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Abstract

Atmospheric ice nucleation determines the number concentration of ice crystals and their sizes. These
microphysical properties are responsible for the cloud optical thickness, cloud lifetime and precipita-
tion efficiency of the clouds. In mixed phase clouds between temperatures of 237 K and 273 K, ice
forms with the help of ice nucleating particles (INPs) by heterogeneous nucleation. Contact freezing
is least understood amongst the known heterogeneous mechanisms of ice nucleation. To understand
the microphysical properties of mixed phase clouds, contact freezing may be one of the key elements
because it is reported to occur at higher temperatures than other heterogeneous mechanisms of ice
formation. However, it is not clear whether the collision process itself or the position of the INP on
the surface of the droplet leads to the enhancement of freezing efficiency.

Quantifying contact freezing necessitates the knowledge of the collision efficiencies between droplets
and INPs for mixed phase cloud temperatures. The collision efficiency between droplets and INPs
was determined with contact freezing experiments using the ETH Zurich CoLlision Ice Nucleation
CHamber (CLINCH). Collision efficiency was determined for 80 µm diameter droplets and 200 and
400 nm silver iodide particles as INPs by observing the frozen fraction of droplets for different con-
centrations of INPs and two different residence times of the droplets in the chamber. The upper and
lower range of the collision efficiency for 800 nm kaolinite particles was also estimated. A brief re-
view of theoretical models for collision efficiency is provided and the theoretical collision efficiency
is compared with the experimentally determined collision efficiencies for mixed phase cloud temper-
atures. Experimentally determined collision efficiency was found to be an order of magnitude higher
than the theoretical one. Theoretical schemes were developed and applied mostly for rain condi-
tions at T > 0 ◦C. This thesis provides the first dataset of collision efficiencies acquired below 273
K. More such experiments with different droplet and particle diameters are needed to improve our
understanding of collision processes acting together.

To understand the relative importance between immersion freezing and contact freezing, the com-
parison between freezing efficiencies is provided for silver iodide, ATD and kaolinite particles. The
frozen fraction of droplets by contact freezing was observed at two different residence times of the
droplets in the chamber for 200 nm silver iodide, 400 and 800 nm kaolinite and ATD particles. The
freezing efficiencies for contact freezing were calculated by estimating the number of collisions be-
tween the droplets and particles using the collision efficiency determined in the first part of this thesis.
This efficiency is compared with the immersion freezing efficiency from the IMCA/ZINC chamber.
The experiments show that silver iodide particles produced by our method are much less efficient in
terms of onset temperature for contact freezing than for immersion freezing. ATD particles showed
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similar onset temperatures in both freezing modes while 800 nm kaolinite particles showed 3 K higher
onset temperature in contact mode. For ATD and kaolinite particles, freezing efficiencies in CLINCH
determined at 2 s residence time were smaller than at 4 s, which is in disagreement with a collisional
contact freezing process but in accordance with contact freezing inside-out or immersion freezing.
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Zusammenfassung

Atmosphärische Eisnukleation bestimmt die Anzahlkonzentration von Eiskristallen und ihre Grösse.
Diese beiden mikrophysikalischen Variablen wiederum bestimmen die optische Dichte von Wolken,
ihre Lebenszeit und ihre Niederschlagseffizienz. In Mischphasenwolken mit einer Temperatur zwis-
chen 237 und 273 K findet Eisbildung durch heterogene Nukleation an Eiskeimen statt. Kontaktge-
frieren ist der am wenigsten verstandene Prozess unter den bekannten heterogenen Eisbildungsmech-
anismen. Er könnte einer der Schlüsselelemente zum Verständnis der mikrophysikalischen Eigen-
schaften einer Mischphasenwolke sein, da er schon bei höheren Temperaturen als andere heterogene
Eisbildungsmechanismen stattfindet. Es ist allerdings nicht klar, ob der Kollisionsprozess selber oder
ob die Position des Eiskeims auf der Oberfläche des Tröpfchens zu einer Erhöhung der Gefrieref-
fizienz führt.

Die Quantifizierung von Kontaktgefrieren erfordert die Kenntnis der Kollisionseffizienz zwischen
den Tröpfchen und den Eiskeimen bei Mischphasentemperaturen. Die Kollisionseffizienz zwischen
Tröpfchen und Eiskeimen wurde durch Kontaktgefrierexperimente mit der ETH Zürich Eisnukleation-
skammer CLINCH bestimmt. Die Kollisionseffizienz wurde für Tröpfchen mit einem Durchmesser
von 80 µm und Silberiodidpartikel als Eiskeim mit einem Durchmesser von 200 und 400 nm durch
Beobachtung der Gefrierfraktion der Tröpfchen bei verschiedenen Eiskeimkonzentrationen und zwei
verschiedenen Aufenthaltsdauern in der Kammer ermittelt. Es wurde auch die Ober- und Untergrenze
der Kollisionseffizienz für Kaolinitpartikel mit einem Durchmesser von 800 nm bestimmt. Theoretis-
che Modelle zur Kollisionseffizienz werden kurz zusammengefasst und die theoretische Kollision-
seffizienz experimentell ermittelten Werten für Mischphasentemperaturen gegenübergestellt. Die ex-
perimentell bestimmte Kollisionseffizienz ist eine Grössenordnung grösser als die theoretische. Die
theoretischen Modelle wurden meistens für Niederschlagsbedingungen bei Temperaturen über 0 ◦C
entwickelt und angewendet. Diese Arbeit dagegen enthält den ersten Datensatz von Kollisionsef-
fizienzen unter erworben 273 K. Noch mehr solcher Experimente mit verschiedenen Tröpfchen- und
Eiskeimgrössen werden gebraucht, um unser Verständnis über Kollisionsprozesse zu verbessern.

Um zu verstehen wie wichtig Immersionsgefrieren und Kontaktgefrieren relativ zueinander sind,
wird die Gefriereffizienz dieser beiden Prozesse für drei verschiedene Eiskeime (Silberiodid, ATD
und Kaolinite) miteinander verglichen. Die Gefrierfraktion der Tröpfchen durch Kontaktgefrieren
wurde für zwei verschiedene Aufenthaltsdauern in der Kammer für Silberiodidpartikel mit einem
Durchmesser von 200 nm, Kaolinitpartikel und ATD-Partikel mit einem Durchmesser von 400 und
800 nm beobachtet. Die Gefriereffizienz von Kontaktgefrieren wurde berechnet indem die Anzahl der
Kollisionen zwischen Tröpfchen und Partikel mit der Kollisionseffizienz aus dem 1. Teil dieser Arbeit
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bestimmt wurde. Diese Effizienz wird mit der Gefriereffizienz von Immersionsgefrieren aus Exper-
imenten mit der IMCA/ZINC Kammer verglichen. Die Kontaktgefrierexperimente zeigen, dass mit
unserer Methode produziertes Silberiodid im Vergleich zum Immerionsgefrieren sehr viel weniger
effizient ist, wenn man die Temperatur vergleicht, bei der Gefrieren einsetzt. ATD Partikel zeigen in
beiden Gefriermoden eine ähnliche Temperatur, bei der Gefrieren einsetzt, während 800 nm Kaolin-
itpartikel im Kontaktgefrierfall bei 3 K höheren Temperaturen anfangen zu gefrieren. Bei den ATD
und Kaolinitpartikeln sind die Gefriereffizienzen, die mit CLINCH bestimmt wurden, kleiner bei einer
Aufenthaltsdauer von 2 s im Vergleich zu 4 s. Das widerspricht dem Kollisionskontaktgefrierprozess,
wäre aber in Übereinstimmung mit dem Kontaktgefrierprozess von innen nach aussen (“inside-out”)
oder Immersionsgefrieren.
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Chapter 1

Introduction

1.1 Atmospheric aerosol and climate

Atmospheric aerosols are colloids of particulate matter suspended in the atmosphere. Aerosol parti-
cles can be solid, liquid and mixtures of solid and liquids. The sources of aerosols are natural as well
as anthropogenic. Soil dust, sea salt, biological particles, volcanic ash etc. are natural aerosols while
particulate matter emitted through chimneys of industries, vehicle exhaust, domestic heating etc. are
anthropogenic aerosols (Seinfeld and Pandis, 2006). They can also form in the atmosphere when gas
to particle conversion takes place. Aerosols are categorized based on their size into four modes: nu-
cleation, Aitken, accumulation and the coarse mode. Nucleation mode (particle diameter (dp) < 0.01
µm) particles are freshly emitted or in situ formed particles in the atmosphere. These particle have
short lifetimes as they coagulate to form Aitken and accumulation mode particles. Aitken mode par-
ticles have diameters between 0.01 and 0.1 µm. The coarse mode particles (dp > 1 µm) are mostly
dust particles which are blown by the wind, large sea spray and mechanically generated particles from
agricultural or mining activities. Pollens emitted by plants also fall in this category. The coarse mode
particles have high sedimentation velocities and do not stay suspended in the atmosphere for a long
time. Accumulation mode particles (0.1 < dp < 1 µm) are the most important ones in the atmosphere
since they have the longest lifetime.

Aerosol particles play an important role in the radiative budget of the climate system (Boucher,
2015). They scatter the incoming solar radiation and can also absorb incoming solar radiation (e.g.
black carbon). Aerosols also scatter and absorb longwave radiation emitted by the Earth and the
atmosphere. Figure 1.1 shows radiative forcing due to different drivers of climate change. A negative
radiative forcing indicates energy lost from the climate system (cooling) and positive radiative forcing
indicates gain of energy by the climate system (warming). Scattering and absorption of the radiation
by aerosols is known as the aerosol direct effect. Aerosol forcing due to aerosol- radiation interaction
is associated with high level of understanding as shown in Fig. 1.1. The absorption of solar radiation
by aerosols such as black carbon is more than compensated by scattering of solar radiation by mineral
dust, sulphate, nitrate and organic carbon particles. Absorption of radiation by aerosols can influence
the stability of the atmosphere. Heating of the atmosphere by absorbing the aerosols impacts the
relative humidity and therefore cloud formation. This effect is known as the semi direct effect. The
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effective radiative forcing due to aerosol-radiation interaction is −0.45 Wm−2 with an uncertainty
range of −0.95 to +0.05 Wm−2 and associated with a medium level of understanding (IPCC, 2013).

The influence of aerosols on cloud microphysics is referred to as the radiative forcing due to aerosol
cloud interaction (IPCC 2013, formerly: aerosol indirect effect). Some of the aerosol particles in the
atmosphere serve as cloud condensation nuclei (CCN) and/or ice nucleating particles (INP) to form
either liquid droplets or ice crystals, respectively, depending on atmospheric conditions (Pruppacher
and Klett, 1997). The cloud droplet number concentration depends on the concentration of CCN
and the dynamic condition. An increase in aerosol concentration can lead to the increase in CCN
concentration. For a fixed liquid water content, a higher concentration of CCN results in smaller
droplets and higher droplet number concentration. This effect increases cloud reflectivity and is
referred to as the first indirect effect or Twomey effect (Twomey, 1974). The glaciation indirect effect
(Lohmann, 2002) is based on similar principles for INP as the first indirect effect for CCN. As shown
in Fig. 1.2, aerosol number concentration would increase the INP number in the atmosphere, thereby
increasing the ice particle number. Glaciation of a cloud will increase precipitation and decrease
cloud lifetime and cloud albedo. The concentration of CCN or/and INP also influences cloud life
time through enhancing or suppressing precipitation formation. This effect is known as the second
indirect effect. The effective radiative forcing due to aerosol cloud interaction is estimated to be
−0.45 Wm−2 with an uncertainty range of −1.2 Wm−2 to 0 Wm−2 (IPCC, 2013).

1.2 Clouds in the climate system

Clouds are visible manifestations of different atmospheric processes. They are not only important for
precipitation but are also an important medium of heat transfer in the atmosphere. They are also an
important regulator of the earth’s radiation budget with about 60 % of earth’s surface is covered with
clouds (Lohmann and Feichter, 2005). Clouds scatter the incoming solar radiation and thus have a
cooling impact on the climate. They also absorb the outgoing long wave radiation and trap the energy
in the atmosphere leading to a warming of the climate system. The radiative properties of clouds
depend on the phase of water inside the cloud and the temperature of the cloud. Low level clouds
have a cooling effect on climate because they reflect large amounts of shortwave radiation back to
space and emit longwave radiation at a similar temperature to that of earth. Arctic stratus clouds
are an exception to this because they reflect less radiation back to space than they reflect towards the
earth. Despite of their low altitude, they are responsible for a net heating of the climate system. Cirrus
clouds absorb some long wave radiation emitted from lower levels of the atmosphere and the earth
and emit little radiation due to their low cloud top temperatures. Cirrus clouds are semitransparent for
shortwave radiation, thus have a small albedo effect and their green house effect dominates (Lohmann
et al., 2016). Deep convective clouds have a near zero radiative effect because the albedo effect and
the green house effect almost balance each other. The radiative forcing of mixed phase clouds depends
on their ice and liquid water content. In the case of shallow mixed phase stratus cloud, a four fold
increase in the ice number concentration can reduce the liquid water path by half (Ovchinnikov et al.,
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Figure 1.1: Radiative forcing (RF) and effective radiative forcing (ERF) during the industrial era
between 1750 and 2011 with the associated uncertainty range (solid bars are ERF, hatched bars are
RF, green diamonds and associated uncertainties are for RF assessed in AR4). Adapted from IPCC
(2013).

2011). The glaciation rate in mixed phase clouds can influence the lifetime of the cloud and there by
the radiative properties.

The short wave cloud radiative effect amounts to−47.3 Wm−2 and the long wave radiative effect to
26.2 Wm−2(Boucher, 2015). the net cloud radiative effect on the top of the atmosphere is estimated
to be −21.1 Wm−2. This negative radiative forcing by clouds is potentially 5-6 times as large as
the positive radiative forcing due to doubling of carbon dioxide concentration from preindustrial
conditions (Lohmann et al., 2016).

1.3 Ice nucleation in the atmosphere

As mentioned in the previous section, the radiative properties of clouds depend on the physical prop-
erties of the cloud e.g. temperature, cloud cover, optical thickness and phase of water (Lohmann and
Feichter, 2005). Clouds form when rising air saturates with respect to water and droplets are formed
with the help of CCN. Ice formation in the atmosphere can take place in clouds below tempera-
tures of 0◦C. Cloud droplets can be cooled without phase change to a temperature of about −37◦C.
Formation of ice in the atmosphere can be broadly divided into two categories. Homogeneous nu-
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Figure 1.2: Schematic diagram of the warm cloud indirect aerosol effect (solid arrows) and glacia-
tion indirect aerosol effect (dotted arrows). CDNC, IP and IN are cloud droplet, ice particles and
INP number concentration, respectively. Adapted from (Lohmann, 2002).

cleation of cloud droplets takes place below −37◦C when cloud droplets freeze spontaneously once
this temperature is reached. The freezing point depression further reduces the freezing temperature of
solution droplets. Cloud droplets can stay in a liquid state between 0◦C and the homogeneous freez-
ing temperature. These droplets are in a thermodynamically metastable state and called supercooled
droplets. Freezing of supercooled droplets catalyzed by INPs is called heterogeneous nucleation and
takes place between 0◦C and the homogeneous freezing temperature.

1.3.1 Homogeneous ice nucleation

Supercooled water droplets freeze spontaneously at−37 ◦C by homogeneous nucleation where statis-
tical fluctuation in temperature and density lead to inelastic collisions of water molecules forming an
ice-like cluster of molecules (Pruppacher and Klett, 1997; Ickes et al., 2015). This cluster is termed
ice embryo. The energy barrier associated with this first order phase transition can be thermodynam-
ically described by changes of the Gibbs free energy (Pruppacher and Klett, 1997; Ickes et al., 2015).
The formation of an ice embryo involves two competing processes: the formation of an interface
between the embryo of the new phase and the surface of the initial phase and the increase in volume
of the new phase. The work to form a new surface is positive because energy input is needed while
the volume term is negative because energy is released. The change in Gibbs free energy for this

4



nucleation process can be derived by formulating the following expression for the change in Gibbs
free energy ∆G for phase change:

∆G = ne(µi−µw)+4πr2
σiw (1.1)

where ne is the number of water molecules in an ice embryo, µi and µw are the chemical potentials of
molecules of the ice and the water phase, respectively, r is the radius of the ice embryo assuming it
to be spherical and σiw is the interfacial energy between ice and water. The first term in this equation
describes the change in the chemical potential due to the phase transition. This difference in chemical
potential is expressed as:

µi−µw =−kBT ln
(

ew

ei

)
=−kBT lnSi (1.2)

where kB is the Boltzmann constant, T is the temperature in K, ew and ei are saturation vapor pressures
over water and ice, respectively, and Si is the saturation ratio with respect to ice. The number of water
molecules in a spherical ice embryo can be calculated with the following equation:

ne =
4π

3
r3

νi
(1.3)

where νi is the volume of a water molecules in ice.

By inserting Eq. (1.2) and (1.3) in Eq. (1.1) one obtains:

∆G =−4π

3
r3

νi
· kBT lnSi +4πr2

σiw. (1.4)

The first term in Eq. (1.4) is the volume term while the second one is the surface term. For the
phase transition, the maximum ∆G needs to be found by

(
∂∆G
∂r

)
r=rc

= 0

where rc is the radius of the critical embryo. Solving for rc yields,

rc =
2νiσiw

kBT lnSi
. (1.5)

Substituting Eq. (1.5) in Eq. (1.4) for r = rc yields:

∆G =
16π

3
·

ν2
i σ3

iw
(kBT lnSi)2 . (1.6)

Fig. 1.3 shows the formation of an ice embryo at 236 K. The volume term contributes negatively to
the Gibbs free energy and the surface term contributes positively. In the water droplet ice clusters can
grow and dissipate frequently without reaching the critical size rc. The formation of a spontaneously
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Figure 1.3: Change in Gibbs free energy at 236 K. The red line shows the volume term while the blue
line represents the surface term. The green line shows the total change in Gibbs free energy to form
the ice embryo. The gray vertical line indicates the critical radius rc above which the ice embryo
would continue to grow. The gray horizontal line indicates the energy barrier that needs to be to
overcome for an ice embryo to grow. These calculations were performed for σiw = 25× 10−3 Jm−2

and νi = 3×10−29 m3. Values taken from Ickes et al. (2015).

growing ice germ per volume of water and time which leads to a freezing event is described by the
homogeneous nucleation rate Jhom. The kinetic part of Jhom is governed by the flux of water molecules
to the cluster and is given as

Φ =
kBT

h
·n exp

(
−∆F
kBT

)
(1.7)

where h is the Planck constant, Φ is the diffusive flux and ∆F is the activation energy of molecules to
diffuse through the liquid-ice interface and n is the number density of water molecules in liquid water
(n = 3.1×10−22 cm−3 (Zobrist et al., 2007) ).

With the Gibbs free energy term for the formation of a critical ice embryo and the kinetic term,
Jhom is written as,

Jhom =
kBT

h
·n exp

(
−∆F
kBT

)
exp
(
−∆G
kBT

)
. (1.8)

Experimentally Jhom can be determined by measuring the frozen droplet fraction (FF) per time (t),
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Jhom =− ln(1−FF)

Vdropt
(1.9)

where Vdrop is the volume of the droplet.

1.3.2 Heterogeneous ice nucleation

Ice nucleation in the atmosphere can also be catalyzed by special types of aerosol particles called
ice nucleating particles (INPs). The criteria for an aerosol particle to act as an INP are thought to
be solid or crystalline state, size, lattice structure, molecular bindings with water and active sites
(Lohmann et al., 2016). INPs lower the energy barrier of the phase transition to form a critical ice
germ. With the help of INPs, ice nucleation can take place at higher temperatures. Ice nucleation
can also take place at lower supersaturation i.e. only supersaturation with respect to ice might be
required. Depending on the temperature and supersaturation conditions, four different pathways of
heterogeneous ice nucleation can be identified (Pruppacher and Klett, 1997).

• Deposition nucleation: This is the only pathway of ice nucleation in the atmosphere where no
liquid phase is involved. The nucleation takes place when water vapor in the atmosphere gets
deposited on the INP. Once the critical ice embryo is formed by vapor deposition, the ice crystal
can grow. Deposition nucleation can take place below water saturation and only supersaturation
with respect to ice is required.

• Immersion freezing: In case of immersion freezing of cloud droplets, the INP first acts as a CCN
and droplet freezing takes places when the droplet temperature is lowered to the heterogeneous
freezing temperature. The supercooling of a droplet needed for immersion freezing depends on
the INP properties. Immersion freezing has been identified as the dominant mechanism of ice
formation in mixed phase clouds (Hoose et al., 2010; Murray et al., 2012; Welti et al., 2012).

• Condensation freezing: Condensation freezing takes place when water saturated conditions are
reached below 0◦C and the condensing water freezes on the INP instantaneously.

