures (Murphy et al., 2006; Froyd et al., 2009).

Desert regions are significant sources of atmospheric dust particles. The most active dust sources
are located in arid regions such as North Africa, which contributes to 55% of the global emissions,
Middle East, and central Asia (Ginoux et al., 2012). Atmospheric mixing and circulation can trans-
port plums of dust particles far away from their strong sources. Saharan dust plumes, for example,
can reach Northern Europe (Ansmann et al., 2003), Iceland (Varga et al., 2021), the United States
(Prospero, 1999), and eventually the Southern Ocean (Li et al., 2008).

Changes in the emission rates of primary particles and gas precursors reflect in changes in the
concentration and composition of tropospheric aerosols. Lidar and satellite measurements, for ex-
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ample, have shown an increasing trend in the concentration of sulfur-containing gases and particles
in the upper troposphere over Asia since the late 1990s (Kulkarni et al., 2008; Vernier et al., 2015).
Bossolasco et al. (2021) modeled the composition and decadal trends of the ATAL and obtained a
positive trend in the concentration of all the anthropogenic and biomass burning aerosols.

Biogenic sources are also affected by human activities and climate warming. The concentration
of soil dust in the atmosphere, for example, is increasing due to processes such as deforestation
(Satheesh and Krishnamoorthy, 2005). Emissions of volatile organic compounds from biogenic
sources is expected to rise with increasing global temperature, thus leading to an increment of
secondary organic material present in the atmosphere (Guenther et al., 1993).

As aerosol particles strongly affect the climate, it is important to understand how their concen-
tration and properties (such as their ability to catalyze cloud formation) change with time, and to
assess the contribution of anthropogenic activities.

1.1.2 Ice nucleation in the atmosphere

Atmospheric ice nucleation has been an emerging field of study since the 1950s (e.g., Smith and
Heffernan, 1954; Mason and Maybank, 1958), and still drives the interest of several scientists at
different processing scales, from molecular simulations (e.g., Fitzner et al., 2015) to laboratory and
field studies (Hoose and Möhler, 2012; Kanji et al., 2017), to climate models (e.g., Atkinson et
al., 2013). Ice in the atmosphere can be found either in mixed-phase clouds, where ice crystals
coexist with supercooled water droplets, or in cirrus clouds, where only ice crystals are present.
Ice formation in the atmosphere can occur by homogeneous nucleation from the liquid phase at
temperatures below −38 °C or by heterogeneous nucleation from the vapor and liquid phases with
the contribution of an external solid surface (Pruppacher and Klett, 1997). A detailed description of
the homogeneous and heterogeneous nucleation mechanisms is presented in Sections 2.1 and 2.2.

Heterogeneous freezing strongly depends on the composition and surface features of the particle
that catalyzes ice nucleation, called ice nucleating particle (INP). Only a limited subset of the atmo-
spheric particles can promote ice nucleation at a higher temperature and/or lower relative humidity
than required for homogeneous freezing. However, the criteria for an aerosol particle to act as INP
are not fully understood yet. INP number concentration is typically a few per standard liter at tem-
peratures down to −20 °C, and their occurrence is highly variable in space and time (Pruppacher
and Klett, 1997; DeMott et al., 2010). Despite their rarity, their impact on cloud properties and
climate is significant (see Section 1.1.3 for more details).

Different heterogeneous ice nucleation modes are distinguished in the literature (Vali et al., 2015;
Lohmann et al., 2016): (i) immersion freezing, when freezing is initiated from within a cloud or
solution droplet; (ii) condensation freezing, when water vapor condenses and originates a super-
cooled liquid droplet which subsequently freezes; (iii) contact freezing, when freezing is induced
by the collision of an aerosol particle with a droplet surface; (iv) deposition nucleation, when water
vapor directly deposits as ice on the aerosol particle surface; (v) pore condensation and freezing
when liquid water first condenses in pores and then freezes homogeneously or heterogeneously
(David et al., 2019). The individual ice nucleation mechanisms are summarized in Figure 1.2 (Kanji
et al., 2017).

Although a complete theoretical understanding of ice nucleation is not yet accomplished, sev-
eral laboratory and field studies have investigated empirically the ice nucleation ability of different
aerosol particles at different temperatures and relative humidity. Classes of known atmospheric
relevant INPs are mineral dust, soot, bio-aerosols, crystalline salts, organic acids, and humic-like
substances. As summarized by Hoose and Möhler (2012), and by Kanji et al. (2017), the ice nucleat-
ing ability of atmospheric particles covers a wide range of temperatures and relative humidity.

Different aging mechanisms can alter the ability of the aerosol particles to drive ice nucleation,
by modifying their composition, surface properties, and morphology. For example, the ability of
dust particles to initiate heterogeneous ice nucleation at cirrus cloud conditions (i.e., at T < −38 °C)
can be suppressed by coatings of secondary organic material or sulfuric acid (Möhler et al., 2008;
Cziczo et al., 2009). However, in the immersion freezing mode, the ice nucleation ability of desert
dust particles is not influenced by organic coatings. Additionally, Mahrt et al. (2020a) investigated
the ice nucleation ability at cirrus cloud conditions of two different types of soot particles aged in
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Figure 1.2: Schematic of the atmospheric ice nucleation modes. From Kanji et al. (2017). ©American Meteoro-
logical Society. Used with permission.

water and aqueous acidic solutions. Their experiments show an enhanced water uptake and ice
nucleation activity of the aged soot particles compared to the fresh samples.

Aerosol particles are often subjected to temperature and relative humidity cycles and cloud pro-
cessing during their lifetime in the atmosphere. These processes can alter the ice nucleation ability
of the particles via to the so-called pre-activation phenomenon (Roberts and Hallett, 1968) or by
changing their morphology (Adler et al., 2013). Highly viscous organic particles, for example, have
shown an enhanced ice nucleation ability after being pre-cooled (Ladino et al., 2014) or processed
in a cloud cycle (e.g., Wagner et al., 2012; Wagner et al., 2017; Kilchhofer et al., 2021). More recently,
the effect of different cloud processing (i.e., liquid or ice cloud processing) on the ice nucleation
ability of soot particles has also been investigated (Mahrt et al., 2020b; Kilchhofer et al., 2021).

1.1.3 The aerosol indirect effect on climate

Aerosol particles affect the climate both directly, by scattering and absorbing radiation (aerosol-
radiation interaction), and indirectly, by defining the radiative properties of clouds (aerosol-cloud
interaction). As 70% of the Earth’s surface is covered by clouds (annual mean average, Stubenrauch
et al., 2013), their contribution to the radiation budget is significant. In particular, cirrus clouds
represent 17% of the clouds on a global average and have a maximum occurrence frequency of 70%
near the tropics (Sassen et al., 2008).

Clouds have both an albedo effect, by scattering back to space a fraction of the incoming solar
radiation, and a greenhouse effect, by absorbing and re-emitting the longwave radiation emitted by
the Earth (Lohmann et al., 2016). Which of the two effects dominate, determining the cooling or
warming effect of the clouds, depends on the microphysical properties, thickness, altitude, and ge-
ographical location of the formed cloud. Warm low-level clouds, composed only of liquid droplets,
generally have a cooling effect by being optically opaque to solar radiation (i.e. having an high
albedo) and by having a low greenhouse effect. By contrast, high-level clouds composed only of ice
crystals are semitransparent to the solar radiation and trap the outgoing thermal radiation, with a
resulting warming effect.

Globally, clouds have a net cooling effect (Loeb et al., 2009) but changes in their properties due
to anthropogenic warming and modification of the atmospheric aerosol composition can amplify



6 introduction

(positive feedback) or reduce (negative feedback) the initial forcing. The Cloud feedback is commonly
associated with changes in cloud occurrence, altitude, and opacity (Zelinka et al., 2016). The last
includes changes in cloud water content and microphysical properties such as phase, size, and
number concentration of the hydrometeors. The cloud feedback to a warmer planet is assumed to
be positive (Zelinka et al., 2017).

Since cloud formation relays on the presence of seed particles and on their ability to catalyze
droplets and ice crystals formation, number concentration and properties of the atmospheric aerosol
particles play a crucial role in assessing the microphysical properties of the clouds and their radiative
effect (Storelvmo, 2017; Murray et al., 2021). In particular, the effect of a change in concentration and
ability of ice nucleating particles (INPs) induced by climate changes or directly due to anthropogenic
activities has been defined as the ice indirect effect (DeMott et al., 2010), whose magnitude and sign
are still very uncertain (Boucher et al., 2013).

Cirrus clouds form below the homogeneous freezing temperature (−38 °C), and can thus originate
either via homogeneous freezing of diluted solution droplets at a high relative humidity, or via
heterogeneous freezing at a lower relative humidity if INPs are present (Pruppacher and Klett, 1997).
Solution droplets are ubiquitous in the upper troposphere and are present in much higher number
concentrations than INPs, that are typically on the order of 0.01 cm−3 or less (DeMott et al., 2003).
Cirrus clouds formed via homogeneous freezing are thus characterized by a higher concentration of
smaller ice crystals compared to cirrus clouds formed via heterogeneous freezing. The abundance
and ice nucleation ability of the aerosol particles significantly determines the formation mechanism
and the microphysical and radiative properties of the clouds (Krämer et al., 2016). Perturbations
in their number concentration and ice nucleation ability can modify the formation mechanism of
clouds and thus their radiative properties (Storelvmo, 2017). On the one hand, an increase of INPs
in cirrus clouds formed via homogeneous freezing may induce the formation of ice crystals at lower
relative humidity, and by depleting the ambient water vapor, suppress the homogeneous freezing
of aqueous solution droplets. On the other hand, if particles able to nucleate ice heterogeneously
are subjected to aging mechanisms that reduce or suppress their ice nucleation ability, the cirrus
cloud will then only form at higher relative humidity via homogeneous freezing.

1.2 research questions and thesis outline

To understand and protect our climate, we need to understand the processes involved, and how
natural and anthropogenic perturbations may modify them. Laboratory studies have a central role
in addressing the incomplete fundamental knowledge of atmospheric science, thus linking field
measurements and models. Cloud chamber studies, especially, allow to simulate the atmosphere
with different complexity levels and to address the processes individually.

The role of secondary particles in ice cloud formation is still highly uncertain due to the complex-
ity of their composition, the variety of processes affecting their chemical and physical properties,
and the number of different ice nucleation pathways they can be subjected to. Secondary inorganic
and organic particles with compositions commonly found in the upper troposphere, as well as their
internal mixtures, have been investigated with ad-hoc measurement campaigns.

In this thesis, experimental results from laboratory measurement campaigns performed at the
Aerosol Interaction and Dynanimcs in the Atmospshere (AIDA) facility at the Karlsruhe Institute
of Technology and at the Cosmic Leaving Outdoor Droplets (CLOUD) experiment at the European
Organization for Nuclear Research (CERN) are presented.

The scientific basis necessary to interpret the results presented is summarized in Chapter 2. First
homogeneous and heterogeneous nucleations are introduced. Follows a brief explanation of the
formation mechanism and properties of secondary organic aerosols, and the description of the
thermodynamic behavior of atmospheric inorganic salts.

The experimental facilities and instrumentation used are introduced in Chapter 3. A detailed
characterization of the two continuous flow diffusion chambers developed and employed to perform
the experiments is also provided.
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Ammoniated sulfate particles are presented as first system. Those particles are among the most
abundant in the upper troposphere, however their neutralization state (i.e., acidity) is highly un-
known and strongly related to surface emissions (Park, 2004; Erisman et al., 2008). The ice nu-
cleation ability of acidic (i.e., sulfuric acid, H

2
SO

4
) and fully neutralized (i.e., ammonium sulfate,

(NH
4
)
2
SO

4
) sulfate particles at cirrus condition has already been extensively investigated in the past.

The role of partially neutralized particles (such as ammonium bisulfate, NH
4
HSO

4
, and letovicite,

(NH
4
)
3
H(SO

4
)
2
) in cirrus cloud formation, instead, is still unclear. In Chapter 4, the ice nucleation

ability of particles composed of sulfate and ammonium is investigated in regard to their chemical
composition (i.e., degree of neutralization) and phase state.

Although ammonium nitrate is expected to remain in an aqueous phase state even at very low
relative humidity, crystalline ammonium nitrate particles have been recently detected in the up-
per troposphere during the Asian summer monsoon (Höpfner et al., 2019). The low temperature
crystallization behavior and ice nucleation ability of ammonium nitrate particles mixed with small
amounts of sulfate have been recently investigated by Wagner et al. (2020). In Chapter 5, the work
of Wagner et al. (2020) is extended to study a new heterogeneous crystallization pathway for the
aqueous ammonium nitrate particles. In these new experiments, the uptake of sulfuric acid and am-
monia from the gas phase onto pure, initially liquid ammonium nitrate particles was simulated for
the first time. The ice nucleation ability of the aqueous and crystalline ammonium nitrate particles
was also measured.

As a third system, a study on secondary organic aerosols will be presented. The complex chemical
and physical properties of those aerosols have stimulated several experimental and modeling works
aiming to understand their effect on cloud formation and climate (Shiraiwa et al., 2017). Their ice
nucleation ability is still under debate, with controversial experimental results obtained in the last
years (e.g., Ignatius et al., 2016; Wagner et al., 2017; Wolf et al., 2020). Chapter 6 reports the results
from a suit of experiments performed at the CLOUD chamber to investigate the effect of different
gas precursors and thermodynamic conditions during the nucleation and growth of the aerosol
particles on their ice nucleation ability.

Aerosol particles in the upper troposphere likely undergo aging processes that can modify their
chemical and physical properties. Mixed particles composed of sulfate and organics represent a
major type of aerosol particles in the upper troposphere, but their ice nucleation ability was not yet
investigated in laboratory studies. The study of internally mixed particles composed of ammonium
sulfate and secondary organic material is presented in Chapter 7. The effect of liquid and ice cloud
processes on the morphology and ice nucleation ability of the particles is also investigated.

Aging mechanisms do not only concern particles originated from the gas phase, but also primary
particles. Dust particles are among the most active ice nucleating particles, but during their trans-
port in the atmosphere condensable species can modify their surface properties. In chapter 8 the
effect of thin coatings of secondary organic material and sulfuric acid on the ice nucleation ability
of mineral dust particles is studied.

The findings presented in this thesis are summarized in Chapter 9.





2 S C I E N T I F I C B A C KG R O U N D

The physical basis underlying the experiments shown in this thesis are presented in this chapter.
The concepts of homogeneous and heterogeneous nucleation are presented in Sections 2.1 and
2.2, respectively. A brief description of the formation mechanism and properties of secondary
organic aerosols is given in Section 2.3. Finally, the thermodynamic behavior of secondary inorganic
particles is explained in Section 2.4.

2.1 homogeneous nucleation
The term nucleation denotes a phase transition which involves the overcoming of an energy barrier
(Seinfeld and Pandis, 2012). Nucleation events are associated with first-order phase transitions,
which frequently take place in the atmosphere. Transitions from the gas to the condensed phase
occur, for example, when new aerosol particles form from gaseous precursors, or when ice crystals
nucleate via deposition mode. Nucleation is said to be homogeneous when it happens in the absence
of foreign materials, and heterogeneous when an external surface catalyzes the nucleation process.

Homogeneous nucleation is typically described by the so-called classical nucleation theory (CNT).
CNT aims to describe the nucleation process thermodynamically and kinetically (e.g., Pruppacher
and Klett, 1997; Ickes et al., 2015). Let’s consider for simplicity the case of vapor as the initial
(parent) phase and the nucleation of its condensed phase (liquid or solid). The energy of the system
can be expressed through the Gibbs free energy G (Blundell and Blundell, 2010):

G =
∑
i

µiNi (2.1)

with i representing the different phases present in the system, µ their chemical potential, and N the
number of molecules of the specific phase i. During a phase transition the number of molecules in
the different phases change and so does the free energy of the system. The difference between the
free energy of the system initially composed only of the vapor phase µv and its energy after the
nucleation of a condensed cluster µc composed of n molecules is:

∆G(n) = n(µv − µc) + σA(n)

= n∆µ+ σA(n)
(2.2)

where σ is the surface tension, and A(n) the surface area of the newly formed cluster. The first term
corresponds to the variation in the Gibbs free energy due to the change in the chemical potential
of the system. The second term represents an increase in the energy of the system due to the new
formed surface. For an ideal gas, the difference in chemical potential ∆µ can be written as:

∆µ = −kBT lnS (2.3)

with kB being the Boltzmann constant, T the temperature, and S the saturation ratio defined as:

S =
p(T)

ps(T)
(2.4)

where p(T) is the actual vapor pressure, and ps(T) is the saturation vapor pressure of the gaseous
compound. For the specific case of water vapor, the actual vapor pressure and its saturation value
are usually indicated with the symbols e and es, respectively.

Assuming that the newly formed cluster has a spherical shape of diamter d, the variation in the
Gibbs free energy can thus be written as:

∆G(d) = −
πd3

6Vm
kBT lnS+ πd2σ (2.5)

9
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with Vm being the volume of a monomer of the nucleating substance. For the homogeneous nucle-
ation of a water droplet or ice crystal, for example, Vm corresponds to the volume of a molecule
of liquid water or ice, respectively. The first term in Equation 2.5 represents a volume contribution
(∆Gvolume ∼ d3), while the second term scales with the surface of the formed cluster (∆Gsurface ∼ d2).
Two ∆G(d) curves for the nucleation of liquid water from its vapor phase are represented in Figure
2.1 for two different saturation ratios (Sw = 1.01 and Sw = 1.02). The maximum in the variation
of the free energy ∆G corresponds to the energy barrier ∆G∗ the system has to overcome to form a
critical stable cluster:

∆G∗ =
16π

3

V2mσ
3

(kBT lnS)2
(2.6)

At sub-saturated conditions (S < 1) the surface term dominates and the formation of a new cluster
is not energetically favored (red line). At super-saturated conditions (S > 1) two different regimes
are possible depending on the diameter of the formed cluster. If the cluster is smaller than a critical
value d∗, it will tend to evaporate to reduce its energy. If the cluster exceeds the critical size d∗,
instead, the energy barrier ∆G∗ is overcome and the cluster will spontaneously grow.
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d [m] 1e 7

G
H

om
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Figure 2.1: Variation in the Gibbs free energy for the homogeneous nucleation of a water droplet of diameter d
from the vapor phase at 0 °C for two different water vapor saturation values Sw (black lines). Red
and green curves represent the contribution from the surface and volume terms for the case with
Sw = 1.01.

At equilibrium, and for S > 1, the number of stable clusters that form described by a Boltzmann
distribution:

Nclusters = N0 exp
(
−
∆G∗

kBT

)
(2.7)

where N0 is the number of molecules in the parent phase.
By including the kinetic component K, the net number of clusters per unit time and unit volume

that grow larger than the critical size, i.e. the homogeneous nucleation rate coefficient Jhom, can be
estimated as (Pruppacher and Klett, 1997):

Jhom = K ·N0 exp
(
−
∆G∗

kBT

)
(2.8)

The exponential part is the thermodynamic term, and K is the kinetic factor related to the number
of molecules in the parent phase which can potentially be incorporated into the cluster (Ickes et al.,
2015).
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Finally, the nucleation rate ω inside a spherical volume V can be calculated as:

ω = Jhom · V = Jhom ·
π

6
d3 (2.9)

with d being the diameter of the aqueous droplet.
Nucleation of liquid water or ice from the vapor phase requires nucleation rates, and thus satura-

tion ratios, too high for these phenomena to occur at atmospheric conditions (Lohmann et al., 2016).
However, the nucleation of ice from the liquid phase (e.g., in a cloud droplet) at −38 °C is charac-
terized by sufficiently high nucleation rates (i.e. above 1 cm−3s−1), to make this process possible in
the atmosphere. The number of particles that freeze in a time interval ∆t from a population of N
water droplets of volume V is given by (Pruppacher and Klett, 1997):

Nhom = N · P = N · [1− exp (−Jhom V ∆t)] (2.10)

where P is the freezing probability of a single droplet.
Pure water droplets, or highly diluted solution droplets, exist in equilibrium only at or above

liquid water saturation (Köhler, 1936). However, at low temperature in the atmosphere ice crystal
formation from the liquid phase is observed also for Sw < 1, even in the absence of an external
solid surface (i.e. without heterogeneous nucleation to occur). In fact, the liquid parent phase in
this case is not a cloud droplet (e.g., a highly diluted solution) but a solution droplet, which achieve
equilibrium at lower saturation ratios because of its reduced vapor pressure. For diluted solutions,
this reduction in vapor pressure can be described with Raoult’s law (Raoult, 1889):

p∗ =
nA

nA +nB
pB

s (2.11)

with p∗ being the equilibrium vapor pressure of the solution, nA the number of molecules of solute
A, nB the number of molecules of solvent B (i.e., water), and pB

s the equilibrium vapor pressure of
the pure solvent. As a consequence, solutions have lower freezing temperature than pure water, and
can induce homogeneous freezing at subsaturated conditions with respect to liquid water.

To describe the homogeneous freezing of aqueous solution droplets in the atmosphere, different pa-
rameterizations have been suggested. Among the others, the parameterization introduced by Koop
et al. (2000) is of easy application and often used as a reference. Koop et al. (2000) suggested that
the homogeneous freezing rate of supercooled aqueous solutions is independent of the nature of
the solute, and only depends on the water activity of the solution. The activity, a, of a solution is
defined as:

a =
p∗

pB
s
=

nA

nA +nB
. (2.12)

When water is the solvent (B), the water activity of the solution is indicated as aw. In thermal equi-
librium, the water activity of a solution corresponds to the ambient water saturation ratio (e/es,wat).
A solution with higher activity has a larger fraction of solute (nA) and thus a lower equilibrium
vapor pressure (p∗). Koop et al. (2000) combined the experimental homogeneous nucleation rates
coefficients Jhom of different type of solutions with their water activities, and obtained the following
parameterization:

log(Jhom) = −906.7+ 8502 ·∆aw − 26924 · (∆aw)2 + 29180 · (∆aw)3 (2.13)

where ∆aw = aw(T) − aiw(T). aiw(T) is the water activity of a solution in equilibrium with ice at
temperature T . Homogeneous freezing rate coefficients Jhom as a function of the temperature are
shown in Figure 2.2a. The blue line represents the case of pure water (aw = 1), the orange and
red lines refer to solutions with aw = 0.98 and aw = 0.96, respectively. The three horizontal lines
correspond to an atmospheric relevant homogeneous freezing rate ω of 1 cm−3 s−1 (see equation
2.9) for aqueous droplets of different diameters (d1 = 0.1µm, d2 = 1µm, and d3 = 10µm). The
same three green lines are reported in Figure 2.2b as a function of the saturation ratio with respect
to ice Sice. These curves are often reported as a reference for the homogeneous freezing threshold
of aqueous solution droplets in ice nucleation studies. A pure water droplet of 10µm in diameter,
for example, reaches an atmospheric relevant freezing rate of 1 cm−3 s−1 only at −38 °C. If a solute
is added (i.e. aw < 1) to the same water droplet, a lower temperature is required to obtain the same
nucleation rate.
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Figure 2.2: a) Nucleation rate coefficients Jhom for the homogeneous freezing of pure water and aqueous so-
lution droplets with two different water activities aw (Koop et al., 2000). Green lines correspond
to the homogeneous nucleation rate of ω = 1 cm−3 s−1 for particles with different diameters. b)
Same homogeneous freezing rate coefficients as in panel a as a function of the saturation ratio with
respect to ice Sice. Isolines of relative humidity are also reported.

2.2 heterogeneous nucleation
Heterogeneous nucleation occurs when an external surface reduces the nucleation energy barrier
and thus catalyzes the formation of a critical cluster.

Several approaches, from molecular dynamics simulations (e.g., Lupi et al., 2014) to laboratory
studies (e.g., Kiselev et al., 2017), are improving our representation of heterogeneous ice nucleation,
but a coherent unified theory is not yet available. Currently, two different hypotheses drive its inter-
pretation. On the one hand, heterogeneous nucleation is described by using the classical nucleation
theory, assuming that it is a stochastic, and thus time-dependent, process (e.g., Fletcher, 1958). On
the other hand, the singular hypothesis assumes that particles have special features on their surface
(i.e., active sites) that trigger ice nucleation at deterministic temperature and saturation values char-
acteristic of the particle (e.g., Connolly et al., 2009). Combined approaches, that merge the stochastic
and singular descriptions, have also been proposed (e.g., Vali, 1994; Marcolli et al., 2007; Herbert
et al., 2014; Niedermeier et al., 2011).

In the stochastic approach, heterogeneous nucleation can be formulated analogously to homoge-
neous nucleation. The decrease in the nucleation energy barrier due to the presence of an external
surface is introduced with a compatibility function f that describes the nucleation efficiency of the
specific surface (Fletcher, 1958). The energy barrier for heterogeneous nucleation becomes:

∆G∗het =
16π

3

V2mσ
3

(kBT lnS)2
· f (cos θ) (2.14)

where θ is the contact angle between the cluster and the substrate, assuming that the critical cluster
has a spherical cap shape. Small contact angles between the cluster and the surface indicate that
the surface facilitates heterogeneous nucleation. For water droplet formation the contact angle
represents the wettability of the solid surface, while for ice nucleation it represents the affinity
of the ice cluster with the surface. Figure 2.3 shows the variation in the Gibbs free energy for
homogeneous nucleation (θ = 180°) and heterogeneous nucleation on two substrates characterized
by two different contact angles (θ = 120° and θ = 60°).

To describe the energy barrier ∆G∗het for heterogeneous ice nucleation occurring in the immersion
freezing mode, σ and S in equation 2.14 refer to the surface tension at the interface between liquid
water and ice and to the ratio between the saturation pressures over water and ice, respectively
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Figure 2.3: Comparison of the variation in the free Gibbs energy for homogeneous (θ = 180°) and heteroge-
neous nucleation of liquid water at 0 °C and Sw = 1.01.

(Chen et al., 2008). In case of deposition nucleation, σ is the surface tension at the water vapor/ice
interface, and S is the saturation ratio with respect to ice (Chen et al., 2008).

The heterogeneous freezing rate coefficient is calculated analogously to the homogeneous case:

Jhet = Khet ·N0 exp
(
−
∆G∗het
kBT

)
(2.15)

where the kinetic factor Khet is specific to each ice nucleation mode (Chen et al., 2008).
The number of freezing particles Nhet, in the time interval ∆t is given by:

Nhet = N · [1− exp (−JhetA∆t)] (2.16)

where N is the total number of particles, and A is the surface area of each particle.

The singular hypothesis assumes that heterogeneous nucleation is time-independent and that the
nucleation events occur at specific sites of the external surface and at deterministic temperature and
saturation values (e.g., Levine, 1950; Connolly et al., 2009). The number of nucleation events dNi in
a temperature interval dT can be written as:

dNi(T) = Nna(T)Ak(T)dT (2.17)

where Nna(T) = Ntot −Ni(T) is the number of non-activated particles, Ntot is the initial number
of particles, A is the surface area of a single particle, and k(T) corresponds to the number of acti-
vated particles per unit surface and per unit temperature interval. The cumulative number of ice
nucleation active surface sites (INAS, nS) per unit surface is obtained by integrating k(T):

nS(T) = −

∫T
0
k(T ′)dT ′ (2.18)

Without any particle size dependency in k(T) and nS(T), this approach assumes that the ice nucle-
ation sites are uniformly distributed on the surface of the particles.

The number concentration of nucleated ice crystals can thus be calculated as:∫Nice
0

dNi(T)

Ntot −Ni(T)
= A

∫T
0
k(T ′)dT ′ (2.19)
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Resulting in:

Ni(T) = Ntot

[
1− exp

(
−Ans(T)

)]
(2.20)

In the case of heterogeneous deposition nucleation, the INAS density nS(T) and the number of
ice nucleating particles Ni(T) depend on both temperature and saturation S.

2.3 secondary organic aerosol: formation and properties
Organic aerosols (OA) make up from 20 to 90% of the fine aerosol particles mass (Kanakidou et al.,
2005), and in various atmospheric environments the predominant fraction of OA is associated with
secondary formation (Zhang et al., 2007; Crippa et al., 2014). Secondary organic aerosols (SOA)
form in the atmosphere by oxidation and gas-to-particle conversion of compounds characterized by
high saturation vapor pressures, namely volatile organic compounds (VOCs). VOCs are directly emit-
ted into the atmosphere from several biogenic and anthropogenic sources (Williams and Koppmann,
2007). Vegetation and fossil-fuel combustion are the major sources of biogenic and anthropogenic
VOCs, respectively (Reimann and Lewis, 2007; Steiner and Goldstein, 2007). Globally, biogenic emis-
sions dominate (Guenther et al., 1995), with isoprene (C

5
H

8
) being the most abundant compound

(Steiner and Goldstein, 2007). Although the emission rate of α-pinene (C
10

H
16

) is ten times lower
compared to isoprene (60 vs 600 Tgyr−1) the mass yield of compounds derived from terpenes,
especially αP, is higher (Guenther et al., 2006).

In the atmosphere, the volatility (i.e., the saturation vapor pressure) of organic molecules is re-
duced via different oxidation pathways by atmospheric oxidants as the hydroxil radicals (·OH), ozone
(O

3
), and nitrate radicals (·NO

3
) (Seinfeld and Pandis, 2012). Compounds with sufficiently low

volatility can form new particles or condense into pre-existing ones. Different processes, namely
functionalization, fragmentation, and oligomerization, can modify the properties of volatile species,
including their oxidation state and volatility (Kroll et al., 2009; Seinfeld and Pandis, 2012; Donahue
et al., 2011).

The partitioning of the oxidation products between the gas and particle phase is determined by
their volatility and is a key factor in the formation and aging of SOA particles. The fraction Xi
of a specific compound i present in the particle phase depends on its effective saturation mass
concentration C∗i and total organic mass concentration COA (Donahue et al., 2006):

Xi =

(
1+

C∗i
COA

)−1

(2.21)

C∗i = γiC
0
i (2.22)

being C0i the saturation mass concentration of the pure compound i, and γi its activity coefficient.
For γi < 1 the compound i tends to stay in the particle phase.
The partitioning of each compound i present in the gas and particle phase needs to be represented
to explicitly describe SOA formation. However, atmospheric SOA comprise a large number of dif-
ferent molecules many of which have not been chemically identified yet (Kroll and Seinfeld, 2008;
Hallquist et al., 2009), thus limiting this approach to the description of well controlled laboratory
systems. To simplify and describe atmospheric aerosol partitioning, empirical methods based on
parameterizations of experimental data have been developed. In the volatility basis set (VBS) ap-
proach (Donahue et al., 2006), for example, organic oxidation products are classified in different
logarithmically spaced volatility bins according to their effective saturation mass concentration C∗:

• ELVOCs: extremely low-volatility organic compounds, C∗ 6 10−4 µgm−3. These compounds
immediately condense into the particle phase and usually contribute to the nucleation of new
particles;

• LVOCs: low-volatility organic compounds, 10−3 6 C∗ 6 10−1 µgm−3. At typical atmospheric
concentrations these compounds exist in the particle phase;

• SVOCs: semivolatile organic compounds, 1 6 C∗ 6 102 µgm−3. These compounds are
present in the particle and gas phase in the atmosphere.
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• IVOCs: intermediate-volatility organic compounds, 103 6 C∗ 6 106 µgm−3. These com-
pounds are usually in the gas phase, but can readily oxidize and convert to condensable
compounds.

• VOCs: volatile organic compounds, C∗ > 106 µgm−3. These compounds are directly emitted
in the atmosphere in the gas phase.

The chemical composition, and thus the volatility, of the compounds present in SOA particles
determines their chemical-physical properties, among which their phase state. Several studies (e.g.,
Grieshop et al., 2007; Vaden et al., 2011; Virtanen et al., 2010) have shown that SOA can exhibit
properties of amorphous highly viscous particles depending on their composition, temperature, and
relative humidity. The phase state of organic particles is an important property that strongly affect
climate, air quality, and health (Pöschl and Shiraiwa, 2015). Some of the mechanisms influenced by
the phase state of SOA particles are illustrated in Figure 2.4 (Reid et al., 2018). A semi-solid or solid
phase state can, for example, limit the diffusion of molecules from the surface into the particle bulk,
thus influencing the gas-particle partitioning and modifying the heterogeneous reaction rates (e.g.,
Shiraiwa et al., 2011). Additionally, the phase state of the particles can affect their homogeneous
and heterogeneous freezing ability (e.g., Murray et al., 2010; Berkemeier et al., 2014).

Figure 2.4: Impacts of ambient particle viscosity and phase on climate and health. a Although low-viscosity
aerosol particles equilibrate in composition rapidly, highly viscous particles may require time to
achieve an equilibrium composition through the gas-particle partitioning of water, semi-volatile
organic compounds (SVOCs) and other pollutants. b Unlike liquid droplets, glassy particles can
act as heterogeneous nuclei for ice nucleation. c Heterogeneous chemistry can occur rapidly in
low-viscosity particles throughout the particle bulk. In viscous particles, heterogeneous chemistry
may occur only very slowly and be confined to the particle surface. d In combination, differences in
the mechanisms and rates of microphysical processing in viscous aerosol particles when compared
to low-viscosity solution droplets can have important consequences for the impacts of aerosols on
climate, visibility, air quality and health. Figure and caption from Reid et al., 2018.

Glass transition temperature, Tg, and viscosity, η, are two fundamental parameters used to quan-
tify and describe the phase state of substances. The glass transition is a non-equilibrium transition
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from the liquid to an amorphous solid phase1 that occurs over a temperature interval defined as
glass transition temperature (Koop et al., 2011). The glass transition is a dynamic phenomenon
investigated in diverse fields such as food quality and safety (Slade et al., 1991), in several tech-
nological applications as engineering of plastics and metallic glasses (Greer, 1995), and in the sta-
bilization of dry biomaterial (Crowe et al., 1998). However, despite its importance, the present
knowledge about glass transition is essentially phenomenological (Champion et al., 2000). Direct
measurements of Tg for bulk materials are usually performed with differential scanning calorimetry
thermograms (Angell, 2002). Due to the difficulty to directly measure the glass transition tempera-
ture of complex organic molecules, empirical structure activity relationships have been suggested.
The Boyer–Beaman rule, for example, associates the glass transition temperature of a substance to
its melting temperature (Beaman, 1952), and the Fox-Flory relation describes Tg as a function of
the inverse molar mass of the polymer (Fox and Flory, 1950). Those relations, introduced for large
polymers, can not be easily generalized to atmospheric secondary organic compounds due to their
complex composition. However, Koop et al. (2011) showed that Tg of a wide range of organic com-
pounds, used as surrogates for SOA particles, strongly correlates with their inverse molar mass,
while it has a minor dependence on their degree of oxygenation.

The glass transition temperature of a compound is directly related to its viscosity. Liquids are
characterized by η < 102 Pa s, semi-solids have viscosity in the range 102 − 1012 Pa s, and solids
have η > 1012 Pa s (Shiraiwa et al., 2011). Depending on their viscosity, particles have different
molecular diffusion coefficients D defined by the Stokes-Einstein equation (Blundell and Blundell,
2010):

D =
k T

6πη r
(2.23)

being k the Boltzmann constant, T the temperature, and r the apparent radius of the diffusing
molecule. However, equation 2.23 does not correctly estimate the diffusion coefficients for atmo-
spheric photo-oxidants and small molecules (e.g., O

3
, ·OH, H

2
O) in an organic matrix (Tong et al.,

2011), and it breaks down in the vicinity of the glass transition (Champion et al., 2000). Table 2.1
reports diffusion coefficients of organic and small molecules, such as water, for different viscosity
ranges (Shiraiwa et al., 2011).

Table 2.1: Viscosity and molecular diffusion values (magnitudes) for different particle phase states for organic
molecules, Dorg, and water, DH

2
O. Adapted from Shiraiwa et al. (2011)

Phase state η [Pa s] Dorg [cm2s−1] DH
2
O [cm2s−1]

Liquid ≈ 10−3 ≈ 10−5 ≈ 10−5
Semi-solid ≈ 102 − 1012 ≈ 10−10 − 10−20 ≈ 10−7 − 10−9
Solid > 1012 6 10−20 ≈ 10−10

The characteristic time of mass-transport and mixing by molecular diffusion can be computed as
(Seinfeld and Pandis, 2012):

τ =
d2p

4π2D
(2.24)

where dp is the particle diameter, and D the diffusion coefficient from equation 2.23. Figure 2.5
shows the equilibration times for various particle diameters as function of their diffusion coefficient
and viscosity (Shiraiwa et al., 2011). The light green arrow indicate the wide range of equilibration
times (from seconds to years) for a 100nm semi-solid organic particle.

In the atmosphere, secondary organic aerosols are composed of thousands of compounds, of
which we still don’t know the exact molecular structure, making the prediction of their viscosity
and glass transition temperature challenging. Recently, semi-empirical parameterizations have been
developed to predict the phase state of complex atmospheric particles as a function of their chemical
properties. Particles made of compounds with a low saturation mass concentration (C0i ), thus parti-
cles with a high fraction of ELVOCs and LVOCs, have been associated with a higher viscosity (e.g.,
Shiraiwa et al., 2017; Champion et al., 2019; Zhang et al., 2019; Li et al., 2020). Furthermore, Rothfuss

1 Amorphous solids do not have a long-range molecular order, in contrast to crystalline solids, and are usually termed glasses
(Debenedetti and Stillinger, 2001)
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Figure 2.5: Characteristic time of bulk diffusion (τ) in liquid, semisolid, and solid particles as a function of the
diffusion coefficient and particle diameter. In the size range of the atmospheric aerosol accumula-
tion mode (dp ≈ 100nm), τ in semisolid particles varies from seconds to years (light green arrow).
Figure and caption from Shiraiwa et al. (2011).

and Petters (2017) found that both vapor pressure and viscosity correlate with type and number of
functional groups added to the compounds. Based on these parameterizations, modeling studies
have suggested that in the cold, dry regions of the upper troposphere, aerosols are most likely to ex-
ist in a glassy state (Shiraiwa et al., 2017). It is thus important to understand how particles viscosity
affect their hygroscopic behavior and their ice nucleation ability. Additionally, particles in the at-
mosphere are usually internal mixtures of organic compounds and inorganic species characterized
by a very low glass transition temperature, such as water, sulfate, and nitrate, that can substantially
reduce their viscosity by acting as plasticizers (Gordon and Taylor, 1952; Zobrist et al., 2008a; Dette
and Koop, 2015).

The hygroscopic behavior of organic particles strongly depends on their viscosity (Mikhailov et
al., 2009). A liquid particle exposed to increasing relative humidity takes up water molecules that
almost instantaneously diffuse into the particle, making this process independent of the humidifi-
cation (or drying) rate. Figure 2.6a shows the growth factor (ratio of the humid and dry particle
diameter) of a liquid particle as a function of the ambient relative humidity. Water uptake in
highly-viscous/glassy particles, instead, can be kinetically limited due to the slow diffusion of wa-
ter molecules to the bulk of the particles, as shown in Figure 2.6b. Therefore, during humidification,
water uptake initially occurs only in the outer shell of the particles, that becoming less viscous due
to the plasticizing effect of water, facilitates the water uptake in a self-accelerating process called
humidity-induced glass transition or amorphous deliquescence (Burnett et al., 2004). A symmetrical
effect can occur during the drying of the particle. A glassy outer shell can form around a liquid
core, thus retarding water evaporation from the particle with an hysteresis effect.

Since water uptake and release in viscous particles strongly depend on the diffusion kinetics of
water, the diameter of the particle and the rate of humidification/drying are critical parameters to
determine the non equilibrium phase state of these particles. However, the significance of the kinet-
ically limited water uptake for the ability of these particles to act as ice nuclei at low temperature is
still poorly quantified.

The ice nucleation ability of glassy particles in the cirrus cloud temperature regime (T < −38 °C)
results from two competing mechanisms, namely heterogeneous nucleation on the solid surface
of the particle (e.g., Murray et al., 2010; Wang et al., 2012; Ignatius et al., 2016) or homogeneous
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Figure 2.6: Water uptake behavior for (a) a liquid particle, and (b) an amorphous solid with an humidity-
induced glass transition. Adapted from Koop et al., 2011.

freezing after its amorphous deliquescence (e.g., Zobrist et al., 2008a). Heterogeneous ice nucleation
on glassy particles was mainly observed in experiments with single organic compounds (e.g., Wilson
et al., 2012), whereas the majority of the studies performed with secondary organic aerosol particles
showed ice formation only at or above the homogeneous freezing threshold (e.g., Möhler et al.,
2008). Recently, a few studies have investigate the relation between water uptake and prevailing
ice nucleation mechanism in glassy organic particles by means of kinetic simulations leading to
conflicting results (e.g., Berkemeier et al., 2014; Lienhard et al., 2015; Price et al., 2015; Fowler et al.,
2020).

A more detailed overview of the ice nucleation studies on secondary aerosol particles is provided
in Chapter 6.

2.4 thermodynamics of atmospheric inorganic salts

Inorganic salts can comprise 25 − 65% of the total dry aerosol mass (Heintzenberg, 1989). The
major inorganic ions present in atmospheric aerosol particles are sulfate (SO 2–

4
), nitrate (NO –

3
), and

ammonium (NH +
4

). Among them, sulfate is the most abundant and studied component. The
production of sulfate and nitrate aerosols strongly depends on the concentrations of their gaseous
precursors (SO

2
and NOx) and atmospheric oxidants (e.g., ozone, hydroxyl radical, and nitrate

radical), as well as on the ambient thermodynamic conditions (Seinfeld and Pandis, 2012). Acidic
aerosol particles are usually dominated by sulfuric acid (H

2
SO

4
) and nitric acid (HNO

3
), which

can be partly or fully neutralized by the most abundant base present in the atmosphere, ammonia
(NH

3
). The reaction of sulfuric acid with increasing molar ratios of ammonia leads to the formation

of salts with different neutralization states (i.e., ratios of ammonium to sulfate ions): ammonium
bisulfate (NH

4
HSO

4
), letovicite ((NH

4
)
3
H(SO

4
)
2
), and ammonium sulfate ((NH

4
)
2
SO

4
). Nitric acid

is also abundant in the atmosphere, but its higher volatility compared to sulfuric acid makes its
partitioning to the particle phase less frequent in the lower atmosphere (Tang, 1980). The reaction of
ammonia with nitric acid can lead to the formation of ammonium nitrate (NH

4
NO

3
). Since sulfuric

acid has a stronger acidity than nitric acid, ammonium nitrate mainly forms when high ammonia
and nitric acid, but low sulfuric acid concentrations are achieved (Seinfeld and Pandis, 2012).

