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Abstract. Ice nucleating particles (INPs) in the atmosphere
are responsible for glaciating cloud droplets between 237
and 273 K. Different mechanisms of heterogeneous ice nu-
cleation can compete under mixed-phase cloud conditions.
Contact freezing is considered relevant because higher ice
nucleation temperatures than for immersion freezing for the
same INPs were observed. It has limitations because its ef-
ficiency depends on the number of collisions between cloud
droplets and INPs. To date, direct comparisons of contact and
immersion freezing with the same INP, for similar residence
times and concentrations, are lacking. This study compares
immersion and contact freezing efficiencies of three differ-
ent INPs. The contact freezing data were obtained with the
ETH CoLlision Ice Nucleation CHamber (CLINCH) using
80 um diameter droplets, which can interact with INPs for
residence times of 2 and 4s in the chamber. The contact
freezing efficiency was calculated by estimating the num-
ber of collisions between droplets and particles. Theoretical
formulations of collision efficiencies gave too high freezing
efficiencies for all investigated INPs, namely Agl particles
with 200 nm electrical mobility diameter, 400 and 800 nm
diameter Arizona Test Dust (ATD) and kaolinite particles.
Comparison of freezing efficiencies by contact and immer-
sion freezing is therefore limited by the accuracy of collision
efficiencies. The concentration of particles was 1000 cm™3
for ATD and kaolinite and 500, 1000, 2000 and 5000 cm™3
for Agl. For concentrations < 5000 cm™3, the droplets col-
lect only one particle on average during their time in the
chamber. For ATD and kaolinite particles, contact freezing
efficiencies at 2s residence time were smaller than at 4s,
which is in disagreement with a collisional contact freezing

process but in accordance with immersion freezing or adhe-
sion freezing. With “adhesion freezing”, we refer to a contact
nucleation process that is enhanced compared to immersion
freezing due to the position of the INP on the droplet, and
we discriminate it from collisional contact freezing, which
assumes an enhancement due to the collision of the particle
with the droplet. For best comparison with contact freezing
results, immersion freezing experiments of the same INPs
were performed with the continuous flow diffusion cham-
ber Immersion Mode Cooling chAmber—Zurich Ice Nucle-
ation Chamber (IMCA-ZINC) for a 3 s residence time. In
IMCA-ZINC, each INP is activated into a droplet in IMCA
and provides its surface for ice nucleation in the ZINC cham-
ber. The comparison of contact and immersion freezing re-
sults did not confirm a general enhancement of freezing effi-
ciency for contact compared with immersion freezing exper-
iments. For Agl particles the onset of heterogeneous freez-
ing in CLINCH was even shifted to lower temperatures com-
pared with IMCA-ZINC. For ATD, freezing efficiencies for
contact and immersion freezing experiments were similar.
For kaolinite particles, contact freezing became detectable at
higher temperatures than immersion freezing. Using contact
angle information between water and the INP, it is discussed
how the position of the INP in or on the droplets may influ-
ence its ice nucleation activity.
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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 ice nucleation depending on their physical and chem-
ical properties, the temperature of the environment and the
presence of supercooled droplets. Heterogeneous ice forma-
tion may take place with the help of INPs between 237 and
273 K in the mixed-phase cloud regime. In this regime, three
pathways of ice nucleation are differentiated, namely, immer-
sion 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 col-
lides with the droplet followed by freezing. Contact freez-
ing (CF) in the original sense is understood as the process in
which freezing of a supercooled droplet results from the col-
lision 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
a higher ice nucleation temperature compared with the im-
mersion mode, when an INP was in contact with the water—
air interface of a droplet, from either the inside or the out-
side (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 adhe-
sion freezing when the position of the INP on the water sur-
face enhances the ice nucleation efficiency compared with
immersion freezing and discriminate it from collisional con-
tact freezing, which assumes an enhancement due to the col-
lision of the particle with the droplet.

Various theoretical mechanisms underlying contact freez-
ing have been proposed as explanations for the higher freez-
ing efficiency in contact mode compared with immersion
mode. They have been reviewed by Ladino Moreno et al.
(2013). Here we discuss them in brief. Cooper (1974) pro-
posed 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 inac-
tive as a deposition nucleus in the vapor, may nevertheless
possess ice embryos larger than the critical size for an em-
bryo immersed in water on its 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,
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he rejected that these clusters remain active, once they are
immersed in the droplet as proposed by Cooper (1974). In-
stead, he assumed that freezing occurs during the wetting
process when the water front moves over the particle be-
cause 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, exper-
imental 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 mi-
croscale texture (Gurganus et al., 2014). Djikaev and Ruck-
enstein (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) investi-
gated 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 the water droplet and INP since the par-
ticles they used dissolve when they become immersed in wa-
ter.