• Contact freezing: Contact freezing occurs when ice nucleation is initiated by the collsion of
an INP with the supercooled droplet. The collision efficiency depends on the atmospheric
conditions as well as droplet and INP properties (see chapter 2).

Fig. 1.4 shows the typical freezing pathways as a function saturation with respect to ice. It should
be noted that all the mechanisms can take place at all temperatures. As shown in the figure, a droplet
goes through heterogeneous nucleation conditions while rising with an air parcel before it can freeze
due to homogeneous freezing.

In the case of heterogeneous nucleation, the energy barrier of nucleation is lowered compared to
homogeneous nucleation. The difference in energy barrier for homogeneous freezing and heteroge-
neous freezing is accounted for by a geometric factor f , which is also termed as the contact angle
parameter. When an ice embryo forms on an INP, the required number of water molecules to form
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Figure 1.4: Schematic representation of the different nucleation modes. Adapted from Hoose and
Möhler (2012).

the ice embryo are reduced. The resulting change in Gibbs free energy for heterogeneous nucleation
is given as:

∆Ghet = f (θ)∆G (1.10)

where ∆Ghet is the change in Gibbs free energy for heterogeneous nucleation, and θ is the contact
angle between the INP and the ice phase. The contact angle θ can have a value between 0◦ and 180◦.
The geometric factor for heterogeneous nucleation is given as follows:

f (θ) =
(2+ cosθ)(1− cosθ)2

4
. (1.11)

For a flat surafce, θ can be expressed in terms of the interfacial tensions between the different
phases by the Young equation:

cosθ =
σw,INP−σi,INP

σiw
, (1.12)

where σw,INP and σi,INP are the interfacial tensions between water and INP and ice and INP, re-
spectively, and σiw is the interfacial tension between water and ice.

Fig. 1.5 shows the lowering of ∆G in the presence of an INP with different contact angles at 253
K.
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Figure 1.5: Nucleation energy barrier for homogeneous freezing and heterogeneous freezing
with contact angles of 30◦, 45◦ and 60◦. These calculations are performed using T = 253 K,
σiw = 25×10−3 Jm−2 and νi = 3×10−29 m3.

The heterogeneous nucleation rate is defined as:

Jhet =
kBT

h
·ns exp

(
−∆F
kBT

)
exp
(
−∆Ghet

kBT

)
(1.13)

where ns (≈ 1015 cm−2) is the number density of water molecules at the INP/water interface (Zo-
brist et al., 2007; Marcolli et al., 2007).

In the mixed-phase cloud regime, immersion freezing and contact freezing are the most important
freezing pathways given that both of these can start from liquid droplets (Hoose et al., 2008). The
first temperature of freezing or onset temperature of freezing becomes an important parameter in
mixed-phase clouds because of the Bergeron-Findeisen process. In the mixed phase cloud regime,
ice crystals can grow at the expense of water droplets due to the lower saturation vapor pressure over
ice than over liquid water. Glaciation of mixed-phase clouds proceeds at a faster rate once some ice
crystals have formed which can result in faster precipitation formation.

1.4 Contact freezing

Contact freezing is probably the least understood pathway of ice formation in the atmosphere. Var-
ious experimental studies (Niehaus et al., 2014; Fornea et al., 2009; Svensson et al., 2009; Gokhale
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and Spengler, 1972; Levin and Yankofsky, 1983) have observed higher onset temperatures by 2 to
8 ◦C for the same INPs in contact freezing mode compared to immersion freezing. Ladino et al.
(2011b), concluded that there are some hints for contact freezing to be more efficient than immersion
freezing. Hoffmann et al. (2013a) observed contact freezing to dominate over immersion freezing on
the timescale of their experiment. Therefore understanding the mechanisms behind contact freezing
becomes important.

Fig. 1.6 shows the position of an INP while the droplet freezes by contact nucleation. In panel (a)
the INP has collided with the surface of the droplet from the outside and is not immersed. Considering
this situation, Cooper (1974) proposed a mechanism for contact freezing in which the subcritical
embryos can form on the surface of the INP even though the air is subsaturaturated with respect
to water. Relying on classical nucleation theory, the critical radius of an ice embryo for deposition
nucleation should be larger than for immersion freezing. Therefore, Cooper (1974) conjectures that
INPs may possess on their surface ice embryos larger than the critical size for an embryo immersed
in water so that such ice embryos may nucleate ice when the INP comes in contact with a cloud
droplet. Fukuta (1975a) proposed an alternative mechanism for contact nucleation, where freezing
occurs when the supercooled water spreads over the INP surface. As the INP comes into contact with
the droplet, the air-liquid-nucleus boundary line moves along the INP surface and the INP surface is
wetted with the bulk water. When the bulk water starts to propagate over the INP, a transient high
free energy zone will be formed which lowers the free energy barrier for nucleation. This freezing
mechanism refers to the case depicted in panel (a) of Fig. 1.6.

Durant and Shaw (2005) and Shaw et al. (2005) observed higher freezing temperatures when the
INP was making contact with the surface of the droplet as shown in panel (b) of Fig. 1.6. They
termed this mode contact freezing inside-out. Cantrell and Heymsfield (2005) noted that the causes
for this mechanism are unknown and different from what has been proposed either by Fukuta (1975a)
or Cooper (1974). Fornea et al. (2009) also observed contact freezing inside-out for atmospheric
aerosols containing ash, soot, and soil. Sear (2007) using a theoretical model observed that the nucle-
ation rates were four orders of magnitude larger at the contact line than they were anywhere else. He
found also that classical nucleation theory predicts a low free energy barrier at the contact line unless
there is complete wetting. Another thermodynamical model proposed by Djikaev and Ruckenstein
(2008) corroborated the findings of Sear (2007). Suzuki et al. (2007) found from their experiments
that the temperature at which nucleation occurred at a contact line shows a dependence on the contact
angle which is not linear. The importance of the contact line for contact freezing was refuted by
Gurganus et al. (2011, 2013) who observed in their experimental studies no preference of nucleation
at the contact line. The same group also studied the contact freezing (Gurganus et al., 2014) with
nanotextured substrates and found that the preferred nucleation site was the nanotextured surface.
Their observations are consistent with enhanced nucleation at sharp corners or so called active sites.
Djikaev and Ruckenstein (2008) proposed that the line tensions associated with the three phase con-
tact lines may play a similar role as the surface tension. The line tension of three phase contact gives
rise to an additional term in the formation free energy of the cluster. They also proposed that whether
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Figure 1.6: Position of INP for contact freezing. Panel (a) denotes the more classical approach (e.g.,
Ladino et al., 2011b) while panel (b) shows approach proposed by Shaw et al. (2005).

contact freezing will be enhanced compared to immersion freezing, and whether this will occur for
particular foreign particles will depend on the interplay between the surface tensions and line ten-
sions involved in the process. Based on this work by Djikaev and Ruckenstein (2008), Gurganus et al.
(2014) proposed that a line tension term should be subtracted while calculating the energy barrier of
crystallization or nucleation as it can change the shape of ice embryo for the minimum surface energy.
They also proposed that pores resonant with the critical nucleus size, or distortion and curvature of
the contact line lead to a reduced free energy barrier for nucleation as it can be effective in lowering
the energy barrier.

Describing contact freezing in the atmosphere is even more complex due to the complex nature of
collision mechanisms between particles and droplets. Even though contact freezing is widely reported
to be the nucleation process with the highest freezing temperature, it is limited due to the collision
rate between droplets and particles (Hoose et al., 2008). Other limitations of contact freezing in the
atmosphere can be the availability of interstitial aerosol particles in the cloud that are able to act
as INP. Ladino Moreno et al. (2013) in their review reported that the quantification of the number
of collisions between droplet and particles was neglected in many previous studies which makes
comparison of the efficiency of contact freezing with that of immersion freezing difficult. Recent
studies by Hoffmann et al. (2013a) and Niehaus et al. (2014) have attempted to quantify the number
of collisions between droplets and particles required for contact freezing. Hoffmann et al. (2013b)
have reported that even though more than one collision is required for contact freezing, it has been
the dominant mechanism of freezing on their experimental time scale. Niehaus et al. (2014) have
reported that more than 1000 collisions for Arizona test dust particles were required to freeze one
droplet at −19 ◦C.

Apart from laboratory investigations, many field observations, although circumstantially, have in-
dicated that that contact freezing may play a role in natural clouds (Hobbs and Rangno, 1985). Due
to the mixing of ambient air into the top of the cloud, contact freezing becomes favorable (Hobbs
and Rangno, 1985). This favorable condition is described by Hobbs and Rangno (1985) as the ther-
mophoretic force which can drive sub-micron aerosols into contact with the supercooled droplets
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which may have surface temperatures several degree colder than the environment due to evaporation.
Young (1974) and Cooper (1974) proposed that rapid glaciation of mixed-phase clouds could be due
to the contact freezing. Durant and Shaw (2005) postulated that sudden ice formation of evaporating
cloud droplets in wave clouds is due to contact freezing inside-out. Recently Seifert et al. (2011)
suggested that contact freezing can be one of the reason for the glaciation of clouds containing vol-
canic ash. Ansmann et al. (2005) observed ice formation at cloud edges and downdraft region and
concluded that contact freezing played an important role in ice formation. Twohy et al. (2010) did
not observed any enhance ice nucleation activity in the evaporating downdraft regions of orographic
wave cloud.

Modeling study conducted by (Hoose et al., 2010) found immersion freezing to be the dominant ice
nucleation mechanism except for uncoated soot particles which can remain unactivated in the cloud.
Philips et al. (2007) concluded that condensation freezing and deposition nucleation are the pathways
for formation of almost all of the heterogeneous ice and contact freezing has little impact in their
model study.

Aerosols may have a significant effect on mixed-phase and ice clouds but the processes governing
aerosol interactions with the ice phase are less well-understood than for the liquid phase (Boucher,
2015). This may lead to an uncertainty in radiative forcing due to the limited understanding of the
ice initiation processes. In order to understand and quantify ice nucleation in the atmosphere, under-
standing of contact freezing and its effectiveness relative to other freezing mechanisms need to be
quantified. This can also help in describing ice and precipitation formation in the climate models.

Field studies have indicated that liquid water droplets are the prerequisite for ice formation in the
atmosphere, implying that deposition nucleation plays a secondary role under mixed phase cloud
conditions (Murray et al., 2012). Ansmann et al. (2009) found that for 99 % of the observations
of mixed phase clouds over Cape Verde, ice nucleation started from the liquid phase concluding that
deposition nucleation and condensation freezing are perhaps unimportant in mixed phase clouds. This
leaves immersion freezing and contact freezing to be the most prominent candidates for ice nucleation
in mixed-phase clouds.

1.5 Outline of the thesis

This work is a continuation of the previous experimental study on contact freezing by Ladino et al.
(2011b) and was targeted accordingly. This thesis is structured as follows:

• The second chapter of this study is dedicated to the experimental design of the current set of
collision ice nucleation chamber. Various observations found by previous study might have
been because of the technical design of the instruments, which realized at the start if this study.
Changes in instrumentation to overcome the criticisms are described. A brief survey of the
current state of the art experiments by other groups will be provided. Sensitivity studies of
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collision efficiency will be followed in order to provide a larger picture of the droplet particle
collision process.

• The third chapter of this thesis deals with the collision efficiency. It was realized that freezing
efficiencies > 1 reported by Ladino et al. (2011b) might be due to the fact that the collision
efficiency used to calculate freezing efficiency was too low giving too less number of collisions
between droplets and particles. The accurate quantification of collision efficiency is crucial in
order to quantify contact freezing. This work has attempted to obtain collision efficiencies at
subzero temperatures where contact freezing can take place. In this chapter, a review of the
collision processes in the context of present work is also provided.

• The fourth chapter of this study deals with the comparison of immersion freezing and contact
freezing. The method of comparison is elaborated in the context of freezing efficiency in con-
tact and immersion mode. Freezing efficiencies for silver iodide, kaolinite and Arizona test dust
for immersion and contact freezing are compared for two different residence times of droplets
in contact freezing experiment.

• This Ph.D. thesis ends with overall conclusions and outlook for future work. Some improve-
ments on the instrumentation and the methodology are suggested for future experiments.
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Chapter 2

The Collision Ice Nucleation Chamber

2.1 Instrument details

The CoLlision Ice Nucleation CHamber (CLINCH) was constructed to study collision efficiency
between droplets and particles, and to perform contact freezing studies. It has been used previously
by Ladino et al. (2011a) and Ladino et al. (2011b) for both of these purposes. Technical drawings
and design details are also given in Ladino (2011). We focus here on changes in the contact freezing
experiment between Ladino (2011) and this work. The Fig. 2.1 shows a schematic of the experimental
set up of CLINCH. It consists of two parallel anodized aluminum plates of 10 cm in breadth which
are separated by 1 cm. The whole rectangular configuration can be separated in blocks of 20 cm
in length so that the length of the chamber can be varied from 20 cm to 80 cm. Each block has
three ports for mounting the detector. The parallel plates also serve as a rectangular ducts for the
cooling liquid. They are filled with ethanol as a cooling liquid by the cryostat (Lauda Proline). The
temperature of each 20 cm block of the chamber is measured by four thermocouples. The temperature
of the chamber can be adjusted from −55 ◦C to 40 ◦C. The head of the chamber consists of an orifice
with a diameter of 1 cm to mount the droplet generator and a glass window to observe the droplets
with the camera (Moticam 2300) attached with lense system (Navitar Zoom 600). A red LED is
mounted on the opposite side of the glass window to illuminate the droplet. The LED is operated
with a stroboscope of the same frequency as that of the droplet generator. The droplet generator can
be mounted on the chamber orifice with a custom designed adapter and O-ring to avoid a leakage
in the system. The droplet generator used in this work was procured from Bremen University. The
droplet generator can produce droplets with diameters of 80± 3.5 µm. The size of the droplets can
be measured from the image captured by the camera with a free software ImageJ. Figures 2.2 and
2.3 show the typical droplet image captured by the camera and measured droplet diameter with a
precision of 1 µm. While performing an experiment, the walls of the chamber are covered with a
thin layer of ice creating an ice saturated environment. The aerosol concentration is measured at
the end of the chamber with a condensation particle counter (CPC TSI Model 3772). Particles can
be generated in the aerosol generation unit which can either consist of a fluidized bed generator
(TSI Model 3400A) where aerosols are generated by dry dispersion (e.g.for mineral dusts) or by an
atomizer (e.g. for silver iodide). The generated aerosol particles are passed through a cyclone in order
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to remove particles larger than 1 µm. The filtered aerosol particles are then passed through a ionized
radiation source (or ’neutralizer’, Polonium-210) which imparts particles with a known Boltzmann
charge distribution (Hinds, 2012). The ’neutralized’ particles then enter the Differential Mobility
Analyser (DMA, TSI Model 3081) where they are size selected according to their electrical mobility.
After this the size selected particles enter the CLINCH.

2.2 Ice optical Detector (IODE)

The contact freezing experiment performed with the continuous flow diffusion chamber requires dif-
ferentiation between water droplets and ice crystals. The Ice Optical DEtector (IODE) utilized in this
study was developed by Nicolet et al. (2010). IODE discriminates between liquid and frozen droplets
relying on the principle of depolarization of polarized light by aspherical objects like ice crystals
and was designed to measure ice particles in cloud chambers. When linearly polarized laser light is
reflected back from aspherical objects, it obtains a depolarized component. The linear polarized com-
ponent and the depolarized component are separated using a Wollaston prism which splits the light
into parallel and perpendicular polarization components. The depolarization ratio δ can be calculated
as (Nicolet et al., 2010):

δ =
I⊥

I‖+ I⊥
(2.1)

where I⊥ and I‖ are the signal intensities in the perpendicular and parallel channels, respectively.
Theoretically δ should be zero for water droplets and increase as the asphericity of the reflecting
object increases. In practice, even the depolarization of a perfectly spherical object is not zero and
was determined by Lüönd et al. (2010) to have a depolarization ratio of δ = 0.07. This value was
confirmed using the IMCA/ZINC (Welti et al., 2012) setup. At the experimental conditions of the
contact freezing experiment, the background readings of both I⊥ and I‖ are noted with no droplets,
and with only particles inside the chamber. Before classifying particles to be either water droplets or
ice crystals, the background signal from the aerosol and walls of the chamber is subtracted. When
droplets pass through CLINCH, based on the IODE signals for I⊥ and I‖ and using eq. 2.1, it is
determined whether a droplet has frozen. The frozen fraction is determined as:

FF =
Nice

Nice +Nwater
(2.2)

where Nice and Nwater are the number of ice crystals and water droplets detected by IODE, respectively.

Ladino et al. (2011b) observed using the IODE detector that the frozen fraction and freezing ef-
ficiency of contact freezing does not depend on the concentration of the particles. This observation
raises questions as the number of collisions between droplets and particles should vary linearly with
particle concentration (see Eq. (2.7)). Ladino et al. (2011b) suggests that the independence of freez-
ing efficiency on particle concentration is due to the presence of several droplets simultaneously in
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Figure 2.1: Schematic of the CoLlision Ice Nucleation CHamber. Aerosol generation and size se-
lection with DMA followed by the RH and temperature (T) sensors and the chamber. Droplets are
generated at the top center. Modified from Ladino et al. (2011b).

Table 2.1: Differences between Ladino et al. (2011b) and this work
Parameter Ladino et. al.2011b This work
Chamber length (cm) 40 80
Initial droplet diameter (µm) 26 80
Droplet residence time (s) 5 2 and 4
Frequency of droplet genera-
tion (Hz)

300 100

Distance between two droplet
in stream (mm)

0.14 2

laser beam. The laser used was a GaN diode laser operating at 407 nm (Oxxius-405) with 1 mm beam
diameter. To avoid the presence of multiple droplets in the laser beam, a laser needs to be used where
the beam would have a smaller diameter or a laser with a rectangular beam profile. We installed
a laser operating at 402 nm wavelength (Schaefter + Kirchhoff laser Makroliniengenerator13LTM)
with rectangular beam profile in the IODE. To validate the principle of IODE and in order to check
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Figure 2.2: 80 µm droplet as observed by the camera.

Figure 2.3: Size measurement of typical droplet images captured by the camera.

the validity of the discrimination by depolarization ratio, homogeneous freezing experiments were
performed with 80 µm diameter droplets with different lengths of CLINCH. In Fig 2.4, it can be seen
that, the homogeneous freezing temperature of the droplets is close to the value predicted by clas-
sical nucleation theory. The marginally higher freezing temperatures can be attributed to the water
subsaturation in the chamber so that where droplet temperature is slightly lower than the chamber
temperature due to evaporation.

Fig.2.5 shows the change in relative humidity with respect to water (RHw) when the relative hu-
midity with respect to ice (RHi) is kept at 100 % inside CLINCH. It should be noted that the droplet
evaporation depends on RHw and temperature i.e. at the same RHw, the evaporation rate is higher at
higher temperature. In subsaturated conditions like in the CLINCH chamber the droplet evaporates.
The significance of this for the collision efficiency is discussed in section 2.4.
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Figure 2.4: Homogeneous freezing measured with the CLINCH set up for residence times of droplets
in the chamber of 2, 3 and 4 s measured with the new laser and evaluated for δ = 0.07. Lines indicate
the frozen fraction of droplets calculated according to classical nucleation theory for an 80 µm droplet
and 2, 3 and 4 s residence times.

Figure 2.5: Relative humidity with respect to water RHw in CLINCH as a function of temperature
when the CLINCH walls are held at 100 % relative humidity with respect to ice RHi.

2.3 Droplet size evolution in CLINCH

The size evolution of droplets at ice saturation can be calculated from Eq. 13-15b of Pruppacher and
Klett (1997) as:

rd
drd

dt
=

D∗vMw

Rvρw

(
p0

a

Ta
− p0

s

Ts

)
, (2.3)
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where rd is the radius of the droplet, t is the residence time of the droplet in the chamber, D∗v is
the modified diffusivity of water vapor, Rv is the gas constant for water vapor, ρw is the density of
water, Ta is the environment temperature, Ts is the droplet surface temperature, p0

a is the saturation
vapor pressure of the environment and p0

s is the saturation vapor pressure at the droplet surface. The
temperature of the droplet surface is given by Eq. 13-23 of Pruppacher and Klett (1997):

Ts = Ta +
Leρw

k∗a
rd

drd

dt
(2.4)

where k∗a is the modified thermal conductivity of air and Le is the latent heat of evaporation.

Figure 2.6 shows the change in size while the droplet falls through the CLINCH chamber. The
droplet starts at 281 K. The slightly higher negative slope of the green line indicates that the smaller
droplet has a greater evaporation rate. The droplet surface temperature calculations show that the
smaller droplet adapts to the conditions at a faster rate than the larger droplet. The 26 µm diameter
droplet cools down to the chamber temperature in about 0.1 s while the 80 µm diameter droplet needs
about 0.6 s when the temperature of chamber is kept at 235 K.