Acidic particles show a smooth hygroscopic response to changes in the ambient relative humidity
(Seinfeld and Pandis, 2012). The growth factor (the ratio of the wet to dry particle diameter) for a
sulfuric acid particle as a function of the ambient relative humidity is shown in red in Figure 2.7.
As the ambient relative humidity rises, a liquid particle takes up water to maintain the thermody-
namic equilibrium, thus becoming larger and more diluted. A symmetric behavior occurs when the
particle experiences a decreasing relative humidity. Partially or fully neutralized particles, instead,
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are likely to undergo phase changes with cycles of relative humidity. At low relative humidity,
inorganic salts can be found in a crystalline solid phase, and they remain solid until the relative
humidity reaches a threshold value, called deliquescence relative humidity (DRH), at which particles
spontaneously take up water. The solid orange line in Figure 2.7 shows the hydration curve for
crystalline ammonium sulfate particles, which deliquesce at a relative humidity of about 80%.

The Gibbs free energy of a solid particle does not depend on the ambient relative humidity but
only on ambient pressure and temperature (green line in Figure 2.8). The chemical potential of
its liquid solution, instead, is proportional to the mole fraction of the solute and thus decreases
when the solution dilutes, i.e. when the relative humidity increases (blue line in Figure 2.8). The
deliquescence of the salt occurs at the relative humidity for which the free energy of the liquid
solution equals the free energy of the solid phase, thus when the solution is saturated (dashed
orange line in Figure 2.8). During the dehydration process (dashed orange line in Figure 2.7), the
aqueous solution will stay in a metastable state also for RH < DRH, although the solid phase would
be the energetically most favorable state. The solid crystal will only form when the supersaturation
over the aqueous solution will be high enough to overcome the energy barrier for the homogeneous
nucleation of a critical solid germ (see section 2.1). This process, called efflorescence, occurs at the
efflorescence relative humidity (ERH), which is determined by the kinetics of the nucleation process
and not by thermodynamic principles (as for deliquescence). For ammonium sulfate particles the
ERH is estimated at a relative humidity of about 30− 40% (see Figure 2.7). For a relative humidity
between the ERH and the DRH, salt particles can exist in two different phase states depending on
their thermodynamic history (hysteresis effect).
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Figure 2.7: Growth factor (i.e., diameter change) of sulfuric acid (H
2
SO

4
) and ammonium sulfate ((NH

4
)
2
SO

4
)

particles as a function of relative humidity with respect to water. Adapted from Seinfeld and
Pandis, 2012.

As the concentration of a saturated solution depends on the temperature, the DRH is temperature-
dependent. Exemplary theoretical deliquescence curves as a function of THE temperature obtained
from the Extended Aerosol Inorganic Model (E-AIM, Clegg et al., 1998), are reported in Figure
2.9. The DRH of the different salts shows different temperature-dependency due to their different
temperature-dependent solubility (Tang and Munkelwitz, 1993). Ammonium sulfate (AS, Figure
2.9c) shows a weak temperature dependency with a variation of only about 5% over a tempera-
ture range of 70 °C, DRH(20 °C) = 80.4% and DRH(−50 °C) = 85.7%. Ammonium nitrate (AN,
Figure 2.9d) has a stronger temperature dependency with a variation of about 30% over the same
temperature range, DRH(20 °C) = 64.5% and DRH(−50 °C) = 97.0%.

For the ammonium bisulfate-water system (AHS, Figure 2.9a), the E-AIM predicts a more complex
behavior. Upon deliquescence of the ammonium bisulfate (dashed blue line), the aqueous solution
is supersaturated with respect to solid letovicite (LET), and LET is thus forced to precipitate leading
to the formation of mixed liquid-solid particles. Only at a higher relative humidity, the particles are
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Figure 2.8: Gibbs free energy of a solid salt (green) and its aqueous solution (blue) as a function of relative
humidity respect to water. Adapted from Seinfeld and Pandis, 2012.

expected to fully deliquesce (solid blue line). A similar behavior is predicted for letovicite particles
for temperatures higher than −20 °C (Figure 2.9b), with the formation of solid ammonium sulfate
after deliquescence of the LET particles (dashed orange line).
It is important to highlight that the E-AIM does not allow supersaturated conditions by default, but
always forces the formation of the saturated phase. However, in atmospheric aerosol particles su-
persaturated conditions often occur over a wide range of thermodynamic conditions. As described
above, for example, experimental data have shown that aqueous ammonium sulfate particles stay in
a supersaturated state down to RHw ≈ 30% (efflorescence), suggesting that AS cannot precipitate
when LET particles deliquesce at ≈ 70%, as predicted by the thermodynamic model.

Atmospheric aerosol particles are likely multicomponent mixtures composed of different ions
and organic matter, with a more complex phase state compared to the pure systems. Particles
with non-stoichiometric compositions, for example, can feature a manifold of different phase states,
ranging from a homogeneous liquid phase to mixtures of multiple solid phases, or mixtures of a
solid component in equilibrium with an aqueous solution. In the following, the phase diagram of
the system H

2
SO

4
/NH

3
/H

2
O with ammonium-to-sulfate ratios (ASR = [NH +

4
]/[SO 2–

4
]) greater than

1 is described in more detail. The ice nucleation ability of such particles will be investigated in
Chapter 4.

Within the H
2
SO

4
/NH

3
/H

2
O system three different solid components can form, namely ammo-

nium bisulfate (NH
4
HSO

4
, ASR = 1.0), letovicite ((NH

4
)
3
H(SO

4
)
2
, ASR = 1.5), and ammonium

sulfate ((NH
4
)
2
SO

4
, ASR = 2.0). The phase diagram at room temperature (i.e., the efflorescence and

deliquescence relative humidity) of particles with 1.0 < ASR < 2.0 was first investigated by Spann
and Richardson (1985). The results from their study are shown as solid lines in Figure 2.10 together
with more recent literature results (symbols). Efflorescence, initial/partial deliquescence, and full
deliquescence data are reported in red, green, and blue, respectively. The reported values are also
shown in Table 2.2, where the experimental temperature from the different studies is also indicated.
The homogeneous crystallization of particles with ASR = 1.0 (ammonium bisulfate) was observed at
low relative humidity only in the studies from Spann and Richardson (1985) and Tang and Munkel-
witz (1994). However, as reported by the authors, ammonia contamination was difficult to prevent
and quantify, and the ammonium bisulfate particles could have already modified their composition
to a more neutralized state (i.e., with a higher ASR) before the start of the experiment. Colberg
et al. (2003) reported of solid letovicite precipitation in ammonium bisulfate solution droplets at
RHw ≈ 15% and at temperatures between 0 °C and −10 °C (shown as left-pointing triangles with
black edge in Figure 2.10). Cziczo and Abbatt (2000) and Schlenker et al. (2004), instead, did not ob-
serve AHS particles to homogeneously crystallize at −35 °C and 20 °C (represented with red empty
symbols in Figure 2.10). From the measurements of Spann and Richardson (1985), particles with
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Figure 2.9: Deliquescence relative humidity as a function of temperature for a) NH
4
HSO

4
(AHS, ammo-

nium bisulfate), b) (NH
4
)
3
H(SO

4
)
2

(LET, letovicite), c) (NH
4
)
2
SO

4
(AS, ammonium sulfate), and d)

NH
4
NO

3
(AN, ammonium nitrate). Solid and dashed black lines indicate ice saturation (Sice = 1)

and homogeneous freezing onset for aqueous solution droplets (for ∆aw = 0.3, Koop et al., 2000).
Model results from Clegg et al. (1998).

composition 1.0 < ASR < 2.0 (composed of AHS+LET or LET+AS) are expected to effloresce at
increasing relative humidity with increasing ASR (red curve). The heterogeneous crystallization
of AHS in initially homogeneous liquid solutions after the precipitation of letovicite was measured
also by Schlenker et al. (2004) (red circles). As expected for particles composed of two different salts,
the deliquescence occurs in two steps, with the initial water uptake occurring at a relative humidity
close to the lower DRH of the two salts, so-called partial deliquescence relative humidity (PDRH,
green lines). For particles with 1.0 < ASR < 1.5 (composed of AHS+LET), the first component to
deliquesce at RHw = 40% is AHS, while for 1.5 < ASR < 2.0 (composed of LET+AS) the letovicite
component starts to deliquesce at RHw = 70%. At the PDRH the remaining solid (LET or AS)
is in equilibrium with the aqueous solution, and if the relative humidity is further increased the
solid will progressively dissolve until the full deliquescence value is reached (blue curve). For an
ASR = 1.5, the particles are composed of pure letovicite, and are thus expected to show a one-step
deliquescence, measured at ≈ 70% at room temperature (Spann and Richardson, 1985; Tang and
Munkelwitz, 1994). Similarly, pure ammonium sulfate particles (ASR = 2) deliquesce at ≈ 80%.

Knowing the phase state of inorganic salts, especially at low temperatures, is important to un-
derstand their reactivity, lifetime, and impacts on atmospheric chemistry and climate (Boucher et
al., 2013). In particular, liquid solution droplets can lead to cirrus cloud formation only via ho-
mogeneous freezing, while solid crystalline particles could initiate ice nucleation at lower relative
humidity via heterogeneous nucleation (e.g., Zobrist et al., 2011; Wise et al., 2012). Figure 2.11 shows
the possible ice nucleation modes for a single and a multicomponent salt particle as a function of
temperature and relative humidity, therefore as a function of the particle phase state. Ice supersat-
urated conditions (Sice > 1) are highlighted with a green shaded area, and the parameterization for
homogeneous freezing of aqueous solution droplets is indicated with a blue line (Koop et al., 2000).
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Figure 2.10: Phase diagram of the H
2
SO

4
/NH

3
/H

2
O system for particles with an ammonium-to-sulfate ra-

tio (ASR) between 1.0 and 2.0. Efflorescence, partial deliquescence, and full deliquescence data
are reported in red, green, and blue, respectively. Solid lines show the results from Spann and
Richardson (1985), symbols refer to the literature results reported in the legend. The empty red
symbol at ASR = 1.0 from Cziczo and Abbatt (2000) and Schlenker et al. (2004) indicate that the
particles did not crystallize. Data from Colberg et al. (2004) for an ASR = 1.0 (left-pointing trian-
gles with black edge) refer to the efflorescence and deliquescence of letovicite in solution droplets
with the composition of ammonium bisulfate.

Following a hypothetical atmospheric trajectory, different ice nucleation modes can be identified as
a function of the particle phase state. For a single component salt (panel a), the particle will stay in
its solid phase up to its DRH value, and could thus act as ice nucleating particle in the deposition
or pore condensation and freezing (PCF) mode. When the relative humidity equals the DRH, the
particle intermediately forms a crystalline core surrounded by its solution, and ice nucleation via
the immersion freezing mode may occur. Once the particle is fully deliquesced, it can nucleate ice
only homogeneously. For a multicomponent salt (panel b), the overall behavior is similar, but depo-
sition nucleation and PCF can occur within a smaller range of conditions due to the lower partial
deliquescence relative humidity. Immersion freezing, instead, can take place over a larger range of
conditions.
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Table 2.2: Measured effloresce and deliquescence relative humidity (ERH, DRH) values for particles with differ-
ent ammonium to sulfate ratios (ASR). The temperature at which the measurements were performed
is also indicated.

ASR ERH [%] DRH [%] T [°C] Ref

1 39 5 to 25 Tang and Munkelwitz (1977)
0.05− 22 40 25 Tang and Munkelwitz (1994)
No −35 to 0 Cziczo and Abbatt (2000)
15− 16 (as LET) 66− 76 −13 to 0 Colberg et al. (2003)
No 20 Schlenker et al. (2004)

1.4 19− 27 20 Schlenker et al. (2004)
1.5 31 71 25 Spann and Richardson (1985)

35− 44 69 25 Tang and Munkelwitz (1994)
27.5 72.8 −10 Colberg et al. (2003)

1.7 16− 29 20 Schlenker et al. (2004)
2 35 80 25 Spann and Richardson (1985)

37− 40 80 25 Tang and Munkelwitz (1994)
33 25 Cziczo et al. (1997)
32 82.5 −10 Onasch et al. (1999)
28.5− 30.8 81 −10 Colberg et al. (2003)
35 20 Schlenker et al. (2004)

Figure 2.11: Hypothetical atmospheric trajectory of a crystalline single component salt (panel a) and a multi-
component system (panel b). Ice saturated conditions are highlighted with a green shaded area.
The homogeneous freezing threshold for aqueous solution droplets is shown in blue. The possible
ice nucleation mechanisms are indicated together with the phase state of the particles. Adapted
with permission from Zuberi et al. (2001). Copyright 2021 American Chemical Society.





3 M E T H O D S

In this chapter, the working principle of the standard aerosol instrumentation used in this thesis
is introduced first (section3.1). The experiments presented here have been performed at the AIDA
facility at the Karlsruhe Institute of Technology and at the CLOUD experiment at CERN. The exper-
imental facilities are described in sections 3.2 and 3.3. Finally, the two Continuous Flow Diffusion
Chambers of the Karlsruhe Institue of Technology (INKA and mINKA) are described and character-
ized in section 3.4.

3.1 aerosol instrumentation

Particle number concentration

Aerosol particle number concentration is measured with condensation particle counters (CPC). The
sample flow passes through a light beam and the number of detected scattering events corresponds
to the number of aerosol particles (Cheng, 2011). As the scattering intensity scales with the diameter
of the particles as D6p, the limit of detection using light in the visible range is at diameters of about
100nm (Mishchenko et al., 2002). To enlarge small particles, and thus to lower the limit of detection
down to the nm scale, the sample is drawn through a conditioner region which is saturated with
vapor, and the sample is brought to thermal equilibrium. Next, the sample is pulled into a region
where condensation occurs (saturator). In an alcohol based CPC, in which the vapor used is for
example butanol, the conditioner region is at a warm temperature, and the condensation region is
cooler.

Particle size distribution

To measure the number size distribution of the particles over a wide size range, such as from a few
nm to tens of µm, measurements from different methods and instruments need to be combined.
As each technique makes use of different particle properties to asses their sizes, it is necessary
to define a unique parameter to combine measurements from different instruments. The volume
equivalent diameter, dve, is defined as the diameter of a spherical particle with the same volume of
the measured one (DeCarlo et al., 2004).

smps In scanning mobility particle counters, the mobility of charged particles in an electric field
is used to measure the diameter of particles in the size range 10− 800nm (Flagan, 2011). Aerosol
particles are initially charged to their equilibrium charge with a neutralizer, and then selected by
their electrical mobility in a differential mobility analyzer (DMA). The selected particles are then
counted with a CPC. To convert the measured electrical mobility diameter dem to its volume equiv-
alent diameter dve the following relation is used (Hinds, 1999):

dve =
dem

χ
(3.1)

with χ being the dynamic shape factor that takes into account the non-sphericity of the particles.
For spheres χ = 1, and for aspherical particles χ > 1.

aps The aerosol aerodynamic mobility is used to measure the diameter of particles in the size
range 0.7− 20µm with aerodynamic particle sizers. Particle velocity is measured by passing the

25
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particle through two laser beams, and the velocity is then related to its aerodynamic diameter dae
(Baron et al., 2011). The volume equivalent diameter is calculated as (Hinds, 1999):

dve =

√
χ

ρ
dae (3.2)

where χ is the particle shape factor, and ρ the particle density in g cm−3.

opc The light scattering ability of the particles is used in optical particle counters (OPC) to mea-
sure the size distribution of larger particles (0.5−200µm) (Sorensen et al., 2011). Most OPCs operate
with visible light (λ ≈ 0.5− 1µm) and treat the scattering with Mie theory (d ≈ λ) (Mishchenko
et al., 2002). By passing through the measuring volume, particles scatter the incident light, which is
then collected by one or two detectors. The number of scattering events corresponds to the particle
number concentration, and the intensity of the scattered light to their optical diameter. The optical
diameter is a complex function of particle size, refractive index, and shape (Hinds, 1999). Calibra-
tion with materials of known shape and refractive index is often needed to retrieve the geometric
diameter of the particles. The strong dependency of the scattering intensity to the shape of the
particles is often used to distinguish spherical liquid water droplets to aspherical ice crystals, the
latter detected with much larger optical diameters.

In this thesis, data from two different OPC models are presented, welas (Palas GmbH) and Climet.
The welas OPC uses a 90° scattering angle in combination with a white light source, characterized by
a broad continuous wavelength spectrum (Umhauer et al., 2000). The use of white light minimizes
the oscillations in the Mie-calibration curve and provide a smooth unambiguous scattering response.
A detailed description and characterization of the Climet OPC is provided in section 3.4.3.

3.2 aida facility

3.2.1 AIDA chamber

The AIDA chamber is an aluminum vessel of 84.3m3 in volume located inside a thermostatic housing
(e.g., Möhler et al., 2003; Möhler et al., 2006). Air ventilation through heat exchangers inside the
housing allows to control the temperature of the cloud chamber from 60 to −90 °C, with an accuracy
of ±0.3 °C. Inside the chamber, a fan located near the chamber bottom ensures homogeneous
conditions during the experiments. Mechanical pumps allow to control and reduce the chamber
pressure down to 0.01hPa, with different pumping speeds. The chamber is cleaned by several
flushing cycles with clean and dry synthetic air at pressures between 1 to 10hPa. Before re-filling
to ambient pressure with synthetic air, ultra-pure water is evaporated into the evacuated chamber
to add the amount of water vapor required for the experiment. With this procedure, the walls can
be partially covered with an ice layer to maintain ice-saturated conditions and to provide sufficient
water vapor during the expansion cooling experiments (described in section 3.2.3).

A second vessel is located in proximity to the AIDA chamber. It is called aerosol preparation and
characterization (APC) chamber, is made of stainless steel, has a volume of 3.7m3, is operated at am-
bient temperature, can also be evacuated down to 1hPa and flushed with synthetic air for cleaning
purposes, and is re-filled with clean and dry synthetic air before the start of the experiments. A fan
homogeneously mixes the volume. The APC chamber allows to prepare the aerosol particles in a
reproducible way (i.e., under well-controlled and repeated experimental conditions) and to transfer
them into the AIDA chamber.

Water vapor partial pressure, e, is measured in situ in the AIDA chamber with a tunable diode
laser (TDL) absorption spectrometer (APicT) with an accuracy of 5% (Fahey et al., 2014). The
relative humidity with respect to water and the saturation ratio with respect to ice are calculated as:

RHw =
e(T)

es,wat(T)
· 100 ; Sice =

e(T)

es,ice(T)
(3.3)
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where T is the chamber temperature. The saturation vapor pressure over liquid water and ice as
function of the temperature are calculated with the parametrization from Murphy and Koop (2005):

es,wat(T) ≈ exp
{
54.842763−

6763.22
T

− 4.21 · log(T)+

+ 0.000367 · T + tanh
(
0.0415 · (T − 218.8)

)
·

·
[
53.878−

1331.21
T

− 9.44523 · log(T) + 0.014025 · T
]}

(3.4)

es,ice(T) = exp
{
9.550426−

5723.265
T

+ 3.53068 · log(T) − 0.00728332 · T
}

(3.5)

Standard aerosol particle instrumentation is present at the facility to measure the aerosol number
concentration and number size distribution. Both the AIDA and the APC chambers are equipped
with condensation particle counters (models 3010 and 3022, TSI), scanning mobility particle sizers
(DMA models 3071 and 3071A, CPCs model 3772, all TSI), and aerodynamic particle sizers (model
3321, TSI). Two optical particle counters (model welas, Palas GmbH) are installed at the bottom of
the AIDA chamber to measure the size distribution of large aerosol particles, cloud droplets, and
ice crystals in two different size ranges (0.7− 46µm and 5− 240µm, Wagner and Möhler, 2013). The
two OPCs are located inside the thermal housing to prevent the evaporation of cloud droplets and
sublimation of ice crystals.

Laser light scattering by aerosol particles and hydrometeors is measured with the SIMONE in-
strument (Schnaiter et al., 2012). A polarized and collimated laser beam (λ = 488nm) crosses
horizontally the diameter of the AIDA chamber (≈ 4m). Detectors probe the light scattered from
the center of the chamber in the forward (2°, Ifor) and backward (178°) directions. The back-scattered
light is decomposed in its parallel (I‖) and perpendicular (I⊥) components with respect to the in-
cident laser polarization. From these values the linear back-scattering depolarization ratio can be
calculated as:

δ =
I⊥ − I

bgr
⊥

I‖ − I
bgr
‖

(3.6)

where Ibgr
⊥ and Ibgr

‖ are the background intensities of the particle free chamber.
To characterize the chemical and physical properties of the aerosol particles, a Fourier trans-

form infrared spectrometer (FTIR, type IFS66v, Bruker) (Wagner et al., 2006; Wagner et al., 2009)
was operated during the AIDA experimental campaigns presented in this thesis1. Additionally, a
high-resolution time of flight aerosol mass spectrometer2 (HR-ToF-AMS, Aerodyne) measured the
chemical composition of the particles during the experiments presented in Chapter 7.

Figure 3.1 shows a schematic of the AIDA and APC chambers, together with the instrumentation
used in the experiments presented in this thesis.

3.2.2 Aerosol preparation

Hereafter the aerosol generation methods used during the AIDA experiments are briefly described.

ultrasonic nebulizer An ultrasonic nebulizer (GA 2400, SinapTec) is used to generate aque-
ous solution droplets. The generated droplets are then dried with a series of diffusion dryers to
prevent their instantaneous freezing upon injection into the AIDA chamber at low temperatures
and eventually to induce their crystallization (if RH<ERH). Dry and clean synthetic air, with a total
flow of 5 Lmin−1, is used as carrier gas for the thus prepared aerosol.
The solutions are prepared by dissolving the respective salts in deionized water (18MΩ). The so-
lutes used in the experiments presented in this thesis are ammonium sulfate (from Merck 99.5% or
Acro Organics 99.5%), ammonium bisulfate (from Acro Organics 99% or AppliChem 99.5%), and
ammonium nitrate (from VWR Chemicals 99% or Acros Organics > 99%). The concentration of the

1 The FTIR data are curtesy of Dr. Robert Wagner.
2 The AMS data are curtesy of Junwei Song.
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Figure 3.1: Schematic of the AIDA chamber and the instrumentation used.

solution determines the diameter of the generated particles. Figure 3.2 reports the volume equiva-
lent median diameter of solid ammonium sulfate particles obtained from bulk solutions of different
concentrations in the range 0.1− 8wt%. The median diameter was estimated with a lognormal fit.
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Figure 3.2: Median diameter of crystalline ammonium sulfate particles generated with the ultrasonic nebulizer
as function of the solution concentration.

rbg A rotating brush generator (RBG1000, Palas GmbH) is used to break-up agglomerates and
disperse solid aerosol particles. A cyclone impactor is also operated to remove particles larger than
≈ 2µm in diameter. The aerosol particles are then transported from the generator to the chamber
with dry and clean synthetic air.

sulfuric acid solution droplets generator Aqueous sulfuric acid particles are generated
via homogeneous nucleation outside of the AIDA chamber in a home-built generator (Möhler et
al., 2003). A sulfuric acid reservoir is heated at 140 °C, and dry, clean synthetic air flows over it
(1.17 Lmin−1), becoming saturated with gas phase sulfuric acid. Homogeneous nucleation occurs
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when the saturated flow cools to ambient temperature. The flow with sulfuric acid particles is
diluted with synthetic air (5.53 Lmin−1) before injection into the chamber. Finally, the solution
droplets adjust to their equilibrium concentration depending on the conditions inside the AIDA
chamber.

gas phase reactions Solid particles, such as ammonium sulfate and mineral dust, were aged
by condensing secondary materials on their surfaces. In the AIDA chamber, ozone (O

3
), α-pinene

(C
10

H
16

), sulfur dioxide (SO
2
), and ammonia (NH

3
) have been used as precursor gases. In particular,

the reaction of α-pinene with ozone was used to produce low volatile oxygenated molecules which
were able to condense on the solid seeds. To generate sulfuric acid (H

2
SO

4
) in the gas phase, SO

2

was reacted with ·OH radicals produced from the ozonolysis of tetramethylethylene (TME, C
6
H

12
).

Different neutralization reactions and coating procedures have been used for the different experi-
ments, as described in the respective chapters.

3.2.3 Expansion cooling experiments

The ice nucleation ability of aerosol particles can be investigated in the AIDA chamber with expan-
sion cooling experiments (e.g., Möhler et al., 2003; Möhler et al., 2006). Hereafter a typical expansion
cooling experiment performed with crystalline ammonium sulfate particles at cirrus cloud condi-
tions (starting temperature of −50 °C) is described. The crystalline ammonium sulfate particles
were generated with the ultrasonic nebulizer as described above. Figure 3.3 shows the time series
of several AIDA records during the experiment.

Two vacuum pumps allow to evacuate the AIDA chamber with a controlled and variable evac-
uation rate. The related pressure reduction and expansion of the gas inside the chamber induces
a temperature drop. Figure 3.3a depicts the drop in pressure and temperature. The temperature
reduction, associated with an almost linear decrease of the water vapor partial pressure due to the
pressure drop, results in an increase of the ice saturation ratio, that eventually leads to ice nucleation.
The ice saturation ratio time series measured by APicT is reported in Figure 3.3b. The homogeneous
freezing threshold for aqueous solution droplets with a variation of the water activity ∆aw = 0.3 is
also shown in the same panel (Koop et al., 2000).

Ice crystals start to form as soon as the critical temperature and saturation for heterogeneous
and/or homogeneous ice formation are reached, which depends on the aerosol particle type. The
detection of the ice nucleation onset is associated with a steep increase in the laser depolarization
ratio δ (Figure 3.3c, green trace) and with the detection of ice crystals in the OPCs. As already men-
tioned, two welas sensors, measuring in two different size ranges, sample from the AIDA chamber
(indicated as OPC1 and OPC2 in Figure 3.3d). A fraction of the larger aerosol particles is detected
by the OPC1 (light blue dots). The data before the start of the expansion (t < 0) from OPC1 relate to
the aerosol particles at the corresponding optical diameter. The ice crystals, instead, appear at larger
sizes only when the ice saturation ratio reaches ≈ 1.3. The ice crystal number concentration is eval-
uated by defining a size threshold to distinguish between the smaller inactivated aerosol particles
and the larger ice crystals. The formed ice nuclei quickly grow to large ice crystals, which further
deplete the water vapor present in the chamber. The fraction of aerosol particles that nucleate ice,
called ice nucleating fraction (INF), is calculated as the ratio of the ice crystal number concentration
to the total aerosol particle number concentration as measured by the CPC. The INF is reported on
the right axis of Figure 3.3d, the black dotted vertical line indicates when the threshold of 0.1% is
reached. In the experiment shown, the ice crystals start to nucleate at a saturation ratio of Sice = 1.29,
below the homogeneous freezing threshold, indicating that heterogeneous ice nucleation occurred.
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Figure 3.3: Time series of an AIDA expansion cooling experiment for crystalline ammonium sulfate particles.
Panel a) shows pressure (black line, left axis) and temperature (red line, right axis), and panel b)
shows the ice saturation ratio (blue line). The homogeneous freezing threshold computed for a
∆aw of 0.3 of the ice-melting curve (Koop et al., 2000) is indicated in panel b with an horizontal
dashed line. Panel c) reports the SIMONE light scattering intensity in the forward direction (black
line, left axis) and the linear depolarization ratio (green trace, right axis). Panel d) shows the OPCs
single particle data (left axis) and the fraction of aerosol particles that induced ice formation (INF,
right axis). The vertical dotted line indicates when 0.1% of the aerosol particles acted as INPs.

3.3 cloud experiment

The CERN cloud chamber is an electro-polished stainless steel tank with a volume of 26m3 designed
to achieve high standards of cleanliness and temperature stability (Kirkby et al., 2011; Voigtländer
et al., 2012). The experiment was established to investigate the effects of cosmic rays and ions
on aerosols, clouds, and climate under atmospheric conditions (Carslaw et al., 2002; Kirkby, 2007;
Kulmala et al., 2010). A schematic of the chamber and the experimental setup is shown in Figure 3.4.
The chamber is placed inside a thermostatic housing and its temperature can be controlled in the
range from −60 to 100 °Cwith a stability of ±0.01 °C (Almeida et al., 2013). To ensure homogeneous
conditions inside the chamber two counter-rotating fans are mounted at the bottom and top of the
chamber (Voigtländer et al., 2012). To simulate different ion concentrations, the chamber can be
exposed to an adjustable pion beam, provided by the proton synchrotron particle accelerator, or
to a high voltage field to simulate neutral conditions. Vapors of several precursor substances are
generated in temperature stabilized evaporators, and carried to the chamber by a N

2
flow. More

volatile compounds are directly injected into the chamber from gas cylinders. Ozone is generated
by illuminating synthetic air with a UV light. Precise delivery of selected trace gases and ultra-
pure humidified synthetic air ensures an accurate control of the gas precursors concentration and
humidity conditions in the chamber. Photochemical reactions are enabled by four different light
sources working at different wavelengths and adjustable intensities (Kupc et al., 2011). In particular,
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for the experiments presented in this thesis a UV fibre-optic system has been used to trigger the
production of ·OH radicals via ozone photolysis. The chamber is cleaned with different procedures
depending on the need. This includes rinsing of the walls with pure water, heating to 100 °C,
flushing with high ozone concentrations, and flushing with pure air.
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Figure 3.4: Schematic diagram of the CLOUD experiment. Adapted from Kirkby et al. (2011). The list of
instrument acronyms can be found in the caption of Table 3.1.

3.3.1 Instrumentation and set up

During the CLOUD14 campaign (autumn 2019) a wide variety of instruments was operated. The
scientific aims of the campaign, in fact, ranged from studies on aerosol particle nucleation to hygro-
scopicity and ice nucleation ability of secondary aerosol particles. The list of instruments operated
during the CLOUD14 campaign is given in Table 3.1. A brief description of the measured quantities
is also provided. Data only from a small subset of instruments will be presented in this thesis (high-
lighted with bold font in Table 3.1). However, the full list of instrument is shown to acknowledge
all the institutes and teams that participated in the campaign.

In particular, four ice nuclei counters measured during the campaign: three continuous flow
diffusion chambers, namely mINKA, SPIN and PINCii, and one portable expansion chamber, PINE.
A detailed description of the CFDC working principle is given in Section 3.4. The results presented
in this thesis mainly focus on the measurements performed with the continuous flow diffusion
chamber of the Karlsruhe Institue of Technology (mINKA), specifically developed for the CLOUD14
campaign. Some of the results from the SPIN and PINCii instruments will also be presented.
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Table 3.1: Instruments operated at the CLOUD experiment during the CLOUD14 campaign. Abbreviations
are tunable laser diode (TDL), atmospheric pressure interface time-of-flight mass spectrometer (APi-
TOF), proton transfer reaction mass spectrometer (PTR), chemical ionization mass spectrometer
(CIMS), cluster ion counter (CIC), neutral cluster and air ion spectrometer (NAIS), particle size mag-
nifier (PSM), condensation particle counter (CPC), scanning electrical mobility spectrometer (SEMS),
scanning mobility particle sizer (SMPS), extractive electrospray ionization time-of-flight mass spec-
trometer (EESI-TOF), thermal desorption differential mobility analyser (TD-DMA), filter inlet for
gas and aerosol (FIGAERO), aerosol mass spectrometer (AMS), mobile Ice Nucleation Instrument
of the KArlsruhe Institute of Technology (mINKA), SPectrometer for Ice Nuclei (SPIN), Portable Ice
Nucleation Chamber II (PINCii), Portable Ice Nucleation Experiment (PINE), humidified tandem
differential mobility analyzer (HTDMA), cloud condensation nuclei counter (CCN).

Observation type Instrument name Measured variables Institute

Gas monitors O
3

monitor (Thermo
49C)

O
3

mixing ratio UFRA

SO
2

monitor
(Thermo 43i-TLE)

SO
2

mixing ratio UFRA

NH
3

monitor
(Picarro G2103)

NH
3

mixing ratio EMPA

NOx monitors
(CAPS and CLD 780

TR)

NOx mixing ratios PSI

Water vapor TDL Water vapor mixing ratio CERN/KIT

Dew point mirror
(MBW)

Dew or frost point temperature KIT

Trace gases APi-TOF (Tofwerk) Chemical composition of positive and negative ions Aerodyne/
UHEL

PTR3 (Ionikon) Concentration of volatile organic compounds (e.g.,
α-pinene, isoprene), NH

3

UIBK

PTRS (Ionikon) Concentration of volatile organic compounds UIBK

Br–-CIMS (Tofwerk) Gas phase concentration of gaseous iodine species, H
2
SO

4
,

HNO
3

and VOCs
CMU

NO –
3 -CIMS

(Tofwerk)
Gas phase concentration of highly oxigenated organic
molecules, H

2
SO

4
, HIO

3
, DMA and other compounds

UFRA

Particle
microphysics

CIC (Airel) Concentration of positive and negative ions
(0.9− 2.84nm)

CERN

NAIS (Airel) Particle number size distribution (2− 45nm), ion size
distribution (0.8− 45nm)

CERN

PSM (Airmodus) Particle number concentration with lower cutoff at 1nm UHEL

CPC (TSI) Particle number concentration with lower cutoff at 2.5nm PSI

nano-SEMS Particle number size distribution (1.5− 25nm) CalTech

nano SMPS (TSI) Particle number size distribution (3− 60nm) PSI

long SMPS Particle number size distribution (50− 300nm) PSI

SMPS Particle number size distribution (10− 800nm) TROPOS

Particle chemical
composition

EESI-TOF (Tofwerk) Extractive electrospray-based measurement of gas and
particle phase composition

PSI

TD-DMA Size resolved thermal desorption-based measurement of
particle phase composition

UFRA

FIGAERO
(Aerodyne)

Thermal desorption-based measurement of particle phase
composition

CMU

AMS (Aerodyne) Thermal vaporisation-based measurement of particle phase
composition

PSI/CMU

Ice nucleation mINKA INP concentration for T > −65 °C KIT

SPIN (DMT) INP concentration for T > −60 °C FMI

PINCii INP concentration for T > −50 °C UHEL

PINE INP concentration for T > −40 °C KIT

Hygroscopicity HTDMA Aerosol particle hygroscopicity (50− 300nm) UEF

CCNC (DMT) CCN number concentration TROPOS
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3.3.2 Experimental procedure

The scientific motivations, the experimental conditions, and the results of some of the ice nucleation
experiments performed during the CLOUD14 campaign will be provided in Chapters 5 and 6.
Hereafter a technical description of an exemplary experiment is provided.

The CLOUD chamber is usually operated in a continuous flow mode due to the large instrument
sampling flow rate (≈ 250 Lmin−1 during CLOUD14). Under these conditions after ≈ 1.5h, if any
change is performed in the injection rates, steady state conditions are achieved (Levenspiel, 1999).
Additionally, the continuous injection of clean synthetic air lead to the dilution of the chamber
contents, with a dilution lifetime of ≈ 3h for the specific total flow rate of the CLOUD14 campaign.

Each ice nucleation experiment (i.e., run) consisted of three different stages: (i) cleaning and
conditioning of the CLOUD chamber, (ii) nucleation and growth of the aerosol particles, and (iii)
ice nucleation and hygroscopicity measurements. For some experiments, after the ice nucleation
measurements, a relative humidity scan was performed by constantly increasing, or decreasing, the
relative humidity inside the CLOUD chamber, and by simultaneously measuring the ice nucleation
ability of the particles.

A typical experiment is shown in Figure 3.5. In particular, the experiment shown was performed
in the CLOUD chamber prepared at ≈ −53 °C and RHw = 15− 20%, and aimed to investigate the
H

2
SO

4
/NH

3
/H

2
O system.

In between of the experiments, the cleaning of the CLOUD chamber is usually performed by
increasing the rotating speed of the mixing fans, thus facilitating the condensation of vapors on the
walls, and by switching on and off the high voltage field to reduce the aerosol number concentration.
When the electric field is off, the particles get charged by the atmospheric radiation, and when the
electric filed is turned on they are drifted towards the electrodes. Additionally, because of to the
dilution lifetime both vapors and particles get diluted with time. During the cleaning stage the
chamber conditioning for the following experiment is also performed, meaning that the desired
vapor concentrations are achieved by changing their injection flow rates accordingly.

Once the number concentration of particles falls below a desired threshold (≈ 100 cm−3), and
the preset concentration of gas precursors is achieved, the nucleation of a new batch of particles is
started by increasing the concentration of one of the reactants or by turning on the illumination
system. In the experiment shown in Figure 3.5, particles nucleate as soon as the lights are turned
on (panel b, yellow shaded area) and gas phase sulfuric acid is formed (panel d, dark red line). The
continuous production and condensation of sulfuric acid on the already nucleated particles leads
to their growth. When the larger particles reach ≈ 300nm in diameter (panel e) the production of
sulfuric acid, and thus the growth of the particles, is stopped by turning off the lights.

Finally, for the following 6h the ice nucleation ability of the particles is investigated in ice satura-
tion ratio scans performed at different temperatures with the continuous flow diffusion chambers
(CFDC, more details on their working principle and operation are provided in Section 3.4). Figure
3.5f shows the saturation scans performed with mINKA color-coded by the investigated tempera-
ture.

The sampling lines of the ice nuclei counters were insulated to preserve the phase state of the par-
ticles formed in the CLOUD chamber. Additionally, the sampling lines of mINKA, PINE, and SPIN
were actively cooled with external chillers to the CLOUD chamber temperature or the minimum
working temperature of the chillers (−65 °C for mINKA and PINE, −35 °C for SPIN).
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Figure 3.5: Time series of a typical experiment performed in the CLOUD chamber during the CLOUD14 cam-
paign for ice nucleation studies. a) Thermodynamic conditions (temperature and relative humidity
with respect to liquid water) inside the CLOUD chamber. b) Rotation speed of the mixing fans
(in percentage) and intensity of the high voltage field used during the cleaning stage. The yellow
shaded area indicates the time period with the UV lights on. c) Concentration of the gaseous pre-
cursors used during the experiment, namely sulfur dioxide (SO

2
), ozone (O

3
), and ammonia (NH

3
).

d) Gas phase concentration of sulfuric acid, and particle phase concentration of sulfate (SO 2–
4

)
and ammonium (NH +

4
). e) Particle number size distribution. f) Saturation scans performed with

mINKA to measure the ice nucleation ability of the formed particles at the temperatures indicated.
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3.4 continuous flow diffusion chambers
Continuous Flow Diffusion Chambers (CFDCs) measure the ice nucleation ability of sampled
aerosol particles under defined temperature and saturation ratio conditions. Several types of
CFDC have been developed in the past (e.g., Rogers et al., 2001; Kanji and Abbatt, 2009; Glen and
Brooks, 2014; Garimella et al., 2016; Brunner and Kanji, 2021). They differ in geometry, working
temperature, and degree of automation, but their working principle is the same. In the following,
the two CFDCs of the Karlsruhe Institute of Technology, INKA and mINKA, are presented.
Reference experiments are also shown to validate their performance.

3.4.1 Working principle

The following description and calculations refer to the work from Rogers (1988). In a CFDC, two par-
allel, ice covered plates are kept at different sub-zero temperatures (Tcold and Twarm), and thereby
generate linear gradients of temperature and water vapor partial pressure in the narrow gap be-
tween them (as shown in Figure 3.6 panels I). The boundary conditions at the plates (x = 0 and
x = 1) are defined by the cooling system of the instrument (for the temperature) and by an ice
coating on the walls (for the water vapor partial pressure):

T(x = 0) = Tc T(x = 1) = Tw

e(x = 0) = esat, ice(T = Tc) e(x = 1) = esat, ice(T = Tw)
(3.7)

The ice and liquid water saturation vapor pressures that establish between the walls (esat,ice and
esat,water) are calculated with equations 3.4 and 3.5 (Murphy and Koop, 2005), and depicted in
panels II in Figure 3.6. The resulting saturation ratio profiles (Sice and Swater) are shown in panels
III. Figure 3.6a and Figure 3.6b refer to different temperature gradients between the instrument
walls (∆T = 8 °C and ∆T = 13 °C).

The investigated aerosol particles flow through the gap between the plates and are thus exposed
to supersaturated conditions. Since the ice nucleation ability of the particles critically depends
on temperature and saturation ratio, the aerosol particles need to experience a narrow range of
thermodynamic conditions. To ensure that, the flow has to be laminar and the aerosol particles
confined in a defined section within it. In fact, the aerosol sample flow, also called aerosol lamina,
usually represents a small fraction (5 to 10%) of the total flow ( 10− 12.5 stdLmin−1). The aerosol
lamina is encased by a constant flow of particle-free, dry synthetic air. The lamina position is
calculated according to Rogers (1988), it depends on the walls temperature difference ∆T , the gap
width d, the total flow, and the aerosol flow. The lamina position is indicated by the gray shaded
areas in Figure 3.6.

The flow velocity profiles for a total flow of 10 stdLmin−1 between vertically oriented plates
are shown in Figure 3.6 panels IV. The velocity profiles are skewed toward the cold plate due to
the development of a buoyant flow close to the warm plate. When large temperature gradients
are applied the buoyant flow can eventually perturb the laminar flow and generate turbulence
(Richardson, 2009). In this case the aerosol flow is not constrained anymore in a thin flow section,
and the aerosol particles experience a wider range of thermodynamic conditions (Garimella et al.,
2017).

By increasing ∆T with appropriate values for Tw and Tc, the aerosol lamina can be exposed to
increasing saturation ratios while kept at constant temperature, performing a so-called saturation
scan (Schiebel, 2017).

3.4.2 INKA and mINKA

The two continuous flow diffusion chambers of the Karlsruhe Institute of Technology, INKA and
mINKA, base their design on the CFDC developed by Rogers (1988). INKA was developed and
described by Schiebel (2017), mINKA is its mobile version3.

3 mINKA has been described for the first time in the Master Thesis "Measurements of the ice nucleating ability of Secondary
Organic Aerosol at the CERN CLOUD experiment" from Pia Bogert (2020).
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Figure 3.6: Thermodynamic conditions between two vertically oriented ice covered plates kept at different
temperatures and with a total flow of 10 Lmin−1. Panels a and b represent the conditions for
temperature differences between the walls of ∆T = 8 °C and ∆T = 13 °C, respectively. Panels I
shows the steady state temperature (left axis, black) and water vapor pressure (right axis, dark
blue) profiles. Panels II report the saturation vapor pressure esat with respect to ice (esat, ice, cyan)
and supercooled liquid water (esat, water, green) calculated with the parametrization by Murphy and
Koop (2005). The saturation ratios S with respect to ice and liquid water are shown in panels III.
Panels IV illustrate the velocity profiles inside the annular gap. The gray shaded areas correspond
to the position of the aerosol lamina for an aerosol flow of 0.5 Lmin−1.

In those instruments, two concentric and vertically oriented copper cylinders of different diame-
ters form an annular gap of width d ≈ 1 cm. The outer and inner cylinders correspond to the warm
and cold plates, respectively. Copper pipes are welded to the surface of the cylinders and connected
to two chillers to control their temperature (from −70 to 20 °C, Proline LAUDA). The copper cylin-
ders of INKA and mINKA are 150 cm and 85 cm long, respectively. A total of 24 thermocouples
(T-type, ±0.5 °C) are attached to the inner and outer walls of each instrument. Figure 3.7 shows the
technical drawings of the two instruments (side view and cross-section), the position of the temper-
ature sensors is also indicated. The sensors can be sorted into six different levels depending on their
height along the columns (Figure 3.7).

In the upper 2/3 of INKA, the cylinder walls are kept at two different temperatures to generate
supersaturated conditions as described in the previous section (so-called diffusion section). In the
lower third of the chamber, instead, the walls are kept at the same temperature (so-called evaporation
section). Without a temperature gradient, the relative humidity in the evaporation section drops to
sub-saturated conditions with respect to liquid water, but the ice coated walls ensure Sice = 1. The
evaporation section is critical for experiments performed at mixed-phase cloud conditions when
supercooled droplets and ice crystals can co-exist. In this section of the instrument, in fact, the
droplets evaporate while the ice crystals continue to grow, facilitating their discrimination in the
analysis. mINKA was set up to measure at low temperatures and RHw < 100%, and for this
reason, it was operated without an evaporation section in the experiments presented in this thesis.
Furthermore, this configuration maximizes the residence time of the particles in the section where
ice nucleation can occur.
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Figure 3.7: Technical drawings of INKA (left) and mINKA (right). The warm and cold walls are colored in red
and blue, respectively. The position of the thermocouples is indicated with red and blue circles.
The sensors are divided into different levels depending on their height along the columns. Note
that the drawings have different scales.

The outlet of the chambers can be connected (i) to a vacuum pump for cleaning purposes and
water vapor removal, (ii) to a water pump to flood the chambers with pure water during the chamber
icing process, or (iii) to an optical particle counter during the measurements.

Before each measurement period, the chambers are evacuated by connecting their outlet to the
vacuum pump to remove both water vapor and aerosol particles. The pressure inside INKA can
go as low as ≈ 1mbar with a leak rate lower than about 2mbarmin−1. In mINKA, instead, the
minimum reachable pressure is ≈ 150mbar due to the presence of a leak in a weld joint of the
inner wall. To minimize the infiltration of ambient air from the leak, the chamber is thus cleaned
by flushing synthetic air while evacuating with the vacuum pump. The icing procedure (i.e., the
procedure to create the ice layer on the walls of the instrument) consists in (1) cooling the instrument
walls to ≈ −27.5 °Cwhile keeping the chamber at low pressure, (2) re-filling the chamber to ambient
pressure with particle-free, dry synthetic air, and (3) flooding the annular gap with deionized water
(Schiebel, 2017). The chamber is then again evacuated for about 5min to smooth the ice coating.
The ice layer on the inner wall of mINKA is thick enough to seal the leak, however if the chamber
is completely evacuated the leak tends to open again. For this reason, a flow of 5 stdLmin−1 of
particle free dry synthetic air is kept during the evacuation. After re-filling to ambient pressure, the
optical particle counter (OPC) is connected to the outlet of the instrument, and the sampling started.
The sample flow can be directly injected into the chamber or can first pass through a HEPA filter
(Whatman) to remove the sampled particles. During the measurement period the sample flow is
regularly passed through the filter to quantify the background signal in the OPC coming from frost
falling from the instrument’s walls.

A home-build LabView software controls the wall temperature and mass flow rates, thus deter-
mining the aerosol lamina temperature and relative humidity. Ice nucleation experiments can be
performed either (i) at constant temperature and increasing the ice saturation ratio, (ii) at constant
ice saturation ratio and decreasing the sample temperature, or (iii) at fixed temperature and ice
saturation ratio. A typical experiment is presented in section 3.4.6 a
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3.4.3 INP concentration

Aerosol particles, droplets and, ice crystals that exit the CFDC are detected with a modified Climet
optical particle counter (CI-3100) (Schiebel, 2017). The sensor detects and amplifies the intensity of
the light scattered by each particle in the range 0.05− 4.5V . In order to associate the output voltage
to a diameter, a rough size calibration was performed. The calibration experiments were carried out
with mono-disperse silicon dioxide particles of known size, which were dispersed into the AIDA
chamber and then sampled by the CFDCs. Particles with two different nominal diameters and same
refractive index (m = 1.43) were used, CalDust1100 (0.9µm, Palas GmbH) and CalDust2000 (2µm,
Palas GmbH). Figure 3.8 shows the results of the calibration experiments. Panels a and b refer
to OPC3, connected to INKA; panels c and d refer to OPC4 installed on mINKA. The measured
scattering intensities are divided into 20 logarithmically spaced bins and the number concentration
dn in each bin calculated. To filter out electrical noise, it is possible to set an intensity lower cutoff
in the OPC recordings. The signals with an intensity lower than the defined noise threshold are
discarded. In each panel, the gray shaded areas correspond to the defined noise threshold, usually
set at 0.2V or 0.3V . The counting efficiency (CE), reported in each panel, is the ratio of the total
number of particles detected by the OPC to the number concentration measured by a CPC. About
70% of the particles larger than 0.9µm are detected. However, it’s important to mention that
for these experiments the CPC and the CFDCs were sampling with different sampling lines from
the AIDA chamber. In particular, the CPC was sampling with a shorter sampling line, while the
CFDCs shared the sampling line from the chamber untill a flow splitter close to their inlets. The
reported counting efficiencies likely represent a lower limit estimate due to different losses in the
sampling lines of the instruments. The two OPCs agree well among them. The OPC4 shows a size
distribution slightly shifted towards larger sizes (i.e., intensity) and has a higher counting efficiency
compared to OPC3. The limit of detection of the Climet OPCs is thus estimated at ≈ 0.9µm, with
an intensity lower cutoff at 0.3V . However, these calibrations refer to particles with a refractive
index of m = 1.43, higher than those for water and ice, for which a lower limit of detection is thus
expected. Particles larger than ≈ 5µm are detected and counted in the highest intensity bin.

The ice crystals number concentration, and thus the INP number concentration, is assessed by
defining an intensity (∼size) threshold (called ice threshold) in the OPC records to distinguish be-
tween the unactivated aerosol particles and the ice crystals. The uncertainty associated with the
calculated ice number concentration depends on (i) the error in the concentration measured by
the OPC, (ii) the user-defined ice threshold, and (iii) the experiment dependent background sig-
nal. Analogously to other optical particle counters, the error in the concentration measured by the
Climet OPCs is assumed to be 20% (Wagner and Möhler, 2013). The ice threshold is a critical pa-
rameter that needs to be evaluated for each experiment. In general, for measurements performed
at RHw < 100% and low temperatures (as for the experiments presented in this thesis), the ice
threshold is defined as the lowest intensity that excludes the majority of the detected aerosol par-
ticles. The background signal comes from the detection above the ice threshold of ice crystals and
large aerosol particles when the ice saturation ratio is still low (i.e., before the start of the saturation
scan). In fact, after several hours of measurements the ice layer on the walls can deteriorate, with
the formation of frost on the cold wall that eventually falls. To account for the background signal,
the number concentration of particles and ice crystals measured above the ice threshold, before the
start of each saturation scan, is subtracted from the total ice number concentration (more details are
provided in Section 3.4.6).

3.4.4 Lamina calculations

As the ice nucleation ability of aerosol particles strongly depends on temperature and saturation
ratio, it is important to correctly evaluate the thermodynamic conditions inside the CFDC and
the associated uncertainty. The thermodynamic conditions of the aerosol lamina are calculated
according to Rogers (1988) and Schiebel (2017).

Figure 3.9 shows the calculated lamina conditions at the different height levels (defined in Figure
3.7) for an experiment performed at the nominal temperature of −44 °C in INKA (panels a and c)
and mINKA (panels b and d). Results for the lowest level of INKA (i.e., level 5) are not reported



3.4 continuous flow diffusion chambers 39

CalDust - 0.9 m CalDust - 0.9 m and 2 m

0.0

0.5

1.0

1.5

2.0

2.5

dn
 [c

m
3 ]

a) CE = 68%

INKA (OPC3)

0.0

0.5

1.0

1.5

2.0

2.5

dn
 [c

m
3 ]

b) CE = 65%

INKA (OPC3)

10
1

10
0

Scattering intensity [V]

0.0

0.5

1.0

1.5

2.0

2.5

dn
 [c

m
3 ]

c) CE = 74%

mINKA (OPC4)

10
1

10
0

Scattering intensity [V]

0

1

2

3

dn
 [c

m
3 ]

d) CE = 73%

mINKA (OPC4)

Figure 3.8: Number particle distributions obtained with the Climet CI-3100 OPCs. Panels a and b refer to
OPC3, installed on INKA; panels c and d refer to OPC4, installed on mINKA. CalDust1100 particles
(0.9µm) are shown on the left (panels a and c), CalDust1100 together with CalDust2000 (2µm)
particles are shown on the right (panels b and d).

as they relate to the evaporation section. The temperature of the lamina in the upper part of the
instruments (level 0) is clearly higher than the average conditions. In both instruments, in fact,
the cooling fluid flows from the bottom to the top of the cylinders, gradually heating up (Schiebel,
2017). The lamina saturation ratio at level 0 is also affected, resulting in lower values compared to
the average conditions (panels c and d). Since the ice nucleation process is expected to occur in the
region with the lowest temperature and highest saturation ratio, only sensors from levels 1 to 4 in
INKA and from 1 to 5 in mINKA are used in the mean wall temperature calculation (Tw and Tc).
The lamina conditions (T and S) calculated considering the mean value of only those sensors are
reported with black dashed lines in Figure 3.9.

The errors associated to the thermocouples (±0.5 °C) and the estimate of the annular gap width
affect the evaluation of the aerosol lamina position and its thermodynamic conditions. The un-
certainty in the gap width was estimated by Schiebel (2017). The nominal gap width from the
technical drawings (dnominal = 1.14 cm) is reduced during the CFDC operation due to the presence
of the ice layer on the walls. The gap width with a fresh ice layer on the walls was estimated
to be diced = 0.99 cm (Schiebel, 2017). For the aerosol lamina calculations, the average value of
d = 1.06 cm is used, as the initial ice layer depth is reduced in the course of an experiment.

To take into account those uncertainty in the lamina calculations, the errors on the temperature
and gap width are combined to provide the larger deviations from the average conditions. Table 3.2
reports the combination of values used for the lamina and error estimate.

3.4.5 Critical nucleation rates

The critical homogeneous nucleation rate coefficients Jcrit
hom correspond to the estimate of the lower

homogeneous freezing rate coefficients measurable with a specific instrument or technique (Möhler
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Figure 3.9: Temperature (panels a and b) and saturation ratio with respect to ice (panels c and d) of the aerosol
lamina at the different heights along the diffusion section of INKA (panels a and c) and mINKA
(panel b and d). See Figure 3.7 for the definition of the different height levels.

Table 3.2: Parameters used for the lamina calculations and associated errors.

Tw Tc d

T ,S Tw Tc d

Tmax Tw + 0.5 Tc + 0.5 diced
Tmin Tw − 0.5 Tc − 0.5 dnominal
Smax Tw + 0.5 Tc − 0.5 diced
Smin Tw − 0.5 Tc + 0.5 dnominal

et al., 2003). Equation 2.10 is used for their evaluation (Möhler et al., 2003). The parameters involved
are the activation probability nhom/n (i.e., the fraction of frozen solution droplets), the observation
time ∆t (i.e., the time the particles are exposed to supersaturated conditions), and the volume V of
a solution droplet.

To estimate the time interval ∆t, it is necessary to evaluate the length of the section of the instru-
ments in which the droplets are exposed to supersaturated conditions and can thus nucleate ice.
As discussed in Section 3.4.4, the effective nucleation section has a length of about 80 cm in INKA
(levels 1 to 4 in Figure 3.7) and of about 70 cm in mINKA (levels 1 to 5 in Figure 3.7). The residence
time of the particles in the so defined nucleation section (∆t) is calculated by using the flow velocity
at the lamina position. Figure 3.10 shows the residence time for particles inside the aerosol lamina
as a function of the temperature difference between the two walls ∆T (left panel), and as a function
of the ice saturation ratio Sice for different aerosol lamina temperatures (colors).

The Jcrit
hom obtained for solution droplets of diameter 0.5µm and 1µm, representative for the major-

ity of the aerosol particles investigated in this thesis, are reported as a function of the ice saturation
ratio Sice in Figure 3.11 . Solid and dashed lines refer to the freezing probabilities Pcrit of 0.5 and 0.3,
respectively. Panels a and c refer to INKA, panels b and d refer to mINKA. The critical nucleation
rate coefficients estimated, for the considered diameters and freezing probabilities, are in the range
between 1011 and 1012cm−3s−1.
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Figure 3.11: Critical nucleation rate coefficients for INKA (panels a and b) and mINKA (panels c and d) for a
freezing probability of 0.5 (solid lines) and 0.3 (dashed lines) and solution droplets diameters of
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3.4.6 Typical experimental procedure

A typical INKA saturation scan, performed at the nominal temperature of −54 °C with solid ammo-
nium sulfate particles sampled from the AIDA chamber, is shown in Figure 3.12. Aerosol particles
were generated with an ultrasonic nebulizer (described in Section 3.2.2) from a 1wt% solution of
ammonium sulfate in deionized water. The particles had a median diameter of about 400nm. The
particles were injected into the AIDA chamber held at −50 °C and ice saturated conditions (Sice = 1).

Figure 3.12a shows the temperature time series of the warm wall (red), the cold wall (blue),
and the aerosol lamina (black). In a saturation scan the temperature of the walls are continuously
adjusted in order to keep the lamina temperature constant while increasing the ice saturation ratio.
The saturation ratio with respect to ice Sice and liquid water Swater are reported in Figure 3.12b.
Panel c shows the normalized single particle data from OPC3. Each black dot corresponds to
an aerosol particle or ice crystal. The green horizontal line corresponds to the user-defined ice
threshold for the experiment under consideration. The ice number concentration is reported in
panel c, right axis. The background concentration is calculated as the average concentration of
particles or ice crystals above the ice threshold detected before the start of the measurement (gray
shaded area, ≈ 2min).

Figure 3.12: Ice saturation ratio scan performed with INKA at the nominal temperature of −54 °C with crys-
talline ammonium sulfate particles. a) Temperature of the walls and aerosol lamina. b) Saturation
ratios with respect to ice and liquid water (purple). The associated error is shown as shaded area.
c) Normalized single particle data from OPC3 (left axis), each black dot corresponds to an aerosol
particle or ice crystal. The green horizontal line is the ice threshold. The ice crystal number con-
centration is also reported in panel c (red, right axis). The gray shaded area highlight the data
used to evaluate the background ice concentration.

At low saturation ratios, only the larger aerosol particles are detected by the OPC. As soon
as a critical saturation value is reached, after ≈ 400 s, ice starts to form heterogeneously on the
crystalline ammonium sulfate particles and ice crystals are detected at larger sizes (i.e., higher
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scattering intensities) in the OPC records. A further increase in the saturation ratio leads to an
increase of the detected nucleation events.

A CPC (model 3772, TSI) is usually operated together with the CFDCs to measure the aerosol
number concentration directly before the inlet of the instruments. The ratio of the ice crystal number
concentration to the total number of aerosol particles provides the fraction of aerosol particles that
nucleated ice (ice nucleating fraction, INF).

3.4.7 Proof of concept

In this section, proof of concept studies performed to validate INKA and mINKA performing fea-
tures are presented. In particular, experiments on the (i) homogeneous freezing onset of aqueous
solution droplets, (ii) deliquescence, and (iii) heterogeneous ice nucleation of crystalline ammo-
nium sulfate particles are shown. Homogeneous freezing of solution droplets and deliquescence of
inorganic salts are typical experiments performed to validate the performances of continuous flow
diffusion chambers (e.g., DeMott et al., 2003; Kanji and Abbatt, 2009; Richardson, 2009; Kong et al.,
2018; Brunner and Kanji, 2021). These phenomena, in fact, occur at defined relative humidity and
ice saturation values as a sudden growth of the aerosol particles (deliquescence) or appearance of
the ice crystals (homogeneous freezing). In the following, the three types of experiments are pre-
sented separately. Finally, a summary overview with the comparison to literature data is shown in
Figure 3.17.

homogeneous freezing of solution droplets Figure 3.13 shows two saturation scans per-
formed with liquid ammonium bisulfate particles (NH

4
HSO

4
) generated with an ultrasonic nebu-

lizer from a 8wt% solution in deionized water. The generated particles had a median diameter of
about 1µm (measured with an aerodynamic particle sizer, APS). The measurements were performed
at the nominal temperature of −48 °C. Data from the INKA and mINKA instruments are reported
in panel a and b, respectively. The single particle data from the OPCs are color-coded by the aerosol
number concentration, calculated from the OPC data divided in 20 log-normally distributed size
bins. In both instruments, the ice crystals appear only at the end of the measurement period at high
ice saturation ratio values. The ice nucleation onsets, defined for an ice-active fraction of 0.1%, are
estimated at 1.57 and 1.55 in INKA and mINKA, respectively (vertical dashed lines in Figure 3.13).

The influence of the evaporation section, present in INKA and not in mINKA, is well visible
when comparing the evolution of the particle size distribution as a function of the ice saturation
ratio. To facilitate the distinction between aqueous droplets and ice crystals in the OPC records, the
lower third section of INKA is kept at subsaturated conditions with respect to liquid water (here
at RHw ≈ 63%) to evaporate the cloud droplets, but still at ice saturated conditions to avoid the
sublimation of the ice crystals. mINKA, instead, is operated without evaporation section and the
aerosol particles experience the same supersaturated conditions through the whole chamber. As
the ice saturation ratio (and relative humidity) increases during the measurement, the particles are
detected at progressively larger sizes due to their hygroscopic growth (Figure 3.13b).

A summary of the homogeneous freezing onsets of sulfuric acid and ammonium bisulfate aque-
ous solution droplets is presented in Figure 3.17a. For all the experiments, the aerosol particles were
sampled from the AIDA chamber held at low temperature (T < −30 °C). The reported onset values
correspond to the ice saturation ratio at which an ice nucleating fraction of 0.1% was reached. In
Figure 3.13a, INKA and mINKA results are compared to literature data and parametrizations.
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Figure 3.13: Homogeneous freezing experiment performed with liquid NH
4
HSO

4
at −48 °Cwith INKA (upper

panel) and mINKA (lower panel). Each dot corresponds to an aerosol particle or ice crystal at the
corresponding normalized diameter. Data are colored by the number concentration calculated
from the OPC data divided in 20 log-normally distributed size bins.

deliquescence relative humidity of ammonium sulfate The deliquescence relative humid-
ity (DRH) is detected in the CFDCs as a sudden increase in particle size due to their hygroscopic
growth (e.g., Kong et al., 2018; Wagner et al., 2020; Brunner and Kanji, 2021). As for the ice nu-
cleation experiments, to detect the DRH of the investigated aerosol particles the relative humidity
is gradually increased while the aerosol temperature is held constant. Figure 3.14 shows a typical
deliquescence experiment performed at the nominal temperature of −35 °C with initially crystalline
ammonium sulfate particles ((NH

4
)
2
SO

4
, AS). The particles were generated with an ultrasonic nebu-

lizer from a 8wt% solution of AS in deionized water. The generated particles had a median diameter
of about 1µm (measured with an aerodynamic particle sizer, APS). To crystallize the aerosol parti-
cles before injection into the AIDA chamber, the aerosol flow was exposed to a relative humidity
lower than the efflorescence relative humidity of ammonium sulfate by passing through a series of
diffusion dryers. Panels A and C refer to INKA results, mINKA data are shown in panels B and D.
The normalized single particle data from the OPCs are reported in panels A and B, color-coded by
the number concentration dN calculated from the OPC data divided in 20 log-normally distributed
size bins. The relative humidity experienced by the aerosol particles during the scans in INKA and
mINKA is reported in panels A and B (right axes, black curves). The aerosol number concentration
measured by the OPCs in the size bins shaded in gray is shown in panels C and D (right axes, blue
curves). Panels C and D show 5 particle size distributions measured at the outlet of the CFDCs at
the times indicated with vertical lines in panels A and B, and corresponding to the relative humidity
indicated in the legend. For RHw > 88%, the hygroscopic growth of the particles is visible in the
size distribution plots (panels C and D, red curves) as an increase in the concentration of the larger
aerosol particles. The procedure to detect the DRH has been standardized by defining the following
criteria: (i) to avoid empty size bins, only the bins whose total concentration sum up to 99% of the
total concentration are considered; (ii) only the size bins on the right side of the distribution are
considered (because the size bins on the left side would measure a decreasing concentration after
the deliquescence); (iii) the two central size bins among those previously identified are selected; (iv)
the deliquescence is detected when the aerosol concentration, in both the selected size bins, exceeds
their initial values by 2 or 3 standard deviations. For the experiment reported in Figure 3.14, the
DRH is detected at RHw = 88% in both instruments. As already mentioned in Section 3.4.3, from
the size distributions shown in panels c and d, it is visible that OPC4 (installed on mINKA) is
sensitive to smaller particles compared to OPC3 (installed on INKA).
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The effect of the evaporation section (present in INKA and not in mINKA) is clearly visible.
In INKA, although the particles deliquesce at their characteristic DRH in the upper part of the
instrument, they re-equilibrate to the conditions of the evaporation section (here RHw ≈ 70%)
before exiting the instrument. In mINKA, instead, the particles continue to grow as the relative
humidity in the aerosol lamina increases (for RH>DRH).

A summary of the ammonium sulfate deliquescence relative humidity values for ammonium
sulfate particles measured at different temperatures is presented in Figure 3.17b.

Figure 3.14: Deliquescence experiment performed with crystalline (NH
4
)
2
SO

4
at the nominal temperature of

−35 °C. INKA results are shown in panels A and C, mINKA results are shown in panels B and D.
Panels A and B report the OPC single particle data recorded during the saturation scan. Panels
C and D illustrate the particle size distributions measured at different relative humidities. The
evolution of the aerosol number concentration in the size bins highlighted with a gray shaded
area in panels C and D is shown in panels A and B (blue curve, right axes). The relative humidity
experienced by the aerosol particles during the measurement is shown in panels A and B with
black curves (right axes).

heterogeneous freezing of crystalline ammonium sulfate During the various experi-
mental campaigns presented in this thesis, several ice nucleation measurements were performed
with crystalline ammonium sulfate (AS) particles. These measurements provide a good data set to
compare the heterogeneous ice nucleation onsets measured with INKA and mINKA. As a reference,
AIDA expansion cooling experiments performed with crystalline AS particles are also shown.

Particles were generated with an ultrasonic nebulizer from bulk solutions of AS in deionized
water or from the neutralization reaction inside the AIDA chamber of acidic particles (sulfuric acid
or ammonium bisulfate) with ammonia. The in situ neutralization procedure is described in details
in Chapter 4. The AS particles were exposed to a relative humidity below their efflorescence relative
humidity value to ensure their crystallization. The crystalline state of the particles inside the AIDA
chamber was measured with a Fourier transform infrared sprectrometer and with the SIMONE
instrument (see Section 3.2). The median diameter of the particles was about 1µm for the in situ
neutralization experiments, and ≈ 0.5µm or ≈ 1µm for the bulk solution experiments (for 1wt%
and 5− 8wt% solution concentrations, respectively).

The ice activation curves, i.e. the ice nucleating fraction (INF) of the aerosol population as a
function of the ice saturation ratio (Sice), of the crystalline AS particles at temperatures between
−48 °C and −56 °C are summarized in Figure 3.15. INKA results are shown in the left panels (a-
d), mINKA data are reported in the right panels (e-h). Colors represent different aerosol particle
generation methods and thermodynamic conditions inside the AIDA or APC chambers (see legend).
The ice activation curves of the corresponding AIDA expansion cooling experiments, when available,
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are reported with dashed lines. As a reference, the homogeneous freezing of ammonium bisulfate
particles is shown in black.

Figure 3.15: Ice nucleating fraction as a function of the ice saturation ratio for crystalline ammonium sulfate
particles measured with INKA (a-d) and mINKA (e-h). Results from AIDA expansion cooling
experiments are shown with dashed lines. Homogeneous freezing activation curves for aqueous
ammonium bisulfate solution droplets are shown in black. Colors indicate different generation
method of the particles (from bulk solution or from the neutralization of acidic particles) and
thermodynamic conditions (temperature and relative humidity) of the chambers (APC or AIDA)
from which the particles were sampled.

In all the experiments, the number of ice-active particles gradually increased with increasing ice
saturation ratio, as typical for heterogeneous ice nucleation. This gradual increase in the number of
formed ice crystals is interpreted as the increasing number of surface sites that activate at their cor-
responding critical ice saturation ratio (Möhler et al., 2006). The ice activation curves corresponding
to the homogeneous freezing of the aqueous ammonium bisulfate particles are steeper, indicating
that most of the particles nucleated ice at almost the same ice saturation ratio. Additionally, the
ice nucleation onsets (defined here for an ice-active fraction of 0.1%) of the crystalline AS particles
are well below the homogeneous freezing onsets measured for the aqueous ammonium bisulfate
solution droplets (at −52 °C, Sice = 1.39− 1.49 and Sice = 1.62, respectively). These results show
the ability of INKA and mINKA to detected and distinguish heterogeneous and homogeneous ice
formation.

Although the shape of the heterogeneous ice activation curves is similar for all the AS experiments,
the measurements show a certain variability in the detected ice nucleation onsets. However, the ice
nucleation measurements performed with INKA and mINKA on the same experimental day and
with the same aerosol particles show a good agreement, suggesting that the instrument preparation
(e.g. the icing of the walls) is not the cause of the variability in the ice nucleation measurements. The
overall variability of the measured ice nucleation onsets at the different temperatures is summarized
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in Figure 3.16. The widest range of heterogeneous ice nucleation onsets, from Sice = 1.36 to Sice =

1.54, is observed in the INKA data at −56 °C.
The variability of the heterogeneous ice nucleation onsets measured with the CFDCs could orig-

inate from the different aerosol particle generation methods and thermodynamic conditions of the
chambers in which the particles were suspended. Indeed, Zuberi et al. (2001) investigated the hetero-
geneous ice nucleation ability of aqueous particles with inclusions of crystalline ammonium sulfate
and found that the morphology of the solid component (i.e. composed of several microcrystals or of
a few larger crystals) can significantly change the critical ice saturation ratio at which ice nucleation
occurs. However, more systematic studies are needed to better constrain the source of the measured
variability, i.e. if it has an instrumental origin or if the aerosol generation method influences the
morphology and ice nucleation ability of the crystalline ammonium sulfate particles.

For some of the measurements, the ice nucleation onset conditions measured with the CFDCs and
with AIDA expansion cooling experiments (dashed lines in Figure 3.15) agree within the respective
errors. However, a systematic offset between the two techniques is visible, with higher ice saturation
ratio onsets measured by the CFDCs (see Figure 3.16). The difference in the median ice saturation
ratio onsets measured with the CFDC and AIDA ranges from 0.07 to 0.2. A comparable offset
between INKA and AIDA results was already reported by Wagner et al. (2020) with reference to the
heterogeneous ice nucleation ability of solid ammonium nitrate particles.

Figure 3.16: Distribution of the ice nucleation onsets measured in the CFDCs and AIDA expansion cooling
experiments shown in Figure 3.15. The box shows the quartiles of the data, the horizontal line
inside the box is the median value of the distribution, and the whiskers extend to show the rest
of the distribution. Outliers are shown with diamonds.

summary The results of the homogeneous freezing (panel a), deliquescence (panel b), and het-
erogeneous ice nucleation (panel c) experiments presented in the previous section are summarized
in Figure 3.17. INKA results are reported with squares, mINKA data with circles, and literature
data are shown in black. The solid black line indicates water saturation (RHw = 100%). The ho-
mogeneous freezing parameterizations for aqueous solution droplets from Koop et al. (2000) and
for aqueous sulfuric acid particles from Schneider et al. (2021) are also shown. The black dashed
line is the ammonium sulfate deliquescence relative humidity calculated with the Extended Aerosol
Inorganic Model (E-AIM, Clegg et al., 1998). The parametrizations from Murphy and Koop (2005)
(equations 3.5 and 3.4) are used to express the relative humidity with respect to liquid water as a
function of the ice saturation ratio.

The CFDCs homogeneous freezing onsets, defined for a 0.1% activated fraction, are shown in
Figure 3.17a. Colors indicate different chemical composition of the particles (sulfuric acid or am-
monium bisulfate) and AIDA thermodynamic conditions (see legend). The parametrization by
Schneider et al. (2021), obtained from AIDA expansion cooling experiments, better represents the
CFDCs data compared to the parametrization suggested by Koop et al. (2000). However, most of the
measured ice onsets are at higher ice saturation ratio than the parametrization by Schneider et al.
(2021). Various motivations could explain the measured bias. First, the two measuring techniques
(i.e., expansion cooling vs CFDC) have different critical nucleation rates, for AIDA experiments
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Jhom
crit = 108− 1013cm−3 s−1 (Möhler et al., 2003), while for the CFDCs Jhom

crit = 1011− 1012cm−3 s−1.
The smaller Jcrit

hom of the AIDA experiments reflects in a lower limit of detection of the homogeneous
freezing onset (see Figure 2.2), consistent with the lower values measured in the AIDA experiments.
Additionally, the residence time inside the CFDCs at such low temperatures and high saturation
ratios is ≈ 5− 6 s, while an AIDA expansion cooling experiment can last ≈ 100− 600 s. Therefore,
in the CFDCs particles have less time to equilibrate to the instrument conditions and this, together
with possible kinetic limitation of water diffusion at low temperatures, could delay the detected
homogeneous freezing onset. Finally, as indicated by the exemplary errorbars shown in Figure 3.17,
the error associated to the ice saturation ratio Sice experienced by the aerosol particles becomes
progressively larger at low temperature and high Sice, due to the large wall temperature gradients
required to achieve such conditions. The large temperature gradients also increase the buoyant flow
in proximity of the warm wall, compromising the laminar condition of the flow (see Section 3.4.1 for
more details). Black diamonds indicate the homogeneous freezing onset of H

2
SO

4
solution droplets

measured by Richardson (2009) with a CFDC similar to INKA (i.e., with the same geometry) and at
comparable operational conditions (i.e., with a total flow rate of 10 stdLmin−1). The values from the
three CFDCs are consistent, with the results from Richardson (2009) also being slightly higher that
the AIDA parametrization (Schneider et al., 2021) and largely offset from the homogeneou sfreezing
parametrization from Koop et al. (2000). Richardson (2009) measured notably lower homogeneous
freezing onsets when operating the CFDC with a total flow rate of 5 stdL min−1, and suggested
that the longer residence time (from ≈ 8 s to ≈ 11 s at Tw = −32 °C and Tc = −49.5 °C) allows the
solution droplets to dilute more, thus to nucleate ice at a lower Sice, and the ice crystals to grow
larger, thus to be detected more easily, compared to the experiments performed with a higher flow
rate. Nevertheless, by operating vertically oriented CFDCs with such low flow rates a significant
buoyant flow could develop close to the warm wall and induce the transition from a laminar to a
turbulent flow regime, especially at low temperatures and high Sice values. Which is why all the
experiments presented in this thesis have been performed with a total flow rate of 10 stdLmin−1.

The deliquescence relative humidity (DRH) of ammonium sulfate particles results are shown in
Figure 3.17b. Colors refer to two different experiments performed sampling the aerosol particles
from the AIDA chamber held at two different thermodynamic conditions (see legend). DRH values
measured by INKA and mINKA at different temperatures agree among them and with previous
measurements performed at low temperatures (Braban et al., 2001; Fortin et al., 2002; Brunner and
Kanji, 2021). The studies from Braban et al. (2001) and Fortin et al. (2002) are based on infrared
spectroscopy experiments, while the study from Brunner and Kanji (2021) is based on CFDC mea-
surements. For temperatures lower than ≈ −38 °C the data from the three CFDCs start to deviate
from the E-AIM results, indicating a possible stronger temperature dependency of the ammonium
sulfate DRH than predicted by the model. However, it’s important to mention that the DRH values
calculated with the E-AIM are expressed here in term of Sice by using the parametrizations from
Murphy and Koop (2005) (equations 3.4 and 3.5). A low bias in the parametrization used for the
saturation vapor pressure of supercooled liquid water (esat, w), as suggested by Nachbar et al. (2019),
would eventually lead to an underestimate of the deliquescence Sice as retrieved from E-AIM, with
a consequent shift of the dashed black line to higher ice saturation ratios.

Figure 3.17c shows the heterogeneous ice nucleation onsets already described in the previous
section. Colors refer to different generation methods of the particles and different thermodynamic
conditions at which the particles were suspended (see legend). Black symbols refer to literature
data on the heterogeneous ice nucleation of crystalline ammonium sulfate particles obtained from
different techniques and particles with different diameters. Despite the evident offset between the
CFDC results and the other techniques and the variability in the ice onset conditions measured
with the CFDCs, the clear distinction between the homogeneous and heterogeneous INF − Sice
curves showed in the previous sections prove the validity of this techniques in low-temperature ice
nucleation measurements.

INKA has already been operated in several experimental campaigns and compared to other in-
struments and techniques at different working conditions, resulting in a good agreement with the
other ice nuclei counters (DeMott et al., 2018; Hiranuma et al., 2019). These results indirectly also
validate mINKA results.
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Figure 3.17: Summary of the proof of concept studies. Literature results are shown in black. The black solid
line indicates water saturation, black dashed line is the DRH of ammonium sulfate (AS) modeled
with the E-AIM (Clegg et al., 1998). The gray shaded area corresponds to the homogeneous
freezing onset of aqueous solution droplets (Koop et al., 2000). The black dotted line is the
parametrization for the homogeneous freezing of sulfuric acid solution droplets by Schneider et
al. (2021). a) Ice onsets of homogeneous freezing of solution droplets. Colors indicate different
particle chemical composition and AIDA thermodynamic conditions (see legend). b) DRH of
crystalline AS particles. Colors refer to different thermodynamic conditions at which the aerosol
particles were suspended (see legend). c) Heterogeneous freezing ice onsets (for INF = 0.1%) for
crystalline AS particles. Colors refer to different generation methods of the particles and different
thermodynamic conditions at which the aerosol particles were suspended (see legend).
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4.1 introduction
Aqueous sulfuric acid (H

2
SO

4
) is a key component in upper tropospheric aerosol particles. It orig-

inates from the oxidation of sulfur dioxide (SO
2
) via both gas- and aqueous-phase processes. SO

2

sources are both natural (e.g., from volcanic eruptions and oxidation of dimethyl sulfide) and an-
thropogenic (e.g., from fossil fuel combustion). Since the 1980s, policies to reduce anthropogenic
SO

2
emissions have led to a decrease of its atmospheric concentrations. Anthropogenic activities

have substantially modified the nitrogen cycle (Erisman et al., 2008), leading to an increase of about
20% of the ammonia concentration in the Northern hemisphere over the last decades (e.g., Warner
et al., 2017).

Based on the relative abundance of gas phase sulfuric acid and ammonia, particles with different
ammonium-to-sulfate ratios (ASR), and thus with different physical-chemical properties, can form
in the atmosphere. In particular, three different salts can form in the H

2
SO

4
/NH

3
/H

2
O system:

ammonium bisulfate (AHS, NH
4
HSO

4
, ASR = 1.0), letovicite (LET, (NH

4
)
3
H(SO

4
)
2
, ASR = 1.5), and

ammonium sulfate (AS, (NH
4
)
2
SO

4
, ASR = 2.0). However, the temporal and spatial distribution

of ammonia sources as well as atmospheric processing of aerosol particles likely result in aerosol
populations with a range of compositions (i.e., ammonium-to-sulfate ratios) rather than uniform
stoichiometry.

As inorganic salts, ammoniated sulfate particles can be found in the atmosphere in solution or
crystallized form. It is important to determine the phase state of the particles to evaluate their direct
radiative effect, heterogeneous reaction rates, and contribution to ice nucleation. Once effloresced,
ammonium sulfate particles are solid up to high relative humidities (≈ 85% at about −30 °C) and
can thus be found in a crystalline state in the upper trosposphere, where they can initiate cirrus
cloud formation via heterogeneous ice nucleation (Abbatt et al., 2006). A few studies have investi-
gated the thermodynamic properties of partially neutralized particles (i.e. with ASR < 2.0) at room
temperature (e.g., Spann and Richardson, 1985; Tang and Munkelwitz, 1994; Schlenker et al., 2004;
Schlenker and Martin, 2005), but low temperature studies of the H

2
SO

4
/NH

3
/H

2
O system relevant

for upper tropospheric conditions are still missing. A detailed description of the thermodynamic
behavior of the system investigated in this chapter and of the potential role of inorganic salts in
cirrus cloud formation can be found in Section 2.4.

This chapter focuses on the crystallization behavior, phase state, and ice nucleation ability at
cirrus cloud conditions (T < −38 °C) of ammoniated sulfate particles with 1.0 6 ASR 6 2.0. A
summary of the performed experiments is provided in Table 4.1. The first series of experiments
(1 − 8) investigated particles generated from aqueous solutions with pre-defined ammonium-to-
sulfate ratios. Similarly to the experimental procedure of Schlenker et al. (2004), the crystallization
behavior of particles generated from bulk solutions was measured by exposing the particles to a
defined relative humidity history. The aqueous solution droplets, generated with a nebulizer at
room temperature and RHw = 100%, were first exposed to low relative humidity conditions in a
diffusion dryer (RHw ≈ 3%) and then to the AIDA cloud chamber at low temperature (−50 °C)
and intermediate relative humidity (RHw ≈ 35%), which is clearly below the deliquescence relative
humidity of the particles (see Figure 2.10). Thanks to the hysteresis behavior in the water uptake
of inorganic salts, particles that eventually crystallize at low RHw in the injection line remain in a
solid state at the final intermediate RHw in the AIDA chamber. The low temperature deliquescence
behavior and ice nucleation ability of the particles were investigated by means of expansion cooling
experiments in the AIDA chamber and with humidity scans with two continuous flow diffusion
chambers (INKA and mINKA).

The final experiment 9 was designed to simulate the neutralization process at upper tropospheric
conditions in the AIDA chamber (−50 °C, RHw = 25%). For this experiment, aqueous sulfuric

51
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acid droplets were injected into the AIDA chamber, and then gradually neutralized by injecting
gas-phase ammonia. Changes in the chemical composition and phase state of the particles were
measured by infrared spectroscopy and light scattering depolarization measurements. During the
neutralization procedure, the ice nucleation ability of the particles was probed with repeated ice
saturation ratio scans performed at −52 °C and −56 °C. Two AIDA expansion cooling experiments
were also performed to measure the ice nucleation ability of partially and fully neutralized particles.

The description of the AIDA facility and of the standard experimental setup can be found in
Section 3.2 and will only briefly be mentioned here. In the following, the preparation and character-
ization of the aerosol particles are described. Section 4.3 and 4.4 report the experimental procedure
and results on the crystallization, deliquescence and ice nucleation ability of particles derived from
aqueous bulk solutions with pre-defined ammonium-to-sulfate ratios. Finally, the in situ neutraliza-
tion experiment is introduced and commented in Section 4.5.

Table 4.1: Summary of the experiments performed with ammonium-sulfate particles and main parameters of
the aerosol particle populations. ASR is the ammonium-to-sulfate ratio, RHinj

w is the relative humidity
in the aerosol injection line, T and RHw correspond to the conditions inside the AIDA chamber
before the start of the expansion cooling experiments. ρ is the density of the particles calculated
with the E-AIM (Clegg et al., 1998) at the thermodynamic conditions of the AIDA chamber by
forcing the phase state and composition of the particles to the observed one. The listed solid and
liquid phases correspond to the composition of the particles upon injection in the AIDA chamber
as determined by infrared spectroscopy. AHS: ammonium bisulfate; LET: letovicite; AS: ammonium
sulfate.

Exp. ASR RH
inj
w [%] T [°C] RHw [%] ρ [g cm−3] solid phase liquid phase

1 1.0 6 1 −50 37 1.59 − Yes
2 1.1 6 1 −51 31 1.78 AHS+LET Yes
3 1.2 6 1 −50 38 1.78 AHS+LET −

4 1.35 ≈ 18 −50 31 1.78 AHS+LET −

5 1.5 ≈ 3 −51 36 1.77 AHS+AS and LET −

6 1.6 ≈ 3 −51 36 1.77 LET+AS −

7 1.8 ≈ 3 −50 32 1.77 LET+AS −

8 2.0 6 1 −51 36 1.77 AS −

9 0→ 1.9 6 1 −51 25 1.45 AHS+LET→LET→AS Yes

4.2 aerosol preparation and characterization
For experiments 1 − 8, particles were generated with an ultrasonic nebulizer (see Section 3.2.2)
from bulk solutions of predefined chemical composition. The aqueous solutions were prepared by
dissolving different amounts of ammonium sulfate and ammonium bisulfate in ultra-pure water
to obtain overall 8wt% solute concentrations with defined ammonium-to-sulfate ratios (ASR, see
Table 4.1). A carrier flow of dry synthetic air (f = 5 Lmin−1) was used to inject the aerosol particles
into the AIDA chamber.

The crystallization behavior of the particles was investigated by following the experimental pro-
cedure used by Schlenker et al. (2004). The generated aqueous solution aerosols were first exposed
to low relative humidity conditions by passing them through a series of diffusion dryers before
injection to the AIDA chamber. To assess whether the particles crystallized at low relative humidity
in the injection line, the relative humidity in the AIDA chamber was kept at an intermediate value
below the expected partial deliquescence relative humidity (PDRH) of the particles (about 40% at
room temperature, see Section 2.4). However, to also probe the ice nucleation ability of those par-
ticles in expansion cooling experiments, a minimum relative humidity is necessary to reach high
ice supersaturation during the experiments. The AIDA chamber was thus prepared at −50 °C and
about 35% relative humidity with respect to liquid water (see Table 4.1).
At low temperature it is difficult to accurately control the relative humidity in the AIDA chamber
because its humidification is achieved by adding pure water vapor for a few seconds from a heated
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water reservoir. When this procedure led to a too low relative humidity the diffusion dryers in the
injection line were removed to increase the chamber relative humidity by injecting more humid air
together with the aerosol particles. This was the case for experiment 4.

The water vapor pressure einj the aerosol particles were exposed to in the injection line at 25 °C
was calculated from the variation in the water vapor pressure ∆e (from the in situ TDL APicT data)
and the total volume of injected air (Vinj):

einj = ∆e
VAIDA

Vinj
= ∆e

VAIDA

f ·∆t

RH
inj
w =

einj

es,w(25 °C)

with VAIDA = 84 300 L, f = 5 Lmin−1, and the injection time ∆t in minutes. The calculated RHinj
w

values are reported in Table 4.1. During experiment 4, the diffusion dryers were removed to inject
more humid air to increase the relative humidity in the AIDA chamber, resulting in a relative
humidity in the injection line of about 18%. However, that relative humidity value was sufficient to
completely crystallize the particles with an ASR = 1.35, as shown by their infrared spectrum.