2.4 Collision efficiency

The collision efficiency (E) is an important parameter in the context of ice nucleation of cloud droplets
by contact freezing. E is defined as the fraction of particles that collide with the droplet in the
cylindrical volume swept out by a falling droplet. Figure 2.7 shows a schematic of the collision
process between a droplet of radius rd and an aerosol particle of radius rp. The impact parameter xo

is defined as the maximum horizontal distance between the center of a droplet and the center of an
aerosol particle to achieve the collision. Lohmann et al. (2016) defined E as the probability that the
collector drop will collide with a particle located at random in the sweep-out volume. Quantitatively
E is defined:

E =
x2

o

(rd + rp)2 (2.5)

As shown in Fig.2.7, as the particle approaches the droplet, the particle will follow the streamlines
depending on the inertia of the particle. If the particle has high inertia, it does not follow the stream-
lines, instead collides with the particle. The following collision mechanisms govern the number of
collisions between the droplets and the particles (Seinfeld and Pandis, 2012):

• Brownian diffusion: Due to the bombardment with the molecules of the air, the aerosol particle
undergoes changes in the trajectory of motion. This motion is termed Brownian diffusion.
Due to Brownian diffusion, particles can move towards the droplet resulting in the capture
of particles by the droplets. Brownian diffusion increases with decreasing particle size, and
becomes most effective collision mechanism for particles with dp < 0.2 µm.
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Figure 2.6: Evolution of droplet size inside CLINCH at 245 K and 75 % RHw. The green line shows
the droplet size used by Ladino et al. (2011b) while the black line represents the droplet size used in
this work. The black line stops at 4 s because this is the maximum residence time of the 80 µm droplet
in the chamber.

Figure 2.7: Schematic representation of the collision process between a droplet of radius rd and
an aerosol particle of radius rp, xo stands for the impact parameter i.e. the maximum distance from
the center of the droplet within which collision is certain. The red line shows the trajectory of the
particle.

• Inertial impaction: Particles with finite mass moving with the air flow may not follow the
streamlines due to their inertia i.e. the trajectory of the particle deviates from the streamlines
and continues to move towards the droplet leading to a collision. Inertial impaction is prominent
for larger particles with a diameter dp >1 µm.
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• Interception: Even if the trajectory of a particle does not deviate from the streamline, a particle
will be collected by the droplet if the streamline brings it within a distance to the droplet of
one particle radius. The particles with a finite size can be collected in the absence of Brownian
motion and inertial impaction, establishing the importance of the contribution of interception
to the collision efficiency (Kulkarni et al., 2011).

Fig. 2.8 panel (a) shows on the left side shows impaction and on the right side interception of
particle by a droplet. Panel (b) shows collection of the particle due to Brownian motion.

The particle size dependent collision mechanisms are effective for particle diameters dp < 0.2 µm
and dp > 1 µm. The range of diameters between 0.2 µm < dp< 1 µm is called the Greenfield gap
(Greenfield, 1957). This gap can be filled partially by the collision efficiency mechanisms which are
dependent on environmental conditions of the droplets and particles and their charge (Ladino, 2011;
Tinsley et al., 2006a). These mechanisms are as follows:

• Thermophoresis: The temperature difference between the two sides of the particle pushes it
towards colder temperatures. This happens because the momentum of the air molecules at
the warmer side of the particle is larger than at the colder side and it pushes the particle to-
wards colder temperatures by the Brownian motion of the air molecules. In case of evaporating
droplets, the droplet surface is colder than the environment and the particles get pushed towards
the droplet.

• Diffusiophoresis: The vapor gradient between the two sides of the particle exerts a force on the
particle due to the diffusion of vapor from a high saturation region to a low saturation region.
Diffusiophorsis acts opposite to thermophoresis for evaporating droplets as well as for droplets
growing by condensation.

• Electrophoresis: This process takes place in the case of charged particles. If the particle and
the droplet are oppositely charged, they are attracted towards each other resulting in a collision.
Electrophoresis can also take place between droplets and particles carrying the same charge by
means of image charge formation (Tinsley and Leddon, 2013).

In Fig. 2.8, panel (c) shows the thermophoretic and diffusiophoretic process. As shown in the
figure, these two processes act opposite to each other.

Usually, collision efficiencies of each of these processes are formulated separately and added to-
gether to yield the total collision efficiency ETot as follows,

ETot = EBr +Eimp +Eint +ET h +ED f +EEl (2.6)

where EBr, Eimp, Eint , ET h, ED f , and EEl are collision efficiencies due to Brownian diffusion, inertial
impaction, interception, thermophoresis, diffusiophoresis and electrophoresis, respectively. Analyti-
cal expressions for all six collision efficiencies are discussed in chapter three.
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Figure 2.8: Schematic of the different forces/ processes that can contribute to a collision of an
aerosol particle with droplet: (a) inertial impaction (left) and interception (right), (b) Brownian
motion and (c) thermophoresis (left), diffusiophoresis (right) and combined phoretic forces (below).
Gray arrows show the direction of the processes. As the different processes are important for aerosol
particles of different sizes, they are shown in different sizes. Adapted from Lohmann et al. (2016).

Figure 2.9: Total collision efficiency and contribution of each collision mechanism for 80 µm
droplets at 245 K and 75 % RHw without considering the charge on the droplet or particles cal-
culated with the theoretical formulations used by Park et al. (2005) and Andronache et al. (2006).

With ETot known, the number of collisions between droplets and particles (N) can be calculated as
follows:

N = K×C× t (2.7)
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where C is the concentration of the particles and K is the collision kernel (m3 s−1) which can be
physically interpreted as the volume swept by droplets per unit time and is given as (Lohmann et al.,
2016)

K = π×ETot × (rd + rp)
2×|U−u| (2.8)

where U and u are the fall velocities of the droplet and aerosol particle, respectively.

2.5 Droplet size sensitivity of E and N

Fig. 2.10 shows the collision efficiency and number of collisions for aerosols of varying diameters for
droplet diameters of 80 µm and 26 µm. In order to investigate the effect of the droplet size and swept
out volume by droplets as presented in Ladino et al. (2011b), the charges on the droplets and on the
particles are ignored. Collision efficiency is calculated for time steps of 0.01 s along the droplet path
in CLINCH and averaged over time. The averaging time is 2 s for 80 µm droplets and 5 s for 26 µm
droplets. i.e. the time taken by droplets traced through the 40 cm length of CLINCH. The number
of collisions is integrated over the total time. It is seen that the collision efficiency is higher for the
smaller droplet size but the number of collisions is higher for the larger droplets, because the volume
swept out by the larger droplets is larger.

2.6 Other instruments

Contact freezing was probably first mentioned in 1950 by Rau (1950) who termed it the ’Trockenkern-
Effect’ (dry particle effect) (Pitter and Pruppacher, 1973). Various groups have since then studied
contact freezing experimentally and a review of experimental studies is presented in Ladino Moreno
et al. (2013). Broadly, there are four types of instruments including CLINCH to study contact freez-
ing. Here is a brief survey of the instruments and major observations noted using them.

• Cold plate : The cold plate instrument is perhaps the oldest instrument to study contact freezing.
In simple terms, a droplet is placed on a solid plate coated with a hydrophobic material. The
plate can be cooled to the desired temperature for contact freezing. The particles can then be
sprinkled on the droplet (e.g., Gokhale and Goold, 1968; Niehaus et al., 2014). The other way
to perform cold plate type contact freezing is to place the particle on the surface of the droplet
(e.g., Shaw et al., 2005). Experiments were conducted by Durant and Shaw (2005); Fornea
et al. (2009) where the INP was made to contact the surface of the droplet. They termed this
mechanism contact freezing inside-out.

• Wind tunnel : In wind tunnel experiments, the droplets are suspended in an air stream (e.g.,
Gokhale and Spengler, 1972; Pitter and Pruppacher, 1973; Diehl and Mitra, 1998). The air
stream is laden with particles whose temperature and relative humidity can be controlled. Using
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Figure 2.10: Collision efficiency (panel a) and number of collisions (panel b) for 80 µm and 26 µm
diameter droplets at 245 K and 75 % RHw without considering the charge on the droplet or particles
calculated with the theoretical formulations from Park et al. (2005) and Wang et al. (1978).

a wind tunnel, Pitter and Pruppacher (1973) found a significantly higher efficiency for kaolinite
and montmollonite when they were in contact with the surface than when they were inside
the drop. Other experiments conducted by Levin and Yankofsky (1983) found 2◦C higher
freezing temperatures for bacteria in contact compared with immersion mode. Diehl et al.
(2002) used different types of pollen in contact and immersion mode and found that median
freezing temperature in contact mode were higher than in immersion mode.

• Electrodynamic balance (EDB): The EDB is an instrument where a charged droplet can be
suspended in an electric field. The suspended droplet then is subjected to aerosols at different
temperatures. Using EDB Hoffmann et al. (2013b) found that contact freezing dominates over
immersion freezing on the timescale of their experiment. Svensson et al. (2009) investigated
the influence of relative humidity on contact freezing. They observed higher onset temperatures
for the humidified air relative to dry air.

• Continuous flow chamber: The continuous flow chambers like CLINCH, droplets and particles
are inserted into the chamber and interact with each other while passing through the chamber.
Using CLINCH Ladino et al. (2011b) concluded that there are some hints that contact freezing
is more efficient than immersion freezing.

Each of the above mentioned techniques has advantages and disadvantages. In the cold plate tech-
nique, the droplet is resting on the plate. This situation does not simulate the droplet in the atmo-
sphere, where it is suspended in air. The number of collected INPs can be estimated by evaporating
the droplet and the freezing efficiency can be estimated. A direct comparison with immersion freezing
is difficult because the number of collisions is usually not known or badly constrained. The wind tun-
nel requires relatively larger droplets which can be suspended and observed. In the EDB, the droplet
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needs to be highly charged in order to be suspended which does not represent typical atmospheric
conditions and might influence the freezing efficiency. In the continuous flow chamber, it is diffi-
cult to estimate the collision rate between droplets and particles because analytical formulations for
collision efficiency between the droplets and particles yield unrealistically high freezing efficiency
(Ladino Moreno et al., 2013).
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Chapter 3

Comparison of measured and calculated collision
efficiencies at low temperatures

This chapter is published in Atmospheric Chemistry and Physics. Citation: Nagare, B., Marcolli, C.,
Stetzer, O., and Lohmann, U.: Comparison of measured and calculated collision efficiencies at low
temperatures, Atmos. Chem. Phys., 15, 13759-13776, doi:10.5194/acp-15-13759-2015, 2015.

3.1 Introduction

Interactions of atmospheric aerosols with clouds influence the cloud properties and modify the aerosol
life cycle. Depending on particle size, morphology and chemical composition, aerosol particles act
as cloud condensation nuclei (CCN) and ice nucleating particles (INP) or become incorporated into
cloud droplets by scavenging. Scavenging of particles in the air is one of the major processes by which
the atmosphere is cleansed (Radke et al., 1980). Particles may be scavenged in-cloud and below-cloud
due to collision with droplets (impaction scavenging) or by nucleation scavenging when they serve
as CCN or INP (Leong et al., 1982). Below 273 K solid aerosol particles that activate to cloud
droplets may induce droplet freezing in immersion mode when the temperature is further decreased.
This freezing process is usually discriminated from condensation freezing, where CCN activation is
immediately followed by ice formation. When interstitial aerosol particles collide with supercooled
cloud droplets they may induce freezing in contact mode. This nucleation process deserves special
attention, since it is reported to induce ice nucleation at higher temperature than when the same
particle acts as INP in immersion or condensation mode (Durant and Shaw, 2005; Fornea et al., 2009;
Ladino Moreno et al., 2013). In addition, the importance of contact nucleation for cloud glaciation
also depends on the collision efficiency between aerosol and cloud droplets.

Collisions between particles and droplets can result from motion induced by turbulence and Brown-
ian diffusion or as a result of external forces induced by gravity, electric charges, temperature or vapor
gradients (Leong et al., 1982). There exist different formulations that describe collision efficiencies
theoretically and give mathematical expressions for them (Slinn, 1983; Park et al., 2005; Andronache
et al., 2006; Wang and Pruppacher, 1977). To validate theoretical calculations, laboratory studies
have been carried out in which aerosols have been exposed to falling droplets (see Wang et al., 1978
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and Ladino et al. 2011a and 2013 for references). Most of these studies have been performed at
or close to room temperature with droplets of sizes that are typical for drizzle and rain drops rather
than for cloud droplets. Measurements of pre- and post-rain aerosol concentrations have been used to
quantify aerosol scavenging by precipitation (Davenport and Peters, 1978; Laakso et al., 2003; Chate
and Pranesha, 2004; Maria and Russell, 2005). These studies often show too large washout compared
with theoretical estimates based on formulations of collision efficiencies (Andronache et al., 2006).
One reason for this might be an inaccurate representation of the collision processes. Accurate esti-
mates of collision efficiencies are also needed to describe cloud glaciation. Up to date, there is lack
of atmospheric INP that might explain ice nucleation at temperatures higher than −15 ◦C. While
biological particles are discussed as candidates to close this gap (DeMott et al., 2010), an alternative
explanation would be ice nucleation in contact mode. Several field studies have observed that ice
crystals preferentially formed in regions of downdrafts and at cloud edges where dry air is entrained
(Young, 1974). Particles contained in these air masses could initiate droplet freezing when they col-
lide with them. To judge the importance of this process nucleation and collision efficiencies have to
be quantified. The representation of heterogeneous ice nucleation in most global models still lacks a
detailed description of the freezing processes depending on aerosol properties and nucleation mode
(Yun and Penner, 2012; Lohmann and Hoose, 2009).

Depending on particle size and the forces acting on the particles, different collision processes have
to be taken into account. In models, collision efficiencies are usually calculated as the sum of the
different collision processes (Andronache et al., 2006; Bae et al., 2009; Croft et al., 2010) neglecting
that the forces act together to determine the aerosol path either into or around the droplet. Trajec-
tory calculations can be used to simulate the particle pathway, however, they need to be validated
with reliable laboratory measurements (Tinsley and Leddon, 2013). Calculated collision efficiencies
are quite accurate for Aitken and coarse mode particles, for which either Brownian diffusion or im-
paction dominates. Accumulation mode particles fall into the particle size range of the Greenfield gap
(Greenfield, 1957; Seinfeld and Pandis, 2006; Ladino et al., 2011a), where Brownian diffusion and
impaction are inefficient collision mechanisms. However, the collision efficiency minimum of the
Greenfield gap is reduced in the presence of electric or phoretic forces and theoretical descriptions
have to include the corresponding contributions to the collision efficiencies to give accurate values.
Only few experimental studies have explored this part of the parameter space (Ladino et al., 2011a;
Ladino, 2011) and none of them at mixed-phase cloud temperatures.

The present study investigates collision efficiencies of 200 nm and 400 nm diameter silver iodide
(AgI) particles with 80 µm diameter droplets at low temperatures. A temperature range where all
contacts lead to freezing is a prerequisite for the applied evaluation. This condition is fulfilled for
AgI particles of 200 and 400 nm diameter for T < 247 K. If AgI particles were not active in contact
mode, they nevertheless should lead to nucleation in immersion mode after colliding with the droplet.
In addition, we provide a lower and upper limit of collision efficiency for 800 nm kaolinite particles.
In our experiment droplets and particles bear charges of opposite sign giving rise to electric forces.
Morever, droplets are slowly evaporating inducing thermophoretic and diffusiophoretic forces. This
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study therefore provides experimental data to validate theoretical formulations exactly in this least
explored parameter space range. The paper is structured as follows: Sect. 2 presents theoretical
formulations of collision efficiencies from the literature, Sects. 3 and 4 describe the experimental
procedure and the results. In Sect. 5, the theoretical formulations are compared with experimental
results and are critically discussed. Comparison with other experimental work is presented in Sect. 6.
Sect. 7 discusses improvements of theoretical formulations and atmospheric implications.

3.2 Theory

3.2.1 Collision efficiency

When a droplet falls through air, various processes can lead to the collision of aerosol particles with
droplets. Theoretical formulations of these processes generally assume a flow around a spherical
droplet capturing spherical particles. The collision efficiency (E) is defined as the fraction of parti-
cles in the cylindrical volume swept out by a falling droplet that collide with the droplet. A collision
efficiency of unity is realized when all the particles residing in the swept out volume of a droplet
collide with the droplet. When the particles follow the air stream around the droplet, E is smaller than
one. E can exceed unity when particles get scavenged by wake capture. The coalescence efficiency is
defined as the fraction of particles that are retained by the droplet when they collide with them. The
product of E and coalescence is called the collection efficiency. Normally, it is assumed that a colli-
sion leads to the scavenging of the particle by the droplet so that the collision efficiency and collection
efficiency are the same. Different processes have to be considered that cause deviations of the parti-
cle’s movement from the air stream path and lead to the collision of aerosols with droplets (Ladino
et al., 2011a). For the smallest particles, Brownian diffusion is the most important collision process.
Brownian diffusion describes the random motion of aerosol particles resulting from collisions with
carrier gas molecules. It is a strong function of particle size being most important for small aerosol
particles. Large particles are most efficiently scavenged by inertial interception and impaction. Iner-
tial impaction occurs when a particle is unable to follow the streamlines around a falling droplet and,
because of its inertia, continues to move toward the drop and is eventually captured by it (Seinfeld
and Pandis, 2006). Interception takes place when a particle follows the streamlines around a falling
droplet sufficiently close to collide with it. The region of low collision efficiency between the small
and large aerosol particles is known as the Greenfield gap. This gap may at least be partly closed when
electric and phoretic effects contribute to particle collisions. Thermophoresis describes a net transport
of particles in the presence of a temperature gradient in the air. Air molecules at higher temperature
have a higher mean velocity and therefore impart more momentum on a particle than colder ones.
The momentum on the warmer side of the particle is therefore larger and moves particles from higher
to lower temperatures. Since evaporation cools the droplets and induces a temperature gradient in the
surrounding air, particles are attracted by droplets for RH < 100 % because of thermophoresis. Dif-
fusiophoresis arises in the presence of a vapor concentration gradient. In the case of an evaporating
droplet, there is a flux of water molecules away from the droplet, compensated by a flux of carrier
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gas molecules (mainly N2, O2) in the opposite direction (Stephan flow) to keep the total pressure con-
stant. Thus thermophoresis and diffusiphoresis act opposite to each other. Under typical atmospheric
conditions thermophoresis dominates diffusiophoresis for aerosol particles < 1 µm (Slinn and Hales,
1971). Finally, in case of charged particles and droplets, electroscavenging has to be considered as an
additional collision process. Usually, collision efficiencies of each of these processes are formulated
separately and added together to yield the total collision efficiency Etot . Park et al. (2005) and Slinn
(1983) proposed formulations for the collision efficiencies by Brownian diffusion (EBr), interception
(Eint), and impaction (Eimp). Andronache et al. (2006) gives formulations for thermophoresis (ET h),
diffusiophoresis (ED f ), and electrophoresis (EEl). Wang et al. (1978) use a flux model to calculate
collision rate coefficients for electric and phoretic scavenging. In the following, we will outline the
formulations proposed for the different collision processes.

3.2.2 Brownian diffusion, interception and impaction

In the approaches by Park et al. (2005), hereafter referred to as P05, and Slinn (1983), hereafter
referred to as S83, collision efficiencies of Brownian diffusion, interception and impaction (EBr,I) are
provided. They are calculated separately and added together.

EBr,I = EBr +Eint +Eimp (3.1)

Formulation by Park (P05)

For collision efficiencies due to Brownian diffusion and interception Park et al. (2005) follow Jung
and Lee (1998) who used a resolved flow field around a system consisting of multiple spheres to obtain
an analytical solution including the effects of induced internal circulation inside a liquid droplet. Due
to the influence of the internal flow, the outer flow velocity around the fluid spheres becomes larger
than that around solid spheres. For this reason, the streamlines pass around a fluid sphere more closely
than around a solid sphere. The collision efficiency due to Brownian diffusion is taken from Park et al.
(2005):

EBr(dp,Dd) = 2

(√
3π

4Pe

) 2
3 (

(1−α)(3σ+4)
(J+σK)

) 1
3

(3.2)

where α is the packing density i.e. the water volume present in a unit volume of air and σ the viscosity
ratio of water to air. The hydrodynamic factors J and K are given as
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and Pe is the Peclet number defined as the ratio between the advective and diffusive transport rate and
is given as

Pe =
DdU(Dd)

Ddi f f

where Dd is the droplet diameter, U(Dd) is the terminal velocity of the drop and Ddi f f the diffusion
coefficient of aerosol particles given by

Ddi f f =
kBTaCc(dp)

3πµadp

where kB is the Boltzmann constant, Ta is the air temperature in K, µa is the dynamic viscosity of air
and Cc(dp) is the Cunningham slip correction factor to account for non-continuum effects associated
with small particles. It is given as (Ladino et al., 2011a)

Cc(dp) = 1+
2λa

dp

[
1.257+0.4exp

−1.1dp

2λa

]
where λa is the mean free path of air molecules. The temperature dependent viscosity of air µa is
taken from the parametrization in Pruppacher and Klett (1997). In poise units it is given as

µa =
1.718+0.0049Tc−0.000012T 2

c

10−4

where Tc is the temperature in ◦C. For the viscosity of water the lowest measured value at 273 K is
used (1.787×10−3kg m−1 s−1).