For the in situ neutralization experiment (experiment 9), sulfuric acid (SA) solution droplets were
generated as described in Section 3.2.2. In brief, a dry and particle-free synthetic air flow is saturated
with gas-phase sulfuric acid by flowing over a heated liquid sulfuric acid reservoir. Homogeneous
nucleation and subsequent condensation growth of SA particles is then induced by the cooling of the
flow to ambient temperature. The final particle diameter is regulated by adjusting the temperature
of the reservoir and the flow rate of the carrier flow. When injected into the cold AIDA chamber,
the gas-phase sulfuric acid remaining in the aerosol flow caused the nucleation of further aerosol
particles. However, once neutralized with ammonia, those small particles (usually with diameter
< 30nm) are not expected to contribute to the heterogeneous ice nucleation activity of the whole
population (with median diameter ≈ 1µm), or represent a negligible fraction due to their small
total surface area.

The normalized particle number size distributions measured by an aerosol particle sizer (APS) as
a function of the volume equivalent diameter Dve are shown in Figure 4.1. To convert the particle
aerodynamic diameter to the volume equivalent diameter (see section 3.1 for more details), a shape
factor χ = 1.0was used for fully or partially liquid particles, while χ = 1.1was chosen for crystalline
particles. The density values used for the diameter conversion of the different particles are reported
in Table 4.1. As shown in the next section, ammonium bisulfate particles (experiment 1) did not
crystallize and remained in a supersaturated liquid state in the AIDA chamber (as also shown by
Cziczo and Abbatt, 2000; Schlenker et al., 2004). The equilibrium concentration and density at
the AIDA chamber conditions for the aqueous particles of experiments 1 and 9 (with sulfuric acid)
were calculated with the Extended Aerosol Inorganic Model (E-AIM, Clegg et al., 1998). The median
diameter of the particles was determined with a log-normal fit to the measured size distribution,
yielding similar count median diameters in the narrow range 0.91− 0.99µm for all the experiments.

After injection into the AIDA chamber, the phase state of the particles was measured with the
SIMONE instrument (Schnaiter et al., 2012) and by means of a Fourier transform infrared (FTIR)
spectrometer1 (Wagner et al., 2006). In the infrared spectra, the intensity and position of specific
absorption bands allow to infer the water content, phase state, and chemical composition of the par-
ticles (Onasch et al., 1999; Schlenker et al., 2004; Zawadowicz et al., 2015). The SIMONE instrument
measures the intensity of the linearly polarized laser light (λ = 488nm) scattered by the aerosol
particles in the forward (2°) and backward (178°) directions. In the backward direction, the scat-
tered light intensity is detected for the components parallel and perpendicular to the polarization
plane of the incident laser light, so that the linear depolarization ratio of the scattered light can be
determined. Non-spherical and inhomogeneous particle morphologies can induce a change of the
incident polarization state of the laser light, thereby causing a non-zero value for the depolarization
ratio. In contrast, homogeneously mixed, spherical aqueous solution droplets show a depolarization
ratio of zero.

1 FTIR data collection and analysis were performed by Dr. Robert Wagner.
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Figure 4.1: Normalized particle size distributions measured with an Aerodynamic Particle Sizer (APS) as a
function of the volume equivalent diameter. Particles from experiments 1 to 8 (colored lines) were
generated from bulk solutions with an ultrasonic nebulizer, particles from experiment 9 (black line)
were generated from sulfuric acid gas-to-particle conversion outside of the AIDA chamber. All the
distributions are characterized by a similar median diameter in the range 0.91− 0.99µm.

As indicated in Table 4.1, only particles with an ammonium-to-sulfate ratio (ASR) lower or equal
to 1.1 were fully or partially liquid after injection in the AIDA chamber (experiments 1, 2, and 9).
Ammonium bisulfate particles (AHS, experiment 1) showed a depolarization ratio comparable to
the background value observed for spherical particles (≈ 4%) and revealed liquid water signatures
in the FTIR spectra (not shown), indicating that the salts did not crystallize during the few seconds
residence time in the injection line at RHw 6 1% or when suspended for longer times at the
AIDA chamber conditions. This observation is in agreement with previous studies, in which liquid
ammonium bisulfate particles did not crystallize homogeneously at temperatures between 25 °C
and −35 °C, and relative humidity down to 2% (Cziczo and Abbatt, 2000; Schlenker et al., 2004).

After injection in the AIDA chamber at RHw ≈ 30%, particles with an ASR of 1.1 (experiment
2) showed a high depolarization value (≈ 9%), indicative of an inhomogeneous morphology, but
at the same time also contained liquid water signatures in the infrared spectrum. The particle
population could thus have been composed of internally or externally mixed solid/liquid particles.
The depolarization ratio of the particles steadily increased to about 15% while suspended in the
AIDA chamber for about 1.5h, suggesting that the liquid component gradually crystallized at the
AIDA conditions. Probably, the small fraction of letovicite present in the particles crystallized
homogeneously in the injection line or at the low temperature of the AIDA chamber and then slowly
triggered the heterogeneous crystallization of the AHS component at the AIDA chamber conditions.
A similar heterogeneous crystallization behavior was observed by Schlenker and Martin (2005) in
AHS/LET particles but for particles with a higher ASR (1.4). The crystallization behavior of particles
with an ASR = 1.1 was already investigated by Schlenker and Martin (2005) at 20 °C. In their study,
the particles were initially exposed to RHw = 60%, then to 3% for about 3 minutes, and finally to
30%, condition at which the particles were still completely aqueous.

For particles with an ASR > 1.2, efflorescence already occurred in the injection line and com-
pletely solid particles were detected in the AIDA chamber. Rosenoern et al. (2008) observed that
aqueous LET particles (ASR = 1.5) crystallized as an external mixture of pure LET and internally
mixed AS and AHS particles. The infrared spectra (not shown) and the deliquescence behavior (de-
scribed in the next section) of the particles with an ASR = 1.5 (experiment 5) suggest an externally
mixed particle population similar to the one observed by Rosenoern et al. (2008).

In experiment 9, the gradual neutralization of aqueous sulfuric acid particles was simulated by
first adding the acidic aerosol particles to the AIDA chamber at −51 °C and RHw ≈ 25%, and then
slowly injecting gas-phase ammonia (≈ 2% NH

3
in air). To completely neutralize the particles (i.e.,

to obtain an ASR ≈ 2), excess of ammonia was injected in the chamber during two injection periods,
corresponding to a total concentration of about 80 ppb. The evolution of the chemical composition
of the particles was monitored with FTIR spectra, and indications of their phase state was also
provided by the SIMONE instrument. The ice nucleation ability of the particles was continuously
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monitored with ice saturation ratio scans in the CFDCs, and with two AIDA expansion runs. More
details on the experimental procedure and the results are given in Section 4.5.

4.3 low-temperature deliquescence behavior
Understand at which thermodynamic conditions aerosol particles are solid and when they start to
absorb water is not only important to assess their direct radiative effect (Martin et al., 2004), but
also to identify which ice nucleation mechanism they can promote (Wise et al., 2012). At cirrus
cloud conditions, solid or internally mixed solid/liquid particles can promote heterogeneous ice
nucleation at lower ice saturation ratios compared to aqueous solution droplets that only freeze
homogeneously.

The deliquescence relative humidity (DRH) of the particles was determined with three different
techniques: infrared spectroscopy, laser light scattering and depolarization, and by measuring the
hygroscopic growth of the particles with optical particle counters (OPCs). The appearance of water
signatures in the infrared spectra of the particles, as well as changes in the position and shape of
specific absorption peaks, indicate when particles start to take up water. The hygroscopic growth
of the particles by the water uptake also leads to an increased scattering cross section, which is
detected in the optical particle counters and with laser light scattering measurements (SIMONE
instrument).

In the AIDA chamber, aerosol particles can be exposed to increasing relative humidity by perform-
ing expansion cooling experiments (see section 3.2.3). All experiments were started at a temperature
of ≈ −50 °C and a relative humidity with respect to liquid water of ≈ 35%. Similar cooling rates
were used to obtain comparable thermodynamic trajectories (T −RHw). The peak relative humidity
that can be reached during the expansion cooling experiments depends on the microphysical pro-
cesses taking place. Strong heterogeneous freezing modes, i.e. with a large number of nucleated
ice crystals, might limit the peak RHw to a lower value, because depositional ice growth depletes
the water vapor supersaturation. In the continuous flow diffusion chambers (CFDCs), instead, new
aerosol particles are continuously sampled and exposed to defined relative humidity conditions at
constant temperature (see Section 3.4). Due to the ice-coated walls, the lowest relative humidity in
the CFDCs is forced to ice-saturated conditions (corresponding to RHw ≈ 60% at −50 °C) and par-
ticles with a lower deliquescence relative humidity will immediately take up water upon entering
the instrument. Ideally, CFDCs have no upper limit for the achievable relative humidity, as this
parameter only depends on the applied temperature difference between the two walls.

At room temperature, the partial deliquescence relative humidity is expected at RHw ≈ 40% for
particles with 1.0 < ASR < 1.5, and at RHw ≈ 70% for particles with 1.5 < ASR < 2.0 (see Section
2.4). Particles with ASR < 1.5 are thus expected to start to take up water at ice sub-saturated con-
ditions and to have a liquid component at ice saturated conditions. The deliquescence behavior of
these particles was thus tested in AIDA expansion experiments, where the initial relative humidity
can be set below 40%. Particles with higher ASR, instead, can efficiently nucleate ice below their
deliquescence relative humidity (as shown in the next section), thus limiting the peak relative hu-
midity during the AIDA experiments to a value below the deliquescence relative humidity of the
particles that have not yet acted as ice nucleating particles. The deliquescence behavior of these
particles was investigated with the CFDCs. AIDA expansion runs and CFDC saturation scans are
thus two complementary techniques that allow to investigate the deliquescence behavior of aerosols
particles in a wide range of upper tropospheric conditions.

Three representative AIDA experiments performed with particles with ammonium-to-sulfate ra-
tios equal to 1.0 (experiment 1), 1.2 (experiment 3), and 1.6 (experiment 6) are shown in Figure
4.2. Time series of the forward scattering intensity (Ifor, panels 1, black curves), the depolarization
ratio (δ, panels 2, green curves), and the concentration in three custom-defined size bins of the
welas OPC 1 (panels 3, purple traces) are shown as a function of the relative humidity in the AIDA
chamber during the expansion experiments. As already mentioned, ammonium bisulfate particles
(experiment 1) did not crystallize and were aqueous at the AIDA chamber conditions. The initial
depolarization ratio had a small background value of 4% (panel a2) which is typically observed for
spherical particles, and the particles immediately started to take up water when the relative humid-
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ity increased. This is shown by the continuous increase of the forward scattering intensity (panel
a1) and by the increasing concentration in the OPC size channels corresponding to growing aerosol
particles (1.26− 1.58µm in violet, and 1.58− 2.00µm in pink, panel a3). The decreasing concentra-
tion measured in the OPC size bin 1.00− 1.26µm (panel a3, purple trace) is the combined effect
of the shift of the particle size distribution to larger sizes and the dilution of the total aerosol con-
centration due to the evacuation of the AIDA chamber. As the relative humidity further increased,
the homogeneous freezing threshold of solution droplets was reached (≈ 90%) and aspherical ice
crystals formed, leading to a sharp increase in the depolarization value.

Experiment 3, shown in Figure 4.2b, was performed with particles with ASR = 1.2, but it is
representative for all the experiments performed with particles with 1.1 6 ASR < 1.5 (composed
of AHS+LET). As shown by the high depolarization ratio (≈ 14%, panel b2), the particles were
initially solid in the AIDA chamber. At a relative humidity of about 60%, the forward scattering
intensity Ifor (panel b1) and the bin-resolved concentration measured by the OPC (violet and pink
traces in panel b3) exceeded their initial values by 2 standard deviations, indicating that the fraction
of AHS in the particles had deliquesced and the particles had started to take up water. At the
same relative humidity, the depolarization ratio δ (panel b2) showed an oscillation, probably due
to a re-arrangement of the particle morphology, followed by a steady decrease, indicating that the
particles were approximating a more symmetrical geometry. Finally, the sharp increase in Ifor and
δ at RHw ≈ 80% indicate the onset of ice nucleation.

Experiment 6, shown in Figure 4.2c, was performed with particles with ASR = 1.6, but it is
representative for all experiments performed with particles with ASR > 1.5 (composed of pure LET,
pure AS or LET+AS). These initially solid particles (depolarization at ≈ 15%, panel c2) did not show
any water uptake before ice nucleation took place at RHw ≈ 80% (as seen by the increase in Ifor).
Since a large fraction of particles nucleated ice in the expansion cooling experiments performed
with LET, LET+AS, and AS, the ice supersaturation inside the AIDA chamber was quickly depleted
and the deliquescence threshold of the particles could not be exceeded anymore.

Similarly to what reported by (Rosenoern et al., 2008), particles generated from aqueous solution
with the exact letovicite stoichiometry (ASR = 1.5, experiment 5) crystallized as an external mixture
with the majority of the particles composed of pure LET and a minor fraction formed of AHS+AS.
Indeed, a small drop was measured in the depolarization ratio (from 15% to 13%) at about RHw =

55%. Likely, this was originated by the deliquescence of the ammonium bisulfate component in the
AHS+AS crystalline particles. Due to the small fraction of particles that crystallized as AHS+AS,
their deliquescence was not observed in the forward scattering intensity measurements or in the
OPC data.

The measured partial deliquescence relative humidities, as determined by the increase in the
forward light scattering intensity (2 standard deviations above its initial value), are summarized in
Figure 4.4 as a function of the ammonium-to-sulfate ratio of the particles.

Typical deliquescence measurements performed with INKA and mINKA are presented in section
3.4.7. In brief, the partial or initial deliquescence of the particles is measured during relative humid-
ity scans as a sudden increase in the number concentration of particles detected at larger diameters
by the optical particle counter of the instrument. The experiments presented in this section were
performed at the nominal temperature of −52 °C, thus limiting the initial relative humidity to about
60%. Figure 4.3 shows the particle number concentration measured in the range 0.84− 0.94V by
the OPCs mounted at the outlet of INKA (panels a and c) and mINKA (panels b and d) 2. The
number concentration of the detected particles is shown as a function of the relative humidity. The
deliquescence relative humidity is determined when the concentration in selected size bins exceeds
the initial value by 2 or 3 standard deviations (see Section 3.4.7 for more details).

The results for particles with ASR < 1.5 are shown in Figures 4.3a and 4.3b. The continuous water
uptake measured in mINKA (panel b) indicates that all these particles contained a liquid fraction
already at the lowest achievable relative humidity (RHw ≈ 60%). As described in Section 3.4.2, the
walls in the lower part of INKA are kept at the same temperature (so-called evaporation section),
and, although the particles are exposed to increasing relative humidity in the upper section of the
instrument, they always re-equilibrate to ice saturated conditions (thus to a lower relative humidity)
in the evaporation section before exiting the instrument. In mINKA, instead, the walls are kept

2 A detailed description of the custom-modified Climet OPCs can be found in Section 3.4.3
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Figure 4.2: Detection of the deliquescence relative humidity with respect to liquid water in three AIDA expan-
sion cooling experiments. Panels 1 and 2 show the forward scattering intensity Ifor and depolar-
ization ratio δ from the SIMONE instrument. Panels 3 show the aerosol concentration measured
by the welas OPC 1 in three custom-defined size bins. a) ammonium bisulfate (AHS) particles (ex-
periment 1, ammonium-to-sulfate ratio ASR equal to 1.0). b) Internally mixed AHS and letovicite
(LET) particles (experiment 3, ASR = 1.2). c) Internally mixed LET and ammonium sulfate par-
ticles (experiment 6, ASR = 1.6). Particles from experiment 1 show a continuous water uptake
with increasing Rw, in experiment 2 particles start to uptake water (PDRH) at about 60%, while no
deliquescence is observed during experiment 6.

at different temperatures for their entire length, and the particles experience a constant saturation
along the entire instrument. The presence of the evaporation section explains the different behavior
observed in INKA for particles with a liquid component (panel a). The sharp increase observed in
INKA at RHw = 100% in INKA corresponds to the homogeneous freezing of the solution droplets
and will be addressed in the next section.

Particles with an ASR > 1.5 (Figure 4.3c and d), instead, appeared to be crystalline at the initial
relative humidity (RHw = 60%), and started to take up water only at RHw ≈ 90%.

The deliquescence relative humidity values measured in the AIDA and CFDCs experiments are
summarized in Figure 4.4 as a function of the ASR of the particles (markers). The results from the
Extended Aerosol Inorganic Model (E-AIM, Clegg et al., 1998) computed at −50 °C are also shown
(solid lines). To correctly interpret the model results, it is important to highlight that the model does
not allow, by default, supersaturated conditions. As soon as a solution becomes supersaturated with
respect to a solid phase (i.e. when RH < DRH), the model forces its crystallization. However, aerosol
particles are often found in supersaturated conditions and their homogeneous crystallization only
occurs at a high supersaturation3. To simulate supersaturated conditions in the E-AIM, it is possible
to prevent the formation of specific solids, e.g. the formation of ice in aqueous solution droplets at
low temperature and ice supersaturated conditions. For all the model simulations presented here,
the formation of solid sulfuric acid hydrates (H

2
SO

4
·nH

2
O) was inhibited, as previous AIDA studies

did not show the formation of those crystals even at temperatures as low as ≈ −80 °C (Möhler et al.,
2003; Wagner et al., 2006).

For an ASR = 1.0, the E-AIM predicts the particles to be composed of solid ammonium bisulfate
(AHS) up to a relative humidity of RHw = 38% (green line in Figure 4.4). Then, letovicite (LET)
immediately precipitates from the deliquesced salt, because the relative humidity is still below
the DRH of LET (DRH ≈ 80% at −50 °C). Solid AHS particles thus transforms into solid/liquid
particles at 38%, which then fully dissolve at RHw ≈ 80% (blue line). However, the formation of

3 see Section 2.4 for more details on the thermodynamic behavior of atmospheric inorganic salts
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Figure 4.3: Deliquescence relative humidity measurements performed with INKA (panels a and c) and mINKA
(panels b and d) at the nominal temperature of −52 °C. The aerosol number concentration mea-
sured in a selected size bin by the OPCs are shown as a function of the relative humidity. Particles
with ASR < 1.5 already had a liquid component upon entering the instruments (RHw ≈ 60%),
particles with ASR > 1.5 were initially solid and deliquesced at RHw ≈ 90%.

a solid component in the pure ammonium bisulfate particles was not observed in experiment 1,
indicating that LET or AHS did not precipitate in the liquid solution, neither in the injection line (at
RHw 6 1% and 25 °C) nor in the AIDA chamber (at RHw = 37% and −50 °C).

For particles with 1.0 < ASR < 1.5, composed of AHS+LET, the model predicts that the particles
start to take up water when the ammonium bisulfate component deliquesces at RHw = 38% (green
line), and that the particles are fully liquid at RHw ≈ 80% (blue line). The AIDA results for particles
with the same ASR (squares in Figure 4.4) localize the start of the deliquescence at a higher relative
humidity compared to the E-AIM results (at RHw approx60%).

In the E-AIM, particles with a stoichiometric composition (i.e., LET with ASR = 1.5 and AS
with ASR = 2.0) are expected to deliquesce in only one step, while particles composed of LET+AS
(1.5 < ASR < 2.0) show the partial and full deliquescence relative humidities in a very narrow
humidity range at about 83% (green and blue lines in Figure 4.4). The results from both CFDCs
localize the deliquescence relative humidity at slightly higher relative humidities than predicted by
the thermodynamic model.
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Figure 4.4: Summary of the deliquescence results from the AIDA expansion cooling experiments (squares) and
the CFDCs relative humidity scans (circles and triangles for INKA and mINKA data, respectively).
Results from the Extended Aerosol Inorganic Model (E-AIM, Clegg et al., 1998) are reported as
solid lines. The partial and full deliquescence relative humidities are shown in green and blue,
respectively. The AIDA results correspond to temperatures between −55 °C and −60 °C, the CFDC
measurements were performed at a nominal temperature of −52 °C, and the model was evaluated
at −50 °C. The relative humidity corresponding to ice-saturation at −52 °C is indicated with a black
dashed line.

4.4 ice nucleation measurements
The ice nucleation ability of the particles as a function of their ammonium-to-sulfate ratio (ASR)
was probed in situ by means of expansion cooling experiments inside the AIDA chamber, and ex
situ with two continuous flow diffusion chambers (CFDC) by sampling the aerosol particles from
the AIDA chamber.

Exemplary time series of different variables during three AIDA expansion cooling experiments
are shown in Figure 4.5. Here, experiment 1 investigated ammonium bisulfate (AHS) aqueous
solution particles (Figure 4.5a), experiment 3 was performed with particles with an ASR = 1.2
composed of AHS and letovicite (Figure 4.5b), and experiment 6 was performed with particles
with an ASR = 1.6 composed of letovicite and ammonium sulfate (Figure 4.5c). Time series of
temperature (in red) and pressure (in black) inside the AIDA chamber are shown in upper panels;
the ice saturation ratio from the in situ TDL measurements (APicT) are reported in middle panels
(dark blue traces); the depolarization ratio δ from the laser light scattering instrument SIMONE is
shown below (in green); the single particle data from the welas optical particle counters (OPC 1 and
2) are shown in lowest panels, left axis. Each blue dot in the lowest panels corresponds to an aerosol
particle or ice crystal measured by the OPC at the corresponding optical diameter D. The fraction
of ice-active aerosol particles (i.e., the ice nucleating fraction, INF) is shown in panels 4 (right
axes, black trace). The three experiments are exemplary for the three different groups of particles
investigated, namely with ASR = 1.0, 1.0 < ASR < 1.5, and ASR > 1.5, corresponding to liquid,
internally mixed liquid/solid, and fully solid particles at ice saturated conditions, respectively, as
discussed in the previous section.

Liquid AHS particles (experiment 1, panels a) nucleated ice via homogeneous freezing at a high
saturation ratio, with the onset (for an ice-active fraction of 0.1%) at Sice = 1.62, as indicated by the
vertical dashed line at ≈ 215 s after the start of the expansion. The ice nucleation event is detected
by the sharp increase of the depolarization ratio δ (panel a3) due to the formation of aspherical ice
crystals, and by the appearance of the ice crystals in the OPC at large optical diameters (blue dots
in panel a4).
Particles with an ASR = 1.2 (experiment 3, panels b) were completely solid at the initial conditions
of the AIDA chamber (RHw = 38%), but the ammonium bisulfate component deliquesced at ice sat-
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urated conditions (as described in the previous section and visible by the drop in the depolarization
at Sice = 1 in panel b3). At an ice saturation ratio of 1.47, about 315 s after the start of the expansion,
a distinct mode of heterogeneously formed ice crystals appeared in the OPC records and induced
an increase of the depolarization ratio.

Since the particles have a liquid component when the ice crystals form, the measured hetero-
geneous nucleation mode can be classified as immersion freezing on the not yet fully dissolved
letovicite fraction. By further increasing the cooling rate, an additional increase of the ice saturation
ratio was achieved, allowing to reach the homogeneous freezing threshold measured in experiment
1 (dashed horizontal lines at Sice = 1.62 in panels 2). The homogeneous freezing mode appears as a
second step in the ice-active fraction curve (second vertical line).
Particles with an ASR = 1.6 (experiment 6, panels c) composed of LET+AS were solid at the initial
AIDA chamber conditions and only deliquesced at RHw ≈ 90%, as measured with the CFDCs and
shown in the previous section. At Sice ≈ 1.3, the first ice crystals were detected, reaching an ice-
active fraction of 0.1% at Sice = 1.39 (dashed vertical line). As the LET+AS particles were still solid
when heterogeneous ice nucleation initiated, deposition or pore condensation and freezing must be
the prevalent ice nucleation modes.

Figure 4.6 summarizes the ice activation curves, i.e. the ice nucleating fraction as a function of the
ice saturation ratio, of the AIDA experiments for particles with ammonium-to-sulfate ratios from 1.0
to 2.0 (experiments 1 to 8 in Table 4.1). The ice nucleation results can be classified in three different
groups, according to the ice nucleation mode taking place and to the ice nucleation efficiency of the
aerosol particles. Particles with ASR = 1.0 are liquid and nucleate ice via homogeneous freezing,
as shown by the sharp activation threshold at Sice = 1.62 of the AHS particles (blue data). Particles
with 1.0 < ASR < 1.5 (green data) form internally mixed solid/liquid particles and can induce
heterogeneous ice nucleation in the immersion freezing mode at a lower ice saturation ratio (Sice ≈
1.5) compared to homogeneous freezing. Finally, particles with an ASR > 1.5 (yellow, orange, and
red data) are solid up to high relative humidities and their ice nucleation onset (defined as the ice
saturation ratio at which 0.1% of the particles are activated as ice crystals) shifts to much smaller ice
supersaturation. With the fully neutralized ammonium sulfate particles (ASR = 2, red data) being
the most ice-active ones in the H

2
SO

4
/NH

3
/H

2
O system. These results clearly show that the degree

of neutralization of ammonium-sulfate particles impacts their ice nucleation ability.

Figure 4.7 shows the ice nucleation results from INKA (panels a and c) and mINKA (panels b and
d) at −52 °C (panels a and b) and −56 °C (panels c and d). Similarly to Figure 4.6, the ice nucleating
fraction (INF) is shown as a function of the ice saturation ratio Sice. The particle classification
in three different groups according to their neutralization state (i.e., ASR 6 1, 1.0 < ASR < 1.5,
and ASR > 1.5) and corresponding ice nucleation ability (i.e., homogeneous freezing, immersion
freezing, and deposition and/or PCF), is also clearly visible in the CFDCs measurements.

Ammonium bisulfate particles (in blue) froze homogeneously, showing a sudden increase in the
ice-active fraction of particles. The ice nucleation onsets, defined for an ice nucleating fraction of
particles of 0.1% was measured at Sice ≈ 1.60 and Sice ≈ 1.69 at −52 °C and −56 °C, respectively.

Particles with 1.0 < ASR < 1.5 (green data) had a liquid component at ice saturated conditions
(see previous section) and showed an intermediate ice nucleation ability. Similarly to the AIDA
experiments, the two different ice nucleation modes, i.e. heterogeneous nucleation at low Sice values
and homogeneous freezing at higher Sice, are well discernible also in the CFDCs measurements. As
only a minor fraction of the aerosol particles initiated heterogeneous ice formation, the ice onsets
for this group of particles is still in correspondence of the homogeneous freezing threshold for
the aqueous ammonium bisulfate. Slightly lower values (Sice ≈ 1.6) were obtained only in the
measurements performed with INKA at −56 °C.

Particles with an ASR in the range 1.5 − 1.8 showed the highest ice nucleation efficiency, with
the ice nucleation onsets at Sice = 1.4− 1.45. Unlike in the AIDA results, the ammonium sulfate
particles (ASR = 2, red curve) showed a similar or lower ice nucleation onset compared to particles
composed of AS+LET or pure LET (orange and yellow curves, respectively). However, as reported
in Section 3.4.7, a certain variability has been observed in the CFDCs results when comparing the
heterogeneous ice nucleation ability of crystalline ammonium sulfate particles measured in several
different experiments. The measured variability is shown in Figure 4.7 as red shaded area. The
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Figure 4.5: Time series of different AIDA records during three expansion cooling experiments performed with
ammonium bisulfate particles (experiment1, panels a), mixed ammonium bisulfate (AHS) and
letovicite (LET) particles (experiment 3, panels b), and mixed LET and ammonium sulfate (AS)
particles (experiment 6, panels c). Panels 1 report pressure (black trace, left axes) and temperature
(red trace, right axes) inside the AIDA chamber; panels 2 show the evolution of the ice saturation
ratio Sice; panels 3 present the depolarization ratio δ; panels 4 display the welas OPC single particle
data on the left axes (each blue dot corresponds to an aerosol particle or ice crystal detected at the
corresponding optical diameter) and the ice nucleating fraction (INF) on the right axes. Aqueous
AHS solution particles with ASR = 1.0 formed ice via homogeneous nucleation at Sice = 1.62 (ver-
tical lines in panels a), particles with ASR = 1.2 formed ice via immersion freezing on the solid
LET inclusions at Sice = 1.47 (first vertical line in panels b) and via homogeneous freezing at a
higher saturation ratio (second vertical lines), and particles with ASR = 1.6 induced heterogeneous
ice nucleation via deposition or pore condensation and freezing on the solid LET+AS at Sice = 1.39
(vertical lines in panels c).

ice nucleation ability of the ammonium sulfate particles investigated here fall in the lower range
of expected conditions, with the ice nucleation onset at Sice ≈ 1.50 and 1.54 at −52 °C and −56 °C,
respectively.

For particles with a liquid component (i.e., with 1.0 < ASR < 1.5), the INKA results are more
robust than those from mINKA. The absence of the evaporation section in mINKA and the large
size of the investigated particles makes it difficult to identify an appropriate ice threshold in the
OPC data to distinguish between the large droplets and the small ice crystals. The ice threshold
in the OPC data from mINKA was defined in order to definitely exclude any solution droplets,
probably leading to an underestimation of the ice crystal concentration.
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Figure 4.6: Ice nucleating fraction (INF) of aerosol particles as a function of the ice saturation ratio Sice mea-
sured during the AIDA expansion cooling experiments. The horizontal line indicates the ice onset
condition defined for an activation of 0.1% of the aerosol particles as ice crystals.
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Figure 4.7: Ice nucleating fraction (INF) as a function of the ice saturation ratio Sice for particles with
ammonium-to-sulfate ratios (ASR) between 1.0 and 2.0 measured at −52 °C and −56 °C with INKA
and mINKA. The red shaded area corresponds to the range of conditions at which INKA and
mINKA measured the heterogeneous ice nucleation ability of crystalline ammonium sulfate parti-
cles (ASR = 2.0) during previous experiments.
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4.5 in situ neutralization experiment

To simulate the gradual neutralization process that sulfuric acid solution droplets may experience
in the upper troposphere, an in situ neutralization experiment was performed in the AIDA chamber
(experiment 9 in Table 4.1). The experiment time series is shown in Figure 4.8.

Sulfuric acid particles (ASR = 0) were injected in the AIDA chamber, followed by two periods of
slow and steady injection of gas-phase ammonia (shaded areas in Figure 4.8a) to gradually neutral-
ize the particles. The ice nucleation ability of the particles was measured every ≈ 30min with the
CFDCs and with two AIDA expansion cooling experiments performed at the end of each injection
period of ammonia. Figure 4.8a shows the depolarization ratio δ (green trace, left axis) and the
AIDA chamber relative humidity (blue trace, right axis) during the experiment. The initial depo-
larization value is consistent with a background value also observed for homogeneous, spherical
particles (about 3%). The two sharp increases in relative humidity and depolarization (at 13:15 and
18:15) indicate the two AIDA expansion cooling experiments. The average composition of the parti-
cles, in terms of their ammonium-to-sulfate ratio derived from infrared extinction spectra, is shown
in Figure 4.8b. The ice saturation ratio scans performed with INKA (at −56 °C) and mINKA (at
−52 °C) are shown in panels d and e, respectively. The Sice-time trajectories of the CFDCs measure-
ments are color-coded by the measured ice nucleating fraction. The black horizontal dashes mark
the threshold of 0.1% aerosol particles activated as ice crystals. The ice onsets measured during the
two AIDA experiments are also reported in panel d with black dashes (at about 13:00 and 18:00).
The INF− Sice curves are reported in Figure 4.9 with the corresponding color of the circles in panels
c and d.

The injected aqueous sulfuric acid particles induced ice nucleation predominantly at the homoge-
neous freezing threshold (Sice = 1.61). However, as shown in Figure 4.9a and 4.9b, already during
the first saturation scans both CFDCs detected a small heterogeneous ice nucleation mode, probably
caused by an early uptake of background ammonia in the particles. The average particle compo-
sition at the end of the first ammonia injection period (at about 12:20) reached ASR ≈ 1.4 and the
particles were likely crystalline. The predominant crystalline state of the particles is inferred by
the high depolarization ratio (about 8%) and by the deliquescence behavior of the particles dur-
ing the first AIDA expansion (not shown). Indeed, the particles did not take up water until the
deliquescence relative humidity of ammonium bisulfate was reached (RHw ≈ 55%). The ice nucle-
ation measurements performed with the CFDCs just before the AIDA expansion (olive green lines
in Figure 4.9a and 4.9b) revealed a pronounced heterogeneous ice nucleation mode, with a much
lower ice onset compared to homogeneous freezing (Sice = 1.47). A similar ice nucleation onset was
measured during the first AIDA expansion experiment (Sice = 1.48), shown with green squares in
Figure 4.9a. Since the particles have a liquid component when the ice crystals form, the measured
heterogeneous nucleation mode can be classified as immersion freezing, similarly to particles with
comparable ASR and obtained from bulk solutions. The ice nucleation results for particles gener-
ated from bulk solutions with ASR = 1.35 (experiment 4, AHS+LET) and ASR = 1.5 (experiment
5, LET) are shown in Figure 4.9c and d for comparison. The ice nucleation ability of the in situ
neutralized particles with ASR ≈ 1.4 appears to be more similar to that of pure letovicite (orange
lines in panels c and d) than that of mixed AHS+LET particles (green lines in panels c and d).

After the AIDA expansion run, the particles had a higher degree of neutralization (ASR ≈ 1.6)
and produced a higher depolarization ratio (≈ 14%). However, their ice nucleation ability was
almost unchanged with the ice nucleation onset measured at Sice = 1.45. As the particles were
already solid before the expansion, the increase in the depolarization ratio is likely associated to a
change in the morphology of the particles.

During the second ammonia injection period, the ASR of the particles further increased and fully
neutralized particles were obtained. The lower rate of neutralization clearly visible for the second
injection period is most likely due to the different phase state of the particles. At the beginning of
the experiment the aerosol aprticles were liquid, while during the second neutralization step they
were already in a crystalline state. The ice nucleation ability of the particles increased with their
degree of neutralization, confirming the results obtained for particles generated from bulk solutions
(experiments 1− 8). The ice nucleation onset of the fully neutralized ammonium sulfate particles
was measured at Sice = 1.35 − 1.36 in the CFDCs (at −52 °C and −56 °C) and at Sice = 1.20 in
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Figure 4.8: Time series of the in situ neutralization experiment. a) Depolarization ratio δ (left axis, green line)
and relative humidity inside the AIDA chamber (right axis, blue trace). The light blue shaded
areas indicate the two ammonia injection periods. b) Ammonium-to-sulfate ratio of the particles
obtained from the measured infrared spectra. c) and d) Saturation scans performed with INKA and
mINKA at −56 °C and −52 °C, respectively. The trajectories are color-coded by the measured ice
nucleating fraction (INF). The black dashes indicate the ice nucleation onset conditions (defined for
0.1% of the particles activated as ice crystals) measured by the CFDCs and during the two AIDA
expansion runs (at about 13:00 and 18:00). The colored circles refer to the ice-activation curves
reported in Figure 4.9.



4.5 in situ neutralization experiment 65

the final AIDA expansion experiment (pink squares in Figure 4.9a). In this experiment, the fully
neutralized particles clearly appear as the most active also in the CFDCs measurements. Indeed,
their ice activation curves fall in the upper range of conditions expected for crystalline AS particles
in the CFDCs measurements (red shaded area in Figure 4.9 panels c and d). The offset of about
0.15 between the ice nucleation onsets measured in AIDA and INKA is consistent with the bias
already observed in experiments 1− 8 and in previous measurements performed with crystalline
ammonium sulfate (see Section 3.4.7) and ammonium nitrate (Wagner et al., 2020) particles.

The in situ neutralization experiment corroborates the ice nucleation results obtained in exper-
iments 1 − 8, showing the composition-dependent ice nucleation ability of the particles in the
H

2
SO

4
/NH

3
/H

2
O system. Particles with increasing ammonium-to-sulfate ratio nucleate ice at pro-

gressively lower ice saturation ratios and through different ice nucleation modes. Initially (ASR = 0),
ice is formed via homogeneous freezing at Sice ≈ 1.6, then (ASR ≈ 1.4) via immersion freezing at
Sice ≈ 1.45, and finally (ASR > 1.6) via deposition or pore condensation and freezing at Sice ≈ 1.25.

The degree of neutralization measured with the FTIR corresponds to the average composition of
the particles, thus when an intermediate ASR of 1.6− 1.8was measured the particles could have also
been composed of a less neutralized core surrounded by a fully neutralized layer. In this case the
particles would already show the ice nucleation behavior of the fully neutralized particles obtained
in experiment 8 (ASR = 2.0). However, the gradual shift of the ice nucleation onsets (from 1.45 to
1.39) together with the measured increase in ASR (from 1.57 to 1.81) correspond to the ice onsets
measured in experiments 6 (ASR = 1.6) and 7 (ASR = 1.8) at Sice = 1.4− 1.45. This suggests that the
in situ neutralized particles have a quite uniform composition, and that the ice nucleation results
obtained from particles of pre-defined and uniform composition (experiments 1− 8) also represent
the ice nucleation ability of particles neutralized under more atmospherically relevant conditions.
The ice nucleation results from experiments 1− 8 can thus be used to infer composition-depended
parametrizations for the H

2
SO

4
/NH

3
/H

2
O system to be implement in climate models.
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Figure 4.9: Ice nucleating fraction INF as a function of the ice saturation ratio Sice. Measurements at the
nominal temperature of −56 °C from INKA (panels a and c) and at −52 °C from mINKA (panels
b and d) are shown with lines. Panels a and b report the results from the in situ neutralization
experiment, panels c and d show, for comparison, the ice nucleation ability of particles with pre-
defined ammonium-to-sulfate ratios obtained from bulk solutions. Results from the two AIDA
expansion runs performed during the in situ neutralization experiment are shown with squares and
diamonds in panel a. The red shaded areas in panels c and d indicate the range of ice nucleation
ability measured for crystalline ammonium sulfate particles with the CFDCs at −56 °C and −52 °C
in previous experiments.
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4.6 conclusions
In this chapter, experiments on the low temperature crystallization behavior, deliquescence, and ice
nucleation ability of particles in the system H

2
SO

4
/NH

3
/H

2
O were presented. The experiments

were performed at the AIDA facility by means of expansion cooling experiments (from −50 °C to
−62 °C) and with two continuous flow diffusion chambers at −52 °C and −56 °C.

The degree of neutralization of atmospheric sulfate particles is regulated by the concentrations of
gas phase sulfuric acid and ammonia, likely resulting in particles with a distribution of composi-
tion (i.e., ammonium-to-sulfate ratios) rather than in an aerosol population with a uniform degree
of neutralization that exactly corresponds to the stoichiometry of one of the three solids in the sys-
tem (AHS, LET, AS). The thermodynamic properties at upper tropospheric conditions of acidic (i.e.,
sulfuric acid) and fully neutralized (i.e., ammonium sulfate) particles have been investigated in the
past (e.g., Onasch et al., 1999), but little attention was given to the intermediate ranges of composi-
tions. A comprehensive series of studies on the crystallization behavior and hygroscopic growth of
particles with intermediate compositions in the H

2
SO

4
/NH

3
/H

2
O system were performed at room

temperature (Schlenker et al., 2004; Schlenker and Martin, 2005; Rosenoern et al., 2008). However,
to more correctly predict the impact of ammonium-sulfate particles on the climate, it is important
to know their phase state at low temperatures and the related impact on cirrus formation. The
experiments presented in this chapter extend the results from Schlenker et al. (2004) and Schlenker
and Martin (2005) to lower temperatures. The ice nucleation ability of particles with intermediate
composition is measured for the first time.

An illustrative schematic of the results on the phase state and ice nucleation ability of particles
in the H

2
SO

4
/NH

3
/H

2
O system is presented in Figure 4.10. Aqueous particles with ASR = 1.0

nucleated ice via homogeneous freezing at high saturation ratios (Sice = 1.62). Particles with
1.1 6 ASR < 1.5, composed of LET and AHS, crystallized at the low relative humidity condi-
tions of the injection line, with the initial formation of letovicite that induced the heterogeneous
crystallization of AHS. At about −50 °C, the solid AHS component deliquesced at a relative humid-
ity of about 60%, resulting in internally mixed solid/liquid particles at ice saturated conditions.
In LET(solid)+AHS(liquid), the solid LET component initiated heterogeneous ice nucleation via im-
mersion freezing at Sice ≈ 1.55, at slightly lower ice saturation ratios than required for homogeneous
freezing. Zuberi et al. (2001) also found that the freezing conditions for solid letovicite immersed
in aqueous ammonium bisulfate particles did not significantly deviate from those required for the
homogeneous freezing of pure aqueous AHS.

For ASR > 1.5 the particles fully crystallized as pure letovicite (ASR = 1.5), internal mixtures of
letovicite and ammonium sulfate (1.5 < ASR < 2.0), and pure ammonium sulfate (ASR = 2.0). For
this group of particles, the deliquescence relative humidity was measured at RHw ≈ 90%. These
particles initiated heterogeneous ice nucleation in the deposition or pore condensation and freezing
modes, with the freezing ice saturation ratios decreasing with increasing degree of neutralization.
Pure letovicite (ASR = 1.5) or mixed letovicite and ammonium sulfate (1.5 < ASR < 2.0) particles
showed an intermediate ice nucleation ability, with the ice onset at Sice ≈ 1.4. The fully neutralized
AS particles showed the highest ice nucleation activity in the H

2
SO

4
/NH

3
/H

2
O system, with an ice

nucleation onset at Sice ≈ 1.2.
The measurements reported here show that the phase state and ice nucleation ability of particles

in the H
2
SO

4
/NH

3
/H

2
O system strongly depend on their degree of neutralization. A detailed

knowledge of the abundance and neutralization degree of ammonium-sulfate particles in the upper
troposphere is thus a key factor to correctly represent cirrus cloud formation and properties. This
additional parameter would improve the assessment of the radiative effect of cirrus clouds in climate
models.



4.6 conclusions 67

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

S
ic
e

ASR=0

PDRH

ASR=1 1<ASR<1.5 ASR 1.5
10

20

30

40

50

60

70

80

90

100

R
H
w
[%

]

DRH

≥

Figure 4.10: Schematic of the different ice nucleation regimes for particles in the H
2
SO

4
/NH

3
/H

2
O system as a

function of the ammonium-to-sulfate ratio (ASR) at −52 °C. The solid and dashed black lines cor-
respond to Sice = 1.0 (ice saturated conditions) and Sice = 1.52 (homogeneous freezing threshold,
Koop et al., 2000). Pure ammonium bisulfate particles likely remain in an supercooled aqueous
state in the atmosphere and initiate ice formation only via homogeneous freezing at Sice ≈ 1.6,
similarly to aqueous sulfuric acid particles (ASR = 0, here shown as reference). Particles with
1 < ASR < 1.5 can be found as liquid/solid internal mixtures of ammonium bisulfate/letovicite
at ice supersaturated conditions and can thus initiate ice nucleation via immersion freezing at
Sice ≈ 1.55. For ASR > 1.5, particles can remain in a crystalline state up to RHw ≈ 90% and
initiate ice nucleation via deposition or pore condensation and freezing at Sice ≈ 1.4. Fully neu-
tralized particles (ASR = 2) are the most efficient in the system, with the ice nucleation onset at
about Sice = 1.2.





5 A M M O N I U M N I T R AT E PA R T I C L E S

5.1 introduction

Ammonium nitrate particles (NH
4
NO

3
, AN) form in the atmosphere from the neutralization reac-

tion of nitric acid (HNO
3
) with ammonia (NH

3
). Nitric acid mainly originates from the oxidation of

nitric oxides (NOx), which are produced by fossil fuel combustion, biomass burning, and lightning.
The partitioning of nitric acid to the particle phase depends on ambient temperature (due to its
strong temperature-dependent saturation vapor pressure), relative humidity, and acidity of the par-
ticle (Stelson and Seinfeld, 2007). Ammonia is the most abundant base present in the atmosphere
and it comes primarily from agricultural sources and cattle farming (Bouwman et al., 1997). Unlike
ammonium-sulfate salts, ammonium nitrate is semi-volatile and in reversible phase equilibrium
with its gaseous precursors (Matsumoto and Tanaka, 1996). If sulfate ions are also present, nitric
acid neutralization with ammonia only occurs under ammonium-rich conditions, that is when the
ammonium-to-sulfate molar ratio is larger than 1.5 (Seinfeld and Pandis, 2012; Huang et al., 2011;
Ge et al., 2017). Due to the expected increase in nitrate precursor emissions and the decrease of
sulfate aerosols, the concentration of nitrate in the particle phase is expected to increase in the next
decades (Bauer et al., 2007).

Most of the sources of nitric acid and all the sources of ammonia are located inside the boundary
layer. However, convective systems in highly polluted environments can act as efficient transport
corridors for aerosol particles and gases to the upper troposphere. The Asian Tropopause Aerosol
Layer (ATAL, Vernier et al., 2011), for example, forms during the Asian summer monsoon period
from the lifting of boundary layer air. The pollutants lifted from the ground can then accumulate
in the upper troposphere and lower stratosphere due to the Asian anticyclone (Vernier et al., 2018).
In addition to the uplift of primary aerosol particles (such as carbonaceous, sea salt, and mineral
dust particles, Yu et al., 2015), also secondary aerosol particles can form due to the low temperature
of the upper troposphere, which facilitates the partitioning of the uplifted gases to the particle
phase (Weigel et al., 2021). In addition to sulfate particles and secondary organics (Yu et al., 2015),
crystalline ammonium nitrate particles were recently observed within plumes of elevated ammonia
concentrations in the ATAL (Höpfner et al., 2019).

The observation by Höpfner et al. (2019) of crystalline ammonium nitrate (AN) particles (as clearly
evidenced by infrared measurements) is surprising because pure AN particles tend to remain in a
liquid state also at relative humidities close to 0% at temperatures down to −35 °C (Cziczo and
Abbatt, 2000; Martin, 2000). However, its heterogeneous crystallization can be initiated by various
mechanisms, such as by the presence of solid inclusions (Han et al., 2002), by contact with solid
particles (Davis et al., 2015), and by the addition of salts that crystallize more readily (Schlenker
et al., 2004). In particular, the crystallization of ammonium nitrate particles was observed for a
small fraction of ammonium sulfate (AS) present in the particles (about 10mol%, Schlenker et
al., 2004; Schlenker and Martin, 2005). Mass spectrometric measurements showed that the AN
particles detected by Höpfner et al. (2019) also contained sulfate, suggesting that their heterogeneous
crystallization was initiated by the sulfate component. The occurrence of crystalline AN particles
in the upper troposphere makes them likely candidates for heterogeneous ice formation. Indeed,
it has already been shown that crystalline inorganic salts of different chemical compositions can

The results of the experiment performed at the CLOUD chamber presented in this chapter are included in the manuscript
"Synergistic particle formation in the upper troposphere by nitric acid, sulfuric acid and ammonia" by Wang, Xiao, Bertozzi
et al. (under review).
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contribute to heterogeneous ice formation at low temperatures (see e.g. Chapter 4; Abbatt et al.,
2006; Shilling et al., 2006; Wise et al., 2012).

The crystallization and ice nucleation ability of mixed AN/AS particles was investigated by
Höpfner et al. (2019) and Wagner et al. (2020). In their studies, the aerosol particles were gener-
ated from bulk solutions with different mole fraction of ammonium sulfate, from 33.3mol% down
to 0.6mol%. The crystallization experiments were performed in the AIDA chamber at tempera-
tures between −60 °C and −30 °C, and relative humidities with respect to liquid water between 18%
and 68%. It was found that a fraction of 0.6mol% of ammonium sulfate, much smaller than the
10mol% investigated by Schlenker and Martin (2005), is already sufficient to induce the crystalliza-
tion of the AN particles at −50 °C and RHw = 22%. The ice nucleation measurements, performed
with AIDA expansion cooling experiments and INKA saturation scans, showed that at temperatures
above −43 °C, the AN particles deliquesce and nucleate ice by homogeneous freezing, while at tem-
peratures below −43 °C crystalline AN is able to induce heterogeneous ice nucleation at lower ice
saturation ratios (Sice = 1.1− 1.2) before reaching the deliquescence point.

In this chapter, the work of Wagner et al. (2020) is extended to investigate a different crystallization
pathway of ammonium nitrate/sulfate particles. Instead of directly starting with pre-mixed AN/AS
particles, in these new experiments the uptake of sulfate from the gas phase onto pure, initially
aqueous ammonium nitrate particles was mimicked. Sulfuric acid (H

2
SO

4
) was generated in the

gas phase in the presence of ammonia and was allowed to condense on the AN particles. The
experiments were performed in the AIDA and CLOUD chambers. The AIDA experiments aimed
to accurately characterize the phase state of the particles during the heterogeneous crystallization
process, for which it was necessary to control the particle size of the pre-added AN particles to about
1µm. In the experiment performed at the CLOUD chamber, particles in a more atmospherically
relevant size range (40− 300nm) were generated by simulating hotspot conditions within the Asian
monsoon anticyclone. The accurate control of the gas precursor concentration allowed to gradually
increase the sulfuric acid concentration and to measure the particle composition when the AN
crystallization occurred. The ice nucleation ability of the aqueous and crystalline AN particles was
investigated in both experiments.

In the AIDA experiment, ammonium nitrate particles with a median diameter of about 1µm
were generated ex situ from the nebulization of a bulk solution of AN. Gas phase sulfuric acid was
produced inside the AIDA chamber held at −50 °C and RHw = 62%. The phase state of the particles
was continuously monitored with a Fourier Transform Infrared (FTIR) Spectrometer1 and with laser
light linear depolarization measurements (SIMONE instrument). The ice nucleation behavior of the
aqueous and crystalline AN particles was measured with two continuous flow diffusion chambers
(INKA and mINKA) at temperatures between −40 °C and −56 °C. Crystalline particles were also
probed in an AIDA expansion cooling experiment.

In the CLOUD experiment, ammonium nitrate particles with a median diameter of about 100nm
were generated in situ from the gas-to-particle conversion of nitric acid and ammonia at about
−40 °C and 15− 30% relative humidity with respect to liquid water. To induce the crystallization of
the particles, the concentration of gas phase sulfuric acid was then slowly increased, with an excess
of ammonia in the gas phase. The accurate control of concentration of the gas precursors and
the measurements performed with several mass spectrometers allowed to accurately quantify the
sulfate concentration in the particles and its effect on the ice nucleation ability of the AN particles.
The ice nucleation ability of the particles was continuously measured with ice saturation ratio scans
performed with two continuous flow diffusion chambers (mINKA and SPIN) at −58 °C and −53 °C.

5.2 aerosol preparation and characterization
aida experiment The description of the AIDA chamber and the standard instrumentation used
can be found in Section 3.2.

An overview of the AIDA crystallization experiment is presented in Figure 5.1. Ammonium
nitrate particles were generated with an ultrasonic nebulizer from an 8wt% solution . The particles
were injected into the AIDA chamber at about −50 °C and ice saturated conditions (Sice = 1.0,

1 FTIR data collection and analysis were performed by Dr. Robert Wagner.
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RHw = 62%). Before injection into the AIDA chamber, the aerosol flow was exposed to low relative
humidity conditions (RHw 6 3%) by passing through a series of diffusion dryers. In agreement
with previous studies, pure AN particles did not crystallize during aerosol injection (i.e., in the
few seconds of residence time in the injection line at RHw 6 3%) or when suspended for longer
times at the AIDA chamber conditions. The low backscattering linear depolarization ratio of the
particles (δ ≈ 3%, Figure 5.1a) corresponds to the background value that is typically observed
for homogeneous liquid particles. Additionally, the habitus of the ν3(NO –

3
) absorption band at

1500− 1300 cm−1 in the infrared spectrum of the particles (shown in blue in Figure 5.1b) resembles
that of supercooled liquid ammonium nitrate measured by Höpfner et al. (2019). To initiate the
heterogeneous crystallization of the AN particles, gas phase sulfuric acid was produced inside the
chamber from the oxidation of SO

2
by ·OH radicals. Hydroxyl radicals were generated in the

dark from the reaction of ozone and tetramethylethylene (TME, C
6
H

12
). The injection order of

the gases and the respective time of injection are indicated in the upper part of Figure 5.1a. (i)
Ozone (≈ 741 ppb) and (ii) SO

2
(≈ 7 ppb) were injected first, indicated in blue and orange in Figure

5.1a. To produce gas phase sulfuric acid, (iii) TME was then injected in two steps, marked in gray.
Sulfuric acid both condensed on the ammonium nitrate particles and homogeneously nucleated
new particles. Finally, (iv) ammonia was injected (3.9 ppb) to neutralize the sulfuric acid component
(light blue shaded area). The phase state of the particles was continuously monitored with a Fourier
Transform Infrared Spectrometer (FTIR) and with laser light linear depolarization measurements
(SIMONE instrument). As described by Höpfner et al. (2019), aqueous and crystalline ammonium
nitrate particles have different characteristic infrared extinction spectra, which allows distinguishing
the phase state of the particles. Additionally, changes in the polarization of the light scattered by the
aerosol particles, expressed in terms of the depolarization ratio δ, allow inferring the morphology of
the particles. A depolarization ratio of zero is associated with spherical aqueous solution droplets,
while a non-zero value is characteristic of non-spherical and inhomogeneous particles. A discussion
of the crystallization behavior of the particles is provided in the result section.

The size distribution of the particles was measured with an aerodynamic particle sizer (APS). The
volume equivalent diameter of the particles was calculated assuming a shape factor of 1.0 or 1.1,
and a density of 1.44 g cm−3 or 1.72 g cm−3 for aqueous and crystalline AN particles, respectively.
Equilibrium mass concentration and density of the aqueous ammonium nitrate particles at the ther-
modynamic condition of the AIDA chamber were calculated with the Extended Aerosol Inorganic
Model (E-AIM, Clegg et al., 1998). The median diameter of the particle size distribution before
and after the crystallization process was 980 and 933nm, respectively, as fitted by a log-normal
distribution.

The ice nucleation ability of the ammonium nitrate particles before and after the crystallization
process was measured with ice saturation scans performed with mINKA and INKA at the nomi-
nal temperature of −52 °C and −56 °C. Additional measurements were performed to investigate
the temperature-dependent ice nucleation ability of the crystalline AN particles at temperatures
between −40 °C and −56 °C. The ice nucleation ability of the crystalline AN particles was also
measured with an AIDA expansion cooling experiment at the starting temperature of about −50 °C.
The sampling line shared by the two CFDCs was cooled to about −30 °C to prevent the warming
of the aerosol particles during the transfer from the AIDA chamber to the instruments. During the
crystallization procedure (i.e. during injection of the gas precursors), changes in the ice nucleation
ability of the aqueous ammonium nitrate particles were monitored with INKA by measuring the
number concentration of ice crystals forming at the constant conditions of −55.6 °C and Sice = 1.34.
Additionally, the particle size distribution at the constant conditions of −51.8 °C and RHw = 79%
(i.e. below the deliquescence relative humidity of crystalline AN particles, DRH = 97% at −50 °C,
Clegg et al., 1998) was continuously measured with the optical particle counter at the outlet of the
mINKA instrument. Unlike INKA, mINKA was operated without an evaporation section, thereby
facilitating the detection of the hygroscopic growth of the aerosol particles (see Sections 3.4.2 and
3.4.7 for more details).

The fraction of particles inducing heterogeneous ice nucleation (ice nucleating fraction, INF) is
computed as the ratio of the ice crystal number concentration to the aerosol particle number concen-
tration measured by the APS. The ice nucleation active surface site density nS (INAS density, see
Section 2.2) is calculated as the ratio of the ice crystal number concentration to the total surface area
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Figure 5.1: Overview of the ammonium nitrate crystallization experiment performed in the AIDA chamber
at about −50 °C and RHw = 62%. a) Time series of the crystallization process. The gas injection
periods are highlighted in the upper part of the plot. The linear depolarization ratio δ is shown
in green (left axis), the evolution of the ice nucleating fraction (INF) at −56 °C and Sice = 1.34
measured by INKA is shown in black (right axis). b) Infrared spectra of AN particles measured
before (blue) and after (orange) their crystallization. The spectra are offset for clarity. c) Particle
size distribution of the aqueous AN (blue) and the crystalline AN particles (orange) measured by
mINKA at about −52 °C and RHw = 79%. d) and e) Ice nucleating fraction (INF) as a function
of the ice saturation ratio (Sice) measured by mINKA, INKA, and AIDA (in red). Blue curves
show the homogeneous nucleation of aqueous AN particles; orange and red curves present the
heterogeneous ice nucleation ability of crystalline AN.

of the aerosol particles measured by the APS. The newly formed aerosol particles that nucleated in
the AIDA chamber during the production of sulfuric acid are not included in the total aerosol par-
ticle concentration, because their small size prevents a significant contribution to a heterogeneous
ice nucleation mode (median diameter of about 30nm measured with a scanning mobility particle
sizer, SMPS).

cloud experiment The description of the CLOUD chamber and the list of instruments operated
during the CLOUD14 campaign can be found in Section 3.3.

An overview of the experiment presented here is shown in Figure 5.2. Pure ammonium nitrate
particles were formed via homogeneous nucleation of nitric acid and ammonia vapors at about
−40 °C and RHw = 15 − 30%. Gas phase nitric acid was directly injected into the chamber and
its concentration was progressively increased to induce the homogeneous nucleation and growth
of the aerosol particles. The nitric acid concentration, measured with a chemical ionization mass
spectrometer2 (CIMS, with bromide as the reagent ion) is shown in Figure 5.2a. Ammonia was
continuously injected during the whole experiment to ensure the full neutralization of nitric and

2 Br–-CIMS data were collected and analyzed by Dr. Mingyi Wang (Carnegie Mellon University).
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sulfuric acid. The ammonia concentration was measured with a proton transfer reaction mass spec-
trometer3 (PTR-MS) and ranged between 160 and 320 ppt (Figure 5.2a). Once the median diameter
of the AN particles leveled off at about 100nm, the nitric acid concentration was stabilized and the
growth of the particles was stopped. The evolution of the particle size distribution measured with
a scanning mobility particle sizer (SMPS) is shown in Figure 5.2d. Gaseous sulfuric acid was gener-
ated from the oxidation of sulfur dioxide (SO

2
) by hydroxyl radicals (·OH). First, the production of

·OH radicals was initiated via ozone photolysis by turning on the UV lights inside the chamber (at
about 3:30, black vertical line). The ozone concentration was about 180− 200 ppb. Then, SO

2
was

injected and oxidized to sulfuric acid (Figure 5.2b). Gas phase sulfuric acid was measured with a
CIMS using nitrate as reagent ion4. The SO

2
injection rate was increased 2 times during the exper-

iment, resulting in a step-wise increase of gas phase sulfuric acid (Figure 5.2b, brown trace), with
final concentration of about 3.2 ppt. The chemical composition of the particles was monitored with
an aerosol mass spectrometer5 (AMS). The time series of the particle phase nitrate concentration
measured by the AMS is shown in Figure 5.2c (dark blue, left axis). The sulfate-to-nitrate molar
ratio of the particles is also shown (right axis, in red). The sulfate appeared in the particle phase
approximately 1h after the start of SO

2
injection.

The ice nucleation ability of the particles was monitored with mINKA and SPIN. mINKA was
operated at the nominal temperature of −58 °C, SPIN6 measured at −53 °C. Unlike SPIN, mINKA
was operated without an evaporation section to maximize the exposure time of the sampled par-
ticles to the defined ice supersaturated conditions (see Section 3.4.2 for more details). A detailed
description of the SPIN instrument with its experimental operation and measurement uncertainties
can be found e.g. in Garimella et al. (2016), Garimella et al. (2017), Korhonen et al. (2020), and
Welti et al. (2020). Ice saturation ratio scans were started approximately every 20− 30min through-
out the experiment. To keep the aerosol particles at a constant temperature during the transfer
from the CLOUD chamber to the instruments, both CFDCs sampled the aerosol particles from the
CLOUD chamber with an actively cooled sampling line. The sampling line of mINKA was set to
the CLOUD chamber temperature (about −40 °C), whereas the SPIN sampling line was set to the
minimum working temperature of the chiller (about −30 °C).

The fraction of particles that initiated ice nucleation (ice nucleating fraction, INF) is calculated
as the ratio of the ice crystal number concentration to the total number of particles with diameters
larger than 10nm, obtained by integration of the particle number size distribution from the SMPS
data. To compare the ice nucleation results obtained from particles of different sizes, the ice nucle-
ation active surface site density nS (INAS density, see Section 2.2) is used. nS is calculated as the
ratio of the ice number concentration to the total surface area of particles with diameters larger than
10nm, obtained from the SMPS data assuming spherical particles.

3 PTR-MS data were collected and analyzed by Wiebke Scholz (University of Innsbruck).
4 NO –

3
-CIMS data were collected and analyzed by Guillaume Marie (Goethe University Frankfurt).

5 AMS data were collected and analyzed by Brandon Lopez (Carnegie Mellon University).
6 SPIN data collection and analysis was performed by Dr. Ana A. Piedehierro and Dr. André Welti (Finnish Meteorological

Institute).
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Figure 5.2: Overview of the AN crystallization experiment performed in the CLOUD chamber at about −40 °C
and RHw = 15− 30%. a) Concentration of nitric acid (HNO

3
, blue) and ammonia (NH

3
, black).

b) Concentration of sulfur dioxide (SO
2
, orange) and gas-phase sulfuric acid (H

2
SO

4
, red). c)

Chemical composition of the aerosol particles. The concentration of nitrate (NO –
3

) is shown in
blue, the sulfate-to-nitrate molar ratio is shown in red. d) Temporal evolution of the particle size
distribution.

5.3 results and discussion

aida experiment The crystallization process and the results from the AIDA experiment are sum-
marized in Figure 5.1. The injection periods of the different gases are indicated in the upper part
of panel a: O

3
in blue, SO

2
in orange, C

6
H

12
(TME) in gray, and NH

3
in light blue. The time series

of the linear depolarization ratio δ is shown in green in panel a (left axis). Panel aalso reports
the evolution of the ice nucleating fraction (INF) measured with INKA during the crystallization
process at the constant conditions of −55.6 °C and Sice = 1.34 (right axis). At about 11:45, during
the first TME injection period, a sharp increase is visible in the depolarization ratio (from about
3% to 23%) and in the ice nucleating fraction (from < 10−4 to about 2 · 10−3). Both depolarization
and ice nucleation measurements clearly indicate that the AN particles crystallized upon generation
and uptake of gas-phase sulfuric acid (SA). The fact that the heterogeneous crystallization of the
AN particles took place before the injection of ammonia could indicate that (i) the condensed sul-
furic acid was neutralized by the ammonium ions present in the AN particles, with the immediate
crystallization of the ammonium sulfate component, or that (ii) gas phase ammonia was already
present as a background in the chamber and co-condensed on the AN particles together with SA.
The presence of ammonia contamination in the chamber is likely because high loads of ammonia
were used in a series of experiments performed in the previous days.

The change in the phase state of the particles was also visible in the infrared extinction spectra.
Figure 5.1b shows the AN infrared spectrum in the regime of the ν3(NO –

3
) absorption band mea-

sured before (blue) and after (orange) the crystallization. The spectral habitus of the aqueous and
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crystalline particles corresponds to the measurements by Höpfner et al. (2019) and Wagner et al.
(2020), with the solid particles presenting narrower absorption bands. The spectra were scaled and
offset to facilitate their comparison.

Indication of the crystallization of the AN particles is also visible in the particle size distributions
measured with the optical particle counter of mINKA during the gas injection period. Figure 5.1c
shows the particle size distributions measured by the OPC before (in blue) and after (in orange)
the AN crystallization. During the crystallization process, particles were exposed in mINKA to a
temperature of −51.8 °C and a relative humidity of 79%, below the expected deliquescence relative
humidity of AN particles (see Section 2.4). Due to loss of water, the crystalline AN particles appear
at smaller diameters compared to the aqueous particles.

The ice nucleation measurements, performed before and after the crystallization of the AN par-
ticles, are shown in panels d and e. Measurements were performed with mINKA at the nominal
temperature of −52 °C (panel d) and with INKA at −56 °C (panel e). The measurements conducted
before the gas injections (in blue) show a dominant homogeneous freezing mode, with the ice on-
set (for an ice nucleating fraction of 0.1%) at Sice = 1.59 (mINKA) and Sice = 1.69 (INKA). The
visible minor heterogeneous mode could have resulted from a small fraction of already crystalline
AN particles, probably due to foreign contamination during the preparation of the solution or the
injection procedure in the AIDA chamber. The crystalline AN particles (in orange) show a clear het-
erogeneous ice nucleation mode with the ice onset at Sice = 1.35 (mINKA) and Sice = 1.38 (INKA).
The ice nucleation ability of the crystalline particles was also measured with an AIDA expansion
cooling experiment. The AIDA result, shown in red in Figure 5.1e, locate the heterogeneous ice
nucleation onset at an even lower ice saturation ratio, Sice = 1.17. A similar difference in the ice
nucleation onsets measured with expansion cooling experiments and CFDC scans at cirrus cloud
conditions has been observed in other experiments performed with AN (Wagner et al., 2020) and
ammonium-sulfate particles (see Sections 3.4.7 and 4.4).

To investigate the ice nucleation ability of crystalline AN particles at different temperatures, a
second heterogeneous crystallization experiment was performed in the AIDA chamber at the same
thermodynamic conditions. The ice nucleation ability of the crystalline AN particles was tested at
temperatures between −40 °C and −56 °C with INKA and mINKA measurements. The INF− Sice
curves are shown in Figure 5.3a, and the ice onset conditions (for an ice nucleating fraction of
0.1%) are summarized in Figure 5.3b. In Figure 5.3b, the ice nucleation onsets of AN/AS mixed
particles from the study of Wagner et al. (2020) are also reported (black empty symbols). The AIDA
data (diamonds) refer to particles with ammonium sulfate concentrations from 0.6 to 33mol%,
the INKA data (circles) only show the results for particles with 0.6mol% of ammonium sulfate.
The new results from INKA and mINKA show a good agreement and are consistent with the
INKA measurements from the study of Wagner et al. (2020). The ice onsets corresponding to
the aqueous and crystalline AN particles from the experiment presented in Figure 5.1 are also
included in gray. The theoretical deliquescence relative humidity (DRH) of crystalline AN calculated
with the E-AIM is shown as the blue dashed line. Parameterizations for homogeneous freezing of
aqueous solution droplets (Koop et al., 2000) and for aqueous sulfuric acid particles (Schneider
et al., 2021) are shown as gray shaded area and black dotted line, respectively. Two ice nucleation
regimes, as typical of inorganic salt particles, can be identified. At temperatures higher than ≈
−43 °C, the AN particles first deliquesce and then freeze homogeneously at high ice saturation
ratios (Sice ≈ 1.4, red symbols) in agreement with the parameterizations for homogeneous freezing
(Koop et al., 2000; Schneider et al., 2021). At temperatures below −43 °C, instead, the crystalline
particles can act as ice nucleating particles (INPs) and initiate heterogeneous ice formation before
their DRH is reached. The CFDC results show a shift of the ice nucleation onsets towards higher
values for decreasing temperature, while the AIDA results from Wagner et al. (2020) suggest a weak
temperature-dependent ice nucleation ability of the crystalline AN particles. However, the low
temperature CFDC measurements could be affected by the short residence time of the particles in
the instrument, which could limit the time for the particles to equilibrate to the ice supersaturated
conditions and to grow to large sizes. The better agreement between the CFDC and AIDA data at
temperatures above −50 °C supports the hypothesis of an instrumental bias at low temperatures.

The AIDA experiments show that co-condensation of sulfuric acid and ammonia on aqueous
ammonium nitrate particles is an effective heterogeneous crystallization pathway at −50 °C and



76 ammonium nitrate particles

1.0 1.2 1.4 1.6

Ice saturation ratio, Sice

10 4

10 3

10 2

10 1

100

Ic
e
 n

u
cl

e
a
ti

n
g
 f

ra
ct

io
n
, 

IN
F

a)

INKA
mINKA

60 55 50 45 40 35

Temperature [°C]

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

S
ic
e

b)

55

50

45

40
T [°C]

RHw = 100%
AN DRH

Schneider et al. (2021)
Koop et al. (2000)

AIDA (0.6-33 mol% AS)

Wagner et al. (2020):

INKA (0.6 mol% AS)

Aqueous AN

This study:

INKA
mINKA
AIDA

AIDA

Figure 5.3: Summary of the ice nucleation results from the AIDA experiments for crystalline ammonium ni-
trate (AN) particles as a function of the ice saturation ratio and the temperature. a) INF − Sice
curves measured with INKA (solid lines), mINKA (dashed lines), and AIDA (diamonds) during
the second heterogeneous crystallization experiment, color-coded by the investigated temperature.
b) Ice onset conditions (for an INF = 10−3) for the same measurements as in panel a. The ice onset
results from the first crystallization experiment presented in Figure 5.1 for aqueous and crystalline
AN particles are shown in gray. Results from Wagner et al. (2020) for mixed AN/AS particles are
reported with empty black symbols; AIDA data (diamonds) refer to AS concentrations from 0.6
to 33mol%, INKA data (circles) refer to particles with an AS concentration of 0.6mol%. Water
saturation, AN deliquescence relative humidity (DRH) (Clegg et al., 1998), and parameterizations
for the homogeneous freezing of aqueous solutions and aqueous sulfuric acid particles (Koop et al.,
2000; Schneider et al., 2021) are also shown.

high relative humidity conditions RHw = 62%. The ice nucleation ability of the so-crystallized
AN particles agrees with previous measurements performed with AN/AS particles generated from
pre-mixed AN/AS bulk solutions (Wagner et al., 2020).

In the AIDA experiment, AN particles with a median diameter of about 1µm were used in order
to achieve a sufficiently high aerosol mass concentration to be able to characterize the phase state
of the particles by FTIR spectroscopy and to obtain a clear depolarization ratio signal from the
SIMONE instrument. However, newly formed AN particles are unlikely to reach such large sizes
in the upper troposphere. The experiment performed at the CLOUD chamber helps addressing
this issue by investigating smaller AN particles, using precursor concentrations that correspond to
hotspot conditions within the monsoon anticyclone and yielded a median particle diameter of only
about 0.1µm. Additionally, the fraction of sulfuric acid particles that homogeneously nucleated
during the generation of gas-phase sulfuric acid in the AIDA chamber could have reacted with
background ammonia and became crystalline ammonium sulfate particles. These tiny crystalline
AS seed particles could have partially contributed to the heterogeneous crystallization of the AN
particles via a collision-efflorescence mechanism (Davis et al., 2015). In the CLOUD experiment, the
accurate control of the concentration of the gas precursors avoided the formation of new particles
during the production of sulfuric acid. Moreover, the mass spectrometer measurements made it
possible to determine the minimum amount of sulfate that had to be condensed in order to initiate
the crystallization of the AN particles.

cloud experiment The ice nucleation results from the CLOUD experiment are summarized in
Figure 5.4. The ice nucleating fractions (INF) as a function of the ice saturation ratio Sice measured
by mINKA (at −58 °C) and SPIN (at −53 °C) are shown in panel a and b, respectively. The curves
are color-coded by the sulfate-to-nitrate molar ratio of the particles measured with the Aerosol Mass
Spectrometer (AMS). The time at which each saturation scan was started is also reported. At the
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beginning of the experiment, pure ammonium nitrate particles nucleated ice only at high saturation
ratios (Sice = 1.56− 1.6, dark blue curves). The sharp increase in the ice crystal number concentra-
tion at a defined ice saturation ratio is typical of the homogeneous freezing mode (see Section 3.4.7).
The high ice nucleation onsets of the pure AN particles confirm their initial auqoues phase, simi-
larly to the AIDA experiments where the phase state of the particles was directly measured. When
the sulfate concentration reached a value of about 0.15mol% (at about 04:55, the light blue curve in
Figure 5.4a), the ice crystals appeared in the mINKA instrument already at about Sice = 1.34 (for
an INF = 10−5), and their concentration gradually increased over a wider range of Sice values. The
slower increase in the INF with Sice is indicative of a heterogeneous ice nucleation mode and implies
the presence of a solid component in the particles. However, at this point, only a tiny fraction of the
particles nucleated ice heterogeneously, and the ice nucleation onset, defined as the ice saturation
ratio at which 0.1% of the particles activated as ice crystals, still corresponds to the homogeneous
freezing threshold. A sulfate concentration of about 0.15mol% was probably sufficient to initiate
the crystallization only of a small fraction of the AN particles.

The ice nucleation onset progressively shifted to lower values (Sice = 1.4 and Sice = 1.3) as the
sulfate concentration rose to 0.4mol% and 1.4mol%, respectively. The minor changes in the ice
nucleation ability of the particles with a sulfate concentration greater than 0.4mol% suggest that
most of the AN particles were already crystalline. This result is in very close agreement with the
result of Wagner et al. (2020), which measured the crystallization of larger AN particles (≈ 0.9µm)
with a sulfate concentration of 0.6mol% at about −50 °C and RHw = 22%. The ice nucleation ability
of crystalline AN particles with different sizes obtained in the AIDA and CLOUD experiments is
compared in terms of ice nucleation active surface site (INAS) density in the conclusions section.

In the measurements performed with SPIN at −53 °C (Figure 5.4b), the heterogeneous ice nucle-
ation mode appears only at a higher sulfate-to-nitrate molar ratio (0.5mol%) and is less pronounced
than in the mINKA measurements. However, the transition from the sharp activation at the homo-
geneous freezing threshold for the aqueous AN particles to the gradual increase in the INF of the
heterogeneous ice nucleation mode is visible also in the SPIN measurements. The gray shaded
area in Figure 5.4b corresponds to the background concentration of ice crystals in the SPIN instru-
ment (in the mINKA instrument the background ice counts were lower than 10−5 fraction of the
aerosol particles). The differences in the heterogeneous ice nucleation ability measured with the
two CFDCs could result from a different sensitivity of the two instruments towards the formation
of ice crystals via heterogeneous ice nucleation. In view of the results presented in the previous
section, the small temperature difference between the SPIN (−53 °C) and mINKA (−58 °C) scans is
not a likely reason to explain the difference in the measured ice nucleation behavior. The INKA and
mINKA heterogeneous ice nucleation measurements compared well (see Sections 3.4.7, 4.4), but
systematic intercomparison studies between CFDCs with different geometries and characteristics
at cirrus cloud conditions are still missing. In Chapter 6, a first comparison of the homogeneous
freezing threshold measured by mINKA and SPIN for a different aerosol system will be presented.
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Figure 5.4: Overview of the ice nucleation measurements performed during the CLOUD experiment. The
ice nucleating fraction INF is shown as a function of the ice saturation ratio Sice. The curves are
color-coded by the sulfate-to-nitrate molar ratio measured by the AMS. The time at which each
saturation scan was performed is indicated in the legend.

5.4 conclusions

Strong convective systems that develop during the Asian summer monsoon season can uplift
primary aerosol particles as well as trace gases, leading to the formation of the so-called Asian
Tropopause Aerosol Layer (ATAL, Vernier et al., 2011). In the upper troposphere, the formation of
new aerosol particles from the condensation of gaseous precursors is facilitated by the low temper-
atures that induce supersaturated conditions for several gaseous species. Crystalline ammonium
nitrate (AN) particles were recently observed within plumes of elevated NH

3
concentrations in

the ATAL (Höpfner et al., 2019). Additionally, due to the expected increase in nitrate precursor
emissions and the decrease of sulfate aerosols, the concentration of nitrate in the particle phase is
expected to increase (Bauer et al., 2007).

The phase state of the AN particles, or of the AN coating on pre-existing seed particles, is of great
importance in defining their direct and indirect radiative effect. Liquid AN particles can nucleate
ice only via homogeneous freezing at high ice saturation ratios. In the crystalline state, however,
AN particles remain solid up to RHw = 97% (at −50 °C, corresponding to Sice = 1.56) and can
thus initiate ice nucleation via heterogeneous nucleation at low ice saturation ratios (Sice ≈ 1.2)
(Wagner et al., 2020). Which of the two ice nucleation modes dominates (i.e., homogeneous or
heterogeneous) influences the microphysical properties of the cloud, and thus its optical thickness
(see Section 1.1.3).

Pure ammonium nitrate particles are known to exist as supercooled aqueous solution droplets
even at very low relative humidity (Martin, 2000; Cziczo and Abbatt, 2000). However, the crystal-
lization of aqueous salt droplets can be induced by various heterogeneous mechanisms (e.g., Han
et al., 2002; Davis et al., 2015), including the addition of salts that more readily crystallize (Ge et al.,
1996). In particular, the addition of sulfate has been shown to initiate the crystallization of AN
(Schlenker and Martin, 2005). This multicomponent crystallization mechanism has already been ex-
plored in previous studies, but generally using pre-mixed bulk solutions with different mole ratios
of ammonium nitrate and ammonium sulfate for aerosol generation (Schlenker and Martin, 2005;
Höpfner et al., 2019; Wagner et al., 2020). In this chapter, the work from Wagner et al. (2020) was
extended by investigating the heterogeneous crystallization and ice nucleation ability of ammonium
nitrate particles after co-condensation of gas-phase sulfuric acid and ammonia. The crystallization
experiments were performed at the AIDA and the CLOUD chamber. The ice nucleation ability
of the liquid and crystalline particles was probed with continuous flow diffusion chambers (INKA,
mINKA, and SPIN) and with AIDA expansion cooling experiments at temperatures between −40 °C
and −56 °C.
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In both the AIDA and CLOUD chamber experiments, the heterogeneous crystallization of AN
particles with median diameters of about 1µm and 100nm was observed after the co-condensation
of a small amount of sulfuric acid and ammonia. In particular, the CLOUD experiment showed that
a sulfate concentration of 0.4mol% in the AN particles is sufficient to initiate their crystallization
and to turn the particles into efficient ice nucleating particles. This result is in agreement with the
study of Wagner et al. (2020), where the AN crystallization was observed for particles with similar
sulfate concentration (0.6mol%) but larger diameter (≈ 0.9µm).

The ice nucleation active surface site density nS (INAS, see Section 2.2) calculated from the ice
nucleation results presented in the previous sections is shown in figure 5.5. The nS parameterization
proposed by Wagner et al. (2020) for crystalline ammonium nitrate particles is shown as a gray
shaded area. The new measurements agree with this parameterization, although particles with
different diameters were used in the different experiments, supporting the validity of the INAS
density approach for this particle type. nS values for desert dust particles for a similar temperature
range are also reported for comparison (Ullrich et al., 2017). The similar ice nucleation activity
between the crystalline AN and desert dust particles, a recognized and well-studied INP type under
cirrus conditions (Hoose and Möhler, 2012), highlights the importance of AN as a potential seed for
cirrus cloud formation. Increasing concentrations of AN in the upper troposphere would lead to
an increase of ice nucleating particles that can modify the formation mechanism and microphysical
properties of cirrus clouds.
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Figure 5.5: Ice nucleation active surface site density (nS) versus ice saturation ratio (Sice) for crystalline ammo-
nium nitrate (AN) particles measured at temperatures between −50 °C and −56 °C (color-coded).
The parameterization for crystalline AN particles presented by Wagner et al. (2020) is shown as a
gray shaded area. The INAS density values for desert dust particles measured in a similar temper-
ature range are also reported for comparison (Ullrich et al., 2017).





6 S E C O N DA R Y O R G A N I C A E R O S O L
PA R T I C L E S

6.1 introduction
Secondary organic aerosol (SOA) particles form directly in the atmosphere from the oxidation and
gas-to-particle conversion of volatile organic compounds (VOCs). SOA particles represent an im-
portant component of the atmospheric aerosol, accounting for 50− 85% of the total organic aerosol
burden (Jimenez et al., 2009).

Globally, atmospheric VOCs are dominated by biogenic sources such as plants, with isoprene
(C

5
H

8
, IP) being the most abundant VOC (Seinfeld and Pandis, 2012; Steiner and Goldstein, 2007).

Although the emission rate of α-pinene (C
10

H
16

, αP) is ten times lower compared to isoprene (60 vs
600 Tgyr−1) the mass yield of compounds derived from terpenes, especially αP, is higher (Guenther
et al., 2006). Pure αP and αP together with IP are investigated in this chapter as representative
systems for biogenic SOA.

SOA particles from the oxidation of α-pinene are a well-characterized system often used as a ref-
erence for new particle formation, growth, hygroscopicity, and ice nucleation studies. In particular,
growth rates and chemical composition of αP SOA particles formed under a range of tropospheric
temperatures (from 25 °C to −25 °C) were investigated by Kristensen et al. (2017), Stolzenburg et al.
(2018), and Huang et al. (2018). They found that at low temperatures a higher fraction of less oxi-
dized and thus more volatile compounds partition to the particle phase compared to experiments
performed at higher temperatures. Since compounds with lower volatility are believed to have a
higher viscosity (Champion et al., 2019), uplifted SOA particles, i.e., particles formed at a higher
temperature (e.g. in the boundary layer) and then transported to lower temperatures (e.g. to the
upper troposphere), could be more viscous compared to those directly formed at low temperature.

The effect of relative humidity on the chemical composition of the particles is still largely un-
known. Several studies have shown that relative humidity influences aerosol yield (e.g., Tillmann
et al., 2010), but a detailed understanding of the effect on the chemical composition of the particles
is still missing (Kidd et al., 2014; Huang et al., 2018). Kidd et al. (2014) investigated changes in the
viscosity of αP SOA particles formed at different relative humidity (RHw). Higher RHw conditions
at particle formation were associated with a decrease in the concentration of high molecular mass
compounds, thus leading to a decrease in particle viscosity. Similar results were obtained by Huang
et al. (2018).

The presence of isoprene leads to a reduction in the nucleation rate of new particles and in the
aerosol yield (Kiendler-Scharr et al., 2009; McFiggans et al., 2019). Heinritzi et al. (2020) showed that
the addition of isoprene leads to a reduction in the gas-phase concentration of molecules with 20
carbon atoms and to the appearance of molecules with a lower molecular weight (i.e. with 15 carbon
atoms), which then also contribute to the growth of the particles. The presence of compounds with
lower molecular weight could thereby decrease the viscosity of the particles (Koop et al., 2011).

The main sources of anthropogenic VOCs are fossil fuel production and combustion (about 40%),
biomass burning (25%), use of biofuel (17%), and industrial processes (18%) (Koppmann, 2007).
Major classes of anthropogenic VOCs are alkanes, alkenes, aromatic hydrocarbons, and oxygenated
VOCs (Atkinson and Arey, 2003). Naphthalene (C

10
H

8
, NAPH), investigated in this chapter as re-

presentative for anthropogenic SOA, is a polycyclic aromatic hydrocarbon. Polycyclic aromatic hy-
drocarbon have a lower volatility compared to biogenic precursors and are classified as intermediate-
volatility organic compounds (IVOC, see Section 2.3 and Donahue et al., 2009). Photooxidation of

Part of the results presented in this chapter have already been presented in the Master Thesis "Measurements of the ice
nucleating ability of Secondary Organic Aerosol at the CERN CLOUD experiment" from Pia Bogert (2020).
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naphthalene results in compounds with high molecular weight and low volatility that contribute
to SOA formation (Chan et al., 2009; Xiao et al., 2021). Oxidation products of NAPH have been
identified in urban particulate matter (Arey et al., 1989).

The phase state of organic particles is an important property that strongly affects climate, air
quality, and health (see e.g. Section 2.3, Pöschl and Shiraiwa, 2015; Reid et al., 2018). Traditionally,
atmospheric SOA particles were considered to be liquid but recent studies have found that they can
also be in a glassy phase state (i.e., in an amorphous solid phase) at low temperature and/or relative
humidity (e.g., Virtanen et al., 2010; Shiraiwa et al., 2017). The phase state of the SOA particles
depends on their composition and the environmental conditions, resulting in a viscosity that spans
several orders of magnitude for different atmospheric SOA particles (Koop et al., 2011; Shiraiwa
et al., 2011). Viscosity determines the hygroscopic behavior of aerosol particles and defines their
ability to form clouds (e.g., Mikhailov et al., 2009; Murray et al., 2010). Due to the slow diffusion of
water and its plasticizing effect, steep radial gradients in water concentration, called diffusion fronts,
develop in the particles (O’Meara et al., 2016; Bastelberger et al., 2017). Depending on their viscosity
and the time scale under consideration, highly viscous particles can thus be in non-equilibrium with
the surrounding conditions.

How this complex water uptake behavior influences the ice nucleation ability of glassy particles
in the atmosphere is still not fully understood. If organic aerosol particles remain in a glassy phase
state at ice supersaturated conditions, heterogeneous ice nucleation can occur on their solid surface.
For example, it has been shown that some classes of highly viscous single organic compounds (e.g.,
citric acid, raffinose, and levoglucosan) can initiate heterogeneous ice nucleation at low tempera-
tures (T < −55 °C), with ice saturation ratios for the nucleation onset well below the homogeneous
freezing limit (Sice = 1.2− 1.5) (e.g., Murray et al., 2010; Wilson et al., 2012). If the particles start
to take up water and an aqueous shell forms, ice nucleation can either occur heterogeneously at
low ice saturation ratios via immersion freezing or at higher Sice via homogeneous freezing of the
aqueous, sufficiently diluted shell (Berkemeier et al., 2014; Knopf et al., 2018). Fowler et al. (2020)
suggested that the homogeneous freezing onsets of viscous SOA particles deviate from the water-
activity based parameterization for aqueous solution droplets (Koop et al., 2000) depending on the
size of the particles and the humidification rate.