According to Jung and Lee (1998) the collision efficiency due to interception Eint is given as

Eint(dp,Dd) =
1−α

J+σK

[
R

1+R
+

1
2

(
R

1+R

)2

(3σ+4)

]
(3.3)

where R is the diameter ratio between particle and droplet dp
Dd

.

The collision efficiency due to impaction Eimp is given as

Eimp(dp,Dd) =

(
Stk

Stk+0.35

)2

(3.4)

where Stk is the Stokes number

Stk =
ρpd2

pU(Dd)

18µaDd

and ρp is the density of the particles.
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Formulation by Slinn (S83)

Slinn (1983) proposed formulations for EBr, Eint and Eimp using dimensional analysis coupled with
experimental data which are summarized in Seinfeld and Pandis (2006). Based on Slinn (1983), the
following formulations are given in Seinfeld and Pandis (2006) and Wang et al. (2010)

EBr(dp,Dd) =
4

ReSc
(1+0.4Re

1
2 Sc

1
3 +0.16Re

1
2 Sc

1
2 ) (3.5)

Eint(dp,Dd) = 4
dp

Dd

[
µa

µw
+(1+2Re

1
2 )

dp

Dd

]
(3.6)

Eimp(dp,Dd) =

(
ρw

ρp

) 1
2
(

St−St∗

St−St∗+ 2
3

) 3
2

(3.7)

where ρw and ρp are densities of liquid water and particles respectively. The normalizing factor ρw
ρp

is necessary to account for aerosol particles with density >1000 kg m−3. Re is the Reynolds number
representing the ratio of inertial to viscous forces in the flow and given by Pruppacher and Klett
(1997).

Re = exp(Y )

where Y is

Y =−3.18657+0.992696X−0.00153193X2−0.000987059X3

−0.000578878X4 +0.000085517X5−0.00000327815X6

where X = ln(CdRe2) and CdRe2 is given as

CdRe2 =
4D3

d(ρw−ρa)g
3µ2

a

where ρa is the density of air, g is the acceleration due to gravity. Sc is the Schmidt number of aerosol
particles, St is the particle Stokes number given as

St =
2τ(U(Dd)−u(dp))

Dd

U(Dd) and u(dp) are the terminal velocities of the droplets and aerosol particles, respectively. The
relaxation time τ is given as (Wang et al., 2010),

τ =
(ρp−ρa)d2

pCc

18µa

St∗ is the critical Stokes number above which particles may be deposited on the droplet. Note that
S83 uses a slightly different formula for the Stokes number (St) than P05 (Stk). In the formulation for
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Eimp given in Eq. (3.7) collision can happen only when St > St∗. The critical Stokes number is given
as

St∗ =
1.2+ 1

12 ln(1+Re)
1+ ln(1+Re)

3.2.3 Phoretic forces

Since inside the collision chamber, the droplets are evaporating, thermo- and diffusiophoretic forces
also contribute to the collision efficiency. Electroscavenging has to be taken into account because par-
ticles and droplets are charged. We consider the formulations of Andronache (2004) and Andronache
et al. (2006), hereafter referred to as A06, where collision efficiencies are calculated separately and
added together to obtain the total collision efficiency due to phoretic forces Eph

Eph = ET h +ED f +EEl (3.8)

where ET h, ED f and EEl are the collision efficiencies due to thermophoresis, diffusiophoresis and
electrophoresis, respectively.

Formulation by Andronache (A06)

The contribution of thermophoresis to the collision efficiency is given as (Andronache et al., 2006)

ET h(dp,Dd) =
4γ(2+0.6Re

1
2 P

1
3

r )(Ta−Ts)

U(Dd)Dd
(3.9)

where Ta is the absolute temperature of air, Ts is the absolute temperature at the droplet surface and
Pr the Prandtl number for air given as

Pr =
Cpµa

ka
.

γ is given as

γ =
2Cc

(
ka +5 λa

Dp
kp

)
ka

5p
(

1+6 λa
Dd

)(
2ka + kp +10 λa

Dd
kp

)
where ka and kp are the thermal conductivities of the air and the aerosol particles, p is the atmospheric
pressure and Cp is the specific heat of air at constant pressure. The diffusiophoretic contribution to
collision efficiency is given as

ED f (dp,Dd) =
4β(2+0.6Re

1
2 Sc

1
3
w)(

p0
s

T s −
p0

aRH
Ta

)

U(Dd)Dd
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where

β =
TaDw

p
·
(

Mw

Ma

) 1
2
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The Schmidt number for water vapor in air is given as

Scw =
µa

ρaDw

where Dw is the diffusivity of water vapor in air. For evaporating droplets, the diffusiophoretic con-
tribution to E is negative. In the formulation by Andronache et al. (2006), the contribution of electric
charge to the scavenging efficiency is based on Coulomb interactions between aerosol particles and
droplets carrying point charges of opposite sign, leading to the capture of particles present on the
streamline close to the droplet surface. The expression for this electrostatic collision efficiency is
given as (Andronache, 2004; Davenport and Peters, 1978)

EEl(dp,Dd) =
16KCcQq

3πµaD2
ddpU(Dd)

(3.11)

where K = 9×109N m2 C−2, Q and q are the mean charges on the droplet and the aerosol particle in
Coulomb units.

The flux model (W78)

An alternative formulation for phoretic and electrostatic forces is given by the flux model (Wang
et al., 1978), hereafter referred to as W78. It expresses the thermophoretic force FT h as (Tinsley et al.,
2006b)

FT h =−
6πµadp(ka +2.5kpKn)ka

5(1+3Kn)(kp +2ka +5kpKn)p
2(Ta−Ts)

Ddr2 (3.12)

where r is the distance between the center of the droplet and the particle and Kn the Knudsen number.
The term 2(Ta−Ts)

Ddr2 is the temperature gradient between the absolute temperature of the surrounding
(Ta) and at the droplet surface (Ts), assuming spherical symmetry. The diffusiophoretic force can be
expressed as (Tinsley et al., 2006b)

FD f =−
3πµadp(0.74)DwMa

(1+αKn)Mwρa

2(ρν,a−ρν,s)

Ddr2 (3.13)

The last term in this expression 2(ρν,a−ρν,s)

Ddr2 is the gradient in water vapor density. Ma and Mw are the
molecular weights of air and water, ρν,a and ρν,s are the water vapor densities in the air far from the
droplet and at the droplet surface, respectively. The parameter α is given as (Wang et al., 1978)

α = 1.26+0.40exp(−1.10Kn−1)

The formulation of the forces is strictly valid only for spherically symmetric inverse square fields.
This is the case for stationary droplets. If the droplet moves, the temperature and vapor fields are not
spherically symmetric. As a first order correction, mean heat and vapor ventilation coefficients fh and
fv, respectively, can be introduced to account for the effect of air motion on the flux of heat and water
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vapor (Tinsley, 2010). With this correction, the forces may be expressed as FT h =
CT h
r2 fh

and FD f =
CD f
r2 fv

where CT h and CD f are inverse square force constants for thermophoresis and diffusiophoresis, CT h =

fhFT hr2 and CD f = fvFD f r2. The inverse square force constants C for the thermophoretic force and
the diffusiophoretic force can be formulated as (Wang et al., 1978)

CT h =−
3πµadp(ka +2.5kpKn)kaDd(Ta−Ts) fh

5(1+3Kn)(kp +2ka +5kpKn)p
(3.14)

CD f =−
3
2

πµaDd(0.74)DwMadp(ρν,a−ρν,s) fv

(1+αKn)Mwρa
(3.15)

If electric forces are approximated by inverse square forces (repulsive for like charges, attractive for
unlike charges and neglecting image charges), the inverse square force constant for electrical forces
is (Tinsley, 2010)

CEl =
Qq

4πε0
(3.16)

Using the relationship between collision efficiency and collision kernel, an effective collision ef-
ficiency can be derived from the forces. The collsion kernel K for each force constant C can be
calculated as (Ladino et al., 2011a)

K =
4πBpC

exp( 2BpC
Ddi f f fpdp

)−1
(3.17)

where Bp is the mobility of particles. From the collision kernel, the different collision efficiencies for
each mechanism can be calculated using the relationship

E =
4K

π(Dd +dp)2(U(Dd)−u(dp))
. (3.18)

3.3 Experimental setup

3.3.1 Instrumentation

Our collision nucleation chamber (CLINCH) is similar to the one used by Ladino et al. (2011a,b) for
contact freezing studies with some modifications to observe the frozen fraction of droplets at different
times. It is a continuous flow chamber which consists of two parallel plates separated by 1 cm width
with side windows for the detector. Both chamber walls are held at the same temperature and are
covered with ice, leading to an environment that is saturated with respect to ice and subsaturated
with respect to water. Relative humidity in the chamber depends on the chamber temperature. The
droplet generator from Bremen University is placed at the center top of the chamber. The droplet
generator contains a piezo element which can produce 80±3 µm diameter droplets with a frequency
of 100 droplets per second (Ulmke et al., 2001). With this setting the distance between two successive
droplets is about 2 mm when the droplet acquires its terminal velocity of 0.186 m s−1. The droplets
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are generated with pure water (Milli-Q, 18.2 MΩ) at a temperature of 281 K. The relaxation time for
a droplet to reach its terminal velocity is 0.2 s and the temperature relaxation time is about 0.6 s when
the chamber is kept at 235 K.

Figure 3.1 shows the droplet surface temperature (panel a), the difference between droplet surface
and chamber temperature (panel b) and evolution of droplet diameter (panel c) at 255, 245 and 235
K. Aerosol particles enter the chamber at the top in an air flow from both sides and can interact with
the liquid droplets while passing through the chamber. The flow through the chamber is laminar and
should not show any turbulence. The terminal velocity of the AgI aerosol is too low to contribute
to the flow velocity. The fall velocity of the aerosol particles is therefore taken as the flow velocity
averaged over the whole cross section of the chamber, which equals 0.017 m s−1 for an air flow of 1
liter per minute through the chamber. In CLINCH, aerosol particles and cloud droplets can collide
leading to freezing of the cloud droplets via contact freezing. With the modified setup, it is possible to
observe the frozen fraction of droplets at lengths of 40 cm and 80 cm. The residence time of droplets
at these two lengths are 2 s and 4 s, respectively. Since the droplets have to cool down to the chamber
temperature after injection, the residence time at the desired temperature is shorter (see Fig. 3.1). In
the case of the lowest investigated temperature of 235 K it is reduced to 1.4 s and 3.4 s for chamber
lengths of 40 cm and 80 cm. At the end of the chamber, a Condensation Particle Counter (CPC, TSI
3772) is connected to measure the concentration of the aerosol particles. In order to discriminate
between water droplets and ice crystals, an in-house developed Ice Optical Detector (IODE) (Nicolet
et al., 2010) was used. In order to avoid the presence of two droplets simultaneously in the laser
beam, a new laser was installed (402 nm, Schaefter + Kirchhoff laser Makroliniengenerator13LTM)
providing a rectangular instead of a circular laser beam. The fall velocity of the droplets is 0.210
m s−1 calculated as the sum of the terminal velocity of the droplets ( 0.186 ms−1) and the flow
velocity at the center of the chamber (0.024 ms−1) using the formula by Rogers (1988) neglecting
the temperature gradient term. The Reynolds number of the air flow is calculated to be 12 and the
droplets Reynolds numbers are about 0.65 which ensures that the chamber flow is not turbulent. With
such conditions inside the chamber, the relative humidity around the column of droplets will increase
only slightly due to evaporation of droplets. Our calculations show that this increase is < 1% and
too small to trigger deposition nucleation on the aerosol particles. Stetzer et al. (2008) showed that
deposition nucleation on silver iodide particles can take place only when the relative humidity with
respect to ice is larger than 105 %.

3.3.2 Aerosol preparation

Silver iodide particles were produced by mixing of 0.1 M potassium iodide and 0.1 M silver nitrate
solutions. 10 ml of the potassium iodide solution was diluted with 80 ml distilled water and 10 ml
of the silver nitrate solution were added. The AgI precipitate was then decanted to 40 ml and 60
ml distilled water was added to the solution. From this solution aerosol particles were produced by
atomizing. The particles were then dried to RH < 10 % at room temperature. These dried particles
passed through a mixing volume to obtain a relatively constant concentration of particles. At the exit
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Figure 3.1: Droplet characteristics at experimental conditions calculated along the pathway through
the chamber with timesteps of 0.01 s. Panel (a) shows the surface temperature of the droplet, panel
(b) shows the difference between the surface temperature of the droplet and the chamber temperature
and panel (c) shows the droplet diameter at chamber temperatures of 235, 245 and 255 K. These
parameters are calculated using equation 13-15b of Pruppacher and Klett (1997).

of the mixing volume, a cyclone with 1 µm cutoff size was used and the particles were then passed
to the Differential Mobility Analyzer (DMA). The DMA column voltage was set to negative so that
only negatively charged particles got into the air stream. The size distribution of AgI particles is
lognormal with a mode diameter of 80 nm. Size selected 200 and 400 nm silver iodide particles are in
the downslope of the size distribution of particles which were produced. So the contribution of double
or triple charged particles in the outflow of the DMA was < 10 %. These size selected particles were
passed to the chamber via a concentration control system in order to select a particular concentration
of particles. The aerosol concentration was measured at the end of the chamber with a CPC.

3.3.3 Charge measurement

The droplets obtain a variable number of charges when the stream of droplets is injected from the
droplet generator and the charge can be measured with various methods. We determined the charge
off-line of the experiment by passing the droplet stream through a capacitor consisting of two parallel
plates which were connected to a DC voltage supply. The droplet generator was placed exactly at
the top edge of the plates. These two plates were kept at 6 mm distance from each other and a DC
voltage was applied. Due to the presence of the charge on the droplets, the droplets can be either
deflected toward the positively or negatively charged plate. Multiple measurements were performed
at different times in order to obtain the average charge on the particles. Fig. 3.2 shows the individual
measurements of the charge on the droplets. The charge on the droplets varied from 0.16 fC (1000 e)

37



Figure 3.2: Measured charge on droplets at different times. Error bars represent uncertainties in
charge measurement due to the uncertainty in the measurement of the vertical distance traveled by
the droplet. The mean charge averaged over all the experiments is 39000 e with a standard deviation
of 20000 e.

to 80 fC (50000 e). It remained the same once the droplet generator was turned on but could switch
to a different value when the droplet stream was turned off and turned on again. The mean charge on
the droplets was about 65 fC (39000 e ± 20000 e).

3.3.4 Experimental procedure

The collision ice nucleation experiments were conducted at temperatures between 261 K and 236 K.
Initially the chamber was evacuated for 5 min and then cooled to 258 K. To cover the walls with a thin
layer of ice the chamber was filled with distilled water for 10 s and then flushed out. The chamber
was again evacuated for 3 min and the detector was mounted. When the desired temperature of the
chamber was reached, the droplet generator was turned on and droplets were observed in the detector.
This blank experiment without aerosol particles was performed at each temperature in order to ensure
that there is no droplet freezing without particles. After the blank experiments, the aerosol flow
was turned on and the actual experiment was performed. After completing the experiment for one
temperature, the temperature of the chamber was lowered in steps of 2 to 3 K until the homogeneous
freezing temperature was reached.

3.4 Experimental results

Figure 3.3 shows the frozen fraction of droplets as a function of temperature for the investigated
concentrations of the 200 nm and 400 nm silver iodide particles and residence times of 2 s (panel a,
panel c) and 4 s (panel b, panel d). Error bars shown represent an uncertainty in the frozen fraction due
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Figure 3.3: Frozen fraction against chamber temperature for droplet residence times of 2 s (panel
a, panel c) and 4 s (panel b, panel d) for different concentrations of silver iodide and 2 different
sizes 200 nm (panel a, panel b) and 400 nm (panel c, panel d). The gray shaded area indicates
homogeneous freezing from blank experiments. The horizontal black line indicates the detection limit
of the detector determined from the blank experiments. Open symbols indicate the experiments used
for the calculation of collision efficiencies.

to the classification (liquid or ice) uncertainty originating from the measurement errors of the IODE
detector (Lüönd et al., 2010). As the chamber temperature was decreased the frozen fraction started
to rise and after reaching a certain value it remained constant. The frozen fraction plateau is reached
at about 245 K. A frozen fraction of 1 is not reached even for the lowest investigated temperature of
238 K. According to classical nucleation theory, homogeneous nucleation becomes effective only for
T < 238 K (e.g Ickes et al. (2015)). We assume that for T < 245 K heterogeneous freezing on AgI
particles is so efficient that each collision of a particle with a droplet leads to the immediate freezing
of the droplet (freezing efficiency of 1) and the frozen fraction plateau is reached. For T > 245 K, the
probability of droplet freezing is < 1, and the collision of a particle with a droplet does not necessarily
induce freezing. For T < 245 K, frozen fractions increase with increasing particle concentration from
500 cm−3 to 5000 cm−3 without reaching a value of 1 and they are higher for 4 s residence time than
for 2 s residence time. This is in accordance with immediate contact freezing once the droplet has
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collected a particle. This limits the contact freezing by the probability that a droplet actually captures
a particle while it is falling through the chamber. If the freezing probability for T < 245 K is assumed
to be 1, this temperature range can be used to deduce collision efficiencies from our experimental data.
We therefore define data points that correspond to unity freezing probability and use them to derive
experimental collision efficiencies. These points are indicated by open symbols in black rectangles
in Fig. 3.3. With our preparation method for AgI, the concentration of 800 nm diameter particles
was too low to keep a constant concentration during the time needed for an experiment. To derive
collision efficiency for 800 nm particles, we therefore used kaolinite particles. The experimental setup
for these measurements was the same as for AgI except for the particle generation method, which is
described in Nagare et al. (2015b).

Figure 3.4, shows the evolution of the frozen fraction as a function of the residence time in the
chamber calculated as

FF = 1− e−EexpKgeoCpart (3.19)

where Kgeo is the geometrical area swept out by the droplet per unit time t. Cpar is the particle
concentration and Eexp is the collision efficiency that fits to the experimental results best. Kgeo was
simulated for each 0.01 s time step to take the size change of the droplet and change in terminal
velocity into account. Since the collision efficiency should be the same for all concentrations and not
depend on residence time, Eexp was determined by simultaneously minimizing the difference between
the mean values of frozen fraction indicated by the symbols in Fig. 3.4 and the frozen fraction
calculated with Eq. (3.19). In our experiment the droplets are evaporating slowly which decreases the
Kgeo over time. We take the average of collision efficiency over the residence time in the chamber,
thus small changes in Kgeo also get accounted. Kgeo decreases almost linearly with highest values at
the first time step (≈ 1.06×10−3 cm3s−1 ) and the lowest one in the last (≈ 1.042×10−3 cm3s−1 ).
This yielded value of Eexp = 0.13 for 200 nm particles in reasonable agreement with all data points
taking experimental uncertainties into account. To show the sensitivity of the frozen fraction to the
assumed collision efficiency, curves for E = 0.02 (according to the theoretical formulation of P05 and
W78 are also given in Fig. 3.4 as dashed lines.

3.5 Comparison of the different formulations of collision efficiency

Figure 3.5 shows the different contributions to the total collision efficiency of a 80 µm droplet as a
function of AgI particle diameter calculated with the theoretical expressions of Sect. 2 for the exper-
imental conditions of the CLINCH chamber, which is kept at ice saturation for T = 245 K. Temper-
ature and vapor pressure gradients between the droplet surface and the surrounding are calculated as
well as the slow evaporation of the droplet along its path through the chamber in time increments of
0.01 s. Mean collision efficiencies for the whole chamber length are obtained by averaging over the
individual 0.01 s increments. In this simulation, the droplet has a diameter of 80 µm when it enters
the chamber and shrinks to 79 µm at the end of the chamber. This slow evaporation induces a temper-
ature gradient between the surrounding and the droplet (Ta−Ts = 0.3 K) leading to thermophoresis.
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Figure 3.4: Evolution of the frozen fraction as a function of the residence time in the chamber calcu-
lated with Eq.3.19 for the different particle concentrations from 500 cm−3 to 5000 cm−3. Solid lines
are calculated assuming a collision efficiency Eexp = 0.13 and dashed lines for E = 0.02 for 200 nm
particle in panel (a) while in panel (b) Eexp = 0.07 and E = 0.004 for 400 nm particles. Symbols
and uncertainty bars give the average and standard deviation of the frozen fraction plateau values
indicated by open symbols in Fig. 3.3.