The majority of previous ice nucleation measurements performed with αP SOA particles showed
ice formation only at or above the homogeneous freezing threshold for aqueous solution droplets
(Möhler et al., 2008; Prenni et al., 2009; Ladino et al., 2014; Wagner et al., 2017; Charnawskas et al.,
2017). However, Ladino et al. (2014) showed that αP SOA have an enhanced ice nucleation ability
if pre-cooled, suggesting that their viscosity may play a role in defining their ice nucleation be-
havior. Recently, Piedehierro et al. (2021) measured the ice nucleation ability of αP SOA particles
generated with a range of different oxidation mechanisms (i.e. with ozone or hydroxyl radicals),
different oxidation levels, and exposure to different relative humidity conditions. In all cases, the
measured ice nucleation onset was at or above the homogeneous freezing threshold. Only Ignatius
et al. (2016) measured lower ice nucleation onsets for αP SOA particles compared to aquoues sul-
furic acid solution droplets and suggested that heterogeneous freezing was the dominant ice nu-
cleation mechanism. Also oxidation products of isoprene, namely isoprene-epoxydiol (IEPOX) and
2-Methyltetrol, have been recently identified as efficient ice nucleating particles at about −46 °C
(Wolf et al., 2020). Regarding anthropogenic SOA, Wang et al. (2012) investigated the water uptake
and ice nucleation ability of naphthalene-derived SOA particles at temperatures between −25 °C
and −70 °C. The particles were generated in a flow reactor at room temperature and RHw ≈ 35%,
collected on hydrophobically coated glass plates, and exposed to controlled temperature and rela-
tive humidity conditions in an ice nucleation cell. At temperatures between −31 °C and −43 °C, the
NAPH SOA particles took up water at about 80− 85% and initiated ice nucleation via immersion
freezing. At lower temperatures, the particles nucleated ice heterogeneously at lower ice saturation
ratios (Sice = 1.36 − 1.52) compared to the onset for homogeneous freezing of aqueous solution
droplets.

The experiments presented in this chapter were performed at the CLOUD facility during the
CLOUD14 campaign and investigated the ice nucleation ability of secondary aerosol particles de-
rived from three different systems: α-pinene (αP), mixtures of α-pinene and isoprene (αP+IP), and
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naphthalene (NAPH) (see Table 6.1). The ice nucleation ability of the particles was measured with
three continuous flow diffusion chambers (CFDCs) through ice saturation ratio scans performed
at temperatures between −40 °C and −65 °C. Experiments with αP SOA were performed at dif-
ferent temperatures (5 °C, −10 °C, −31 °C, and −50 °C) and relative humidities (RHw = 2%, 20%,
and 60%) to investigate how the thermodynamic conditions at which the SOA particles form may
influence their chemical composition and thus their ice nucleation ability. Since SOA particles in
the atmosphere are likely to be mixtures of several compounds, the effect of isoprene admixture to
the αP system was investigated in two experiments performed at −10 °C and −30 °C. These exper-
iments are the first ice nucleation measurements of mixed αP and IP SOA particles. Finally, two
experiments were performed with NAPH SOA particles as representative system for anthropogenic
SOA. NAPH-derived SOA particles were generated at 6 °C and −10 °C and low relative humidity
conditions.

6.2 experimental methods

6.2.1 Aerosol generation and characterization

The aerosol particles were generated in the CLOUD chamber from the oxidation and gas-to-particle
conversion of gaseous precursors. The description of the CLOUD chamber, the list of instruments
used during the CLOUD14 campaign, and the description of a typical experiment can be found in
Section 3.3. A list of the experiments presented in this chapter can be found in Table 6.1, summa-
rizing the thermodynamic conditions inside the CLOUD chamber and the range of gas precursor
concentrations used in each experiment. The nucleation and growth of the SOA particles to certain
size was controlled by increasing the concentration of the gas precursors and by initiating the pro-
duction of hydroxyl radicals (·OH) upon activation of the light system. After the nucleation and
growth period (2− 3h), the ice nucleation measurements were started and lasted for about 4− 7h.

During the measurement period, the aerosol number concentration constantly decreased due to
wall and sampling losses (see Section 3.3.2). Because the aerosol particles serve as a condensa-
tion sink for the gas precursors, an excessive decrease in the particle concentration can lead to the
nucleation of new particles. Such behavior was observed in a couple of runs, leading to the transfor-
mation of the particle size distribution from a uni-modal to a multi-modal log-normal distribution.
To limit this effect, the concentration of the gas precursors was reduced once the particles reached a
size of about 100nm. The injection of the gas precursors was never completely stopped to prevent
the evaporation of semi-volatile compounds from the particles.

The gas-phase concentration of the precursor vapors was measured with a proton transfer reac-
tion mass spectrometer1 (PTR-MS). The aerosol number concentration and particle size distribution
were measured with a condensation particle counter (CPC) and a scanning mobility particle sizer
(SMPS), respectively. The chemical characterization of the formed particles was performed with
different aerosol mass spectrometers. The bulk composition of the aerosol particles was measured
with an Aerosol Mass Spectrometer (AMS). The chemical characterization at the molecular level was
performed with three different instruments, (i) a Filter Inlet for Gases and AEROsols (FIGAERO)
coupled with a time-of-flight chemical ionization mass spectrometer (CIMS), (ii) an Extractive Elec-
troSpray Ionization time-of-flight mass spectrometer (EESI-TOF), and (iii) a Thermal Desorption-
Differential Mobility Analyzer (TD-DMA) coupled to a nitrate CIMS. The full list of instruments
employed during the CLOUD14 campaign can be found in Table 3.1. Results on the chemical com-
position of the particles will not be presented in this thesis and will be analyzed in relation to the
ice nucleation ability of the particles in a future study.

1 PTR-MS data were collected and analyzed by Wiebke Scholz (University of Innsbruck).
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Table 6.1: List of the experiments presented in this chapter. Temperature (T ), relative humidity (RHw), and
ozone concentration correspond to the average values measured during the experiments. Concen-
trations of α-pinene (αP), isoprene (IP), and naphthalene (NAPH) refer to the peak values.

Run number T [°C] RHw O
3

[ppb] αP [ppb] IP [ppb] NAPH [ppb]

2201 5 2% 70 10.7 − −

2211 −10 10% 112 2 − −

2221 −31 20% 102 5.7 − −

2222 −50 18% 100 5.0 − −

2224 −29 62% 107 6.1 − −

2223 −48 65% 110 8.4 − −

2210 −10 39% 110 2.6 21.1 −

2220 −30 21% 100 6.7 33 −

2238 6 18% 263 − − 23

2240 −10 2% 497 − − 35

6.2.2 Ice nucleation measurements

The ice nucleation measurements were performed with three continuous flow diffusion chambers
(CFDCs), namely mINKA, SPIN2 (SPectrometer for Ice Nuclei), and PINCii3 (Portable Ice Nucle-
ation Chamber II). The description of the CFDC working principle and mINKA can be found in
Sections 3.4.1 and 3.4.2, respectively. SPIN (Stetzer et al., 2008; Garimella et al., 2016) and PINCii
(Chou et al., 2011) are two vertically-oriented parallel-plate CFDCs. Both chambers have a 100 cm
long diffusion section. The evaporation sections of SPIN and PINCii are 25 cm and 44 cm long, re-
spectively. To maximize the exposure time of the sampled particles to the supersaturated conditions,
mINKA was operated without an evaporation section (see Section 3.4.2 for more details). In all in-
struments, the plate-to-plate distance is 1 cm (without ice-coating layer). SPIN is equipped with
a linear depolarization optical particle counter (OPC) that uses four optical detectors for counting,
sizing, and differentiating unactivated aerosol particles, droplets, and ice crystals in the 0.4− 15µm
size range. In PINCii, aerosol particles and ice crystals are detected using a Lighthouse OPC (Re-
mote 3104). The OPC counts and classifies the particles into four different size channels (0.3− 1µm,
1− 3µm, 3− 5µm, and > 5µm). The details of the OPC mounted on mINKA and its custom-made
calibration have been described in Section 3.4.3. During the CLOUD14 campaign, the minimum
obtainable aerosol lamina temperature was about −65 °C, −60 °C, and −50 °C for mINKA, SPIN,
and PINCii, respectively. A description of the uncertainties related to temperature and ice satu-
ration ratio of the aerosol lamina in mINKA measurements can be found in Section 3.4.4; for the
uncertainties in SPIN and PINCii measurements the reader is referred to Korhonen et al. (2020).

Ice nucleation measurements were performed sampling the polydispersed aerosol particles from
the CLOUD chamber with insulated and actively cooled sampling lines (see Section 3.3.1). The ice
nucleation ability of the particles was measured at temperatures between −40 °C and −65 °C with
ice saturation ratio scans (each lasting ≈ 20min) for a time period of 4 − 7h. The CFDCs were
operated with different experimental protocols developed to get the best performance from each
instrument, thus obtaining stable temperature conditions in the instrument and minimizing the
background ice counts. Subsequent saturation ratio scans at different temperatures were performed
by progressively decreasing the aerosol lamina temperature in mINKA and PINCii. In SPIN, instead,
the measurements were performed by increasing the aerosol lamina temperature. When comparing
the ice nucleation ability measured by the CFDCs during the same experiment and at the same
aerosol lamina temperature, it is therefore necessary to consider that the individual measurements
may partly have a time offset of a few hours, so that changes in the chemical composition or size
distribution of the particles must be taken into account in the interpretation of the results.

The ice particle number concentration was measured with optical particle counters. All parti-
cles larger than 1µm detected by the OPCs are interpreted as ice crystals. During the CFDCs ice

2 SPIN data collection and analysis was performed by Dr. Ana A. Piedehierro and Dr. André Welti (Finnish Meteorological
Institute).

3 PINCii data collection and analysis was performed by Zoé Brasseur (Helsinki University).
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saturation ratio scans, the hygroscopic growth of the SOA particles above 1µm can be excluded
because of the small size of the investigated particles (smaller than 400nm in diameter) and the
low hygroscopic growth factor (ratio of the wet to dry particle diameter) typically observed for SOA
particles (DRHw=95%/Ddry < 1.3, Varutbangkul et al., 2006). The background ice concentration was
evaluated before each single humidity scan in mINKa and PINCii, and once before the start of each
experiment in SPIN, by measuring the ice number concentration while filtered particle-free air was
sampled in the instruments. The fraction of particles that initiated ice nucleation (ice nucleating
fraction, INF) is calculated as the ratio of the ice crystal number concentration to the total number
of particles with diameter larger than 10nm, obtained by integration of the particle number size
distribution from the SMPS data.

To directly compare the performance of the three CFDCs, measurements with a large time off-
set were discarded and only ice nucleation measurements performed at a similar temperature
(±2 °C) and time interval (±30min) were selected among all the experiments performed during
the CLOUD14 campaign. Additionally, only experiments in which the particles nucleated ice at or
above the homogeneous freezing limit are considered. The comparison between mINKA and SPIN
comprises 22 ice saturation ratio scans performed at temperatures between −38 °C and −54 °C;
the comparison between PINCii and SPIN comprises 10 scans performed at temperatures between
−42 °C and −46 °C. Figure 6.1a shows two exemplary comparisons among SPIN and mINKA (blue
and green curves, respectively). Figure 6.1b shows the comparison between SPIN and PINCii (blue
and red curves, respectively).

1.35 1.40 1.45 1.50 1.55 1.60 1.65
Sice

10 2

10 1

100

101

102

103

C n
,ic

e [
cm

3 ]

a) T=-50°C
SPIN
mINKA

1.25 1.30 1.35 1.40 1.45 1.50 1.55
Sice

10 2

10 1

100

101

102

103

C n
,ic

e [
cm

3 ]

b) T=-42°C
SPIN
PINCii

Figure 6.1: Ice crystal number concentration Cn,ice measured as a function of the ice saturation ratio Sice. a)
Comparison between two ice saturation ratio scans performed with mINKA (green) and SPIN
(blue) at the nominal temperature of −50 °C and with the same aerosol particles. b) Comparison
between two measurements of PINCii (red) and SPIN (blue) at ≈ −42 °C. The horizontal dashed
lines correspond to the ice number concentration equal to 10% of the peak values reached at the
end of the ice saturation ratio scans of the respective instruments.

The measured ice number concentration Cn,ice is shown as a function of the ice saturation ratio
Sice. The sudden nucleation of a large number of ice crystals at a critical ice saturation ratio suggests
that the particles froze homogeneously (see Section 3.4.7). The term homogeneous freezing referred
to highly viscous particles is here used to indicate either the freezing of the completely liquefied
particles or the homogeneous freezing of an outer aqueous shell. The horizontal dashed lines de-
note the ice number concentration that corresponds to 10% of the peak value reached at the end
of the ice saturation ratio scans of the respective instruments. The associated ice saturation ratio
value is identified in the following as the ice onset condition. The ice-activation curves presented in
Figure 6.1 are representative of all the experiments selected for the comparison. The homogeneous
freezing onsets of the selected experiments are reported in Figure 6.2a as a function of tempera-
ture. Different symbols identify the three different CFDCs and colors correspond to the different
experiments. Corresponding ice onsets are shown with the same color and connected with lines to
facilitate the comparison. The conditions corresponding to water saturation (RHw = 100%) and the
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Figure 6.2: a) Ice onset conditions as a function of temperature for the selected experiments (see main text for
more details). Symbols identify the instrument (see legend) and colors represent different CLOUD
experiments. Corresponding ice onsets are plotted with the same color and connected with lines.
The gray shaded area corresponds to the range of conditions at which homogeneous freezing of
aqueous solution droplets was measured in previous experiments with INKA and mINKA. b) box
plot of the difference between the homogeneous ice onset measured by SPIN and mINKA (green)
and by SPIN and PINCii (red). The box shows the quartiles of the data, the horizontal line inside
the box is the median value of the distribution, and the whiskers extend to show the rest of the
distribution.

two homogeneous freezing parameterizations suggested by Koop et al. (2000) and Schneider et al.
(2021) (specifically derived for sulfuric acid solution droplets) are also shown. The range of Sice − T

conditions at which homogeneous freezing of aqueous solution droplets (H
2
SO

4
and NH

4
HSO

4
,

median particle diameter 1µm) was measured with mINKA and its laboratory-based version INKA
is shown as gray-shaded area (see Section 3.4.7 for more details). Overall, the instruments show
a good agreement, with most of the measurements (> 95%) falling inside the uncertainty ranges
(not shown for clarity). Figure 6.2b shows the overall statistics obtained from the inter-comparison
experiments in a box plot. The ice onset measured by SPIN is chosen as reference and compared to
the values obtained by mINKA (SSPIN

ice − SmINKA
ice , green box) and PINCii (SSPIN

ice − SPINCii
ice , red box).

The ice onsets measured with mINKA are, on average, slightly higher compared to those measured
by SPIN, with a median difference equal to −0.02 (see Figure 6.2b). The ice onsets measured with
PINCii, instead, are slightly lower compared to the SPIN measurements, with a median difference
of +0.04 (see Figure 6.2b).

6.3 ice nucleation results

6.3.1 Biogenic SOA

In the first four experiments, the αP SOA particles were formed at different temperatures and low
relative humidity to simulate different nucleation conditions (experiments 2201, 2211, 2221, and
2222 in Table 6.1). In all those experiments, the particles were likely in a glassy state inside the
CLOUD chamber (Järvinen et al., 2016; Petters et al., 2019). The ice activation curves from the
four experiments are summarized in Figure 6.3 with different colors (see legend). The results are
divided by instrument (columns) and by the temperature at which the ice nucleation ability was
measured (rows). Regardless of the thermodynamic conditions inside the CLOUD chamber, the
sharp increase in the ice number concentration at a certain critical ice saturation ratio indicates that
all the generated αP SOA particles froze homogeneously at all the investigated temperatures in all
the three CFDCs.
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Figure 6.3: Ice number concentration Cn, ice as a function of the ice saturation ratio Sice measured with mINKA
(a-e), SPIN (f-j), and PINCii (k-m) at temperatures between −40 °C and −60 °C for αP SOA particles
formed at 5 °C (yellow), −10 °C (green), −30 °C (blue), and −50 °C (purple) in the CLOUD chamber.
The sharp increase in the ice number concentration at a certain critical ice saturation ratio indicates
that all the generated αP SOA particles froze homogeneously.
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The ice onset conditions, defined as the ice saturation ratio at which the ice crystal number con-
centration reaches 10% of the peak value, are summarized in Figure 6.4. Similar to the experiments
selected for the inter-comparison presented in the previous section, the ice onset values measured
by PINCii (squares) are slightly lower than those measured by mINKA (circles) and SPIN (empty
diamonds), especially at temperatures above −45 °C. However, the shape of the ice-activation curves
measured by PINCii (Figure 6.3k-m) suggests that ice nucleation occurred via homogeneous freez-
ing, in agreement with the other instruments. The measurements from mINKA and SPIN nicely
overlap over the whole temperature range covered by the two instruments.

For T > −55 °C, no significant difference is detected between the different experiments and the ice
onsets are in agreement with the homogeneous freezing parameterization developed for aqueous
sulfuric acid solution droplets by Schneider et al. (2021) (black dotted curve). For T < −55 °C,
the ice onset conditions start to deviate from the homogeneous freezing parameterization towards
higher Sice values. A larger offset is observed for the particles formed at a higher temperature in
the CLOUD chamber (green and yellow symbols).

The deviation from the homogeneous freezing parameterization at low temperatures could be
partially explained by the technical limitations of the CFDCs. At low temperature and high ice
saturation ratios, the temperature difference between the instrument walls is large (about 17 °C at
−60 °C for Sice = 1.8) and a turbulent flow is likely to develop in the instrument due to buoyancy ef-
fects. A turbulent flow inside the instrument leads the aerosol sample to spread outside of the ideal
aerosol lamina section and to experience a wider range of thermodynamic conditions (Garimella
et al., 2017). Indeed, the more tilted slope of the activation curves at low temperatures, as visible in
Figure 6.3, could be an indication that an increasingly larger fraction of the aerosol particles is out-
side of the aerosol lamina and experiences a lower ice saturation ratio. Furthermore, the residence
time of the aerosol particles in the instrument also depends on the thermodynamic conditions. At
−45 °C and Sice = 1.1, the residence time in mINKA is about 8 s, while it drops to about 5 s at
−60 °C and Sice = 1.8. The shorter residence time implies that only higher ice nucleation rates can
be measured (see Section 3.4.5 for more details) and that the particles have less time to equilibrate
to the thermodynamic conditions inside the instrument. The deviation towards higher Sice onsets
at T < −55 °C could therefore be related to the incomplete liquefaction of the initially glassy SOA
particles on the experimental time scale of the CFDC measurements. However, measurements per-
formed under the same Sice and T conditions and with the same flow settings are affected by the
same systematic uncertainties, so that relative variations between experiments with different aerosol
types or aerosol nucleation conditions can still be indicative.

The higher ice onsets measured at low temperature by mINKA for particles nucleated at 5 °C and
−10 °C could indicate a higher viscosity of the particles due to their different chemical composition.
Chemical composition analysis from particle-phase mass spectrometers will be considered in future
analyses to elucidate the potential role of particle composition.

The results from the previous literature studies performed with αP SOA particles are reported in
black in Figure 6.4. The low Sice onsets measured by Ignatius et al. (2016), attributed to a hetero-
geneous freezing mode, agree with PINCii measurements, but the shape of the activation curves
in PINCii indicate that homogeneous freezing was the most likely ice nucleation mechanism. At
lower temperatures, previous measurements indicate that the particles nucleated ice at lower ice
saturation ratios, in better agreement with the parameterization by Schneider et al. (2021). However,
the comparison between different studies is difficult due to the different methods of generation of
the SOA particles (e.g. in cloud chambers or flow tubes) and the different techniques used for the
ice nucleation measurements (e.g. with expansion cooling experiments or with CFDCs). During
an AIDA expansion run, for example, the thermodynamic conditions inside the chamber change
relatively slow and the particles have more time to adjust to the changing saturation ratios, and for
the, at least, partial liquefaction of the particles in the outer layers. In a CFDC, instead, new particles
are continuously sampled and only have a few seconds to equilibrate to the increasing saturation
ratios.

Based on the literature results presented in Section 6.1, the experiments performed at low relative
humidity with pure αP are expected to originate the particles with the highest viscosity among the
biogenic systems investigated here, and thus with the highest propensity to heterogeneously form
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ice crystals. Nevertheless, the pure αP SOA particles formed at low RHw only froze homogeneously
at high ice saturation ratios. High relative humidity conditions inside the CLOUD chamber are
expected to decrease the viscosity of the particles through the plasticizing effect of water (Gordon
and Taylor, 1952) and the decrease in the concentration of high molecular weight compounds (Kidd
et al., 2014). The occurrence of a heterogeneous ice nucleation mode for the pure αP SOA particles
formed at high relative humidity in the CLOUD chamber is thus not likely.

The relative humidity effect was investigated in experiments 2223 and 2224, αP SOA particles
were generated in the CLOUD chamber at −50 °C and −30 °C, and about 60% relative humidity
with respect to liquid water. At such low temperatures, αP SOA particles are expected to be in
a glassy state even at high relative humidity conditions (Järvinen et al., 2016; Petters et al., 2019).
The shape of the ice-activation curves for the experiments performed at high relative humidity (not
shown) resemble those reported in Figure 6.3, indicating that, as expected, also these particles only
froze homogeneously. The ice onset conditions are reported in Figure 6.5 (light green and pink)
together with the ice onsets for particles nucleated at the same temperatures but low relative hu-
midity (blue and purple). In agreement with the experiments at low RHw, PINCii measured lower
ice onsets (squares) compared to the other two CFDCs (circles for mINKA and empty diamonds for
SPIN). For T > −55 °C, the ice onsets from mINKA and SPIN agree with the homogeneous freezing
parameterization for aqueous sulfuric acid particles from (Schneider et al., 2021). For T < −55 °C,
similarly to the previous experiments, the ice onset values start to deviate towards higher Sice values
from the parameterizations. The ice nucleation onsets of the SOA particles formed at high relative
humidity (light green and pink symbols) deviate from the homogeneous freezing parameterizations
even more that those of the SOA particles formed at low RHw and thus expected to be more viscous.
This result suggests that the incomplete liquefaction of the particles on the experimental time scale
less likely explains the offset from the homogeneous freezing parametrizations.

To simulate particles with a more atmospherically relevant composition, isoprene (IP) was added
to the αP system in two experiments performed at −10 °C (experiment 2210) and −30 °C (experiment
2220). On the one hand, Heinritzi et al. (2020) have shown that the addition of isoprene introduces
in the system compounds with a lower molecular weight that are thus expected to decrease the
viscosity of the formed particles (Champion et al., 2019; Galeazzo et al., 2021). On the other hand,
Wolf et al. (2020) suggested that isoprene-derived organic compounds can initiate heterogeneous ice
formation at low temperatures.

The effect of IP on the chemical composition of the particles formed at −30 °C is presented in
Caudillo et al. (2021). In particular, compounds with a lower molecular weight were found in the
particles when IP was added to the αP system. However, as summarized in Figure 6.6, no evident
changes were detected in the ice nucleation ability of the particles. The observed ice onsets are in the
same range of conditions at which pure αP particles nucleated ice. Furthermore, no heterogeneous
ice formation was measured, indicating that either the isoprene-derived compounds present in the
particles investigated here have a different ice nucleation ability compared to those investigated by
Wolf et al. (2020), or that the presence of αP have suppressed their ice nucleation ability.

The ice nucleation onsets of the particles containing isoprene-derived compounds are still largely
offset from the homogeneous freezing parametrizations, although particles with a lower viscosity
are expected to form in the αP+IP system compared to the pure αP SOA. This result, together with
the results for pure αP SOA particles formed at high RHw, suggests that the incomplete liquefaction
of the particles on the experimental time scale less likely explains the offset from the homogeneous
freezing parametrizations.

6.3.2 Anthropogenic SOA

The ice nucleating fraction (INF) as a function of the ice saturation ratio measured by mINKA for
SOA particles derived from αP and NAPH is compared in Figure 6.7. The curves are color-coded by
the temperature at which the ice nucleation ability was measured. In contrast to the biogenic system,
the INF of the NAPH-derived particles slowly increases with increasing ice saturation ratio. Also,
two different regimes are visible in the INF of the NAPH-derived particles for T < −52 °C. The first
ice nucleation mode, which was not detected in the biogenic system, only involves a small fraction
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Figure 6.4: Comparison of the ice onset conditions for homogeneous freezing of αP SOA particles formed at
different temperatures in the CLOUD chamber (colors). The measurements were performed by
three continuous flow diffusion chambers (CFDCs, symbols). Literature results are reported in
black.
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Figure 6.5: Comparison of the ice onset conditions for homogeneous freezing of αP SOA particles formed at
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Figure 6.7: Ice nucleating fraction (INF) as a function of the ice saturation ratio (Sice) measured by mINKA for
a) α-pinene and b) NAPH-derived SOA particles.

of the particles and might be interpreted as a weak heterogeneous ice nucleation mode. The second
nucleation mode at higher ice saturation ratios, i.e., the homogeneous nucleation mode, is sharper
and involves a larger fraction of the aerosol population. The onsets of both the heterogeneous and
homogeneous freezing modes are at or above water saturation conditions (RHw = 100%) and are
probably explained by the higher viscosity of the NAPH SOA particles compared to the biogenic
systems. A higher viscosity of the NAPH-derived SOA particles could also explain the heteroge-
neous ice nucleation mode, occurring either due to deposition nucleation on the glassy surface or
via immersion freezing of the glassy core surrounded by an aqueous shell. If the particles remain in
a glassy state at even higher ice saturation ratios, the sharp increase in the ice number concentration,
interpreted as homogeneous freezing, could indeed originate from the homogeneous freezing of an
aqueous outer shell rather than the whole liquefied particles, or from condensation and freezing of
pure water on their still solid surface.

The summary of the two experiments performed with NAPH SOA particles is presented in Figure
6.8. The Sice − T trajectories of the humidity scans from the three CFDCs are color-coded by the
ice nucleating fraction (INF). Panels a-c refer to the particles formed at 6 °C and RHw = 18%
(experiment 2238), panels d-f show the ice nucleation ability of the particles formed at −10 °C and
RHw = 2% (experiment 2240). The black dashes in Figure 6.8a and 6.8d (i.e. in the mINKA
measurements) indicate the ice onset conditions, here defined for an ice nucleating fraction of 0.1%.
In both SPIN and PINCii, the ice crystals also appeared at a higher ice saturation ratio compared to
the experiments with biogenic SOA, similar to the measurements with mINKA as discussed above.
The difference is especially evident in SPIN measurements for experiment 2240 (panel e), for which
at temperatures below about −50 °C no ice nucleation is detected in the range of ice supersaturation
investigated (up to water saturation).

Previous ice nucleation measurements with NAPH-derived SOA particles, with similar diameters
and in the same temperature range investigated here, were performed by Wang et al. (2012). The
authors also reported of a heterogeneous ice nucleation mode at temperatures below about −45 °C.
The ice onset conditions, defined in correspondence of the first ice nucleation event observed, ranged
from Sice = 1.36 to Sice = 1.52.
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Figure 6.8: Sice − T trajectories color-coded by the ice nucleating fraction (INF) measured by mINKA (a, d),
SPIN (b, e), and PINCii (c, f) for NAPH-derived SOA particles. Results for the particles formed
at 6 °C and RHw = 18% (run 2238) are shown in the upper panels (a-c), results for the particles
formed at −10 °C and RHw = 2% (run 2240) are shown in the lower panels (d-f). Black dashes in
panels a and d indicate the ice onsets defined for INF = 0.1%.

6.4 conclusions
The ice nucleation ability of secondary organic aerosol (SOA) particles formed from the oxidation
of three different systems, namely from α-pinene (αP), α-pinene and isoprene (αP+IP), and naph-
thalene (NAPH), was investigated in this chapter. Particles were generated and characterized in
the CLOUD chamber, a unique facility for aerosol nucleation studies. Ice nucleation measurements
were performed at temperatures between −40 °C and −65 °C with three different continuous flow
diffusion chambers (mINKA, SPIN, and PINCii). For the first time, the comparison of homogeneous
ice nucleation onsets measured with three CFDCs of different geometry was performed at tempera-
tures between −38 °C and −54 °C. Overall the measurements are in good agreement, with a median
difference in the ice saturation ratio onsets of less than 0.05. mINKA and SPIN compared better,
while the ice onsets measured by PINCii are probably affected by a small negative offset.

The experiments were designed to investigate how changes in the chemical properties of SOA
particles, generated at different thermodynamic conditions and from different organic compounds,
influence their ice nucleation ability. αP-derived SOA particles, a well-characterized system often
considered as a reference for SOA studies, were formed at 5 °C, −10 °C, −31 °C, and −50 °C and
low relative humidity conditions. Experiments at −30 °C and −50 °C were performed also at high
relative humidity (RHw ≈ 60%). Although it is to be expected that particles formed at different ther-
modynamic conditions are composed of molecules with different molecular weights and volatility
(e.g., Stolzenburg et al., 2018; Kidd et al., 2014), there was no significant effect on their ice nucleation
ability. In fact, all the αP-derived SOA particles here investigated nucleated ice only via homoge-
neous freezing at high ice saturation ratios (Sice = 1.5− 1.9 in the temperature range from −45 °C
to −65 °C). The range of ice saturation ratios at which the αP-derived SOA particles nucleated
ice is comparable to the homogeneous freezing onsets previously measured for aqueous solution
droplets.

The addition of isoprene to the αP system was accompanied by the occurrence of compounds
with a lower molecular weight in both the gas and particle phase (Caudillo et al., 2021), suggesting
that less viscous particles were formed. Homogeneous ice nucleation onsets similar to those for the
pure αP system were measured.
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The parameterization for the homogeneous freezing of aqueous sulfuric acid droplets suggested
by Schneider et al. (2021) nicely describes the homogeneous freezing onsets presented in this chapter
for temperatures above about −55 °C. For lower temperatures, the measured ice onsets are higher
than the parameterization and cover a larger range of ice saturation ratios. Although the αP SOA
particles formed at high relative humidity or in presence of isoprene were expected to have a lower
viscosity compared to the αP SOA particles formed at low relative humidity, their homogeneous
freezing onsets still showed a positive offset from the parameterizations for homogeneous freez-
ing. This result suggests that the short residence time of the particles in the instrument and their
incomplete liquefaction is less likely to be the cause of the deviation.

A small fraction of naphthalene SOA particles initiated ice nucleation heterogeneously but at
relatively high ice saturation ratios (about Sice = 1.9 at −58 °C). The majority of the NAPH particles
nucleated ice at higher ice saturation ratios compared to the biogenic SOA, pointing to a higher
viscosity of the NAPH-derived SOA particles.

The experiments presented here indicate that regardless of the fomration conditions (e.g. in the
boundary layer or in the upper troposphere) the ice nucleation ability of glassy αP SOA particles
does not significantly change. Similar ice nucleation onsets were also obtained for the more atmo-
spherically relevant system composed of αP and isoprene. This indicates that the changes observed
in the chemical composition of the particles did not substantially alter the ice nucleation ability in
comparison with the pure αP particles. Naphthalene SOA particles showed a weak heterogeneous
ice nucleation mode, but at ice saturation ratios where biogenic SOA particles or aqueous solution
droplets would have already frozen via homogeneous freezing. The SOA particles investigated in
this chapter are thus not expected to contribute to cirrus cloud formation via heterogeneous ice
nucleation but only at high ice saturation ratios comparable to those of the ubiquitous aqueous
sulfuric acid solution droplets.





7 A M M O N I U M S U L FAT E A N D S E C O N DA R Y
O R G A N I C M AT E R I A L I N T E R N A L LY M I X E D
PA R T I C L E S

7.1 introduction
Sulfate and organics are among the most abundant aerosol components in the troposphere and have
also been found in cirrus ice crystal residuals (Murphy et al., 2006; Froyd et al., 2009). Airborne
measurements performed with a single particle mass spectrometer showed that most of the particles
were found to be internal mixtures of sulfate and organics, and the sulfate component was often
partially or fully neutralized (Froyd et al., 2009). A recent study, spanning 10 years of filter measure-
ments, showed a dominant contribution of sulfate or organics depending on location, altitude, and
season (Martinsson et al., 2019).

The experiments presented in this chapter focus on internally mixed particles composed of am-
monium sulfate (the most ice-active compound in the H

2
SO

4
/NH

3
/H

2
O system) and secondary

organic material. The current knowledge on the ice nucleation ability of the individual compounds
and their internal mixtures is briefly summarized here.

The ice nucleation ability at cirrus conditions of ammonium sulfate particles depends on their
phase state (see Section 2.4). Liquid ammonium sulfate particles nucleate ice homogeneously at
saturation ratios which are in good agreement with predictions of the water-activity-based ice nu-
cleation formulation by Koop et al. (2000), e.g. at an ice saturation ratio Sice = 1.55 at −51 °C
(Bertram et al., 2000). Crystalline ammonium sulfate particles, however, which form below the efflo-
rescence relative humidity of 40− 45% (Gao et al., 2006), can induce heterogeneous ice formation
below about −50 °C, e.g. at Sice = 1.20 at about −55 °C (see e.g. Chapter 4 and Abbatt et al., 2006).
At these low temperatures, the deliquescence relative humidity of ammonium sulfate is higher than
the onset relative humidity for heterogeneous ice nucleation, which then occurs at much lower ice
saturation ratios than homogeneous freezing of fully deliquesced aqueous particles (e.g., Abbatt
et al., 2006; Shilling et al., 2006; Wise et al., 2010). A similar ice nucleation behavior, with the compe-
tition between deliquescence and heterogeneous ice nucleation, is also observed for other inorganic
salts like sodium chloride (Wise et al., 2012; Wagner and Möhler, 2013) and ammonium nitrate (see
Chapter 5 and Wagner et al., 2020).

The phase state is also a critical parameter for the ice nucleation ability of organic particles. Some
organic compounds, e.g. oxalic acid, are able to crystallize and act as ice nucleating particles in
the immersion freezing (Zobrist et al., 2006; Wagner et al., 2015) and deposition nucleation mode
(Kanji et al., 2008). Recently, atmospheric secondary organic aerosol particles have been found in
a glassy phase state at low temperatures and/or relative humidity (Virtanen et al., 2010; Shiraiwa
et al., 2017) and glassy particles have shown to promote heterogeneous ice formation (Murray et al.,
2010; Wilson et al., 2012). These observations have led to an increased number of studies focusing
on the ice nucleation ability of secondary organic particles originating from different gas precursors
(see e.g. Chapter 6, Wang et al., 2012; Ladino et al., 2014; Ignatius et al., 2016; Charnawskas et
al., 2017; Wagner et al., 2017; Wolf et al., 2020). Heterogeneous ice nucleation on glassy particles
was mainly observed in experiments with single organic compounds, whereas the majority of the
studies performed with secondary organic aerosol particles from the oxidation of α-pinene showed
ice formation only at or above the homogeneous freezing threshold (see Chapter 6).

Only a few studies explored the ice nucleation ability of internally mixed particles composed of
organic compounds and crystalline ammonium sulfate (AS). Shilling et al. (2006) showed that, at
temperatures between −33 °C and −83 °C, the heterogeneous ice nucleation onset of pure crystalline

This Chapter is an adapted version of the manuscript "Ice nucleation ability of ammonium sulfate aerosol particles internally
mixed with secondary organics" by Bertozzi et al. (2021)
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AS was not altered by the addition of maleic acid in a 1 : 1 ratio by weight. Wise et al. (2010), Schill
and Tolbert (2013), and Baustian et al. (2013) investigated how the addition of palmitic acid, organic
polyols, sucrose, citric acid, and glucose changed the heterogeneous ice nucleation ability of crys-
talline AS in an environmental cell coupled with an optical microscope and a Raman spectrometer.
The organic to inorganic particle mass ratio in these studies varied from 1 : 1 to 2 : 1. These studies
show that the organic components only minimally affect the efflorescence and deliquescence rela-
tive humidity of the AS particles (at temperatures between −33 °C and −3 °C), and also that their
intrinsic heterogeneous ice nucleation ability almost remains unchanged (at temperatures between
−63 °C and −43 °C). More recently, Ladino et al. (2014) and Schill et al. (2014) investigated the effect
on the ice nucleation ability when more atmospherically relevant organic components are mixed
with AS, namely secondary organic material (SOM) from the oxidation of α-pinene and from the
reaction of methylglyoxal with methylamine. Ladino et al. (2014) probed the ice nucleation ability
of AS particles mixed with α-pinene SOM with inorganic to organic mass ratios of 1 : 1 and 4 : 1

at −55 °C. The mixed particles were generated by atomizing a liquid solution of AS mixed with
the water soluble fraction of the SOM. The particles passed a diffusion dryer and were size selected
(170nm) for the ice nucleation measurement. The ice saturation ratio required for 0.1% of the mixed
particles to nucleate ice was found to be 1.40, a value between the nucleation onsets of the pure AS
particles (at Sice = 1.25) and the pure organic particles (Sice = 1.52). Schill et al. (2014) started their
ice nucleation experiments with liquid solution droplets composed of methylglyoxal, methylamine,
and AS, which were deposited on a silica disk. Particles were then exposed to low relative humid-
ity to induce efflorescence of the AS component. Optical microscope images revealed that the AS
crystallized in numerous isolated islands embedded in the organic matrix. For the mixed particles,
the ice onset at −58 °C occurred at Sice = 1.36, which is below the ice onset saturation ratio for pure
organic particles (Sice = 1.52). The authors suggested that immersion freezing on the crystalline
ammonium sulfate islands was the main ice nucleation mode for this system.

The experiments presented in this chapter were conducted in the AIDA cloud chamber, a unique
platform to investigate phase changes of aerosol particles during temperature and relative humidity
cycles or during cloud processing (Wagner et al., 2017). Formation and dissipation of clouds, as
well as cycles of humidification and drying are examples of processes commonly occurring in the
atmosphere (Pruppacher and Jaenicke, 1995; Hoose et al., 2008), but their effects on the physical
properties of the so-processed aerosol particles are still poorly understood. In particular, the effect
of several aging and cloud processing mechanisms on the ice nucleation ability of the mixed par-
ticles was investigated. The ice nucleation ability was either tested in situ by expansion cooling
experiments in the AIDA chamber, or ex situ by sampling the particles and probing them in the
INKA continuous flow diffusion chamber. At first, two types of reference experiments were per-
formed, shown in the schematic of Figure 7.1 as experiments of type A and B. In experiment A, the
ice nucleation ability of pure crystalline ammonium sulfate (AS) particles is shown as reference. In
experiment B, an external aerosol preparation chamber was used to generate crystalline AS particles
thickly coated with secondary organic material (SOM) derived from α-pinene. The organic coating
completely suppressed the heterogeneous ice nucleation ability of the AS core. Based on these data,
a dedicated coating experiment was performed in the AIDA chamber, where the organic coating
thickness was gradually increased to quantify the effect of the organic material condensing on the
AS surface (experiments of type C).

Particles investigated in experiments of type B and C probably had a core-shell morphology, with
the ice nucleation (IN) active ammonium sulfate core shielded by the condensed, not IN active
organic material. However, phase state and morphology of the particles present in the atmosphere
might differ from such idealized core-shell geometries. Mixtures of organics and ammonium sulfate
can also form at higher temperature and relative humidity conditions at which the particles are fully
mixed, as e.g. in liquid clouds. In such a situation, the important question is: what would be the
particle morphology if the crystallization of the ammonium sulfate component is only induced at
a later stage, when the particle is subjected to a sufficiently low relative humidity? Would this
process also inevitably lead to evenly coated particles where the heterogeneous IN activity of the
AS component is strongly suppressed? An important process that needs to be considered is that
initially homogeneously mixed aqueous particles can undergo the so-called liquid-liquid phase
separation when the relative humidity is reduced (Marcolli and Krieger, 2006). For mixed particles
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of AS and organics, several studies have determined the relative humidity at which the liquid-liquid
phase separation occurs (separation relative humidity) as function of the temperature, the organic-
to-sulfate mass ratio, and the oxygen-to-carbon ratio (O:C) (e.g., Ciobanu et al., 2009; Bertram et al.,
2011). For example, Bertram et al. (2011) showed that for mixed AS/SOM derived from α-pinene,
isoprene, and β-caryophyllene at about 18 °C and with O:C< 0.5, the separation relative humidity
is at about 90%. The phase separated particles can assume different morphologies depending
on temperature, drying rate, viscosity of the organic component (Fard et al., 2017), and size of
the particles (You et al., 2014; Freedman, 2020). Apart from a core-shell arrangement, possible
particle morphologies also include several islands of the inorganic component in the organic matrix
or partially engulfed structures. If the relative humidity is then further reduced to induce the
crystallization of the AS, the ice nucleation active inorganic component is not necessarily completely
surrounded by the deactivating SOM, with strong implications for the ice nucleation ability of
the particles. This processing pathway was investigated in experiment D. The experiment started
with the thickly SOM-coated AS particles from the reference experiment B, but they were then
activated to cloud droplets in the AIDA chamber at a higher temperature (−5 °C), thereby generating
homogeneously mixed aqueous droplets. Finally, the relative humidity was reduced to induce the
AS crystallization and we probed the ice nucleation ability of the particles at cirrus cloud conditions.

Another pathway that can lead to a morphology change in particles of organic-inorganic mixtures
is cloud processing in a convective cloud system. Adler et al. (2013) showed that aerosol particles
composed uniquely of natural organic matter, or mixed with ammonium sulfate, assume a highly
porous morphology after an atmospheric freeze-drying process that involved droplet activation,
freezing, and sublimation of ice crystals. The effect was more visible for the purely organic com-
pared to the internally mixed particles. Wagner et al. (2017) simulated such freeze-drying process
by an expansion cooling experiment in the AIDA chamber with secondary organic aerosol particles
derived from the ozonolysis of α-pinene and also observed the formation of highly porous parti-
cles. In experiment type E, the freeze-drying experiment from Wagner et al. (2017) was repeated
with the thickly SOM-coated AS particles to investigate whether the expected change in morphol-
ogy would also affect the particles’ ice nucleation ability. The effect might be twofold: first, the
porous organic coating could, by itself, be more ice nucleation active than the non-porous coating
due to the recently proposed pore condensation and freezing mechanism (Marcolli, 2014); second,
a porous coating layer could less efficiently shield the ice nucleating active AS component from
the environment, thereby also enhancing the particles’ ice nucleation ability after the freeze-drying
process.
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Figure 7.1: Summary of the experiments performed. Experiment A: crystalline ammonium sulfate (AS). Exper-
iment B: AS crystals thickly coated with secondary organic matter (SOM) from the ozonolysis of
α-pinene (AP) at 20 °C in the aerosol preparation and characterization (APC) chamber (thick coat-
ing). Experiment C: AS crystals stepwise coated with small amounts of SOM from the ozonolyis
of AP at upper tropospheric temperature in the AIDA chamber (thin coating). Experiment D: in
situ crystallization of the AS component from a homogeneously-mixed, aqueous droplet that was
generated by the droplet activation of crystalline AS aerosol thickly coated with SOM (prepared
as in experiment B). Experiment E: aerosol prepared in the same way as in B, then subjected to an
atmospheric freeze-drying process, involving droplet activation, freezing, and ice sublimation.

7.2 aerosol preparation and characterization

The aerosol particles were generated, characterized, and aged in the AIDA chamber and in the
aerosol preparation and characterization (APC) chamber. A detailed description of the AIDA facility
and of the standard aerosol instrumentation used for the experiments here presented can be found
in Section 3.2. The coating procedure performed in the APC chamber aimed at generating a thick
organic coating layer on the AS seed particles with high reproducibility. The ice nucleation ability of
these particles was either directly probed in a reference experiment (experiments of type B) or after
subjecting the particles to different processing steps (experiments of type D and E). The coating
experiments performed in the AIDA chamber, instead, aimed at quantifying the effect of a thin
coating on the inorganic seeds (experiments of type C). In this case, the coating procedure consisted
of several steps, each with a small amount of organics condensing on the seed aerosol particles. The
coating procedure in the APC chamber was performed at ambient temperature and low relative
humidity, and in the AIDA chamber at low temperature and ice saturated conditions. Table 7.1
provides a list of the performed experiments together with information on the thermodynamic
conditions at which the particles were generated, the concentration of the gas precursors, the median
diameter of the seed particle size distributions before the coating procedure, and the organic mass
fraction after the coating procedure.

An aqueous solution was prepared by dissolving ammonium sulfate in ultra-pure water to obtain
a 1% solute concentration. The solution was then aerosolized by means of an ultrasonic nebulizer.
A series of diffusion dryers ensured a relative humidity with respect to water in the injection line
lower than 1%, well below the efflorescence relative humidity of ammonium sulfate (Onasch et al.,
1999; Gao et al., 2006). Secondary organic material (SOM) was generated from the ozonolysis of
α-pinene. Another important pathway for the formation of α-pinene SOM in the atmosphere are
photo-oxidation reactions, but the ice nucleating ability of the organic material generated via dark
ozonolysis or photooxidation of α-pinene was found to be very similar (Piedehierro et al., 2021).
Ozone was produced with a silent discharge generator in pure oxygen.
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Table 7.1: Summary of the experiments performed and main parameters of the aerosol particle populations.
Dmedian
p is the median diameter of the lognormal fit to the aerosol size distribution measured right

before the coating procedure. The α-pinene concentration corresponds to the total amount added
during the injection periods. For the in situ coating experiments (experiments type C), the organic
mass fraction forg refers to the value measured at the end of the coating procedure. The coating
thickness is estimated from a combined analysis of the SMPS and the AMS data, the first number
refers to the coating thickness evaluated at the median diameter, and the range in the parenthesis to
the values at 300 and 500nm particle diameter (see text for more details).

Exp.
ID

Type
Dmedian
p ∗

[nm]
Coating

T [°C]
Coating
RH [%]

O3
[ppm]

α-Pinene
[ppb]

Coating
time

forg · 100
[wt%]

Coating
thickness

[nm]

A1 Amm. Sulfate 395 - - - - - - -
B1 Thick coating 380 +25 6 1 1.6 110.9 33 min 26.9 28 (22− 37)

B2 Thick coating 415 +25 6 1 2.6 325.1 1 h 4 min 39.1 50 (36− 60)

C1 Thin coating 403 −50 60 0.2 0.6 4 h 10 m 5.7 6 (4− 7)

C2 Thin coating 430 −60 57 0.2 1.2 2 h 45min 4.8 5 (3− 6)

C3 Thin coating 403 −45 61 0.2 0.7 5 h 10min 8.3 8 (6− 10)

D1 Liquid cloud 380 +25 6 1 1.8 238.7 1 h 39.1 46 (36− 60)

D2 Liquid cloud 365 +25 6 1 1.6 110.4 33 min 24.3 24 (20− 33)

E1 Freeze-drying 345 +25 6 1 1.8 235.1 1 h 1 min 47.3 54 (47− 79)

∗ Assuming a shape factor χ = 1.1

The generation of AS particles with thick SOM coating was started by injecting crystalline AS
particles (≈ 105 cm−3) into the APC chamber. Then ozone was added (about 2 ppm), followed by
a continuous flow of α-pinene for approximately 30 minutes (experiments B1 and D2) or 1 hour
(experiments B2, D1 and E1), resulting in a total concentration between 100 and 300 ppb of injected
precursor gas (see Table 7.1 for the concentrations used in each experiment). The high initial aerosol
concentration in the APC chamber during the α-pinene injection provided a sufficiently large total
surface area for the organic reaction products to condense on the existing AS particles, and to
suppress, in the majority of cases, the nucleation and growth of pure organic aerosol particles. At
the end of the coating procedure, a fraction of the aerosol particles were transferred into the AIDA
chamber.

For the thin coating experiments performed in the AIDA chamber (experiments of type C), the
coating was performed in three to four steps, with the injection of smaller amounts of α-pinene.
Each step consisted in the injection of 100 to 700 ppt of organic gas precursor, summing up to
a total concentration of approximately 1 ppb (see Table 7.1 for the concentrations used in each
experiment). A new injection step of gas precursor was performed approximately every hour, to
allow the reaction to be completed and to simultaneously perform the ice nucleation measurements
with the CFDC.

A high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne) measured
the chemical composition of the particles, with an uncertainty of 5.3% regarding the measured
mass concentrations (based on ionization efficiency calibration) 1. The organic content of the parti-
cles was measured after the transfer of the particles from the APC chamber to the AIDA chamber
(experiments type B, D, and E) or continuously during the thin coating experiments in AIDA (ex-
periments of type C). During the coating procedure of experiments B2 and C2, some pure organic
particles nucleated and eventually grew to a size detectable in the SMPS and the mass spectrometer.
For these experiments, to obtain the organic mass concentration of the organic coating on the AS
particles, the total organic mass measured by the AMS was corrected for the mass of the smaller
mode of nucleated pure organic particles. This was done by independently deriving the total mass
concentration of the smaller particle mode from the size distribution measured with the SMPS (es-
timating the density of the organic material as ρorg = 1.25 g cm−3 (Saathoff et al., 2009)) and then
subtracting it from the total mass concentration measured with the AMS. The organic mass fraction
values forg reported in Table 7.1 refer to the organic content at the end of the coating procedures, i.e.,
regarding experiments of type C, they refer to the organic content after the last coating step. The
size-resolved measurements of the chemical composition of the particles by the AMS indicate that
the organic mass fraction is constant and not a function of the particle size.

1 Data collection and analysis was performed by Junwei Song
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To estimate the thickness of the organic coating, d, the size distribution of the pure crystalline
AS particles from the SMPS measurements and the organic mass fraction forg from the AMS were
combined. Thereby, the crystalline AS seeds are assumed to be spherical particles with diameterDp,
and the organic material to be evenly distributed on their surface, leading to a spherical organic shell.
The coating thickness d is thus calculated assuming a perfectly concentric core shell morphology as
follows:

d =
Dcoated
p −Dp

2

The diameter of the coated particles Dcoated
p is calculated by considering the size-dependence of the

particles’ organic mass Morg(Dp):

Dcoated
p (Dp) =

[
D3p +

6

π

Morg(Dp)

ρorg

] 1
3 ,

with:

Morg(Dp) =
forg

1− forg
· ρAS ·

π

6
D3p

The resulting estimated organic coating thickness corresponding to the median diameter of the
particle population is reported in Table 7.1. In Table 7.1, it is also indicated between brackets the
estimated coating thickness for seed particles with diameters of 300 and 500nm, i.e., the size range
which comprises the major particle mode in the number size distribution (see below and Figure
7.2 for the number size distribution measurements). The thickness estimated for the thickly SOM-
coated AS particles (experiments of type B, D and E) ranged from 24nm to 54nm. Thinner coatings
were obtained at the end of the coating experiments performed in the AIDA chamber (experiments
of type C) with 6nm, 5nm, and 8nm coating thicknesses.

Exemplary particle size distributions for the pure crystalline AS and for the SOM-coated AS
particles are reported in Figure 7.2. The effect of the organic coating on the particle diameter is
clearly visible for the thickly coated particles (Figure 7.2a, experiment D1). Instead, no change is
detectable in the SMPS measurements for the thin coating experiments, in which a lower amount
of organic material was produced and condensed on the particles (Figure 7.2b, experiment C3).
However, due to the numerous processes taking place during the coating procedures (e.g., change
of the shape factor of the particles) it is not possible to directly infer the coating thickness from the
SMPS measurements.

The phase state of the ammonium sulfate content in the mixed particles (i.e., crystalline or liquid)
has been determined with depolarization measurements of back-scattered laser light and the analy-
sis of infrared extinction spectra recorded by means of a Fourier transform infrared spectrometer2

(FTIR) (Wagner et al., 2006). The presence or absence of specific liquid water absorption bands
and changes in the peak position and band width of the ν3 sulfate mode at about 1100 cm−1 be-
tween crystalline and liquid AS allowed to infer the phase state of the AS content in the mixture
(Onasch et al., 1999; Zawadowicz et al., 2015). The SIMONE instrument (Schnaiter et al., 2012)
measures the intensity of the light scattered by the aerosol particles in the forward (2°) and back-
ward (178°) directions from a linearly polarized laser (λ = 488nm). In the backward direction, the
polarization-resolved scatter light intensity is detected so that the linear depolarization ratio of the
aerosol particles can be determined. Non-spherical and inhomogeneous particle morphologies, like
a crystalline core of AS or islands of crystalline AS in the mixed particles, can induce a change
of the incident polarization state of the laser, thereby causing a non-zero value for the depolariza-
tion ratio. In contrast, homogeneously mixed, spherical aqueous solution droplets would show a
depolarization ratio of zero.

2 Data collection and analysis was performed by Dr. Robert Wagner.
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Figure 7.2: Comparison of the normalized particle number size distribution before and after the coating proce-
dure. The x-axes represent the electrical mobility diameter dm. a) Particle number size distribution
for experiment D1 before (red) and after (green) the coating process. The thick organic coating
was performed in the APC chamber. b) particle number size distribution for experiment C3 before
(red) and at the end (green) of the in situ coating procedure. The thin coating experiments were
performed step-wise and with lower concentrations of the gas precursor in the AIDA chamber. No
apparent shift in the particle number size distribution was detected for experiments of type C.

7.3 results and discussion

The results from the different types of experiments are presented in three different subsections.
The reference experiments with pure and thickly SOM-coated crystalline AS particles, as well as
the gradual thin coating experiments performed in the AIDA chamber are presented first (Sect.
7.3.1). The results on the ice nucleation ability of initially thickly SOM-coated AS crystals, which
were temporarily activated to homogeneously mixed, aqueous droplets and then recrystallized are
presented in Sect. 7.3.2 (experiment D). Finally, the experiments where the initially thickly SOM-
coated AS crystals were subjected to freeze-drying processing in the AIDA chamber are presented
in Sect. 7.3.3 (experiment E).

7.3.1 Organic coating effect

The ice nucleation ability of pure and SOM-coated solid ammonium sulfate particles at cirrus cloud
conditions was probed with experiments of type A, B, and C (Figure 7.1). The particles were
coated in the APC chamber for experiments of type B and in the AIDA chamber for experiments
of type C. In both cases,it can be assumed that the coating procedure led to particles with a core-
shell morphology, with the solid AS as the core and the organic material surrounding it. This
hypothesis is supported by the ice nucleation measurements as discussed below. Experiment of
type B was conducted two times with different coating time and amount of α-pinene added to the
APC chamber. In experiment B1, SOM-coated AS particles were generated with an organic mass
fraction of 26.9wt% and a coating thickness of 28nm; in experiment B2, the organic mass fraction
was 39.1wt% and the coating thickness 50nm. As already mentioned, these coating thicknesses
were computed for the median particle diameters assuming a uniform coating.
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Time series of the AIDA expansion cooling runs for experiments A1 (pure crystalline AS) and
B2 are presented in Figure 7.3. The upper panels show the pressure and temperature drop during
the expansion runs. The middle panels show the saturation ratio with respect to ice (Sice) and the
homogeneous freezing threshold (Koop et al., 2000). The lower panels depict the fraction of aerosol
particles activated as ice crystals (ice nucleating fraction, INF). Black dotted vertical lines indicate
when the INF reaches the threshold of 0.1%, defined here as the ice nucleation onset. Crystalline
AS particles induce heterogeneous ice nucleation at saturation values lower than those required
for the homogeneous freezing of solution droplets. For crystalline AS the ice onset is measured
at Sice = 1.29 (Figure 7.3a middle panel). For SOM-coated AS particles, instead, the ice onset is
measured at Sice = 1.44 (Figure 7.3b middle panel). The organic coating clearly suppresses the
ice nucleation activity of the crystalline AS core and shifts the ice nucleation onset close to the
homogeneous freezing threshold. The strong decrease of the ice nucleation ability of the particles
suggests that most of the IN active sites of the bare AS have been shielded by the condensed organic
material distributed in a core-shell morphology.
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Figure 7.3: Time series of the AIDA expansion cooling experiment for pure crystalline ammonium sulfate
(experiment A1, panel a) and ammonium sulfate crystals coated with SOM from the ozonolysis
of α-pinene (experiment B2, panel b). The upper panels show pressure (black lines, left axis) and
temperature (red lines, right axis). The middle panels show the increase of the saturation ratio with
respect to ice (blue line). The homogeneous freezing threshold computed for a ∆aw of 0.3 of the
ice-melting curve (Koop et al., 2000) is indicated with the horizontal dashed lines. The lower panels
show the fraction of aerosol particles that induced ice formation (ice nucleating fraction, INF). The
vertical dotted lines indicate when 0.1% of the aerosol particles acted as INPs.

Figure 7.4a summarizes the ice onset saturation ratios for pure and thickly SOM-coated crystalline
AS particles from this study (experiments A1, B1, and B2). The water saturation (RHw = 100%),
the homogeneous freezing threshold for ∆aw = 0.3 (Koop et al., 2000), and the AS deliquescence
relative humidity (Clegg et al., 1998) are also shown in the figure. Results from AIDA and INKA are
shown as squares and circles, respectively, and the symbol colors refer to the different aerosol types
used in the different experiments (orange for pure AS particles and light and dark green for exper-
iments B1 and B2, respectively). Both methods clearly show the suppression of the heterogeneous
ice nucleation activity of the crystalline ammonium sulfate core by the organic coating. The AIDA



7.3 results and discussion 103

results show lower ice onset saturation ratios for both pure and SOM-coated AS particles compared
to the INKA results. A similar offset between the two techniques (expansion cooling experiments
and CFDC saturation scans) has been observed in several measurements performed at cirrus cloud
conditions with crystalline inorganic salts and presented in this Thesis (see e.g. Section 3.4.7, Sec-
tion 4.4, Section ??, and Wagner et al., 2020). It is worth mentioning that secondary organic material
is more viscous at low temperature and this also affects water diffusion. Therefore, different ex-
perimental techniques could be subjected to different kinetic limitations, inducing ice nucleation at
different conditions. During an AIDA expansion run, for example, the thermodynamic conditions
inside the chamber change relatively slow and allow long equilibration times. However, inside the
continuous flow diffusion chamber, new particles are continuously sampled, suddenly exposed to
a supersaturated environment, and only have a few seconds (≈ 10 s) to activate as ice crystals.

In Figure 7.4b, the data from experiments A and B are compared to literature results of Sice at
the ice nucleation onset for pure crystalline AS particles (red colored symbols) and pure secondary
organic aerosol (SOA) particles (green colored symbols). One can see that the pure AS and pure
SOA data form clearly separated blocks on the Sice vs. T diagram, with the heterogeneous nucle-
ation onsets for AS ranging from 1.1 to 1.3 and for pure SOA from 1.4 to 1.7. With regard to the
experiments with the thickly SOM-coated AS particles, experiment B1 shows a slightly lower ice
onset saturation ratio (Sice = 1.4, AIDA experiment) compared to the measurements of the pure
SOA particles. However, this early onset was only representative of a small fraction of the aerosol
particle population and if an INF of 1% had been chosen as the onset condition, the related Sice
value had already increased to 1.46.
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Figure 7.4: Summary of the ice nucleation onsets for crystalline ammonium sulfate (AS), pure secondary or-
ganic aerosol (SOA) particles and, crystalline AS coated with secondary organic matter as a func-
tion of temperature T. The solid black line indicates water saturation (RHw = 100%), the dashed
black line indicates the homogeneous freezing threshold (∆aw = 0.3, Koop et al. (2000)), and the
dashed orange line is the ammonium sulfate deliquescence relative humidity (Clegg et al., 1998). a)
Results from this study (corresponding to an ice nucleating fraction of 0.1%) for pure, crystalline
AS (orange symbols) and for AS coated with α-pinene SOM (green symbols). Light green symbols
refer to experiment B1 (organic mass fraction 26.9wt%), dark green symbols refer to experiment B2
(organic mass fraction 39.1%). Results from the AIDA expansion cooling experiments are reported
with squares, circles refer to INKA results. b) Results from this study (open symbols) are compared
to literature data for crystalline AS (red symbols) and α-pinene SOA particles (green symbols).

Experiments B1 and B2 have shown that thick SOM-coating layers almost completely suppress
the heterogeneous ice nucleation ability of the AS component and shift the particles’ ice nucleation
onset close to that observed for the pure SOA particles. Experiments of type C were thus conducted
to investigate and quantify the effect of a thin organic coating layer on the ice nucleation activity of
crystalline AS particles. As previously described, the coating procedure for these experiments was
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performed directly in the AIDA chamber at different temperatures (−45 °C, −50 °C, and −60 °C)
and at ice saturated conditions by step-wise oxidizing small amounts of α-pinene. After each
coating step, the aerosol particles were sampled and their ice nucleation ability measured with the
continuous flow diffusion chamber at the same, or slightly lower, temperature of the AIDA chamber
(at the nominal values of −50 °C, −54 °C, and −60 °C). Figure 7.5a shows the ice nucleating fraction
(INF) as a function of the saturation ratio with respect to ice for humidity ramps performed at
−54 °C with particles characterized by different organic mass fractions with INKA. The activation
curves from experiments C1 and C3 are shown with solid symbols (circles and down-pointing
triangles, respectively), data from experiments B1 and B2 are shown as empty circles. The gradual
shift of the ice onset towards higher saturation values with the increase of the condensed organic
material is clearly visible. Already after the second coating step of experiment C1, that corresponded
to an organic mass fraction of only 2.4wt%, most of the ice crystals that had formed at Sice < 1.4
on the pure crystalline AS particles have disappeared from the records. After the fourth coating
step of experiment C1, when the organic mass fraction has reached a value of 5.7wt%, the ice
nucleation onset was shifted close to the value observed for pure α-pinene SOA particles. The ice
nucleation ability of particles with ≈ 8wt% organic material (experiment C3) is almost identical to
the one of the thickly coated particles from experiments B1 and B2 (with 27wt% and 39wt% organic
mass fractions, respectively), indicating that such a low organic content, if uniformly distributed, is
sufficient to suppress the ice nucleation ability of the solid AS particles. The progressive increase
in the ice onset saturation ratios measured by the continuous flow diffusion chamber highlights its
sensitivity to detect the effect of the organic coating.

Figure 7.5b summarizes the ice onset saturation ratios, corresponding to an INF of 0.1%, obtained
from the INKA measurements as function of the organic mass fraction of the particles. Results for
experiment A1 (left side) and for all experiments of type C (right side) are shown. Different symbols
correspond to different experiments, colors indicate at which temperature the ice nucleation ability
was measured. The data confirm the results from the experiments presented in Fig. 7.5a, showing
that the ice nucleation ability of the solid AS component is gradually suppressed with the increase
of organic material condensed on its surface. In most cases organic mass fractions of only 4− 8wt%
(yielding estimated coating thicknesses of 5 − 8nm) shift the ice nucleation onsets of the coated
AS particles to values above Sice = 1.45 at temperatures between −45 °C and −55 °C, i.e. to the
regime where also pure SOA particles would nucleate ice. These small organic mass fractions
were sufficient to completely suppress the heterogeneous ice nucleation ability of the crystalline AS
core. The suppression of the particles’ ice nucleation ability during and at the end of the coating
procedure suggests, as for experiments of type B, that the organic material is evenly distributed on
the AS surface and progressively covers its IN-active sites.

The temperature trend of the ice nucleation onsets for organic mass fractions larger than about
4wt% revealed by experiments C, i.e., higher Sice values with decreasing temperature, could point
to a homogeneous ice nucleation pathway of the coated particles, meaning that at least the outer
layer of the organic material has liquefied during the residence time of the particles in INKA. A
similar temperature trend has been observed for all the experiments performed with SOA particles
presented in Chapter 6, and in previous ice nucleation studies with pure α-pinene SOA particles
(e.g., Ladino et al., 2014; Wagner et al., 2017; Charnawskas et al., 2017).

7.3.2 Liquid cloud processing

In view of the results from the previous section, that the ice nucleation onset saturation ratios of
SOM-coated crystalline AS particles are already at or above Sice = 1.45 for small organic mass frac-
tions of 10wt%, one might ask the question whether this type of internally mixed particles should
still be considered as candidates for inducing heterogeneous ice nucleation in cloud models. Fur-
thermore, mass spectrometer measurements by Froyd et al. (2009) show that the average organic
mass fraction of internally mixed particles is even higher (ranging from 30 to 70wt%). Experiments
of type C, however, just tested one specific pathway for the formation of the mixed particles, where
the crystalline AS was already present and then coated with the organic substances. As already
discussed in the introduction, different particle morphologies, like partially engulfed structures,
might form when the particles are initially homogeneously mixed, aqueous mixtures of sulfate and
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Figure 7.5: Ice nucleation results for the thin coating experiments (type C). a) Ice nucleating fraction as function
of Sice for humidity scans performed with INKA at the nominal temperature of −54 °C during
experiments C1 (solid circles), C3 (down-pointing triangles), and B (empty circles). b) Ice onsets
saturation ratio (defined for an INF of 0.1%) for all INKA measurements during experiments
C1, C2, and C3. Colors indicate the temperature at which the ice nucleation measurements have
been performed in INKA. The horizontal lines indicate the threshold for homogeneous freezing of
solution droplets at three different temperatures (∆aw = 0.3, Koop et al., 2000). In all experiments,
a gradual increase in the ice onset saturation ratios with increasing organic mass fraction was
measured (dashed lines to guide the eyes). The colored arrows indicate the measurements reported
in panel a.

organics, and then the AS component crystallizes. This pathway was investigated with experiments
of type D, where liquid cloud processing is simulated. Here, the experiment starts from thickly
SOM-coated AS crystals as investigated in experiments of type B, these particles are then temporar-
ily activated to homogeneously mixed, aqueous droplets in a short expansion run conducted in
the AIDA chamber at warm and humid conditions, and finally they are exposed to low relative
humidity to induce the re-crystallization of the ammonium sulfate component.

Figure 7.6a shows a schematic of the liquid cloud processing together with the possible phase
states and morphologies of the particles during the experiment. The thickly coated ammonium
sulfate particles were generated in the APC chamber (stage I in Figure 7.6a) and then transferred
into the AIDA chamber (stage II), which was held at −5 °C and RHw = 85%. These are conditions
where the ammonium sulfate component is already in a liquid state (the AS deliquescence relative
humidity at −5 °C is RHw = 83% (Clegg et al., 1998)), but where the entire particle is probably
still in a liquid-liquid phase separated state (separation relative humidity can be as high as ≈
90% (You et al., 2014)). Figure 7.6b presents the time series of the AIDA pressure (black line),
AIDA temperature (red line), AIDA relative humidity with respect to water (blue line), and linear
depolarization ratio measured with the SIMONE instrument (green line) during the liquid cloud
processing experiment. The liquid state of the ammonium sulfate fraction upon transfer from the
APC chamber into the AIDA chamber is verified by the FTIR measurements, reported in Figure
7.6c. Spectrum A (in orange) is a reference spectrum of crystalline ammonium sulfate particles
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from Experiment A1 in the regime of the ν3 (SO 2–
4

) mode at about 1114 cm−1. Spectrum B (in
blue) was recorded after addition of the organic-coated AS crystals into the AIDA chamber. Here,
the ν3 mode is clearly broadened and shifted to lower wavenumbers. These spectral changes are
indicative of the transition of AS from the solid to the liquid state (Zawadowicz et al., 2015). Also
the low value of the depolarization (δ ≈ 1%) is indicative of a particle morphology that is close
to that of a homogeneous sphere. However, the nonzero value of δ indicates that some particle
inhomogeneity still remains. We suggest that the particles are characterized by two phase-separated,
slightly eccentrically arranged liquid components, because δ would also be zero for concentric
spheres (Bohren and Huffman, 1998).

To then transform the phase-separated particles in the AIDA chamber into homogeneously mixed
liquid particles, a short expansion run wa performed in order to reach RHw = 100% and thereby
exceed the relative humidity threshold for the liquid-liquid phase separation (stage III in Figure
7.6a). During the expansion run, the depolarization δ indeed dropped to the background value
of about 0% when the relative humidity increased above 90%, indicating that the initially SOM-
coated AS crystals successfully transformed to homogeneously mixed aqueous droplets. After the
expansion, the AIDA chamber was refilled to ambient pressure and the recrystallization of the AS
component was induced by reducing the relative humidity to 32% (stage IV). This was done by
extracting the humid air from the chamber and refilling it at the same rate with dry synthetic air.
Note that in this specific experiment the chamber walls were not ice-coated, because the ice layer
would have acted as a source of water vapor and prevented the reduction of the relative humidity. To
support the reduction in relative humidity, the AIDA chamber was also slightly warmed to −3.5 °C.
The recrystallization of the AS fraction becomes evident from the increase of the depolarization δ
over time and the associated change in the infrared signature of the particles. Spectrum C in Figure
7.6c (in purple), which was recorded at RHw = 32% at the end of the recrystallization step, clearly
shows that the ν3 mode of particles has shifted back to the peak position typical for crystalline
AS. This procedure has been applied in two experiments with particles of different organic mass
fraction (experiments D1 and D2, see Table 7.1).

The ice nucleation ability of the in situ crystallized particles has been probed with INKA at
−54 °C immediately after the AS crystallization (for experiments D1 and D2), and with an expan-
sion cooling experiment after overnight cooling of the AIDA chamber to −50 °C (for experiment
D2). As the INKA measurements were performed by sampling from the AIDA chamber at −5 °C
and RHw ≈ 32%, a diffusion dryer was used to prevent frost formation in the instrument inlet. To
infer the possible effect of the dryer on the ice nucleation ability of the recrystallized particles, an
additional INKA measurement was performed after the cooling of the AIDA chamber, thus without
the need of a diffusion dryer. The ice nucleation ability measured with and without the dryer (i.e.,
before and after the cooling) are comparable (not shown), indicating that the dryer did not influence
the ice nucleation ability of the particles. Figures 7.6d and 7.6e present the ice nucleating fraction
(INF) as a function of the saturation ratio with respect to ice Sice for pure AS crystals (orange data,
experiment A1), unprocessed thickly SOM-coated AS crystals (green, experiment B1), and for the
internally mixed particles that were subjected to the droplet activation and in situ crystallization
process (yellow data, experiment D2). Very similar results were obtained for experiment D1. The
AIDA and INKA results indicate that the ice nucleation ability of the processed particles lies be-
tween those of the pure crystalline AS and of the thickly SOM-coated AS crystals. The onset of
the heterogeneous ice nucleation mode of the processed particles is observed at Sice ≈ 1.35. The
in situ crystallization of initially homogeneously mixed aqueous AS/SOM particles can therefore
lead to particle morpholgies that are heterogeneously ice nucleation active, even if the organic mass
fraction is as high as 39.1wt% or 24.3wt% (Experiments D1 and D2, respectively). Most probably,
the particles adopt a partially engulfed structure, where some ice nucleating sites of the AS com-
ponent remain uncovered by the organic material (Freedman, 2020). This result again supports the
hypothesis of a core-shell morphology for the coated particles of experiments B, for which the het-
erogeneous ice nucleation ability of the AS component was completely masked by the condensed
organic material.

The measured ice onsets agree with previous measurements of Ladino et al. (2014) and Schill et al.
(2014). As noted in the introduction, Ladino et al. (2014) investigated mixed particles composed of
AS and the water soluble fraction of SOM derived from α-pinene. The particles were generated
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from liquid solutions with inorganic to organic mass ratios of 1 : 1 and 4 : 1, dried, and then
probed in a CFDC on their ice nucleation ability at −55 °C. They also found an intermediate ice
nucleation onset of the mixed particles (at Sice = 1.4) compared to reference experiments with
pure crystalline AS (ice onset at Sice = 1.25) and pure secondary organic particles (ice onset at
Sice = 1.52). The results from Ladino et al. (2014) are shown for comparison with the INKA data
in Figure 7.6e (triangles, AS in orange, mixed particles in yellow, and pure SOA in green). The
results for the pure SOA particles from Ladino et al. (2014) and for the thickly SOM-coated particles
from this study agree, confirming that the coated particles have an ice nucleation behavior similar
to the purely organic particles, consistent with the assumption of a core-shell morphology. Also
the ice nucleation behavior of the mixed particles obtained from homogeneously mixed aqueous
AS/SOM solutions upon crystallization of the AS component nicely agree. Schill et al. (2014) have
shown that complex particle morphologies are formed when AS crystallizes from solution droplets
composed of methylglyoxal, methylamine, and AS. In their experiment, the ice nucleation onset of
the internally mixed particles was lower compared to the pure organics, in agreement with results
presented here.

However, the underlying heterogeneous ice nucleation mode might be different in the various
studies. In addition to deposition nucleation, crystalline AS particles might also be ice nucleation
active in the immersion freezing mode (Zuberi et al., 2001). This activity may be controlled by the
viscosity and water solubility of the organic material (Schill and Tolbert, 2013; Schill et al., 2014).
The finding that α-pinene SOM mass fractions greater than ≈ 5 − 10wt% completely suppress
the heterogeneous ice nucleation ability of crystalline AS (as shown in the previous section) rules
out that immersion freezing is a prevalent nucleation mode in the experiments presented in this
section. The higher heterogeneous ice nucleation activity of internally mixed AS/SOM particles
formed by cloud droplet activation and recrystallization of the AS component must therefore be
related to a change in the particle morphology to a partially engulfed structure. For organic ma-
terials with a lower viscosity and higher water solubility, however, the mixed particles might also
be heterogeneously ice nucleation active in a core-shell morphology due to immersion freezing by
the crystalline AS core. Schill et al. (2014) assumed that immersion freezing was indeed responsible
for the heterogeneous ice nucleation mode observed in their experiments. As Ladino et al. (2014)
only used the water soluble fraction of the generated SOM, its hygroscopic behavior might be dif-
ferent compared to these experiments so that their observed heterogeneous ice nucleation mode
of the mixed particles after the AS crystallization might also be due to immersion freezing. The
viscosity and amount of the organic material will also determine whether the crystallization of AS
in internally mixed aqueous AS/SOM particles can occur at all. In particular, at lower temperatures
and/or higher amounts of organics, the AS efflorescence could also be inhibited (Bodsworth et al.,
2010). If re-crystallization of the AS component and the formation of a partially engulfed particle
morphology did not occur at lower temperatures (in contrast to the −5 °C condition simulated in
this study), liquid cloud processing would not increase the ice nucleation ability of the AS/SOM
particles.

The enhanced ice nucleation ability of the liquid cloud processed particles compared to the pure
organic and organic-coated particles clearly indicates that the ice nucleation ability of atmospheric
aerosol particles can strongly change during their lifetime in the atmosphere. Cloud processing of
internally mixed aerosol particles is a common phenomenon, whose impacts on the microphysical
properties of the particles need to be investigated in future studies.
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Figure 7.6: Liquid cloud processing, re-crystallization, and ice nucleation results (experiment type D). a)
Schematic of the phase state and possible morphology of the particles after the in situ crystal-
lization process. b) Time series of pressure (black line), temperature (red line), relative humidity
with respect to water (blue line), and backscattering linear depolarization ratio (green line) during
the in situ crystallization for experiment D2. The left part of the plot shows the short expansion
run started at −5 °C and RHw = 85% to activate the seed aerosol particles to homogeneously
mixed, aqueous droplets. After refilling of the AIDA chamber to ambient pressure (not shown in
the figure), the relative humidity was reduced to RHw = 32% to induce the AS efflorescence. c)
Normalized infrared spectra in the regime of the ν3 (SO 2–

4
) mode obtained after transfer of the

particles into the AIDA chamber (spectrum B) and after the in situ crystallization (spectrum C) in
comparison with a reference spectrum of pure AS crystals (spectrum A). d) and e) Ice nucleating
fraction as function of Sice for the AIDA and INKA experiments with pure AS crystals (experiment
A1, orange symbols), unprocessed AS crystals with thick SOM coating (experiment B1, green sym-
bols), and in situ crystallized mixed AS/SOM particles (experiment D2, yellow symbols). Ice onset
results from Ladino et al. (2014) are reported in panel e as triangles: pure AS in orange, mixed
AS/SOM particles in yellow, and pure SOA particles in green.
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7.3.3 Freeze-drying processing

After an atmospheric freeze-drying process in a convective cloud system (described below), organic
particles can adopt a highly porous morphology (Adler et al., 2013; Wagner et al., 2017). The porous
morphology results from the fact that the initially liquid organic material concentrates and vitrifies
upon ice formation, leaving behind a porous structure when the ice sublimates. This might provide
a pathway to increase the ice nucleation ability of internally mixed AS/SOM particles with high
organic mass fraction, because a porous organic coating might less efficiently cover the ice-active
sites of the crystalline AS component. This pathway is investigated in experiment of type E.

The freeze-drying process of the thickly SOM-coated AS particles was started at −30 °C in the
AIDA chamber. At this temperature, it is possible to run through the droplet activation (liquefac-
tion of the organic material) and freezing (re-vitrification of the organic material) within a single
expansion cooling experiment. Figure 7.7a summarizes the cloud processing steps and the poten-
tial phase and morphology changes of the particles. The time series of the AIDA records during
the freeze-drying expansion run, started at time 0 s, are shown in Figure 7.7b. When the relative
humidity exceeded the water saturation (first vertical line in Figure 7.7b), aerosol particles were
activated as cloud droplets, detected by their larger diameter in the optical particle counter data.
When the temperature approached the homogeneous freezing threshold (at about −36 °C), a further
fast drop in pressure was achieved by opening a valve in the pipe connection between the AIDA
chamber and the evacuated APC chamber. This additional fast drop in pressure almost instantly
reduced the gas temperature by another 2.5K and caused the entire droplet population to freeze
homogeneously. The ice crystal formation is clearly visible in the optical particle counter data
(second vertical line in Figure 7.7b). The chamber was then refilled to ambient pressure with dry
synthetic air and the ice crystals thereby quickly sublimated. To probe the ice nucleation ability of
the freeze-dried aerosol particles at cirrus cloud conditions the AIDA chamber was further cooled to
−50 °C. After the chamber cooling, the infrared spectrum of the freeze-dried AS/SOM particles in
the regime of the ν3 (SO 2–

4
) mode was similar to spectra A and C in Figure 7.6c, indicating that the

sulfate was effloresced. The AIDA expansion run started at −50 °C and the INKA supersaturation
scan was performed at −54 °C with the particles sampled from the AIDA chamber at −50 °C. The
results are shown in Figures 7.7c and 7.7d with yellow symbols. As a reference, the ice nucleating
fraction (INF) curves for pure ammonium sulfate crystals (Experiment A1, orange symbols), and
unprocessed, thickly SOM-coated AS crystals (Experiment B2, green symbols) are shown. The ice
nucleation ability of the freeze-dried particles lies between those of the reference systems, similar
to the in situ crystallized particles (experiment of type D). The heterogeneous ice nucleation mode
of the freeze-dried particles has the ice onset for an ice nucleating fraction of 1% at a saturation
ratio Sice of 1.41, while the ice onset saturation ratio is 1.33 for pure AS crystals and 1.48 for thickly
SOM-coated AS crystals.

The activation curve of the freeze-dried particles measured with INKA (Figure 7.7d, yellow data)
has a different profile compared, for example, to the thickly-coated particles (green data). The
slower increase of the ice nucleating fraction as a function of the ice saturation ratio (similar to
the activation curve for AS in orange) suggests that heterogeneous freezing is the dominant ice
nucleation mechanism occurring in INKA up to Sice ≈ 1.6. This effect could be related to the limited
residence time of the particles in the INKA instrument, which together with a slower water uptake
from the particles could have shifted the detected homogeneous freezing onset to higher Sice values.
This kinetic limitation is not evident in the AIDA data, probably due to longer equilibration time
during the expansion run. Particles in experiment E1 will likely be more viscous than particles from
experiment B2 due to their larger organic mass fraction and/or due to a change of the chemical-
physical properties of the particles after the freeze-drying process.

The enhanced ice nucleation ability of the freeze-dried particles may be explained by morphol-
ogy changes. First, as already suggested above, a porous organic coating could less efficiently cover
the ice nucleating active sites of the crystalline AS core. Second, the organic material might have
been redistributed during the freeze-drying process, so that a similar morphology change as dis-
cussed in Experiment D could have occurred (like the formation of partially engulfed structures).
The similar heterogeneous ice onsets measured in experiments D and E support this hypothesis.
Third, the porous organic material formed during the freeze-drying process could be a better ice
nucleus on its own via the pore condensation and freezing mechanism or by retaining an imprint
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Figure 7.7: Results for the freeze-drying experiment (experiment E1). a) Scheme of the freeze-drying process
together with the possible phase state and morphology of the particles during the experiment. b)
Time series of the AIDA data during the freeze-drying process. Upper panel: pressure and temper-
ature inside the AIDA chamber (black and red traces). Middle panel: saturation ratio with respect
to ice (blue trace). Lower panel: single particle data from the welas optical particle counters (OPC1
and OPC2), each dot corresponds to an aerosol particle, droplet, or ice crystal at the corresponding
optical diameter. c) and d) Ice nucleating fraction as function of the saturation ratio with respect
to ice measured by AIDA and INKA. Data for pure AS crystals are reported in orange (experiment
A1), unprocessed AS crystals with thick SOM coating in green (experiment B2), and freeze-dried
SOM-coated AS crystals in yellow (experiment E1). Note the different scale in panels c and d.

of the sublimated ice on the highly viscous organic material. Previous studies observed an ef-
ficient pre-activation of glassy organic aerosol particles after ice-cloud processing (Wagner et al.,
2012; Kilchhofer et al., 2021). Wagner et al. (2012) investigated in the AIDA chamber four different
organic solutes, raffinose, 4-hydroxy-3-methoxy-DL-mandelic acid (HMMA), levoglucosan, and a
multicomponent mixture of raffinose with five dicarboxylic acids and ammonium sulfate, and ob-
served that the ice-cloud processed glassy aerosol particles catalyzed ice formation at ice saturation
ratios between 1.05 and 1.30. Kilchhofer et al. (2021) confirmed the improved ice nucleation abil-
ity of cirrus-cloud processed raffinose particles in dedicated CFDC ice nucleation measurements.
This raises the question of why the ice-cloud processed AS/SOM particles (observed ice onset at
Sice = 1.41) do not reveal an even better ice nucleation ability. However, repeated ice nucleation
experiments with secondary organic aerosol particles produced from the ozonolysis of α-pinene
performed by Wagner et al. (2017) showed a much lower susceptibility towards pre-activation com-
pared to the above mentioned organic solutes. For example, the ice nucleation onset of the ice-cloud
processed α-pinene SOA particles at about −50 °C was at an ice saturation ratio of about 1.45. A
similar ice nucleation threshold was found in an experiment where highly porous α-pinene SOA
particles were formed by a freeze-drying process at about −30 °C (as in the current study) and then
cooled to cirrus temperatures to probe their ice nucleation ability. Furthermore, Adler et al. (2013)
showed that in mixed AS/OM particles with a 1 : 1 molar ratio, the formation of a porous struc-
ture was reduced compared to the pure organic particles, adding to the effect that the freeze-dried
AS/SOM particles are not extremely efficient INPs.
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In spite of the strong effect of thin SOM coating layers revealed by experiments of type C, the ice
nucleation ability of AS/SOM internally mixed particles is also strongly linked to their thermody-
namic history. Uplifting of particles to the upper troposphere via convective clouds, for example,
could lead to particles with an enhanced ice nucleation ability.

7.4 conclusions
In this chapter, the ice nucleation ability of internally mixed particles composed of crystalline am-
monium sulfate (AS) and secondary organic material (SOM) from the ozonolysis of α-pinene was
investigated. The ice nucleation ability of the particles was probed at temperatures between −50 °C
and −65 °C, with expansion cooling experiments in the AIDA chamber and with a continuous flow
diffusion chamber.

Mixed particles composed of sulfate and organics represent a major type of aerosol particles in
the upper troposphere and may contribute a significant fraction of ice nucleating particles (INPs)
involved in cirrus cloud formation (Froyd et al., 2009).

Crystalline AS particles are recognized efficient INPs at cirrus conditions, as shown in Chapter ??
and by previous studies (e.g., Abbatt et al., 2006). However, secondary organic material condensed
on the AS surface progressively shifts the ice nucleation onset to higher ice saturation ratios. A
small amount of SOM, corresponding to an organic mass concentration of 5− 8wt%, is sufficient to
increase the ice nucleation onset of the coated particles to Sice > 1.45 (experiment of type C). Thus,
a thin coating layer of secondary organic material is able to greatly reduce the ability of crystalline
AS to act as INP. Möhler et al. (2008) also measured the suppression of the heterogeneous ice
nucleating ability of mineral dust aerosol particles caused by a coating of SOM derived from the
ozonolysis of α-pinene. The ozonolysis of α-pinene is not the only mechanism responsible for upper
tropospheric SOM, as photolysis also plays a crucial role during daytime. However, the nucleation
and growth mechanisms does not influence the ice nucleation ability of α-pinene derived organic
material (Piedehierro et al., 2021).

Internally mixed particles can form in the atmosphere through different pathways and can experi-
ence various aging and cloud-cycling processes, leading to particles with more complex morpholo-
gies than the idealized core-shell case, as simulated in experiments of type C. Two experiments were
performed to investigate whether there are pathways by which the ice nucleation ability of mixed
AS/SOM particles with high organic weight fractions (25− 50wt%), as often found in the upper
troposphere (Froyd et al., 2009), could be increased. Different particle morphologies, such as par-
tially engulfed structures, might form, for example, when homogeneously mixed, aqueous mixtures
of sulfate and organics undergo the crystallization of the AS component (experiments of type D).
Results show that the processed particles have an ice nucleation ability lying between those of the
pure and the SOM-coated AS particles in a core shell morphology, with the ice onset at Sice ≈ 1.35
at −53 °C.