AgI particles have a density of 5600 kg m−3 and one elemental charge since they passed through a
DMA for size selection. Major uncertainties are associated with the charge of the droplets. For the
calculations shown in Fig. 3.5, a charge of 50000 e of opposite sign to that of the particles was as-
sumed. Panel (a) of Fig. 3.5 shows the collision efficiencies of Brownian diffusion, interception and
impaction for the formulations P05 described in section 3.2.2 and S83 described in section 3.2.2. The
formulations for Brownian diffusion and interception by P05 and S83 show a very similar particle
size dependence, but the values using S83 are by about a factor of three higher for EBr and even an
order of magnitude higher for Eint . While the formulations of P05 are derived theoretically from a
resolved flow field, S83 used dimensional analysis coupled with experimental results. Although the
formulation of P05 takes the increased collision efficiency for a flow around a liquid droplet compared
with a flow around a solid sphere explicitly into account, it yields lower collision efficiencies than the
one by S83. The formulation of S83 crucially depends on the accuracy of the experiments forming
the basis for the dimensional analysis. Eimp using S83 drops off to zero for a particle diameter dp < 2
µm because of the critical Stokes number in the formulation of impaction below which the impaction
of particles on droplets is zero. For particles smaller than 0.1 µm, Brownian diffusion is the most
dominant mechanism and for particles above 1 µm diameter, impaction dominates for the formula-
tion of P05. For the 200 nm particles used in our experiments the collision efficiency by Brownian
diffusion is by more than an order of magnitude more efficient than interception and impaction.
Panel (b) of Fig. 3.5 shows the collision efficiencies due to individual contributions for thermophore-
sis and electrophoresis. Diffusiophoresis results in a repulsive force rendering the collision efficiency
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Figure 3.5: Calculated collision efficiency for a droplet of 80 µm diameter as a function of aerosol
particle diameter at a temperature of 245 K and ice saturation. The contributions of Brownian motion,
interception and impaction are shown in panel (a) for the formulations by Park et al. (2005) (P05)
and Slinn (1983) (S83). The contributions for thermophoresis, and electrophoresis are shown in panel
(b) for the formulations by Andronache et al. (2006) (A06) and Wang et al. (1978) (W78).

negative for the formulation of A06 (≈−10−4) and too small to be represented in Fig. 3.5 using W78
(≈ 10−28). While collision efficiencies by electrophoresis are almost identical, considerable differ-
ences for thermophoresis in particle size dependence can be found comparing the formulations A06
and W78. A06 predicts a decrease of collision efficiency for increasing particle size whereas W78
shows hardly any dependence on aerosol particle diameter. The expression by W78 is formulated
for the slip regime (Kn < 0.1) and applies to larger particles (Leong et al., 1982). The expression
of A06 applies to the free molecular regime (Kn > 10) and small particles (Slinn and Hales, 1971).
Electrophoresis contributes the most for the smallest of the aerosol particles i.e. between the range of
1 nm to 0.1 µm diameter.

3.5.1 Temperature dependence of thermophoretic collision efficiency

Panel (a) of Fig. 3.6 shows the dependence of the collision efficiency due to thermophoresis for T
= 263 K, 248 K and 233 K, keeping the other parameters the same as used for Fig. 3.5. As the
temperature decreases the effect of thermophoresis also decreases because the evaporation rate of
the droplet decreases and therefore also the temperature gradient decreases. On the other hand, the
collision efficiency by thermophoresis is also influenced by the decreasing relative humidity with
decreasing temperature from 90.6 % at 263 K to 78.2 % at 248 K and finally to 67.8 % at 233 K
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Figure 3.6: Dependence of thermophoresis on aerosol particle diameter following Andronache et al.
(2006) (A06) and Wang et al. (1978) (W78) for a droplet of 80 µm diameter. Panel (a) at ice saturation
for temperatures of 263 K, 248 K and 233 K. Panel (b): at 90 % relative humidity with respect to ice.
Panel (c): at 90 % relative humidity with respect to water.

because the chamber is kept at ice saturation conditions. To take apart the influence of temperature
and relative humidity, panel (b) of Fig. 3.6 shows the dependence of thermophoresis on temperature
keeping the environmental relative humidity with respect to ice at 90 % and panel (c) by keeping the
environmental relative humidity with respect to water at 90 %. In addition to that, curves at T = 298
K are also shown as dash dotted lines in panel (c) for a better comparison with other studies. The
temperature dependence of W78 is much stronger than the one of A06. Since for our experimen-
tal settings, diffusiophoresis results in a repulsive force rendering the collision efficiency negative or
zero, we do not show here the temperature dependence of diffusiophoresis. The combined descrip-
tion of thermophoretic and diffusiophoretic forces indicate that for our experimental conditions of
evaporating droplets in the presence of rather small aerosol particles, thermophoresis should exceed
diffusiophoresis (Slinn and Hales, 1971). However, disagreement still exists between experiments
and model predictions concerning the prevalent forces as a function of particle radius (Santachiara
et al., 2012; Prodi et al., 2014).

3.5.2 Charge dependence of electrophoresis

Figure 3.7 shows the droplet charge dependence of electroscavenging for the formulations of A06
and W78. Calculations are shown for droplet charges of 5000 e, 10000 e, and 50000 e and a particle
charge of 1 e. All other parameters are the same as for Fig. 3.5. Charges on droplets and particles are
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Figure 3.7: Dependence of electrophoresis on droplet charges for the formulations of Andronache
et al. (2006) (A06) and Wang et al. (1978) (W78). The legend indicates the elementary charge on the
droplets. The aerosol particles carry one elementary charge.

of opposite sign. Both formulations show the same charge and particle size dependence with a strong
increase of collision efficiencies with increasing droplet charge and decreasing particle size. If the
charges of droplets and particles were of the same sign, particles would be repulsed from the droplets
and the collision efficiency would be effectively zero, since the formulations of A06 and W78 both
assume point charges located in the middle of the particles and droplets and do not take into account
image charge effects. When aerosol particles come close enough to water droplets, image charges on
the conducting droplets can lead to attraction even if the charges on the particle and on the droplet
are of the same sign (Tinsley et al., 2000). When the radial component of the flow carries the particle
towards the droplet as fast as the particle is repulsed, then the particle will pass through the distance
of maximum repulsion and in most cases collide with the droplet, as the image forces increase very
rapidly at close distance. Tinsley et al. (2000) show in their Fig. 5, panels (c) and (d), that for particles
with diameters > 500 nm and charges of 5 - 500 e electroscavenging by droplets with 84 µm diameter
and a charge of 500 e does not depend on whether the charges of droplets and particles are of the same
or opposite sign. Particles with diameters < 200 nm are strongly repulsed from the droplets when
their charge is of the same sign as the droplet charge and strongly attracted when the charges are
of opposite sign. For particles with diameters of 200 nm, collision efficiencies are by a factor of 2
larger in case of opposite sign than in case of same sign. Also for our experimental situation image
charges will diminish the difference between electroscavenging between particles and droplets with
like and opposite charges. However, the effect might be smaller because the AgI particles carry only
one elementary charge resulting in a smaller image force compared to the situation shown in Tinsley
et al. (2000), and the droplets are highly charged, increasing the radius of repulsion that has to be
overcome until attractive image forces set in.
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3.5.3 The total collision efficiency ETot

Figure 3.8 shows the total collision efficiency for different combinations of the theoretical formula-
tions for the same experimental conditions as in Fig. 3.5. All combinations of collision efficiencies
are dominated by electrophoresis for particle diameters < 100 nm and by impaction for diameters >2
µm. In this range Brownian diffusion, electrophoresis and thermophoresis contribute significantly to
the total collision efficiency. For 200 nm particles, the total collision efficiency is lowest (0.01) for the
combination P05 and A06 and highest (0.02) for the combination S83 and W78. In our approach total
collision efficiencies are obtained by adding up collision efficiencies of the different processes with
values ≥ 0. Negative collision efficiencies were not considered since they lack physical meaning. In
trajectory calculations (Tinsley, 2010; Tinsley and Leddon, 2013) the simultaneous action of the dif-
ferent forces on the particle can be investigated. These calculations show that e.g. for small particles,
the total collision efficiency can be lower than the one by Brownian diffusion alone when Brownian
diffusion is diverted by repulsion of particles carrying charges of the same sign as the droplet (Tinsley
et al., 2006b). Table 3.1 shows the dependence of the total collision efficiency on droplet and particle
sizes used in the experiments for P05 and W78 (red line in Fig. 3.8). Other formulations show similar
variations in total collision efficiency. In addition, it lists the sensitivity of the total collision efficiency
to the density of the particle and variation in atmospheric pressure. For both these parameters, the
calculated collision efficieny sensitivity is found to be negligible. It should be noted that impaction
collision efficiency in S83 is normalized by the density of the particle but this effect can only be seen
for particles larger than 2 µm. The listed particle densities are the ones of silver iodide (5600 kgm−3)
and potassium nitrate ( 2100 kgm−3).

3.6 Comparison with previous experimental work

A direct comparison of our experimental results with other measurements of collision efficiencies
is not possible because collision efficiency is sensitive to many parameters, which are only partly
the same in different experiments. Important parameters that determine the collision efficiency are
droplet and particle sizes, charges on droplets and particles, relative humidity and temperature. Lab-
oratory studies summarized by Wang and Pruppacher (1977) and Ladino et al. (2011b) have all been
performed at or close to room temperature. In a critical review, Wang and Pruppacher (1977) criticize
most older studies for insufficient control of relative humidity, insufficient control or knowledge of
charges on droplets and particles, and the use of large droplets so that the terminal velocity is not
reached during the experiment. In the following, the relevant studies to compare with our data are
summarized. Lai et al. (1978) investigated collection efficiency of AgCl aerosol particles by freely
falling water droplets in nitrogen. For 300 nm, 500 nm, and 900 nm diameter particles scavenged
by 1.24 mm diameter droplets, they measured collection efficiencies of 0.107, 0.016 and 0.045, re-
spectively. These results are in agreement with ours considering the larger particle and droplet sizes
employed by Lai et al. (1978). When 1.24 mm diameter droplets were charged with surface charge
densities of −0.7×1010 to −3.0×1010 C cm−2 and +0.8×1010 to +3.1×1010 C cm−2, the collec-
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Figure 3.8: Total collision efficiency for a droplet of 80 µm diameter as a function of aerosol par-
ticle diameter at 245 K and ice saturation. The total collision efficiency is the sum of all individual
contribution. The experimentally determined collision efficiency for 200 nm and 400 nm silver io-
dide particles colliding with 80 µm water droplets is shown by squares. The error bars represent
the uncertainty level derived by optimizing the collision efficiency to the upper and lower limits of
experimentally determined frozen fractions shown by the symbols in Fig. 3.4 The green line shows the
upper and lower bound for 800 nm kaolinite particles. Since the assumption of freezing efficiency of
1 is not valid at any temperature for kaolinite, no plateau region is available for evaluation. We can
therefore only give upper and lower boundaries of collision efficiency for these particles.

tion efficiency for 480 nm diameter particles increased from 0.017 to 0.023 - 0.067 irrespective of the
sign of the charge. This increase illustrates the effect of image charge that is also expected to influ-
ence our collision efficiencies. Byrne and Jennings (1993) and Barlow and Latham (1983) obtained
collision efficiencies in reasonable agreement with Lai et al. (1978) for similar experimental condi-
tions. Radke et al. (1980) performed airborne measurements of aerosol size distributions before and
after rain or snow showers in aged air masses and found good agreement with theoretical calculations
for particles ≥ 1 µm in diameter, where inertial impaction dominates scavenging. For the submicron
aerosol particles the Greenfield gap was narrower than predicted by theory. Measured scavenging
collection efficiencies ranged typically from 0.1 - 0.7 for 200 nm diameter particles which is in gen-
eral agreement with our results, and dropped to <0.05 in the size range 400 - 1000 nm. Beard (1974)
determined collection efficiencies of uncharged 700 - 900 nm diameter particles with 0.40-0.85 mm
diameter droplets with charges of 10−5, 10−4, and 10−3 esu ( 1-100 fC) at 99 % RH and a temperature
of 24◦C. They found increasing collection efficiencies with increasing droplet charge of 0.5× 10−4

- 3.7×10−4 for 10−5 esu, 2.3×10−4 - 11.6×10−4 for 10−4 esu, and 12.2×10−4 - 16.1×10−4 for
10−3 esu, illustrating again the influence of image charge. Their considerably lower values compared
with ours can be partly ascribed to the larger particle and droplet sizes and partly to the absence of
phoretic forces. The increase of collection efficiency due to phoretic forces can be seen comparing
with the results from Lai et al. (1978) performed at low RH, which are two orders of magnitude larger
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Figure 3.9: Total collision efficiency for a droplet of 26 µm diameter as a function of aerosol particle
diameters at a temperature of 298 K and 90 % relative humidity with respect to water. The black
squares indicate the measured collision efficiency by Ladino et al. (2011a). We have assumed charges
of 10000 e (solid lines) and 50000 e (dotted lines).

for similar particle and droplet sizes. Wang and Pruppacher (1977) determined collection efficiencies
for 500 nm diameter indium acetylacetonate particles collected by water droplets at 23 % RH and
22◦C. They observed for 340 µm diameter droplets with charges of 1.2×10−3 esu (15 e) a collection
efficiency of 1.8×10−2. The lower value compared with ours can be explained by the larger particle
and droplet size and the lower charge in the experiment of Wang and Pruppacher (1977). Ladino
et al. (2011a) determined collision efficiencies for aerosol particles scavenged by cloud droplets in
CLINCH using 26 µm diameter droplets. They exposed freely falling water droplets at 298 K and 90
% RH to an aerosol consisting of lithium metaborate particles with diameters between 0.1 and 0.66
µm and observed collision efficiencies between E = 0.08− 1.75. Etot > 1 are obtained because of
the high efficiency of Brownian diffusion for small particles. Fig. 3.9 shows that their experimental
results are in agreement with the theoretical predictions. Ardon-Dryer et al. (2015) determined col-
lision efficiencies between Polystyrene Latex Spheres (PSL) with radii from 0.125 - 0.475 nm and
43 µm diameter droplets charged with 400± 40 e. Collision efficiencies ranged from 5.7× 10−3 to
8.6× 10−3 for RH = 15 % and from 6.4× 10−3 to 2.2× 10−2 at 88 % RH. These values are lower
than the ones reached in this study which may be explained by the lower charge on the PSL spheres.

3.7 Discussion

3.7.1 Discrepancies between theoretical and experimentally derived collision
efficiencies

The experimentally derived collision efficiencies are almost one order of magnitude higher than the
theoretical ones. It is unlikely that the experimentally derived ones are by this amount too high.
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The assumption that every collision leads to droplet freezing can only result in too high collision
efficiencies. A conceivable process that would result in an overestimation of the collision efficiency
could be that droplet freezing would influence the velocity of the droplets in such a way that frozen
droplets collide with liquid ones. However, considering the sequence of frozen and liquid droplets,
such a bias does not seem to exists. Brownian diffusion is the main collision mechanism for small
particles in the absence of charges and one of the dominating contributions to the total collision effi-
ciencies for the 200 nm diameter particles investigated in this study. The formulation of S83 predicts
higher collision efficiencies than the one of P05 for Brownian diffusion and combinations with S83
for total collision efficiencies yield higher values. However, it is unlikely that uncertainties in the
theoretical formulations of this process can account for the total discrepancy between experimentally
derived and calculated collision efficiencies. Contributions of impaction and interception to total col-
lision efficiencies are more than one order of magnitude lower than the one of Brownian diffusion
and therefore uncertainties in these formulations are not likely to fill the gap between experimentally
derived and calculated collision efficiencies. The assumption that the charge on the droplet is 50000 e
and of opposite sign to the one on the particles results in the highest expected value for collision effi-
ciencies due to electric forces. Accounting for image forces would only increase collision efficiencies
in the case of same charges on particles and droplets. The processes with the highest uncertainties are
the ones arising from thermophoretic and diffusiophoretic forces. While diffusiophoresis leads to a
repulsive force and does not contribute to the total collision efficiencies under our experimental condi-
tions of evaporating droplets, thermophoresis is attractive and a dominating contribution. In the com-
bined treatment of electrical, thermophoretic and diffusiophoretic forces, collection efficiencies can
be lower than when efficiencies are treated separately and added up. In trajectory calculations (Zhou
et al., 2009) Brownian motion, electrical and phoretic processes are treated together. Since the diffu-
siophoretic force of an evaporating droplet is repulsive it can counteract attraction by thermophoresis
and Brownian motion. A study on the simultaneous effect of phoretic processes performed by Slinn
and Hales (1971) showed that thermophoresis dominates diffusiophoresis for evaporating droplets in
quasi-steady state conditions for vapor diffusion and heat conduction. Similarly, the same charges on
particles and droplets will divert particles away from the droplets at distances where mirror charges
are too weak to lead to attraction and decrease the collision efficiency (Tinsley et al., 2000). For the
calculation of collision efficiencies spherical particle shapes have been assumed. This assumption
is valid for liquid or glassy particles but not for solid ones, which have complex morphology with
significant deviations from sphericity. The drag on a nonspherical particle depends on its orientation,
which in turn is affected by shear in the flow field. Leong et al. (1985) estimated in a theoretical
study the effects of oblate and prolate particle rotation in shear flow and shape dependency of the
thermophoretic force of evaporating 30 µm radius droplets. The results indicate that the orientation
effects of the shear flow will tend to decrease the thermophoretic force on the particle toward the drop
surface in the size regime where phoresis dominates beacuse the non spherical particle aligns along
the streamlines and the velocity component of the phorestic force is minimized. Foss et al. (1989)
investigated the collection of uncharged prolate spheroidal aerosol particles by 30 µm radius collector
droplets. They found that such particles can be captured on the downstream side of the collector in
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the absence of attractive forces in contrast to the case of spherical particles. In the case of prolate
spheroidal aerosol particles collected by charged 30 µm radius droplets, the collision efficiencies for
particles having large aspect ratios are significantly lower than those for spherical particles when the
Coulomb force is dominant. These studies indicate that deviations from particle sphericity rather
decrease collision efficiencies for the experimental conditions of our study and cannot account for
the discrepancy between measured and calculated collision efficiencies. The largest uncertainties are
associated with the theoretical description of phoretic processes at low temperatures. It might be
necessary to re-assess these to obtain expressions that are in better agreement with experiments.

3.7.2 Implications for contact freezing

The efficiency of contact freezing depends on the efficiency of the collision process and the ability of
the particle to act as INP. The most important heterogeneous ice nuclei identified in the atmosphere
so far are mineral dusts. Size distributions of mineral dusts depend on the age of the air mass because
larger particles are removed by gravitational settling. Mineral dust particles cover a large size range
from 0.1 to 100 µm (Tegen and Schepanski, 2009; Maring et al., 2003). In the coupled aerosol-
climate model ECHAM5-HAM, which was used to investigate heterogeneous contact and immersion
freezing, the mineral dust aerosol is represented by two lognormal modes with mass-median radii
of 0.37 and 1.75 µm (Lohmann and Diehl, 2006; Hoose et al., 2008). Small particles collide with
droplets mainly due to Brownian diffusion, large ones due to impaction. The predicted number of
collisions varies by up to a factor of three for Brownian diffusion and impaction depending on the
mathematical formulation that one chooses. Most importantly, in the highly relevant size range for
ice nucleation on mineral dusts from 0.5 - 2 µm, calculated collision efficiencies are strongly reduced
when a critical Stokes number is included in the formulation for impaction. In updrafts within clouds a
slight supersaturation typically persists, directing particles away from droplets due to thermophoresis
which is only partly compensated by attraction due to diffusiophoresis. In downdrafts or when dry air
is entrained in clouds, droplet evaporation mostly occurs at cloud top and close to the edges of cumuli,
which is the region where first ice in clouds is indeed observed (Young, 1974). Under such conditions,
thermophoresis leads to attraction and may contribute significantly to the collision efficiency in the
size range 0.1 - 2 µm. The two formulations for thermophoresis are very different in terms of particle
size and temperature dependence. This term has to be re-assessed to improve estimates of contact
nucleation in models. In addition electric forces act on the particles which may significantly contribute
to the overall collision efficiency. Evaporating cloud droplets and aerosol particles released from
evaporated droplets from the same region of the cloud are supposed to have like charges (Tinsley
and Leddon, 2013). For particles of sizes that act as INP such as mineral dusts, the predominant
effect of their charge, irrespective of sign, is an increase in the collision rate due to the short-range
electrical image-charge attraction (Tinsley and Leddon, 2013). Layer clouds such as stratocumulus
and altostratus are weakly electrified producing droplet charges in the consequent gradients of electric
field of the order of 100 e on 20 µm diameter cloud droplets (Zhou et al., 2009). Thunderstorm clouds
are strongly electrified (Tinsley and Leddon, 2013) with cloud droplets bearing elementary charges in
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the range of 10000 - 100000 e. Taking the effect of image charges into account will therefore increase
the collision rate of particles with droplets even more. In summary, the collision efficiency of mineral
dust particles with cloud droplets is most probably underpredicted in state of the art aerosol-climate
models leading to an underestimation of the relevance of contact nucleation especially in evaporating
clouds.