Another possible atmospheric process that can modify the ice nucleation ability of SOM-coated
AS particles is the freeze-drying process. Previous studies have shown that highly viscous organic
particles can adopt a porous morphology after a freeze-drying process, which could influence their
ice nucleation ability. The freeze-drying process was simulated in the AIDA chamber at −30 °C
and then probed the ice nucleation ability of the mixed processed particles at −50 °C (experiment
type E). Also in this case, the processed mixed particles show an intermediate ice nucleation ability
compared to the reference systems (i.e., ice nucleation ability between pure AS and AS with a
compact SOM coating in a core shell morphology).

Results from experiments D and E suggest that internally mixed particles, that undergo liquid or
ice cloud processing, have unevenly distributed organic coating. The solid AS component is thus
partially uncovered and able to catalyze the ice nucleation at lower Sice compared to the unpro-
cessed, uniformly coated particles.

In summary, the experiments presented in this chapter highlight the difficulty to represent the
ice nucleation ability of internally mixed particles with just a single parametrization. The presence
of an organic coating can suppress the ice nucleation ability of the seed particle at cirrus cloud
conditions, but the ice nucleation ability of the same particle can substantially change if subjected to
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atmospheric processing. Since cloud processing is a common phenomenon, especially for particles
uplifted in a convective system, their morphology changes and the enhancement of their ice nu-
cleation ability need to be carefully characterized, also for internally mixed particles with different
compositions (e.g., mineral dust particles coated with organic material).
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8.1 introduction

Mineral dust is an important atmospheric aerosol component, with the global annual emission mass
estimated to be about 1500 Tgyr−1 (Usher et al., 2003; Ginoux et al., 2012). On a global scale, the
most active dust sources are located in arid regions such as North Africa, which contributes to 55%
of the global emissions, Middle East, and central Asia (Ginoux et al., 2012). In the Southern Hemi-
sphere, dust emissions are much lower, with the major source located in Australia. Atmospheric
mixing and circulation can transport plums of dust particles far away from their strong sources. Ry-
der et al. (2013) estimated that most of the particles with diameters larger than about 30µm remain
suspended in the atmosphere for less than a day before they deposit due to gravitational settling or
wet deposition. Smaller particles, instead, can have an atmospheric lifetime of the order of several
weeks and can be transported over thousands of kilometers (Prospero, 1999; Schepanski, 2018). Sa-
haran dust plumes, for example, can reach Northern Europe (Ansmann et al., 2003), Iceland (Varga
et al., 2021), the United States (Prospero, 1999), and eventually the Southern Ocean (Li et al., 2008).

Mineral dust play a key role in cloud ice formation by facilitating heterogeneous ice formation in
a wide range of temperatures and ice saturation ratios (e.g., Pruppacher and Klett, 1997; DeMott et
al., 2003; Sassen et al., 2003; Möhler et al., 2006; Hoose and Möhler, 2012). Dust particles are efficient
ice nucleating particles (INPs) in the immersion freezing mode at a temperature above −38 °C, and
in the water-subsaturated regime in the deposition nucleation or pore condensation and freezing
modes (Hoose and Möhler, 2012; Marcolli, 2014; Vali et al., 2015). Natural dust particles have
complex mineralogy that varies among the different sources, and they are usually composed of
aggregates of different minerals (Claquin et al., 1999). Clay minerals (such as illites and kaolinites)
are believed to constitute the major fraction of the dust aerosol mass (about 62%), followed by
quartz (16%), feldspars (11%), and calcite (3%) (Atkinson et al., 2013).

Feldspar particles have shown a high ice nucleation ability compared to the other minerals both
at mixed-phase cloud conditions for T > −38 °C (Atkinson et al., 2013; Peckhaus et al., 2016) and in
the cirrus cloud temperature range (Yakobi-Hancock et al., 2013). Atkinson et al. (2013) suggested
that feldspar components may dominate the overall ice nucleation behavior of mixed natural sam-
ples despite their low mass concentration due to their high ice nucleation ability. The higher ice
nucleation ability of feldspar minerals, in particular of potassium feldspar (K-feldspar) (Harrison et
al., 2016), has been associated to their micro-textures and topographic features (Kiselev et al., 2017;
Whale et al., 2017) or to the weak interaction energy of the surface cations with water molecules
(Zolles et al., 2015). Recently, Kumar et al. (2021) have tried to identify the mechanism behind the
high ice nucleation ability of K-feldspar with molecular dynamics simulations. In the simulations,
ice nucleation did not occur on the planar pristine surface of the mineral at about −40 °C suggesting
that they are not responsible for the ice nucleation ability of K-feldspar particles.

While suspended in the atmosphere, mineral dust particles may undergo several aging processes
such as cloud cycles (Wurzler et al., 2000), heterogeneous reactions (e.g., Dentener et al., 1996), and
condensation of different chemical species (Levin et al., 1996; Kandler et al., 2007). Several field
studies have documented the internal mixing state of dust particles with acidic components (e.g.,
sulfuric and nitric acid) and organic compounds (e.g., oxidized secondary organics), especially in
the upper troposphere (e.g., Murphy, 1998; Murphy, 2005; Murphy et al., 2006; Kojima et al., 2006).
Chemical coating or other atmospheric aging processes can modify the surface properties of the
particles and thus their direct and indirect effect on the climate. For example, coatings with soluble
materials can modify the optical properties of the mineral dust particles, and may enhance their
ability to act as cloud condensation nuclei (Levin et al., 1996). It is important to study the effect of
different aging processes on the ice nucleation ability of mineral dust particles in order to fully infer
their role in cloud formation. Additionally, understanding the impact of particle surface property
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changes on their ice nucleation ability can improve our knowledge of the microphysical processes
involved in the heterogeneous ice formation on the pristine particles.

Several studies have investigated the effect of different aging processes (e.g., coatings and expo-
sure to oxidants) on the ice nucleation ability of mineral dust particles (Hoose and Möhler, 2012).
Most of the past literature studies that investigated the effect of coatings were performed in the
mixed-phase cloud regime. In those studies, mixed and pure mineral dust samples, including K-
feldspar, were coated with several different compounds commonly found in the atmosphere (e.g.,
sulfuric and nitric acid, carboxylic acids, levoglucosan, and secondary organic material) (e.g., Zo-
brist et al., 2008b; Niedermeier et al., 2010; Yang et al., 2011; Kulkarni et al., 2014; Augustin-Bauditz
et al., 2014; Kumar et al., 2018). It was found that coatings have a minor effect on the initial ice
nucleation ability of the bare particles in the immersion freezing mode, while they have a stronger
deactivation effect on the deposition and pore condensation and freezing modes (e.g., Cziczo et al.,
2009; Eastwood et al., 2009; Chernoff and Bertram, 2010; Sullivan et al., 2010; Kulkarni et al., 2014).

Only a few studies investigated the effects of coatings on mineral dust particles in the cirrus
cloud temperature range (T < −38 °C). Archuleta et al. (2005) measured the ice nucleation ability
of bare and sulfuric acid (SA) coated surrogates of mineral dust particles (i.e., aluminum oxide,
alumina-silicate, and iron oxide) with a continuous flow diffusion chamber at temperatures between
−45 °C and −60 °C. The SA coatings, estimated to be in the 1.6 − 7wt% range, affected the ice
nucleation ability of the different particles in different ways. The ice saturation ratio at ice formation
onset of the coated particles was found to be lower (iron oxide particles), unchanged (aluminum
oxide particles), or higher (alumina-silicate particles) compared to the initial value. Möhler et al.
(2008) investigated the effect of coatings of secondary organic material (SOM) derived from the
ozonolysis of α-pinene on illite and Arizona test dust (ATD) particles in AIDA expansion cooling
experiments at about −65 °C. The ice nucleation onsets (defined for 1% of ice-active particles)
shifted from an ice saturation ratio Sice ≈ 1.05 for the uncoated samples to about 1.15 and 1.65
for the SOM-coated ATD and illite particles, respectively. The difference in the ice onset conditions
between the two SOM-coated samples was explained by the different amounts of condensed organic
material, about 17wt% and 41wt% for the coated ATD and illite particles, respectively. Koehler
et al. (2010) also investigated SOM-coated ATD particles but in a wider temperature range (from
−40 °C to −60 °C) with a continuous flow diffusion chamber. Similarly to Möhler et al. (2008), the
secondary organic material was derived from the ozonolysis of α-pinene, but the organic mass
fraction condensed on the particles was not estimated. The SOM-coated ATD particles only froze
at or above the homogeneous freezing threshold of aqueous solution droplets (Koop et al., 2000).
Comparing the different experiments investigating coating effects on the ice nucleation ability of
mineral dust particles is difficult because of the different aerosol generation methods, nature of the
seed particles, coating procedures, and the different ice nucleation measurement methods applied.

The experiments presented in this chapter aimed at investigating for the first time the effect of thin
coatings of sulfuric acid and secondary organic material on the heterogeneous ice nucleation ability
of feldspar particles at cirrus cloud conditions. Two samples of feldspar with slightly different
mineralogical compositions were investigated. To simulate upper tropospheric aging of the particles,
the coating procedure was performed inside the AIDA chamber at about −44 °C. The ice nucleation
ability of the particles was probed with expansion cooling experiments. The experiments were
conducted at the AIDA chamber during the Fifth Ice Nucleation Workshop - part 1 (FIN01, 2014).

8.2 aerosol preparation and characterization
Two different mineral samples of feldspar were used. The same two samples had already been
investigated in the immersion freezing regime by Peckhaus et al. (2016). By following the same
name convention of Peckhaus et al. (2016) the samples are here addressed as FS01 and FS04. Both
samples were prepared by ball milling of single-crystal mineral specimens. The composition of
the two samples is dominated by potassium feldspar (K-feldspar), but the overall mineralogical
composition is slightly different, as reported in Table 8.1. The bulk mineralogical composition was
determined by X-ray powder diffraction (XRD). A detailed description of the two samples, in terms
of morphology and mineralogical composition, can be found in the work of Peckhaus et al. (2016).
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Table 8.1: Mineral composition of the feldspar samples used in the presented ice nucleation experiments. Table
adapted from Peckhaus et al. (2016).

Sample Source Mineral composition (XRD)

FS01
Minas Gerais (Brazil),
supplied by IAG TU Darmstadt

76% K-feldspar (microcline)
24% Na/Ca-feldspar (albite)

FS04
Mt. Maloso area (Malawi),
supplied by IAG TU Darmstadt

80% K-feldspar (microcline)
18% Na/Ca-feldspar (albite)
2% quartz

A detailed description of the AIDA chamber and its standard instrumentation can be found in
Section 3.1 and Section 3.2. The dry feldspar samples were dispersed with a rotating brush generator
(RBG, RBG1000, Palas). Dry and particle-free synthetic air was used as carrier gas from the RBG
to the AIDA chamber. Two cyclone impactors in the transfer line removed particles larger than
about 1 to 2µm from the aerosol flow. The aerosol particle number concentration was measured
with a condensation particle counter (CPC). The number size distribution of the particle population
was measured with a scanning mobility particle sizer (SMPS), for mobility diameters in the range
10− 800nm, and with an aerodynamic particle sizer (APS), for aerodynamic diameters in the range
0.7 − 20µm. To combine the SMPS and APS measurements, the mobility and the aerodynamic
diameters were converted to volume equivalent diameters. For the uncoated particles, a dynamic
shape factor of 1.3 and a density of 2.6 g cm−3 were used for this conversion. For the coated
particles, the same density of the bare feldspar particles was used, assuming that the applied thin
coating layers (see below) did not significantly modify the initial density of the particles. The
morphology of the coated particles, instead, is expected to exhibit more smooth surface structures
and the dynamic shape factor was thus reduced to 1.2.

To simulate atmospheric aging processes in the upper troposphere, the feldspar particles were
coated in the AIDA chamber at low temperature (about −44 °C) and almost ice saturated conditions
(Sice ≈ 1, RHw ≈ 65%). During different experiments, coatings of sulfuric acid (H

2
SO

4
, SA) or

secondary organic material (SOM) derived from the ozonolysis of α-pinene were applied. A list of
the performed experiments is presented in Table 8.2.

Table 8.2: Summary of the experiments performed and main parameters of the aerosol particle populations.
T0 and Sice, 0 indicate the thermodynamic conditions inside the AIDA chamber during the coat-
ing procedure and also correspond to the initial conditions of the expansion cooling experiments.
Dmedian

ve is the volume equivalent median diameter of the lognormal fit to the aerosol size distribu-
tion measured right before the expansion cooling experiments. The ice nucleation onset temperature
T0.1% and ice saturation ratio Sice, 0.1% correspond to an ice-active aerosol particle number fraction
of 0.1%.

Exp. Sample Coating T0 [°C] Sice, 0 Dmedian
ve [µm] T0.1% [°C] Sice, 0.1%

1 FS01 − −43.8 0.97 0.21 −45.8 1.19
2 FS01 H

2
SO

4
−43.8 0.98 0.22 −47.8 1.44

3 FS04 − −44.7 0.97 0.23 −46.0 1.10
4 FS04 SOM −44.9 0.97 0.24 −49.2 1.48
5 FS04 H

2
SO

4
−45.0 0.97 0.27 −49.0 1.46

The effect of a thin coating of sulfuric acid on the ice nucleation ability of the mineral dust
particles was investigated for both feldspar samples (experiments 2 and 5 with FS01 and FS04 as
seed particles, respectively). The SOM coating was tested only for the sample FS04 (experiment 4).

The formation of sulfuric acid in the AIDA chamber was initiated from the oxidation of sul-
fur dioxide (SO

2
) with hydroxyl radicals (·OH). Hydroxyl radicals were generated from the dark

ozonolysis of tetramethylethylene (TME, C
6
H

12
). After injection of the feldspar particles FS01

(cn ≈ 700 cm−3) at the beginning of experiment 2, the gaseous precursors were injected in the
following order: ozone (≈ 900 ppb), TME (≈ 8 ppb), sulfur dioxide (≈ 2.5 ppb), and again TME
(≈ 5 ppb) to convert all the sulfur dioxide to sulfuric acid. A similar procedure was performed for
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Figure 8.1: Number (upper panels) and surface (lower panels) size distributions as a function of the volume
equivalent diameter measured with an SMPS (circles) and APS (triangles). Measurements per-
formed before coating are shown in black and after the coating in red (for sulfuric acid coating)
and green (for SOM coating). After the coating procedure, nucleation of aqueous sulfuric acid and
secondary organic aerosol particles resulted in bi-modal distributions with the nucleation modes
at about 25nm.

experiment 5 by adding FS04 particles (cn ≈ 550 cm−3), ozone (≈ 1 ppm), sulfur dioxide (≈ 5 ppb),
and TME (≈ 11 ppb).

Because of the low saturation pressure, most of the sulfuric acid molecules formed in the
gas-phase condense and stick to the particle surface, or undergo nucleation together with water
molecules to form new nanometer-sized aqueous sulfuric acid particles. The newly formed
particles grew to a median diameter of about 25nm with the larger particles at about 50nm.
For these particles, a shape factor of 1.0 was used to convert the mobility diameter of the SMPS
measurements to the volume equivalent diameter.

Coating of the feldspar particles with secondary organic material was achieved by first adding
the mineral dust particles of the sample FS04 (cn ≈ 650 cm−3), followed by ozone (≈ 240 ppb)
and α-pinene (≈ 600 ppt). The oxidation products of α-pinene condensed on the feldspar particles
and also initiated the nucleation of secondary organics containing particles. The newly formed or-
ganic particles grew to a median diameter of about 25nm with the larger particles at about 70nm.
For these particles, a shape factor of 1.0 was used to convert the mobility diameter of the SMPS
measurements to the volume equivalent diameter. Figure 8.1 shows the number and surface size
distributions measured before (in black) and after (in red or green) the coating procedure for experi-
ments 2 (panels a), 4 (panels b), and 5 (panels c). The condensation of the secondary material on the
feldspar particles did not result in a detectable shift of the particle size distributions, indicating that
only a thin coating layer condensed on the particles for all the experiments. The median diameter
Dmedian

ve of the bare (experiments 1 and 3) and coated feldspar particles (experiments 2, 4, and 5) is
reported in Table 8.2.

8.3 ice nucleation experiments

The ice nucleation ability of the bare and coated mineral dust particles was investigated with expan-
sion cooling experiments inside the AIDA chamber at the initial temperature of about −44 °C (T0 in
Table 8.2). A detailed description of a typical AIDA expansion cooling experiment can be found in
Section 3.2.3.
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Data time series from ice nucleation experiments performed with bare, SA-coated, and SOM-
coated FS04 feldspar particles (experiments 3, 4, and 5) are compared in Figure 8.2. These examples
are also representative of the experiments performed with FS01 (experiments 1 and 2). The upper
panels show the time series of pressure (in black) and temperature (in red) during the expansion
inside the AIDA chamber. Middle panels report the evolution of the ice saturation ratio Sice. The pa-
rameterizations from Murphy and Koop (2005) are used to calculate the saturation vapor pressure
over liquid water and ice. The horizontal dashed line corresponds to the homogeneous freezing
threshold for aqueous solution droplets according to the parameterization of Koop et al. (2000) (for
∆aw = 0.3, see Section 2.1). The single-particle data from the two optical particle counters (OPC) in-
stalled inside the thermal housing of the AIDA chamber are shown in the bottom panels. Each blue
dot corresponds to an aerosol particle or ice crystal at the corresponding optical diameter (left axis).
The ice crystals are detected at larger sizes compared to the initial aerosol particles due to their ir-
regular shapes and higher refractive index. The ice-active fraction of the aerosol population (i.e., the
ice nucleating fraction, INF) is reported in black (right axis). The ice nucleating fraction is calculated
as the ratio of the measured ice crystal concentration to the number concentration of the pristine
or coated dust particles only, excluding the nucleation mode of particles formed during the coat-
ing procedure. The pure SA and SOA particles do not influence the ice nucleation measurements
because they only contribute to ice nucleation at or above the homogeneous freezing threshold for
aqueous solution droplets (Möhler et al., 2003; Wagner et al., 2017). Therefore, differences between
the experiments performed with uncoated and coated particles only relate to changes in the surface
features of the mineral dust particles.

There is a pronounced difference in the ice nucleation behavior of the bare (experiment 3, panel
a) and coated (experiments 4 and 5, panels b and c) feldspar particles. The ice nucleation by pure
mineral particles starts at a low ice saturation ratio (Sice = 1.10 for an INF = 0.1%, vertical dashed
line), well below the homogeneous freezing threshold for aqueous solution droplets (horizontal
dashed lines in the middle panels of Figure 8.2). A large fraction of aerosol particles nucleated
ice at low Sice, and the ice supersaturation is quickly depleted due to the diffusional growth of ice
crystals, limiting the peak ice saturation ratio during the expansion experiment to about 1.16. The
SOM-coated and SA-coated particles, instead, started to nucleate ice only for an ice saturation ratio
inside the chamber approaching the homogeneous freezing threshold value at about Sice = 1.45.
The ice onset conditions for experiments 1 (with FS01) and 2 (SA-coated FS01) are reported in Table
8.2.

The ice nucleation active surface site (INAS) density ns (shown in the next section) is calculated by
dividing the ice crystal number concentration by the total surface area of the particles derived from
the combined SMPS and APS size distributions excluding the nucleation mode aerosol particles.



118 coated mineral dust particles

Figure 8.2: Time series of three AIDA expansion cooling experiments performed with bare FS04 (experiment 3,
panel a), FS04 coated with secondary organic material from the ozonolysis of α-pinene (experiment
4, panel b), and FS04 coated with sulfuric acid (experiment 5, panel c). Upper panels report the
reduction in pressure (black traces, left axes) and temperature (red traces, right axes) inside the
AIDA chamber. Middle panels show the evolution of the ice saturation ratio Sice and the homoge-
neous freezing threshold for aqueous solution droplets (black horizontal dashed lines, Koop et al.,
2000). Lower panels show the single-particle data from the optical particle counters (OPC), each
blue dot corresponds to an aerosol particle or ice crystal at the corresponding optical diameter (left
axis). The ice nucleating fraction (INF) is also shown in the lower panels (black traces, right axes).
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8.4 results
A summary of the ice nucleation results is provided in Figure 8.3, where the ice nucleating particle
fraction is shown as a function of the ice saturation ratio for all the experiments performed. Data
for the bare feldspar samples are shown in black, experiments with SA-coated particles are shown
in red, and results for SOM-coated FS01 in green. For comparison, the ice nucleation onset (for
INF = 0.1%) measured at −40 °C with a continuous flow diffusion chamber by Yakobi-Hancock
et al. (2013) for a different sample of K-feldspar particles (size selected at a diameter of 200nm) is
also shown (gray diamond).

The increasing number of ice-active particles measured with increasing ice saturation ratio for
the uncoated particles is typical for heterogeneous ice nucleation. This gradual increase in the
number of formed ice crystals is interpreted as the increasing number of surface sites that activate
at their corresponding critical ice saturation ratio (Möhler et al., 2006). Both feldspar samples
show a high ice nucleation ability and initiate ice crystal formation at ice saturation ratios well
below the homogeneous freezing threshold for aqueous solution droplets (Koop et al., 2000). The
ice nucleation onsets, defined for 0.1% of ice-active particles, were measured at Sice = 1.19 and
1.10 for the samples FS01 and FS04, respectively. A higher ice nucleation activity of the sample
FS04 compared to FS01 was also evident in the immersion freezing experiments from Peckhaus
et al. (2016). The ice nucleation onset from Yakobi-Hancock et al. (2013) is at a slightly higher
ice saturation ratio (Sice = 1.27), but still in agreement with the results of the sample FS01. The
ice nucleation onset of the thinly coated feldspar particles is shifted to about Sice = 1.45 and the
shape of the ice-activation curves is steeper, suggesting that most of the particles nucleated ice at
almost the same ice saturation ratio. The effect of different coating materials (SA or SOM) and seed
particles (FS01 or FS04) is not discernible.

The ice nucleation results of experiments 3, 4, and 5 are summarized in terms of ice nucleation
active surface sites (INAS) density ns in Figure 8.4. The parameterization for natural desert dust
suggested by Ullrich et al. (2017) is also shown for comparison (colored lines). The T − Sice trajecto-
ries of the AIDA experiments are shown with gray lines. The calculated ns values are shown with
circles whose size and color identify the ns values. Water saturation and homogeneous freezing
threshold for aqueous solution droplets are shown with solid and dashed black lines.

The INAS density values of the bare feldspar sample FS04 (Figure 8.4a) are much higher than
the parameterization for the mixed natural dust particles from Ullrich et al. (2017). The higher
ice nucleation ability of the feldspar particles compared to the mixed natural samples could be
related to their mineralogy or to the presence on the surface of the particles of artificial features
originated from the ball milling of the original single crystal sample. The INAS density values
for the coated particles, instead, are much higher than the parameterization. Ice nucleation occurs
close to the homogeneous freezing threshold, suggesting that the ice nucleation mode changes from
heterogeneous to homogeneous nucleation of the diluted coating material.

The high fraction of ice-active feldspar particles at very low ice saturation ratios and the strong
suppression of their ice nucleation ability by thin coatings hint at the potential importance of pore
condensation and freezing in the measured heterogeneous ice formation on the bare feldspar par-
ticles. The high ice nucleation activity of the bare particles could be explained by a pre-activation
effect similar to that measured for illite particles by Wagner et al. (2016). At low temperatures, pores
or cracks present on the surface of the particles can fill with ice at ice subsaturated conditions (pre-
activation), thus leading to the spontaneous growth of the ice crystals once ice saturated conditions
are achieved. When the particles are coated, the pores are filled with the condensed material and
water vapor cannot condense anymore preventing the formation, or growth, of the initial ice germ
formed in the pores. The strong suppression in the ice nucleation ability of SOM-coated illite parti-
cles reported by Möhler et al. (2008) could also be explained by the suppression of the pre-activation
effect measured by Wagner et al. (2016).



120 coated mineral dust particles

1.0 1.1 1.2 1.3 1.4 1.5
Ice saturation ratio, Sice

10 3

10 2

10 1

Ice
 n

uc
le

at
in

g 
fra

ct
io

n,
 IN

F

FS01
FS04
Yakobi-Hancock et al. (2013)
FS01 c H2SO4
FS04 c H2SO4
FS04 c SOM

Figure 8.3: Ice nucleating fraction as a function of the ice saturation ratio for bare feldspar samples (black sym-
bols) and coated with sulfuric acid (red symbols) or secondary organic material from the ozonolysis
of α-pinene. The ice nucleation onset from the experiment of Yakobi-Hancock et al. (2013) with a
different sample of K-feldspar is shown in gray.

Figure 8.4: T − Sice trajectories of the AIDA expansion cooling experiments (gray lines). The size and color
of the superimposed circles indicate the ice-active surface site density values corresponding to the
color bar. Contour lines of ns from the parameterization for desert dust from Ullrich et al. (2017)
are also shown. Water saturation and homogeneous freezing threshold for solution droplets are
shown as solid and dashed black lines.
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8.5 conclusions
To investigate the effect of atmospheric aging under upper tropospheric conditions, bare feldspar
samples were coated inside the AIDA chamber at about −44 °C and ice saturated conditions (RHw ≈
65%) with sulfuric acid and secondary organic material derived from the ozonolysis of α-pinene.
The coating experiments showed for the first time that the ice nucleation ability of feldspar particles
at cirrus cloud conditions is strongly suppressed already by thin coatings layers. The ice onset, cor-
responding to an ice-active fraction of aerosol particles of 0.1%, was shifted from an ice saturation
ratio of about Sice = 1.10− 1.20 for the bare particles to Sice ≈ 1.5 for the coated particles, a value
close to the homogeneous freezing threshold for aqueous solution droplets (Koop et al., 2000).

Both the low ice nucleation onset of the bare particles and the strong suppression of their ice
nucleation ability by small amounts of condensed material suggest that pores and cracks are re-
sponsible for the high ice nucleation ability of the uncoated particles. Assuming that the feldspar
content in natural mineral dust aerosol particles has similar surface features to the samples investi-
gated here, it is possible to conclude that the contribution of feldspar components to heterogeneous
formation of cirrus clouds is strongly suppressed by thin coating layers of sulfuric acid and sec-
ondary organic material. To better understand and quantify the role of pre-activation in pores and
its suppression by coating materials, further experiments with different types of natural mineral
dust samples should be performed.

Field studies have shown that dust particles are often found internally mixed with acidic com-
ponents and organic compounds, especially in the upper troposphere. The experiments presented
in this chapter highlight the potential importance of pore condensation and freezing for feldspar
containing mineral dust particles, and demonstrate the strong effect that aging processes can have
on their ice nucleation ability. By describing ice crystal formation with parametrizations formulated
only for pristine mineral dust particles, the occurrence of heterogeneously formed cirrus clouds
may be overestimated.
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This thesis investigates several atmospheric aerosol systems for their ice nucleation behavior, which
is of relevance for ice formation in clouds. Clouds play an important role in the Earth’s energy
budget by interacting with both short- and long-wave radiation. Their net radiative contribution,
or rather, their warming or cooling effect on the planet, depends on their altitude, geographical
location, occurrence frequency, and optical properties. The latter, in turn, are defined by the mi-
crophysical properties of the clouds, such as phase state, number concentration, and size of the
hydrometeors. The focus of this thesis is on cirrus clouds, whose net radiative effect is still poorly
quantified.

Cirrus are clouds composed only of ice particles that form in the upper troposphere at tempera-
tures below about −38 °C. Two different ice nucleation mechanisms compete in cirrus cloud forma-
tion, namely homogeneous freezing of ubiquitous aqueous solution droplets or heterogeneous ice
formation with the contribution of rare ice nucleating particles (INPs). The different number con-
centrations of aqueous solution droplets and INPs present in the atmosphere lead to the formation
of cirrus clouds with different optical properties depending on the relative contribution of the two
ice formation mechanisms. Which pathway dominates in cirrus cloud formation is determined by
dynamic processes (e.g. updraft velocity), and availability and type of INPs present in the atmo-
sphere. Detailed knowledge of the ice nucleation ability of atmospheric particles is therefore crucial
to correctly formulate and model cirrus formation mechanism, their microphysical properties, and
finally their impact on the present and future climate.

The experiments presented in this thesis were performed at the AIDA chamber at the Karlsruhe
Institute of Technology and at the CLOUD experiment at the European Organization for Nuclear
Research (CERN). The AIDA chamber is a unique facility to perform aerosol-cloud interaction stud-
ies in a wide range of thermodynamic conditions and to simulate chemical and physical processing
of the aerosol particles, such as chemical aging and cloud cycling. The CLOUD experiment is es-
pecially designed for aerosol nucleation studies. The accurate control of the concentration of the
gas precursors, along with the employment of different state of the art aerosol mass spectrome-
ters, allow an accurate chemical characterization of the formed aerosol particles. The ice nucleation
measurements were performed at temperatures between −40 °C and −65 °C with expansion cooling
experiments in the AIDA chamber and with continuous flow diffusion chambers. In particular, the
ice nucleation ability of secondary aerosol particles was studied with regard to changes in their
chemical composition, phase state, surface properties, and morphology. Inorganic and organic com-
pounds of biogenic and anthropogenic origin, at pristine or aged conditions, were investigated.

Sulfuric acid and ammonia are among the most abundant acids and bases present in the at-
mosphere. Their concentrations, which are predominantly controlled by anthropogenic emissions,
determine the relative abundance of sulfate and ammonium (i.e., neutralization degree) in the par-
ticle phase. Small changes in the neutralization degree of ammonium-sulfate particles were shown
to define their phase state, deliquescence behavior, and ice nucleation ability (Chapter 4). The
ammonium-to-sulfate ratio (ASR) of the particles was found to be a useful parameter to classify
their ice nucleation ability. As a general trend particles with higher ASR form ice at lower ice satu-
ration ratios. Aqueous sulfuric acid particles (ASR = 0) and their fully neutralized salt (ammonium
sulfate, ASR = 2.0) have been thoroughly investigated in previous ice nucleation studies. However,
the results presented in Chapter 4 are the first ice nucleation measurements of partially neutralized
particles composed of mixed ammonium bisulfate and letovicite (1.0 < ASR < 1.5), pure letovicite
(ASR = 1.5), and mixed letovicite and ammonium sulfate (1.5 < ASR < 2.0).

Ammonium bisulfate particles (ASR = 1.0) remain in a supercooled aqueous phase state in the
atmosphere and initiate ice nucleation only via homogeneous freezing at an ice saturation ratio of

123



124 summary

about 1.62 at −52 °C, similarly to other aqueous solution droplets. Particles with a higher neutral-
ization degree can have a component (either letovicite or ammonium sulfate) that is crystalline at
ice supersaturated conditions for temperatures below about −50 °C. Such particles are therefore
able to initiate heterogeneous ice formation at lower ice saturation ratios. Mixtures of ammonium
bisulfate and letovicite prevail as internally-mixed solid/liquid particles. They initiate ice forma-
tion on the crystalline letovicite component immersed in the deliquesced ammonium bisulfate at
an ice saturation ratio of ≈ 1.55. Crystalline letovicite, mixed letovicite and ammonium sulfate, and
pure ammonium sulfate particles remain in a crystalline state up to very high ice saturation ratios
(≈ 1.5) and initiate heterogeneous ice formation in the range Sice = 1.2− 1.4. The fully neutralized
crystalline ammonium sulfate particles were shown to be the most ice nucleation active compound
in the system.

Our knowledge of the neutralization degree of upper tropospheric particles is very limited as
aerosol chemical composition measurements are scarce and limited to few geographical locations.
The expected increase in the neutralization degree of ammonium-sulfate particles due to decreasing
sulfur dioxide and increasing ammonia emissions could increase the number of heterogeneously
formed cirrus clouds in the future. These results show that the detailed knowledge of the abundance
and neutralization degree of ammonium-sulfate particles in the upper troposphere is a key factor to
correctly represent cirrus cloud formation and properties. This additional parameter would improve
the assessment of the radiative effect of cirrus clouds in climate models.

Recent studies have documented the efficient transport of polluted boundary layer air to the upper
troposphere during the Asian summer monsoon season over India and China and the resulting
formation of the Asian Tropopause Aerosol Layer (ATAL) (e.g., Vernier et al., 2009). Remote and
in situ measurements have shown that high loads of ammonia can reach the upper troposphere
and induce the formation of crystalline ammonium nitrate particles (Höpfner et al., 2019). Pure
ammonium nitrate particles are known to remain in a supercooled aqueous phase even at low
relative humidity, however, their heterogeneous crystallization can be initiated by a small amount
of ammonium sulfate (Schlenker and Martin, 2005). Recently, Wagner et al. (2020) showed that
crystalline ammonium nitrate particles can initiate heterogeneous ice formation at temperatures
below about −50 °C.

The heterogeneous crystallization of ammonium nitrate particles from the co-condensation of
sulfuric acid and ammonia is investigated here for the first time (Chapter 5). A sulfate concentration
of about 0.4mol% was found to be sufficient to trigger the crystallization of supercooled ammonium
nitrate particles at about −40 °C and at a relative humidity with respect to liquid water of 15− 30%.
The initially aqueous particles froze homogeneously at Sice ≈ 1.6. At about −55 °C, the crystallized
particles instead initiated heterogeneous ice formation at Sice ≈ 1.2, in agreement with the results
from Wagner et al. (2020). The calculated ice nucleation active surface site (INAS) density is in
agreement with the parametrization suggested by Wagner et al. (2020), although smaller particles
were investigated in this work (0.1− 0.3µm compared to 1µm). The agreement between the two
studies validates the INAS density approach for these types of particles in the investigated size
range.

The fact that a tiny amount of sulfate is sufficient to trigger the heterogeneous crystallization of
ammonium nitrate suggests that most of the ammonium nitrate particles are likely to crystallize in
the upper troposphere at low relative humidity. Primary particles that are uplifted together with
gaseous components could also influence the crystallization behavior and ice nucleation ability of
the ammonium nitrate component. Internally mixed particles consisting e.g. of mineral dust or sea
salt and ammonium nitrate should be further investigated in terms of heterogeneous crystallization,
water uptake, and ice nucleation ability. A few measurements of the deliquescence behavior of
ammonium nitrate particles internally mixed with ammonium sulfate were presented by Wagner et
al. (2020), but additional studies on the low temperature deliquescence of pure and mixed crystalline
ammonium nitrate particles are needed to correctly assess their phase state and thus their potential
to act as ice nucleating particles at upper tropospheric conditions.

Besides inorganic species, oxidized volatile organic compounds also contribute to the formation
and growth of secondary aerosol particles in the atmosphere. Traditionally, atmospheric secondary
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organic aerosol (SOA) particles were considered to be liquid but recent studies have shown that
they can also be found in an amorphous solid phase state in the atmosphere, thus having the po-
tential to act as ice nucleating particles. The experiments presented in Chapter 6 were designed to
investigate how changes in the chemical properties of SOA particles, generated at different thermo-
dynamic conditions and from different organic compounds (α-pinene, α-pinene with isoprene, and
naphthalene) influence their ice nucleation ability.

SOA particles derived from α-pinene were chosen as a reference system because of their abun-
dance in the atmosphere. Temperature and relative humidity at which the α-pinene SOA particles
were formed and grew were altered in a series of experiments to investigate how related changes in
their chemical composition could affect their phase state and ice nucleation ability. Because in the at-
mosphere several different organic compounds participate in the growth of SOA particles, isoprene
was added to the α-pinene system to simulate more atmospherically relevant conditions. Recent
studies have shown that the addition of isoprene leads to the formation of compounds with a lower
molecular weight, which can also partition to the particle phase (Heinritzi et al., 2020; Caudillo
et al., 2021). Changes in the molecular weight of the compounds present in the particles modify
their viscosity and could thus also change their ability to nucleate ice (Koop et al., 2011).

The results shown in Chapter 6 indicate that the investigated biogenic SOA particles initiate ice
nucleation only at or above the ice saturation ratio threshold for homogeneous freezing of aqueous
solution droplets regardless of whether isoprene is added to the system or whether the thermody-
namic conditions for the formation of the α-pinene particles are varied.

Naphthalene-derived particles were chosen as representative for anthropogenic SOA. Berkemeier
et al. (2014) identified naphthalene as the volatile organic compound with the highest possibility to
generate heterogeneous ice nuclei due to its high viscosity and low hygroscopicity. Naphthalene
SOA particles showed a weak heterogeneous ice nucleation mode, but at ice saturation ratios where
biogenic SOA particles or aqueous solution droplets would have already frozen via homogeneous
freezing. The majority of the naphthalene SOA particles nucleated ice at higher ice saturation ratios
(Sice ≈ 1.9 at −56 °C) compared to the biogenic SOA (Sice ≈ 1.6 at the same temperature), pointing
to a higher viscosity of the naphthalene-derived SOA particles. The SOA particles investigated in
this thesis likely do not contribute significantly to heterogeneous cirrus formation, because they
nucleate ice only at high ice saturation ratios comparable or higher than the freezing threshold of
the ubiquitous aqueous sulfuric acid solution droplets.

Aerosol particles have a long residence time in the upper troposphere and often undergo aging
processes that can modify their chemical and physical properties. For example, particles can be
coated by condensable materials (e.g. sulfate and organics) or undergo cloud processing. Mixed
particles composed of sulfate and organics represent a major type of aerosol particles in the upper
troposphere and may constitute a significant fraction of ice nucleating particles involved in cirrus
cloud formation (Froyd et al., 2009). Internally mixed particles composed of ammonium sulfate
(AS) and secondary organic material (SOM) from the oxidation of α-pinene were investigated in
Chapter 7. The experiments show that a thin coating layer of SOM, corresponding to an organic
mass concentration of about 5− 8wt%, is sufficient to greatly reduce the ability of the crystalline
ammonium sulfate to act as ice nucleating particle, with an increase of the ice onset saturation ratio
from 1.25 to 1.5 at about −52 °C.

Internally mixed particles can form in the atmosphere through different pathways and can expe-
rience various cloud-cycling processes, leading to particles with more complex morphologies than
the idealized core-shell case. Experiments were performed to investigate whether liquid or ice cloud
processing could modify the ice nucleation ability of mixed AS/SOM particles in a core-shell mor-
phology and with high organic weight fractions of about 25− 50wt%, as often found in the upper
troposphere (Froyd et al., 2009). The processed particles showed an intermediate ice nucleation
ability between that of the pure and the SOM-coated AS particles in a core-shell morphology, with
the ice onset at Sice ≈ 1.35 at −53 °C. The viscous organic material is probably redistributed during
cloud processing and the AS component partially uncovered and able to initiate ice nucleation at
lower Sice compared to the unprocessed, uniformly coated particles.

The experiments presented in Chapter 7 highlight the difficulty to represent the ice nucleation
ability of internally mixed particles with parameterizations based only on their chemical composi-
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tion. The presence of an organic coating can suppress the ice nucleation ability of the seed particle
at cirrus cloud conditions, but the ice nucleation ability of the same particle can substantially change
if subjected to atmospheric processing. Cloud processing is a common phenomenon in the atmo-
sphere, especially for particles uplifted in convective systems. Hence, it is important to consider
the effect of this process on the morphology of atmospheric particles to properly assess their ice
nucleation ability.

The effect of atmospheric aging has been investigated also for another type of atmospherically
relevant aerosol particles, namely mineral dust. Mineral dust particles are widely known to play a
key role in cloud formation, facilitating the heterogeneous formation of ice crystals under a wide
range of temperatures and ice saturation ratios (e.g., Hoose and Möhler, 2012). While suspended in
the atmosphere, mineral dust particles may undergo several aging processes, such as coating with
different chemical species that can alter their surface properties and features.

The experiments presented in Chapter 8 aim at characterizing the effect of a thin coating of sulfu-
ric acid or secondary organic material (SOM) from the ozonolysis of α-pinene on the heterogeneous
ice nucleation ability of two feldspar samples in the cirrus temperature range. The ice nucleation
ability of the feldspar samples was strongly suppressed by the thin coatings. The initially low ice
saturation ratio onsets of the bare feldspar particles shifted from Sice = 1.1− 1.2 to about 1.45 at
≈ −46 °C after both sulfuric acid and SOM coating, similar to the homogeneous freezing onset of
aqueous solution droplets. The high ice nucleation ability of the bare feldspar particles and its
strong suppression by a thin coating point to the potential importance of surface features of the par-
ticles, such as cracks and pores, in the underlying ice nucleation mechanism. The coating material
had probably filled the ice nucleation active sites so that they could no longer host condensed water
and initiate the nucleation of a stable ice germ.

These results indicate that the effect of aging processes on the ice nucleation ability of mineral
particles, at least those including feldspar components, should be considered when calculating or
predicting cirrus cloud formation. The occurrence of heterogeneously formed cirrus clouds may
be overestimated if ice crystal formation is described with parametrizations formulated only for
pristine mineral dust particles.

In conclusion, the results presented in this thesis improve our understanding of the role of sec-
ondary aerosol particles in the formation of cirrus clouds. The chemical composition has a critical
effect on the ice nucleating ability of aerosol particles, but aging and cloud-cycling processes should
also be considered to correctly predict changes in the ice nucleation ability of the particles while
suspended in the atmosphere. The ice nucleation measurements presented here should be consid-
ered in climate models to assess the atmospheric relevance of the different investigated systems in
the heterogeneous formation of cirrus clouds under different precursor emission scenarios.
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A C R O N Y M S

αP α-pinene

AHS Ammonium Bisulfate

AIDA Aerosol Interaction and Dynamics in the Atmosphere

AMS Aerosol Mass Spectrometer

AN Ammonium Nitrate

APC Aerosol Preparation and Characterization

APicT AIDA PCI in-cloud Tunable diode laser

APS Aerodynamic Particle Sizer

AS Ammonium Sulfate

ASR Ammonium-to-Sulfate Ratio

ATAL Asian Tropopause Aerosol Layer

CCN Cloud Condensation Nuclei

CFDC Continuous Flow Diffusion Chamber

CLOUD Cosmics Leaving OUtdoor Droplets

CNT Classical Nucleation Theory

CPC Condensation Particle Counter

DRH Deliquescence Relative Humidity

E-AIM Extended Aerosol Inorganic Model

ERH Efflorescence Relative Humidity

FTIR Fourier Transform Infrared (Spectroscopy)

IN Ice Nucleus

INAS Ice Nucleation Active (surface) Site (density)

INF Ice Nucleating Fraction

INKA Ice Nucleation Instrument of the KArlsruhe Institute of Technology

INPs Ice Nucleating Particles

IP Isoprene

LET Letovicite

LS Lower Stratosphere

mINKA mobile Ice Nucleation Instrument of the KArlsruhe Institute of Technology

NAPH Naphthalene

OPC Optical Particle Counter
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PCF Pore Condensation and Freezing

PDRH Partial Deliquescence Relative Humidity

PINCii Portable Ice Nucleation Chamber II

SA Sulfuric Acid

SIMONE Streulichtintensitatsmessungen zum optischen Nachweis von Eispartikeln

SMPS Scanning Mobility Particle Counter

SOA Secondary Organic Aerosol

SOM Secondary Organic Matter

SPIN SPectrometer for Ice Nuclei

TME Tetramethylethylene

UT Upper Troposphere

VBS Volatility Basis Set

VOC Volatile Organic Compound
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