3.7.3 Implications for atmospheric aerosol scavenging

Impaction scavenging of aerosol particles can occur in cloud and below cloud. Below-cloud scaveng-
ing leads to the removal of aerosol particles from the atmosphere between cloud base and ground due
to precipitation. In addition to impaction scavenging, in-cloud scavenging includes also contributions
from nucleation scavenging (Seinfeld and Pandis, 2006). Aerosol scavenging is usually described by
the scavenging coefficient (s−1) defined as the rate of aerosol removal (Chate et al., 2011). In field
measurements, the scavenging coefficient is usually calculated from measurements of the change in
aerosol size distribution with rainfall (Santachiara et al., 2012). For very small and very large parti-
cles, there is mainly an agreement with theoretical studies. However, theoretical parameterizations
often underestimate observed scavenging coefficients by one to two orders of magnitude for particles
in the 0.2 µm - 2 µm diameter range, where collection efficiencies are lowest. Theoretical models
predict Brownian diffusion as the dominating scavenging process of particles with diameters < 0.2
µm, and inertial impaction as the main scavenging process for diameters > 2 µm. For aerosol scav-
enging in the particle diameter range of 0.2 µm - 2 µm, contributions from electric and phoretic forces
are thought to be important. In the case of thermal equilibrium between the drop and the environ-
ment and water vapor evaporation or condensation is the only factor determining the temperature
gradient, thermophoresis and diffusiophoresis are supposed to act in opposite directions. However,
in rain events, falling raindrops can have a different temperature from that of the ambient air and
diffusiophoretic and thermophoretic forces will reinforce each other (Santachiara et al., 2012). Many
theoretical studies on scavenging do not take phoretic forces into account, but even those which do
are not able to explain the discrepancies between field and observed scavenging coefficients in the
Greenfield gap (Santachiara et al., 2012). Most model parameterizations treat the collision processes
separately and either assume that they act in series (Davenport and Peters, 1978) or calculate the total
collision efficiency as the sum of individual collision efficiencies (Bae et al., 2009; Andronache et al.,
2006). With this approach, the net effect of repulsive and attractive contributions of forces acting on
particles cannot be taken into account correctly. Figures 3.5 and 3.6 show that the collision efficiency
formulations of thermophoresis of W78 and A06 are vastly different. They are derived for large and
small particles, respectively, but in most studies applied to the whole simulated particle size range.
Moreover, the temperature dependency of the formulations by A06 and W78 are very different indi-
cating also here large uncertainties. From this, it can be concluded that phoretic forces give important
contributions to scavenging of aerosol particles in the accumulation mode, and are most probably also
a main source of uncertainties in aerosol scavenging predictions.
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3.8 Summary and conclusions

This study uses contact freezing experiments of freely falling 80 µm diameter droplets exposed to an
aerosol consisting of silver iodide particles. The chamber is kept at ice saturation in the temperature
range from 236 - 261 K leading to slow evaporation of water droplets giving rise to thermophoresis
and diffusiophoresis. Droplets and particles bear charges inducing electrophoresis. From the experi-
mental results, collision efficiencies of 0.13 and 0.07 were derived for 200 nm and 400 nm diameter
particles, respectively. In addition, an upper and lower bound for 800 nm kaolinite particles of 0.047
- 0.11 was derived. These values are compared with theoretical formulations which yield values from
0.01 - 0.02. Brownian diffusion, electrophoresis and thermophoresis contribute the most to these
values. Most experimental parameters are well constrained or show little sensitivity with respect to
the resulting collision efficencies and can therefore not account for the observed discrepancies. Com-
parisons of different theoretical formulations show differences within one order of magnitude in the
accumulation mode. There are large differences between the formulations for thermophoresis from
A06 and W78 regarding size and temperature dependence. For our experimental conditions, diffusio-
phoresis results in a repulsive force and does not contribute to the total collision efficiency. It can be
expected that in a combined treatment of the forces acting on particles, the calculated total collision
efficiency would even be lower. Collision efficiencies are important parameters needed to correctly
represent contact freezing and aerosol scavenging in models. Thermophoresis and diffusiophoresis
are supposed to give important contributions to scavenging of aerosol particles in the accumulation
mode, but are most probably also main sources of uncertainties in aerosol scavenging predictions.
For ice nucleation in contact mode an accurate description of collision efficiencies below 273 K are
needed. Ice nucleating particles are most probably in the accumulation mode size range. For this size
range collection efficiencies are lowest and associated with the largest uncertainties. More experi-
mental data of collision efficiencies especially at low temperatures are needed to validate theoretical
formulations. This is to the authors knowledge the first dataset of collision efficiencies acquired
below 273 K. More such experiments with different particle diameters are needed to improve the
understanding of collision efficiencies.
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Table 3.1: Dependency of collision efficiency on droplet diameter, particle density and atmopheric
pressure

Parameter
Particle diameter (nm)
200 400 800

Droplet diameter (µm)
77 0.0158 0.0082 0.008
80 0.0134 0.007 0.0074
83 0.0115 0.0061 0.0069

Density of particle (kgm−3)
2100 0.0134 0.007 0.0074
5600 0.0134 0.007 0.0074

Atmopheric pressure (hPa)
960 0.0134 0.007 0.0074
1000 0.0135 0.007 0.0074
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Chapter 4

Comparing contact and immersion freezing from
continuous flow diffusion chambers

This chapter is accepted for publication in Atmopheric Chemistry and Physics. Citation: Nagare, B.,
Marcolli, C., Welti, A., Stetzer, O., and Lohmann, U.: Comparing contact and immersion freezing
from continuous flow diffusion chambers, Atmos. Chem. Phys. 2016

4.1 Introduction

Aerosol particles influence the climate system in different ways. They scatter or absorb the incoming
solar radiation or can absorb thermal radiation. Aerosol particles also play a role in cloud formation
by acting as cloud condensation nuclei (CCN) and as ice nucleating particles (INPs). INPs help in
ice nucleation depending on their physical and chemical properties, temperature of the environment
and presence of supercooled droplets. Heterogeneous ice formation may take place with the help of
INPs between 237 K and 273 K in the mixed-phase clouds regime. In this regime, three pathways
of ice nucleation are differentiated, namely, immersion freezing, condensation freezing and contact
freezing. In condensation freezing, water vapor condenses on the INP at temperatures < 273 K to
form a liquid droplet which freezes instantaneously. Immersion freezing (IF) takes place when an
INP acts as CCN and the formed droplet freezes when the temperature is lowered. In contact freezing
the INP collides with the droplet followed by freezing. Contact freezing (CF) in the original sense is
defined as the process in which freezing of a supercooled droplet results from the collision with an
aerosol particle (Ladino Moreno et al., 2013; Vali, 1985). This view of collisional contact freezing
has been complemented by Durant and Shaw (2005) who found higher ice nucleation temperature
compared with the immersion mode, when an INP was in contact with the water-air interface of a
droplet, from either the inside or the outside (Durant and Shaw, 2005; Gurganus et al., 2014; Fornea
et al., 2009; Murray et al., 2012; Shaw et al., 2005). In the following, we refer to a contact nucleation
process as adhesion freezing when the position of the INP on the water surface enhances the ice
nucleation efficiency compared with immersion freezing and discriminate it from collisional contact
freezing, which assumes an enhancement due to the collision of the particle with the droplet.
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Various theoretical mechanisms underlying contact freezing have been proposed as explanations for
the higher freezing efficiency in contact compared with immersion mode. They have been reviewed by
Ladino Moreno et al. (2013). Here we discuss them in brief. Cooper (1974) proposed that ice embryos
formed on INPs in vapor are able to nucleate supercooled water upon collision with a droplet. His
explanation relies on the classical nucleation theory and is based on the prediction that the critical
radius of an ice embryo for deposition nucleation is about 4-5 times larger than that for immersion
freezing. Therefore a particle inactive as a deposition nucleus in the vapor, may nevertheless possess
ice embryos larger than the critical size for an embryo immersed in water on itâs surface. Such
an embryo may induce freezing when immersed in water. This mechanism was rejected by Fukuta
(1975b). Fukuta (1975a) proposed a similar mechanism but with subtle differences. Similar to Cooper
(1974), Fukuta (1975a) assumed that subcritical ice clusters form on the particles by vapor deposition.
However, he rejected that these clusters remain active, once they are immersed in the droplet as
proposed by Cooper (1974). Instead, he assumed that freezing occurs during the wetting process
when the water front moves over the particle, because this process gives rise to a transient high free
energy zone which facilitates nucleation. This process should be only valid for hydrophobic nuclei.
While the older theories focus on a collisional contact freezing mechanism, the more recent ones
concentrate on adhesion freezing. Indeed, experimental studies by Shaw et al. (2005) and Fornea
et al. (2009) have shown that an INP that is not completely immersed in the droplet can trigger ice
nucleation at higher temperatures. From simulations, Sear (2007) found that the nucleation rate is 4
orders of magnitude higher along the contact line where the water surface meets the surface of the
particle. Based on classical nucleation theory, he considered this result as generic. Suzuki et al. (2007)
found from their experiments with water droplets on silicon surfaces coated with various silanes that
the temperature at which nucleation occurs at a contact line depends on the contact angle between
water and the substrate. On the other hand, Gurganus et al. (2011, 2013) investigated the freezing of
droplets deposited on clean and coated silicon wafers and did not observe any preference of nucleation
at the contact line. The same group also studied this phenomenon on catalyst substrates with imposed
surface structures and found that the preferred nucleation site was the contact line in the case of
nanoscale texture but not for microscale texture (Gurganus et al., 2014). Djikaev and Ruckenstein
(2008) proposed that the line tension associated with the three phase contact line may indeed play an
important role. On the other hand, Niehaus and Cantrell (2015) investigated soluble INPs for contact
freezing. They showed that ionic salts can trigger freezing of moderately supercooled water. They
concluded that this freezing effect must depend on collision between water droplet and INP since the
particles they have used dissolve when they become immersed in water.
Ladino Moreno et al. (2013) reviewed experimental studies on contact freezing and also pointed out
large discrepancies in the available experimental data. Quantification of the number of INPs required
for contact freezing, time dependence of contact freezing, dependence on particle type and size were
listed amongst the most uncertain parameters. Hoffmann et al. (2013a,b), and Niehaus et al. (2014)
attempted to quantify the number of INPs required to freeze a droplet by contact freezing for their
respective experiments. In Hoffmann et al. (2013a,b), an highly electrified droplet is suspended in
an electrodynamic balance. The freezing probability of a droplet on a single collision was shown to
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be a steep function of temperature. Nine collisions were necessary to freeze the droplet at 244 K
while a single collision was sufficient to freeze the droplet at 239 K for illite particles with a mobility
diameter of 750 nm. They conclude that contact freezing is the dominant mechanism over immersion
freezing (Hoffmann et al., 2013a). Niehaus et al. (2014) found that for mineral dust from different
origins 103 to 105 particles had to collide with a droplet deposited on the glass slide in the temperature
range of 253 K to 258 K. Moreover, they ran experiments in which they melted a droplet after having
observed a freezing event. When they cooled it back to the original temperature, no freezing event
occurred. From this, they concluded that contact freezing was more probable than immersion freezing
and that the particle-droplet collision was responsible for freezing. Contact freezing and immersion
freezing have been previously compared by Levin and Yankofsky (1983) for bacterial cells where
onset temperatures for contact freezing were shown to be 2 K higher. However, they did not state
how many particles were needed to collide with the droplets to initiate freezing. Also Ladino et al.
(2011b) concluded that there are some hints that contact freezing is more efficient than immersion
freezing for kaolinite particles. They attempted to derive the freezing efficiency per single particle
using theoretical formulations of collision efficiencies to calculate the number of collisions between
droplets and particles and obtained unrealistic freezing efficiencies on the order of 10 to 100 for 26
µm diameter droplets and 400 nm kaolinite particles. The too large values of the freezing efficiency
were attributed to the overestimation of droplet size in calculating CE. They also were mistaking
liquid droplets as frozen droplets because multiple droplets were simultaneously present in the laser
beam of the detector (Ladino Moreno et al., 2013).

The relevance of contact freezing for the atmosphere depends on the collision rate and the freezing
efficiency. The collision rate between particles and droplets is a function of the collision efficiency
which is not well determined in the accumulation mode size range as pointed out by Nagare et al.
(2015). Collision efficiency (CE) is defined as the fraction of particles in the cylindrical volume
swept out by a falling droplet that collide with it. CE depends mainly on particle size and droplet size.
Other factors which influence CE are relative humidity of the environment and charges on droplets
and particles. For Aitken mode particles, Brownian motion of the particles is usually the dominant
collision process and CE can exceed 1 because of the high mobility of the particles in this size range.
For coarse mode particles, impaction and interception of particles are the dominant contributors to
CE. The minimum of CE (Greenfield gap) is in the accumulation mode where thermophoresis and
diffusiophoresis may also contribute to CE (Nagare et al., 2015).

In order to compare the efficiency of immersion freezing and contact freezing, we performed a
series of experiments with silver iodide, kaolinite and Arizona Test Dust (ATD) in immersion and
contact freezing mode. Silver iodide is known to be a very good ice nucleus (Vonnegut, 1949) in-
ducing ice nucleation up to 269 K, while ATD and kaolinite become efficient ice nuclei only at lower
temperatures. Silver iodide has been reported to be more efficient as INP in contact than in immersion
mode (DeMott, 1995). Kaolinite and ATD have been widely tested in laboratory studies as immersion
freezing nuclei. Kaolinite is a clay mineral and accounts for 13 % of dust mass in the atmosphere
(Atkinson et al., 2013). It has been studied previously in immersion freezing (e.g., Welti et al., 2012)
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and contact freezing studies (e.g., Ladino et al., 2011b; Svensson et al., 2009). ATD has been pre-
viously studied for immersion freezing by Marcolli et al. (2007) and Niedermeier et al. (2010) and
for contact freezing by Niehaus et al. (2014). ATD is composed of quartz, feldspar, carbonate, illite,
kaolinite and other clays (Broadley et al., 2012).

4.2 Experimental setups and procedures

4.2.1 Instrument description

CLINCH setup

Contact freezing data was obtained with the ETH CoLlision Ice Nucleation CHamber (CLINCH).
This instrument has been used previously by Ladino et al. (2011b) for a contact freezing study with
kaolinite as INPs. In CLINCH, aerosol and water droplets collide and may freeze by contact. The
extension of the chamber length from 40 cm used by Ladino et al. (2011b) to 80 cm for the current
study makes it possible to observe the frozen fraction of droplets (FF) i.e. the ratio of number of
frozen droplets to total number of droplets, at residence times of 2 s and 4 s with 80 µm diameter
droplets compared to 26 µm droplets used by Ladino et al. (2011b). The droplet diameter is changed
from 26 to 80 µm in order to increase the geometrically swept out volume by the droplet and to avoid
significant change in the droplet size due to evaporation in the chamber. 80±3 µm diameter droplets
are generated with a droplet generator (Ulmke et al., 2001) at the top center of the chamber with a
frequency of 100 Hz. The droplets are generated with pure water (Milli-Q, 18.2 MΩ) at a temperature
of 281 K. The relaxation time for a droplet to reach its terminal velocity (0.186 ms−1) is 0.2 s and the
time needed to reach the target temperature is about 0.1 and 0.6 s when the chamber is kept at 261
and 235 K, respectively (Nagare et al., 2015a). While performing the experiment, the walls of the
chamber are coated with a thin layer of ice creating an ice saturated environment inside the chamber.

Aerosol particles enter the chamber at the top in air streams from both sides with a flow velocity of
1 LPM and can interact with the droplets inside the chamber. FF can be determined with the in-house
developed Ice Optical DEtector (IODE) (Nicolet et al., 2010; Lüönd et al., 2010) which discriminates
water droplets from ice crystals by measuring the depolarization of the backscattered light of a laser
beam. In order to avoid the presence of several droplets simultaneously in the laser beam, a new
laser was installed (402 nm, Schaefter + Kirchhoff laser Makroliniengenerator13LTM) providing a
rectangular instead of a circular laser beam. At each temperature, a blank experiment without aerosol
particles was performed before the aerosol stream was turned on. A more detailed description of the
instrument and experiment is given in Nagare et al. (2015a).
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IMCA/ZINC setup

Immersion freezing experiments were performed using the IMCA/ZINC setup (Welti et al., 2012).
This setup combines the Zurich Ice Nucleation Chamber (ZINC) (Stetzer et al., 2008) with the vertical
extension Immersion Mode Cooling chAmber (IMCA) (Lüönd et al., 2010). In brief, the aerosol
particles are activated as CCN in the IMCA part at a relative humidity with respect to water > 120
% and temperature > 300 K. These activated droplets are then cooled down in the IMCA part and
reach the target temperature for freezing when they enter the ZINC chamber. The droplets are 18
− 20 µm in diameter when they leave the IMCA part and enter the water saturated environment in
ZINC which is created by ice coatings on the parallel walls, which are kept at different temperatures.
FF can be determined using the depolarization detector IODE at different residence times from 1 s
to 21 s. A more detailed description of the instrument and experiment is given in Welti et al. (2012).
Characteristics of the IMCA/ZINC and the CLINCH experiments are compared in Table 4.1.

4.2.2 Aerosol generation and sampling

Silver iodide was precipitated by mixing 0.1 M solutions of potassium iodide and silver nitrate. The
aerosol particles were generated by atomizing this suspension and dried (for details refer to Nagare
et al. (2015a)). The suspension was usually prepared the day before a measurement series was started
and used for a measurement series performed during typically 2 days. Between measurements the
suspension was kept in the dark. Kaolinite (Fluka, Sigma Aldrich GmbH) and ATD (Powder Tech-
nology Inc.) particles were aerosolised in a fluidized bed aerosol generator (TSI Model 43400A). The
aerosol stream was passed through a cyclone to remove large particles. Aerosol particles were se-
lected based on their electrical mobility with a Differential Mobility Analyzer (DMA TSI 3081) with
an upstream impactor. These size selected particles were used for either contact or immersion freez-
ing experiments in the respective experimental setups. The concentration of particles in CLINCH was
measured at the end of the chamber using a condensation particle counter (CPC, TSI 3772).

4.2.3 Particle sprinkling experiment

We sprinkled polydispersed particles of AgI, ATD, and kaolinite gently on a water surface to observe
optically whether they adhere to the surface or sink to the bottom. The particles were sprinkled on
Milli-Q water at room temperature by gently shaking a spatula loaded with a small portion of the
powders.

4.3 Experimental results

Figure 4.3 shows the FF observed for silver iodide as INP in CLINCH (triangles) as a function of
chamber temperatures for droplet residence times of 2 s in panel (a) and 4 s in panel (b) for different
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Table 4.1: Instrument characteristics
Instrument Droplet diameter (µm) Residence time of droplet (s) Aerosol concentration cm−3

IMCA/ZINC 18 - 20 3 (variable) 1 particle per droplet
CLINCH 80±3 2 and 4 variable

Figure 4.1: Frozen fraction against chamber temperature for silver iodide particles of 200 nm diam-
eter. Contact freezing for aerosol concentrations from 500 cm−3 to 5000 cm−3 are given by triangles
for a droplet residence time of 2 s in panel (a) and 4 s in panel (b). Immersion freezing for 3 s
residence time of droplets in the ZINC chamber is shown by circles. The gray shaded area shows
the homogeneous freezing of droplets determined from blank experiments (without aerosol) and the
black horizontal line indicates the reliability of measurement determined from the blank signal level
observed in experiments without aerosol. Error bars shown represent the uncertainty in the frozen
fraction due to the classification (liquid or ice) uncertainty of the IODE detector (Lüönd et al., 2010).

concentrations of silver iodide. The gray shaded area is the experimentally determined homogeneous
freezing regime of droplets in CLINCH from blank experiments. The black horizontal line marks the
lower reliability limit of differentiation between ice and water determined from blank experiments.
As the temperature of the chamber decreases to < 250 K, the FF starts to rise and then remains
constant. The frozen fraction due to immersion freezing from IMCA/ZINC experiments with 3 s
residence time in the ZINC chamber is shown as circles for comparison with contact freezing. Silver
iodide particles produced by our method are found to be much more efficient INP in terms of onset
temperature in immersion than in contact freezing mode. The onset temperature for silver iodide
particles as INP is 265 K while for contact freezing significant frozen fractions were observed only
below 250 K except for the highest concentration and 4 s residence time. For the highest concentration
used in our experiment, the onset temperature for contact freezing is 258 K.
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Figure 4.2: Frozen fraction against chamber temperature for ATD particles of 400 nm and 800 nm
diameter. Contact freezing (CF) for aerosol concentrations of 1000 cm−3 are given by triangles for
droplet residence times of 2 s and 4 s. Immersion freezing (IF from IMCA/ZINC) for 800 nm ATD
particles and 3 s residence time in ZINC are shown by circles. The gray shaded area shows the
homogeneous freezing of droplets determined from blank experiments (without aerosol) and the black
horizontal line indicates the reliability of the measurement determined from the blank signal level
observed in experiments without aerosol. Error bars represent the uncertainty in the frozen fraction
due to the classification (liquid or ice) uncertainty of the IODE detector (Lüönd et al., 2010).

Figure 4.3 shows the frozen fraction of droplets when ATD was used as INP in contact and immer-
sion freezing mode. The frozen fraction due to immersion freezing shown are for 800 nm particles
and 3 s residence time in the ZINC chamber. There is no significant difference in onset temperature
for immersion and contact freezing for ATD. Figure 4.3 shows the frozen fraction for experiments
performed with kaolinite. For this INP, the onset temperature of contact freezing is 3 K higher than
for immersion freezing. Possible reasons for this will be discussed in Sects. 5.5 and 5.6.

4.4 Freezing efficiencies

4.4.1 Calculation of freezing efficiency from frozen fraction

The frozen fraction measured by CLINCH depends on the collision efficiency and the freezing effi-
ciency. For a further evaluation and comparison of contact freezing and immersion freezing FF has
to be converted to FE. If a droplet freezes after more than one particle have hit it, it is not clear which
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Figure 4.3: Frozen fraction against chamber temperature for kaolinite particles of 400 nm and 800
nm diameter. Contact freezing (CF) for aerosol concentrations of 1000 cm−3 are given by triangles
for droplet residence times of 2 s and 4 s. Immersion freezing (IF from IMCA/ZINC) for 400 nm and
800 nm kaolinite particles and 3 s residence time in ZINC are shown by green and brown circles,
respectively. The gray shaded area shows the homogeneous freezing of droplets determined from
blank experiments (without aerosol) and the black horizontal line indicates the reliability of the mea-
surement determined from the blank signal level observed in experiments without aerosol. Error bars
represent the uncertainty in the frozen fraction due to the classification (liquid or ice) uncertainty of
the IODE detector (Lüönd et al., 2010).

particle induced freezing. Assuming that all collisions were needed for freezing leads to the following
equation:

FE =
FF
N

(4.1)

where N is the number of collisions for a droplet with the aerosol particles and can be calculated as
(Ladino et al., 2011b)

N =CE×C×L×π× (R+ r)2 (4.2)

where C is the concentration of the particles, R and r are the radii of droplets and particles, respec-
tively, and L is the effective length experienced by the droplet given as

L =
U(R)l

U(R)+Vf low
(4.3)
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where l is the geometrical length traced by the droplet, U(R) is the terminal velocity of the droplet
and Vf low is the flow velocity of the carrier gas in CLINCH.

Eq. (4.1) assumes that the droplet has collected N particles and freezes due to the last particle that it
has collected. However, the droplet can freeze on collision with the first particle and then collect other
particles. Assuming that one collision is enough for ice nucleation, leads to the following expression
for FE:

FE =
FF

1− e−N . (4.4)

Here the denominator indicates the fraction of unfrozen droplets after N collisions with the particles.
We use this formula in the case of AgI, because we expect for this ice nucleus FE = 1 at T < 245 K
(Nagare et al. 2015). While Eq. (1) gives a lower limit of FE, Eq. (4) gives the upper limit.

Since FE is derived by normalizing FF with respect to N, FE should be independent of the res-
idence time when the number of collisions is < 1. If freezing efficiencies of 2 s (FE(2s)) and 4 s
residence times (FE(4s)) are the same within the experimental uncertainty, this can be considered
as an indication of immediate freezing when the first particle collides with a droplet. Conversely,
FE(4s) > FE(2s) suggests that freezing is not immediate when a particle hits a droplet but that
more time is needed on average. Such a time dependent freezing process would be in accordance
with an immersion freezing mechanism assuming that the droplet only freezes when the particle be-
comes immersed. A time dependence is also expected for adhesion freezing when the particle adheres
to the surface of the droplet. If N < 1, it is unlikely that FE is influenced by the number of col-
lisions and we will interpret FE(2s) = FE(4s) as a criterion for collisional contact freezing and
FE(4s) > FE(2s) as a criterion for freezing in immersion mode or adhesion freezing.

4.4.2 Freezing efficiency of silver iodide particles

We derived a collision efficiency CE = 0.13 for 200 nm diameter AgI particles with 80 µm droplets
in our previous study (Nagare et al., 2015a). This number is an order of magnitude higher than
the values calculated with commonly used theoretical formulations of collision efficiencies. Figure
4.4 shows FE of 200 nm diameter silver iodide particles for droplet residence times of 2 s (open
symbols) and 4 s (filled symbols) calculated using Eqs. (4.1) (panel a) and (4.4) (panel b). The
number of collisions for the different particle concentrations range between 0.1 and 2.35 as listed in
Table 4.4.2. Panel (a) of Fig. 4.4 shows that FE does not exceed 0.5 for C = 5000 cm−3 for 4 s
residence time. For this concentration and residence time 2.35 collisions occurred in the chamber
and freezing might have been induced by any of these collisions. Eq. (1) assumes that indeed all
collisions are necessary to freeze a droplet and gives a lower limit of freezing efficiency. An upper
limit is obtained using Eq. (4), which assumes that the first collision induces freezing. Panel (b) of
Fig. 4.4 shows that this assumption leads to a grouping of FE data around 1 for T < 245 K for all
particle concentrations and residence times of 2 s and 4 s. This reinforces the assumption that the
first contact leads to droplet freezing in this temperature range and confirms the plateau condition
used in Nagare et al. (2015a) to derive CE. We ascribe data points with FE ¿ 1 to homogeneous
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Figure 4.4: Freezing efficiency FE against chamber temperature for contact freezing experiments
(triangles) with 200 nm diameter AgI particles with droplet residence times of 2 s (open symbols) and
4 s (filled symbols). The concentration of silver iodide partiles varies from 500 cm−3 to 5000 cm−3.
A collision efficiency CE = 0.13 is used to calculate N. FE is calculated using Eq. (4.1) in panel (a)
and Eq. (4.4) in panel (b). Immersion freezing of droplets in the ZINC chamber for 3 s residence time
is shown as circles. The gray horizontal line indicates the maximum freezing efficiency realized when
the first collision initiates freezing.

Table 4.2: Average number of collisions N for 200 nm silver iodide particles with a 80 µm diameter
droplet in concentrations from 500 to 5000 cm−3 and residence times of 2 s and 4 s.

Concentration cm−3 2 s 4 s
500 0.11 0.23
1000 0.23 0.47
2000 0.47 0.94
5000 1.17 2.35

freezing and measurement uncertainties. For T ¿ 252 K, FE values significantly different from zero
are only reached for concentrations of 5000 cm−3. This would imply that above this temperature
more than one collision is necessary for droplet freezing in CLINCH. For T < 245 K, FEs for 2 s
and 4 s residence times are the same within measurement uncertainties suggesting that ice nucleation
occurs immediately when the particle hits the droplet. At higher temperatures the data points are
quite scattered impeding a clear conclusion. Also shown are immersion freezing measurements with
IMCA/ZINC with AgI particles that were prepared the same way as the ones for the contact freezing
experiments. Residence time in the ZINC chamber was 3 s. Surprisingly, the onset temperature
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and the efficiency for immersion freezing are significantly higher than for contact freezing. This
observation is further discussed in Sect. 4.5.2.

4.4.3 Freezing efficiency of ATD particles

Figure 4.4.3 shows FE in contact freezing mode for 800 nm ATD particles calculated using Eq. (4.1).
N is calculated based on 4 different assumptions for CE. For panel (a), CE = 0.0033 from the theoret-
ical formulation by Park et al. (2005) and Wang et al. (1978) was used. Details of the calculations are
given in Nagare et al. (2015a), where discrepancies between theoretical calculations and experimental
observations have been addressed. For 200 nm silver iodide particles, the experimentally determined
CE is 14 times higher than the calculated one. In order to adjust FE better to the theoretical up-
per limit of FE = 1 and due to lack of other available experimental values, the calculated collision
efficiency was multiplied with the factor of 14 to calculate N for panel (b). For a lower limit the
experimentally derived CE for 200 nm AgI particles (CE = 0.13) was used to calculate N in panel
(c). In panel (d), CE = 0.061 was used which shifts FE of 800 nm ATD particles close to 1, which
is in accordance with the assumption that each collision leads to droplet freezing. The calculated CE
shown in panel (a) leads to unrealistically high FE. This was also observed by Ladino et al. (2011b).
Using a correction factor of 14 for CE, still yields FE values > 1. Panels (c) and (d) give best esti-
mates of lower and upper limits of freezing efficiency. The difference in FE between panels (c) and
(d) must be considered as an uncertainty due to the lack of reliable theoretical values of CE in the in-
vestigated temperature and particle size range. The number of collisions for the different assumptions
of CE is listed in Table 4.3. For the lower limit case with CE = 0.13, FE reaches values up to 0.5
for data points that can be unambiguously assigned to heterogeneous freezing. Contact freezing ex-
periments do not show significantly different onset temperatures compared with immersion freezing
experiments carried out with the IMCA/ZINC setup, where every droplet contains one particle. The
active site parameterization developed by Marcolli et al. (2007) based on DSC experiments is shown
as brown line in Fig. 4.4.3. It agrees well with the immersion freezing experiments carried out with
800 nm particles in the IMCA/ZINC chamber. Taking CE = 0.061 (panel d), contact freezing might
be slightly more efficient than immersion freezing. Taking CE = 0.13 (panel c), contact freezing
and immersion freezing seem to be similarly efficient. We did not convert the frozen fraction of 400
nm ATD particles to freezing efficiency because FF is close to the detection limit. For all assumed
values of collision efficiencies, the freezing efficiency at 4 s residence time is almost twice the value
at 2 s residence time. As listed in Table 4.3 the number of collisions is < 1 for both residence times.
While the uncertainty associated with the measurements at 2 s is quite large, this data still seems
significantly lower than the 4 s residence time freezing efficiencies. An increasing freezing efficiency
with increasing residence time is expected for immersion freezing (Hoffmann et al., 2013b; Welti
et al., 2012) and adhesion freezing. Therefore, it is likely that freezing occurs due to one of these
mechanisms rather than collisional contact freezing.
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Table 4.3: Number of collisions for 800 nm particles with a 80 µm diameter droplet

Collision efficiency CE
Number of collisions N

2 s 4 s
0.003 0.0057 0.0122
0.46 0.079 0.168
0.13 0.24 0.48

4.4.4 Freezing efficiency of kaolinite particles

Figure 4.4.4 shows freezing efficiency for 800 nm diameter kaolinte particles for 2 s (open triangles)
and 4 s (filled triangles) residence times. The frozen fraction measured for 400 nm particles was not
significant, therefore, we do not convert this data to freezing efficiency. Panels (a), (b) and (c) use
three different assumptions to calculate N as explained in the previous section for ATD. For panel
(a) the theoretical formulations were used, while panels (b) and (c) give the upper and lower limit of
FE, respectively. Shown as brown circles in Fig. 4.4.4 are the immersion freezing results of 800 nm
Fluka kaolinite particles for 3 s residence time in the ZINC chamber. Freezing efficiencies are in good
agreement with the previously published α-pdf parameterization by Welti et al. (2012) derived from
immersion freezing experiments performed with the same setup (brown line). In Wex et al. (2014)
immersion freezing experiments with 700 nm kaolinite (Fluka) particles were performed with LACIS
(shown as blue diamonds) and with a CFDC (shown as green diamonds). In the LACIS instrument,
INPs are activated to droplets at T = 257− 260 K while cooling to the targeted temperature. They
are at the experimental temperature during 1.6 s while they evaporate. This lower residence time
may explain the lower freezing efficiency observed in LACIS compared with IMCA/ZINC. Slightly
higher freezing efficiencies than in LACIS but still lower than in IMCA/ZINC were observed for 700
nm Fluka kaolinite particles in the CFDC (orange stars: Tobo et al. (2012); green diamonds: (Wex
et al., 2014)). The contact freezing efficiencies from CLINCH are clearly higher for the lower limit
of CE = 0.046 and slightly higher for the upper limit of CE = 0.13.

4.5 Discussion

4.5.1 Collision efficiency

Collision efficiency is a crucial parameter for an accurate comparison of contact and immersion freez-
ing. Figures 4.4.3 and 4.4.4 show that freezing efficiencies of ATD and kaolinite particles calculated
with theoretical formulations of CE are at least by one order of magnitude too high. This corroborates
the finding by Nagare et al. (2015a), that CE formulations need to be reassessed for temperature below
273 K. More such studies for different particle and droplet sizes are needed to improve the data base
for validation of calculated collision efficiencies at subzero temperatures, subsaturation with respect
to water and droplets and particles with known charges. For measurements with the AgI aerosol,
FE = 1 could be assumed for data points at T < 245 K, because they showed constant frozen frac-
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Figure 4.5: Freezing efficiency for 800 nm ATD particles with a concentration of 1000 cm−3 calcu-
lated with 4 different assumptions for CE: panel (a) with theoretical CE from Wang et al. (1978)
and Park et al. (2005); panel (b) with 14×CE from panel (a) (see text for details); panel (c)
with CE = 0.13 (applying the value for 200 nm AgI particles) for all particle sizes; panel (d) with
CE = 0.061, shifting collision efficiencies close to 1. Filled triangles show contact freezing for 4 s
residence time in the CLINCH chamber, the open triangles for 2 s residence time. Each triangle rep-
resents an independent measurement. Error bars represent the precision of the IODE detector. Brown
circles show the freezing efficiency for immersion freezing of droplets in the IMCA/ZINC chamber for
3 s residence time. The brown lines show the FF calculated with the active site immersion freezing
parameterization from Marcolli et al. (2007) evaluated for 800 nm particles and 3 s residence time.
The gray horizontal line indicates FE = 1. Note that the y-scale in panel (a) is different from the ones
in panels (b), (c) and (d).

tions and IMCA/ZINC experiments determined FE = 1 at T < 245 K. For ATD and kaolinite, there
was no temperature range where freezing occurred with an efficiency of one. Therefore, only upper
and lower limits of collision efficiency can be estimated. This limits the comparison of contact with
immersion freezing. Collision efficiency is also a crucial factor to quantify the lifetime of the accu-
mulation mode aerosol in the atmosphere because their lifetime strongly depends on the scavenging
rate of particles by the droplets (Seinfeld and Pandis, 2006).
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Figure 4.6: Freezing efficiency for 800 nm kaolinite particles with a concentration of 1000 cm−3

calculated with 3 different assumptions for CE: panel (a) with the theoretical CE from Park et al.
(2005) and Wang et al. (1978); panel (b): 14×CE from panel (a); panel (c) with CE = 0.13 (applying
value of 200 nm AgI particles) for lower bound of freezing efficiency. Each triangle represents an
independent measurement. Error bars represent the precision of the IODE detector. Brown circles
show the freezing efficiency of droplets in ZINC for a residence time of 3 s for 800 nm kaolinite
particles. Orange stars show immersion freezing of droplets activated by 700 nm Fluka kaolinite
particles (from Fig. 2a of Tobo et al. 2012). Light blue diamonds show immersion freezing of droplets
activated by a 700 nm Fluka kaolinite particle (LACIS data with 1.6 s residence time (from Fig. 2
(right panel) of Wex et al., 2014). Green diamond shows immersion freezing of droplets activated
by 700 nm kaolinite particle (CFDC data with 5 s residence time (from Fig. 2 (right panel) of Wex
et al., 2014). The brown line represents the α-pdf parameterization from Welti et al. (2012). The
gray horizontal line indicates the maximum freezing efficiency. Note that the y-scale for panel (a) is
different from the ones shown in panels (b) and (c).

4.5.2 Contact freezing process

The higher FEs for 4 s than for 2 s residence time of the CLINCH experiments with ATD and kaolinite
are in agreement with adhesion freezing or immersion freezing. This indicates that collision itself
does not increase FE but there seems to be an effect whether the INP adheres to the water surface
or is immersed in the droplet. The situation is less clear for AgI. For contact freezing experiments
FE at 2 s is the same as for 4 s residence time within error when on average one AgI particle or
less collides with the droplet in the chamber. This result is in agreement with a collisional contact
freezing mechanism, but may also result from a very high nucleation rate of immersion freezing
and/or adhesion freezing at the investigated temperature.
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When a particle adheres to the surface it might induce ice nucleation in contact mode by the part
exposed to air and immersion freezing by the part immersed in water. When an insoluble or slightly
soluble particle acts as cloud condensation nucleus (CCN), it is usually assumed that it becomes
totally immersed into the droplet. However, whether the particle adheres to the droplet surface or
becomes totally immersed depends on the wetting behavior of the particle (see Appendix A). The
consequences for ice nucleation is discussed below for the investigated INPs.

Silver iodide

For AgI particles, freezing efficiencies for 2 s and 4 s residence times are the same within experimen-
tal uncertainties, which is in accordance with immediate freezing after collision. However, adhesion
freezing and immersion freezing cannot be excluded, if these processes occur at a high rate. Whether
AgI adheres to the surface after collision or becomes totally immersed depends on the contact angle
between water and the AgI surface. Billett et al. (1976) observed a dependence of the contact angle
on the silver concentration in the solution. For silver iodide prepared in stoichiometric ratio, they
determined α = 45◦− 50◦ for the intermediate advancing angle. We observed that most of the AgI
particles adhered to the surface when we sprinkled them gently on water. This is in accordance with
observations by Gokhale and Goold (1968) and Gokhale and Lewinter (1971). We therefore assume
that silver iodide particles remain on the droplet surface after collision in the CLINCH chamber. It is
also likely that the AgI particles adhere to the droplet surface in the ZINC chamber after activation
in the IMCA chamber. Therefore, in CLINCH and IMCA/ZINC experiments, the efficiency of ad-
hesion freezing is probed and it could be expected that freezing efficiencies in both experiments are
the same. However, the IMCA/ZINC freezing experiments performed with the same AgI aerosol and
similar residence times shows a much higher freezing efficiency than the CLINCH experiments. This
is in contrast to DeMott (1995), who reported higher freezing efficiencies in contact than in immer-
sion mode for AgI-AgCl aerosols. However, AgI is a complex ice nucleus that appears in different
polymorphic forms. Moreover, it partly dissolves in water. Depending on the production procedure,
AgI is agglomerated with soluble salts. Moreover the freezing ability depends on the surface charge
on AgI particles. A closer investigation of factors influencing the efficiency of AgI as an ice nucleus
and reasons for the lower freezing efficiency in CLINCH compared with IMCA/ZINC are discussed
in the companion paper by Marcolli et al. (2016).

Arizona test dust

The ice nucleation ability of ATD has been investigated by several groups using different setups.
Niehaus et al. (2014) investigated contact freezing of deposited droplets on a glass slide, which were
exposed to a flow of a polydisperse ATD aerosol (0.3 - 10 µm diameter particles). They determined
that one in 1000 particles induced freezing at 253 K, and one in 100 000 at 258 K. These numbers are
not directly comparable with this study, because the detection limit for frozen fractions of the IODE
detector is ca. 0.05. In CLINCH we observed the onset of freezing at 247 K for 800 nm ATD par-
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ticles. For 800 nm ATD particles, the freezing efficiencies in contact mode are within experimental
uncertainties the same as freezing efficiencies in immersion mode measured with IMCA/ZINC at 3 s
residence time. When the ATD parameterization for immersion freezing proposed by Marcolli et al.
(2007) is applied to 800 nm particles with a nucleation time of 3 s, it is agreeing well with the exper-
imental data from IMCA/ZINC. Niedermeier et al. (2010) investigated immersion freezing of ATD
particles with LACIS. Experiments with ATD aerosols with diameters < 560 nm yielded frozen frac-
tions of 0.04 at 239 K and 0.1 at 236 K. The low residence time and the cutoff of particles > 560 nm
might be reasons for this lower freezing efficiency compared with IMCA/ZINC. When the active site
parameterization by Marcolli et al. (2007) is applied to 400 nm particles, it gives too high active frac-
tions compared to experiments. The heterogeneous mineralogical composition of ATD may be one
of the reasons that smaller particles do not act as effective INPs and may even be inactive. Atkinson
et al. (2013) have shown that ATD is composed of 20.3% K-feldspar, 12.4 % (Na, Ca)-feldspar, 17.1
% quartz, 7.5 % illite/muscovite, and 10 % illite/smectite. Clay mineral particles of illite/muscovite
tend to be small and presumably dominate the particle fraction with diameters < 500 nm, while quartz
and K-feldspar may be overrepresented in the fraction with diameters > 500 nm. Moreover, larger
particles are often conglomerates of different minerals (Reid et al., 2003; Kandler et al., 2011) and
might contain contributions of some K-feldspar while small particles are often primary particles of
one mineral, which might not be very active as INP. Comparison of all measurements shows that
immersion and contact freezing are similarly efficient modes of ice nucleation with ATD. Contact
freezing experiments performed at 2 s residence time yielded higher freezing efficiencies than at 4 s,
which is compatible with adhesion freezing or immersion freezing, but not with a collisional freezing
mechanism. If particles became immediately immersed after contacting the droplet, freezing would
occur in immersion mode also when a contact freezing experiment is performed. Indeed, the sur-
faces of many mineral dusts like quartz and feldspars are covered with hydroxyl groups, which render
surfaces hydrophilic (Koretsky et al., 1997). Shang et al. (2010) measured contact angles of water
droplets on clay films and found for illites a dependence of contact angles on relative humidity and on
the exchangeable cations: the contact angle of Ca-illite sank from 28.3◦ to 21.6◦ when RH was raised
from 19 % to 100 %. At 33 % RH contact angles ranged between 23.3◦− 34.2◦ for illites saturated
with different cations (Na, K, Mg, or Ca). Contact angles of 31◦− 35◦ were measured for quartz
(Szyszka, 2012). When we sprinkled ATD on a water surface, most particles immediately immersed
and sank to the bottom. This suggests that when ATD particles collide with water droplets, the parti-
cles become immediately immersed such that in immersion freezing and contact freezing experiments
the immersion mode is probed.

Kaolinite

X-ray powder diffraction showed that Fluka kaolinite (K-SA) which is used in this study, contains
only 82.7 % kaolinite, but 5.4 % illite/muscovite, 5.9 % quartz, and 4.5 % K-feldspar (Atkinson et al.,
2013). The clay minerals illite/muscovite and kaolinite tend to form small crystals and are presum-
ably enriched in the particle fraction with diameters < 500 nm, while quartz and K-feldspars might
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be overrepresented in the fraction with diameters > 500 nm. K-feldspars and illite are known to be
efficient ice nuclei (Atkinson et al., 2013; Hiranuma et al., 2015) and may dominate freezing when
many particles are present in a sample (Pinti et al., 2012). When only one particle is present, this
is likely to be a kaolinite particle. Kaolinite is a clay mineral with the formula Al2Si2O5(OH)4. It
has a layered structure with octahedral aluminum and tetrahedral silicon layers. It forms plate-like
crystals with sizes of several hundred nanometers to micrometers and typical thicknesses of 30 - 50
nm (Hu and Michaelides, 2007, 2008). These plates have a hydrophilic octahedral Al-OH surface
and a rather hydrophobic tetrahedral siloxane (Si-O) surface. The edges of the plates are terminated
by oxygen atoms or hydroxyl groups and are hydrophilic. S̆olc et al. (2011) computed a contact an-
gle of 105◦ for nanodroplets on the tetrahedral siloxane surface by force-field molecular dynamics.
Nanodroplets spread on the octahedral surface indicating a contact angle of 0◦. Shang et al. (2010)
measured a contact angle of about 18◦ for water droplets on kaolinite films. This experimental value
represents an averaged value over all kaolinite surfaces. The energetically most favorable configu-
ration is therefore when the kaolinite particle adheres to the water surface with the siloxane surface
exposed to air. Whether a kaolinite particle realizes this configuration may depend on the orientation
of the particle when it contacts the water droplet. When we sprinkled kaolinite powder on water, we
observed that some particles floated on the surface for hours while others became totally immersed
and sank to the bottom within seconds. The lower freezing efficiency observed for 2 s residence time
in the CLINCH chamber compared with 4 s is incompatible with a collisional freezing process but in
accordance with adhesion freezing or immersion freezing. A particle on the surface can induce ice
nucleation in the immersion mode with the part immersed in water or in contact mode with the part
exposed to air. While it is likely that a kaolinite particle that hits a water droplet adheres to the surface
and exposes the hydrophobic siloxane surface to air, it is less clear whether particles that underwent
droplet activation stick to the surface or whether they totally immerse into the growing droplet. Which
is the case may also depend on the conditions during activation like supersaturation or growth rate of
the droplet. The immersion and contact freezing studies compiled in Fig. 4.4.4 suggest that contact
freezing is more efficient than immersion freezing with an onset temperature that is about 3 K higher.
Ladino et al. (2011b) who compared their contact freezing data with immersion freezing measure-
ments from Lüönd et al. (2010) using IMCA/ZINC concluded that there are some hints for contact
freezing to be more efficient than immersion freezing. Pitter and Pruppacher (1973) compared contact
and immersion mode freezing temperatures in wind tunnel experiments by exposing water droplets
to kaolinite particles that were injected into the air stream. They estimated that a droplet captured
several thousands of particles, which explains the much higher median freezing temperature of 261
K compared with this study. In accordance with our experiments, they found a clear shift to lower
freezing temperatures when changing from contact to immersion mode experiments. Hoffmann et al.
(2013b) found that contact freezing dominates over immersion freezing for droplets levitated in an
electrodynamic balance that were exposed to a flow of a kaolinite KGa-1b particles. Svensson et al.
(2009) investigated contact freezing using an eletrodynamic balance to levitate droplets exposed to a
flow of Fluka kaolinite particles. They observed contact freezing below 249 K for dry conditions and
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a freezing threshold of 267 K when the air was humidified. This value is higher than the one reported
for freezing of bulk suspensions of Fluka kaolinite (K-SA) by Pinti et al. (2012).

It is not clear which surface of kaolinite is responsible for ice nucleation. Using grand canonical
Monte Carlo simulations, Croteau et al. (2008, 2010) showed that the Si-O surface remained dry up
to water vapor saturation, while the edges and the Al-OH surface are much more hydrophilic and
absorb up to a monolayer water at water saturation. Adsorbed water on the octahedral Al-OH surface
exhibits hexagonal patterns but no close lattice match with ice (Croteau et al., 2008, 2010). Simula-
tions by Zielke et al. (0) showed that for the Al-surface, reorientation of the surface hydroxyl groups
is essential for ice nucleation. On the siloxane surface, ice nucleates via an ordered arrangement of
hexagonal and cubic ice layers, joined at their basal planes where the interfacial energy cost is low.
Experimentally, much higher absorption was determined showing that most absorption probably oc-
curs on surface irregularities such as adsorbed ions or surface defects like trenches, pits, and steps
(Schuttlefield et al., 2007; Tabrizy et al., 2011). Croteau et al. (2010) have shown that absorption
is much higher on trenches than on the defect-free surface. Ice nucleation may therefore occur on
liquid patches on an otherwise dry surface (Conrad et al., 2005). The wetting state of a nucleus may
therefore be a crucial parameter for ice nucleation by kaolinite. This would be in accordance with the
higher nucleation temperatures observed by Svensson et al. (2009) at humid conditions and point to
a adhesion freezing mechanism.

4.6 Summary and conclusions

This study confirms the findings of Nagare et al. (2015a) that theoretical formulations give too low
collision efficiencies at subzero temperature for particles in the accumulation mode. In CLINCH,
droplets are evaporating giving rise to diffusiophoresis and thermophoresis. Moreover, droplets and
particles are charged. Freezing efficiencies calculated from theoretical formulations of collision ef-
ficiencies are more than one order of magnitude higher than the highest possible value of FE = 1.
An assessment of the relevance of contact compared to immersion freezing is therefore limited by
knowledge of collision efficiencies. To improve calculated collision efficiencies, formulations of
thermophoresis and diffusiophoresis should be re-assessed.

Comparing contact freezing efficiencies acquired at 2 s (FE(2s)) and 4 s (FE(4s)) residence times
enables conclusions regarding the freezing mechanism. For contact freezing experiments with AgI,
freezing efficiencies at 2 s and 4 s residence times were the same within error when the droplets col-
lected on average only one particle during their time in the chamber. This is in accordance with a
collisional contact freezing mechanism. However, adhesion freezing and immersion freezing cannot
be excluded if these processes occur at a high rate. For experiments with ATD and kaolinite FE(2s)
was smaller than FE(4s) which is incompatible with immediate freezing after contact. Therefore,
immersion freezing or adhesion freezing must be at work for these INPs. The comparison of contact
and immersion freezing experiments did not confirm a general enhancement of freezing efficiency
in contact mode relative to immersion mode. One reason for this may be that in CLINCH and
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IMCA/ZINC experiments the particles are free to realize the energetically most favorable position
in or on the droplet. For AgI particles the freezing efficiency in CLINCH experiments was less than
in IMCA/ZINC and the onset temperature was shifted to lower values. This is further investigated
in Marcolli et al. (2016). For ATD, freezing efficiencies in contact and immersion mode were simi-
lar. For kaolinite particles, contact freezing became detectable at higher temperature than immersion
freezing. A specific dependence on the INP for the enhancement of contact freezing relative to im-
mersion freezing is in accordance with Gurganus et al. (2014) who observed an increased efficiency
for nucleation at the three-phase contact line in case of nanoscale but not for microscale textures. In
most experiments of contact freezing inside-out, the position of the particle with respect to the droplet
is fixed by the design of the experiment (Shaw et al., 2005; Fornea et al., 2009; Gurganus et al., 2014).
Whether a particle adheres to the surface or becomes totally immersed in a droplet depends on the
wetting of the particle with water. A contact angle of zero corresponds with complete wetting, for
higher values, the wetting is only partial. Our observations of particles that were gently sprinkled on
water confirmed the predictions based on contact angles. Our experiments and calculation suggest
that AgI particles partition to the droplet surface for contact and immersion freezing experiments.
ATD particles seem to have highly hydrophilic surfaces that lead to fast immersion of the particles so
that there is no time for adhesion freezing and immersion freezing prevails. Kaolinite forms plate-like
crystals with a hydrophobic siloxane surface, all other surfaces are hydrophilic. It is therefore ener-
getically most favorable when the hydrophobic surface of kaolinite particles is exposed to air. For
this configuration, adhesion freezing and immersion freezing can compete.
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4.7 Wetting of particles

The wetting behavior of particles can be quantified by the contact angle α, which is related to the
surface tensions of water with air σLA and solid with air σSA and the interfacial tension between solid
and water σSL through the Young equation (Holownia et al., 2008) as follows:

cosα =
σSA−σSL

σLA
, (4.5)

The change in surface tension when the particle that adheres to a surface of the droplet becomes
totally immersed in the droplet is given as (Holownia et al., 2008)

∆σ = σSL−σSA +σLA (4.6)

Using Young’s equation the change of surface tension is

∆σ = σLA(1− cosα). (4.7)

The change in the interfacial energy is given by

∆G = ∆σA (4.8)

where A is the surface area of the particle exposed to air when the particle adheres to the surface
of the droplet. Considering a cubic particle and neglecting the curvature of the droplet, the area to be
immersed in the droplet would be the area of one face of the cube. The particle will immerse in the
droplet for negative ∆G and will remain on the surface for positive ∆G. As can be seen from Eq. 4.8,
∆G is always positive and becomes zero for α = 0◦. This means that in the absence of other forces,
complete wetting of the particle surface by water is needed for total immersion of the particle into the
droplet.
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Chapter 5

Conclusions and Discussion

This thesis was dedicated to the investigation of contact freezing. After many years of research, clear
experimental evidence is still missing whether contact freezing is indeed more efficient than immer-
sion freezing (Ladino Moreno et al., 2013). One reason for this is the large uncertainty connected with
the collision efficiency between cloud droplets and aerosol particles in the size range of the Greenfield
gap. The first part of this laboratory study was focused on the quantification of the collision efficiency
between cloud droplets and aerosols at mixed-phase cloud temperatures. We used the frozen fraction
of droplets observed in contact freezing experiments with 200 and 400 nm particles as INPs for differ-
ent concentrations of particles and different residence times of the droplets in the nucleation chamber
to derive the collision efficiency based on the assumption that each collision of a particle with the
droplet would cause freezing of the droplet. We also determined an upper and lower limit of the col-
lision efficiency for 800 nm kaolinite particles. It is found that the collision efficiency at mixed phase
cloud temperatures should be higher for accumulation mode particles than the analytical expressions
used in various scavenging studies. It was noticed that the analytical expression of Wang et al. (1978)
and Andronache et al. (2006) describing collision efficiency of thermophoresis and diffusiophoresis
differ vastly. The temperature dependence of thermophoresis is discussed in detail in chapter 3. The
importance of electrical charge on droplet and particles and the formation of image charges is also
discussed. We conclude that the largest discrepancy is associated with the theoretical description of
the phoretic processes at mixed phase cloud temperatures and we suggest that these expressions need
a re-evaluation. This study was carried out with 80 µm diameter droplets and it is necessary to inves-
tigate other droplet sizes in order to generalize the findings of this study. The previously neglected
important factor of electric charge (Ladino et al., 2011a) of droplets and particles was shown to be
critical in order to estimate collision efficiency. More experiments with precise control of charge on
droplets and particles would give new insights into collision efficiency.

The second part of this thesis was dedicated to investigate the relative importance of immersion
freezing and contact freezing for silver iodide, kaolinite and Arizona test dust. We used frozen frac-
tions in the immersion mode measured in the IMCA/ZINC chamber and compared them with frozen
fractions from CLINCH. In order to convert frozen fraction of CLINCH to freezing efficiency per
single particle, collision efficiencies determined in the first study were used for AgI aerosols. For
kaolinite and ATD aerosols different assumptions were tested, leading to upper and lower limits of
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freezing efficiencies. Major findings of this have been discussed in chapter 4. We measured the
frozen fraction of droplets for two different residence times of droplets in CLINCH. We can observe
that frozen fractions scale with the residence time for the same concentration of AgI particles and
increase with the concentration of particles. Freezing efficiencies by contact and immersion freez-
ing were compared for the continuous flow chambers CLINCH and IMCA/ZINC. In our study we
found that our silver iodide particles are much less efficient in terms of onset temperature for con-
tact freezing than for immersion freezing. 800 nm ATD particles in our experiment showed similar
onset temperature for contact freezing as for immersion freezing although 800 nm kaolinite particles
showed onset temperatures higher by 3 K for contact freezing. Observing the frozen fractions at
different residence times of droplet in the chamber shows that for the kaolinite and ATD, freezing
efficiency for 4 s residence time is higher than the 2 s. This is contrary to collisional contact freez-
ing where freezing efficiency for different residence times is expected to be the same and hence for
kaolinite and ATD immersion freezing and contact freezing inside-out must be at work. In case of
silver iodide freezing efficiencies of the two residence times are the same within experimental error
however we can not rule out contact freezing inside-out and immersion freezing.

5.1 Outlook and Comments

In the atmosphere, cloud droplets are activated from CCN. The droplets generated in this study were
of Milli-Q water. To simulate cloud droplets impurities like ammonium sulphate and sodium chloride
can be added to Milli-Q water.

The equilibrium thermodynamics calculation in chapter 4 suggests that the equilibrium position of
the particle is at the surface of the droplet. In the case of the immersed particle, how this can affect
the position of the particles inside the droplet needs to be investigated to understand the freezing
mechanisms.

It is noticed that very little literature on charges on cloud droplets is available. More observations
on charges of cloud droplets can help in constraining the collision efficiency due to electrophoresis.
Various studies have proposed that image charge can play an important role for droplet-particle col-
lisions. The requirement for image charge is the polarizability of the droplet and the particle. The
current knowledge about polarizibilty is rather poor.
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Appendix A

Charge measurement

As discussed in chapter 3, electrophoresis has a major role in the collision efficiency between droplets
and particles if either of them are electrically charged. In our droplet generator, droplets get charged
while they separate from the tip of the droplet generator. To measure the charge on the droplets, we
passed a droplet stream through a capacitor consisting of two parallel plates which were connected
to a DC voltage supply. A schematic of the charge measurement setup is shown in Fig. A.1. Posi-
tively charged droplets are attracted towards the negative plate while negatively charged droplets are
attracted to the positive plate and uncharged droplets fall straight through the plates. The charge on
the droplet is determined as follows. The force acting on the droplets can be written as

F = q×E = q× V
d
= m×a, (A.1)

where F is the force on the droplets with charge q, V is the applied voltage, E is the electric field, d
is the distance between the plates, m is the mass of the droplet and a is the acceleration of the droplet.
From laws of kinetics,

x =Uxt +
1
2

axt2 (A.2)

where x is the distance traveled by the droplet in horizontal direction, Ux is the initial velocity of the
droplet in x direction, t is the time before the droplets reach one of the plates and ax is the acceleration
of the droplets in horizontal direction.

At t = 0, Ux = 0 and d = axt2, where d is the distance between the plates. Hence

t =
(

d
ax

) 1
2

(A.3)

Hence the vertical distance traveled by the droplet between the plates L is given as.

L =Ut × t =Ut

(
d
ax

) 1
2

(A.4)
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Figure A.1: Schematic of measurement of charge on droplet.

where Ut is the terminal velocity of the droplet. By substitution for ax from Eq. (A.1),

L =Utd
(

m
qV

) 1
2

(A.5)

q =U2
t d2 m

V L2 . (A.6)

Eq. (A.6) gives the charge of the droplet.
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Appendix B

Elemental composition of a silver iodide particle

Silver iodide was prepared by mixing of 0.1 M potassium iodide and 0.1 M silver nitrate solutions.
The particles were produced by atomizing the solution. Details of aerosol preparation are discussed
in chapter 3. To investigate the elemental composition of the produced aerosols, energy dispersive
X ray spectroscopy (EDX) analysis on particles was performed. Figure B.1 shows the TEM-EDX
image of AgI particle. The particle composition shows that it contains silver and iodine in the bright
area. The second area shows that the particle also contains some potassium.
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Figure B.1: EDX image of the produced particle.
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List of symbols

Table B.1: List of symbols
A surface area of the particle (m2)
Bp Mobility of particles (s kg−1)
C Concentration of particle ([m−3)
Cc Cunningham slip correction

CD f Force constant for ventilated diffusiophoresis (kg m3 s−2)
CEl Force constant for electrophoresis (kg m3 s−2)
CT h Force constant for ventilated thermophoresis (kg m3 s−2)
Cp Specific heat capacity of air (1005 kJ kg−1 K)

Ddi f f Diffusion coefficient of aerosol particles (m2 s−1)
Dd Diameter of the droplet (m)
D∗v modified diffusivity of water vapor
Dw Diffusivity of water vapor (m2 s−1)
dp Diameter of the particle (m)
E Collision efficiency

ETot Sum of all contributing mechanisms of collision efficiency
EBr Collision efficiency due to Brownian diffusion
Eint Collision efficiency due to interception
Eimp Collision efficiency due to impaction
ET h Collision efficiency due to thermophoresis
ED f Collision efficiency due to diffusiophoresis
EEl Collision efficiency due to electrophoresis
∆F activation energy of molecule (Pa)
ei saturation vapor pressure over ice (Pa)
ew saturation vapor pressure over water (Pa)
FE Freezing efficiency
FF Frozen fraction of droplets
fh mean ventilation coefficient for heat transfer
fp mean ventilation coefficient for aerosol particle flux
fv mean ventilation coefficient for mass

∆G Gibbs free energy for phase change (J)
h Planck constant (Js)

I⊥ and I‖
signal intensities in the perpendicular and parallel channel of
IODE (pW)

L effective length experienced by the droplet (m)
l length of chamber (m)
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ka Thermal conductivity of air (J m−1s−1 K−1)
kB Boltzmann constant (JK−1)
kp Thermal conductivity of particles (0.419 Jm−1s−1K−1)
kB Boltzmann constant (kg m2 s2 K−1)

Jhom homogeneous nucleation rate (m3s−1)
Jhet heterogeneous nucleation rate (m2s−1)
Nice number of ice crystals

Nwater number of water droplets
ne number of water molecules in an ice embryo
Pe Peclet number
Pr Prandtl number for air
p0

s Saturation vapor pressure at droplet surface (Pa)
p0

a Saturation vapor pressure of environment (Pa)
R Diameter ratio between particle and droplet
Re Reynolds number
Rv gas constant for water vapor JK−1mol−1

r radius of an ice embryo (m)
rc critical rdaius of an ice embryo (m)
rd radius of water droplet (m)
Sc Schmidt number of aerosol particles

Scw Schmidt number for water vapor air
St Stokes number (S83)
Stk Stokes number (P05)
St∗ Critical stokes number
T absolute temperature (K)
Ta Air temperature (K)
Tc Air temperature in Celsius
Ts Temperature of droplet surface (K)
t time (s)
U Terminal velocity of droplets (m s−1)
u Terminal velocity of particles (m s−1)
α Packing density i.e. water volume present in unit volume of air
σ Viscosity ratio of water to air

σiw interfacial energy between ice and water (Jm−2)
σLA surface tesnsion between air and liquid (Jm−2)
σSL interfacial tension between particle and water (Jm−2)
δ depolarization ratio
θ contact angle (rad)
µa Dynamic viscocity of air (kg m−1 s−1)
µa Viscocity of water at 273 K (1.787×10−3 kg m−1 s−1)
µi chemical potential of molecule in ice phase (J)
µw chemical potential of molecule in liquid water (J)
φ diffusive flux of molecules (m−2s−1)
νi volume of water molecule in ice (m3)
ρa Density of air (1.293 kg m−3)
ρw Density of water (1000 kg m−3)
ρp Density of aerosol particles ( kg m−3)
τ Relaxation time (s)

λa Mean free path of air molecules (m)
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