Ladino Moreno et al. (2013) reviewed experimental stud-
ies on contact freezing and also pointed out large discrep-
ancies in the available experimental data. Quantification of
the number of INPs required for contact freezing, the time
dependence of contact freezing, and dependence on parti-
cle 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), a highly elec-
trified droplet is suspended in an electrodynamic balance.
The freezing probability of a droplet on a single collision
was shown to be a steep function of temperature. Nine colli-
sions were necessary to freeze the droplet at 244 K, while a
single collision was sufficient to freeze the droplet at 239K
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
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et al. (2014) found that for mineral dust from different ori-
gins, 10 to 10° particles had to collide with a droplet de-
posited on the glass slide in the temperature range of 253 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 freez-
ing and immersion freezing have been previously compared
by Levin and Yankofsky (1983) for bacterial cells where on-
set temperatures for contact freezing were shown to be 2K
higher. However, they did not state how many particles were
needed to collide with the droplets to initiate freezing. Ladino
et al. (2011) concluded that there are some hints that con-
tact freezing is more efficient than immersion freezing for
kaolinite particles. They attempted to derive the freezing ef-
ficiency per single particle using theoretical formulations of
collision efficiencies to calculate the number of collisions be-
tween droplets and particles and obtained unrealistic freez-
ing efficiencies on the order of 10 to 100 for 26 pm diameter
droplets and 400 nm kaolinite particles. The too large values
of the freezing efficiency were attributed to the overestima-
tion of droplet size in calculating collision efficiency. They
also mistook liquid droplets for frozen droplets because mul-
tiple droplets were simultaneously present in the laser beam
of the detector (Ladino Moreno et al., 2013).

The relevance of contact freezing for the atmosphere de-
pends 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 frac-
tion of particles in the cylindrical volume swept out by a
falling droplet that collides with it. CE depends mainly on
particle size and droplet size. Other factors which influence
CE are the relative humidity of the environment and charges
on droplets and particles. For Aitken mode particles, Brown-
ian 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 con-
tributors to CE. The minimum of CE (Greenfield gap) is in
the accumulation mode where thermophoresis and diffusio-
phoresis 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) inducing ice
nucleation up to 269 K, while ATD and kaolinite become ef-
ficient ice nuclei only at lower temperatures. Silver iodide
has been reported to nucleate ice more efficiently in contact
than in immersion mode (DeMott, 1995). Kaolinite and ATD
have been widely tested in laboratory studies as immersion
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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) and contact freezing studies (e.g., Ladino
etal., 2011; Svensson et al., 2009). ATD has been previously
studied for immersion freezing by Marcolli et al. (2007) and
Niedermeier et al. (2010) and for contact freezing by Niehaus
etal. (2014). ATD is composed of quartz, feldspar, carbonate,
illite, kaolinite and other clays (Broadley et al., 2012).

2 Experimental setups and procedures
2.1 Instrument description
2.1.1 CLINCH setup

Contact freezing data were obtained with the ETH CoLli-
sion Ice Nucleation CHamber (CLINCH). This instrument
has been used previously by Ladino et al. (2011) for a contact
freezing study with kaolinite particles as INPs. In CLINCH,
aerosol and water droplets collide and may freeze by contact.
The extension of the chamber length from 40 cm, as used by
Ladino et al. (2011), to 80 cm for the current study makes it
possible to observe the frozen fraction of droplets (FF), i.e.,
the ratio of the number of frozen droplets to the total number
of droplets, at residence times of 2 and 4 s with 80 um diame-
ter droplets compared to 26 um droplets used by Ladino et al.
(2011). The droplet diameter is changed from 26 to 80 um in
order to increase the geometrical volume swept out by the
droplet and to avoid a significant change in the droplet size
due to evaporation in the chamber. Droplets with diameters
of 80 & 3 um are generated with a droplet generator (Ulmke
etal., 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 M) at a temperature of 281 K. The relaxation time
for a droplet to reach its terminal velocity (0.186ms™!) is
0.2s, 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
235K, respectively (Nagare et al., 2015). 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 Lmin~" and
can interact with the droplets inside the chamber. FF can be
determined with the Ice Optical DEtector (IODE) developed
in-house (Nicolet et al., 2010; Liiond et al., 2010), which dis-
criminates 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 simultane-
ously 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 parti-
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cles was performed before the aerosol stream was turned on.
A more detailed description of the instrument and experiment
is given in Nagare et al. (2015).

2.1.2 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) (Lii6nd et al., 2010). In brief, the aerosol
particles are activated as CCN in the IMCA part at a rela-
tive 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 freez-
ing when they enter the ZINC chamber. The droplets are 18—
20 um 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 dif-
ferent temperatures. FF can be determined using the depolar-
ization detector IODE at different residence times from 1 to
21s. A more detailed description of the instrument and ex-
periment is given in Welti et al. (2012). Characteristics of the
IMCA-ZINC and the CLINCH experiments are compared in
Table 1.

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., 2015). 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 Technology Inc.) particles were aerosolized in
a fluidized bed aerosol generator (TSI Model 43400A). The
aerosol stream was passed through a cyclone to remove large
particles. Aerosol particles were selected based on their elec-
trical mobility with a differential mobility analyzer (DMA
TSI 3081) with an upstream impactor. These size selected
particles were used for either contact or immersion freezing
experiments in the respective experimental setups. The con-
centration of particles in CLINCH was measured at the end
of the chamber using a condensation particle counter (CPC,
TSI 3772).

2.3 Particle sprinkling experiment

We sprinkled polydisperse particles of Agl, ATD and kaoli-
nite gently on a water surface to observe optically whether
they adhere to the surface or sink to the bottom. The parti-
cles were sprinkled on Milli-Q water at room temperature by
gently shaking a spatula loaded with a small portion of the
powders.
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Figure 1. Frozen fraction against chamber temperature for silver
iodide particles of 200 nm diameter. Contact freezing for aerosol
concentrations from 500 to 5000 cm ™3 is given by triangles for a
droplet residence time of 2 s in panel (a) and 4 s in panel (b). Im-
mersion freezing for a 3 s residence time of droplets in the ZINC
chamber is shown by circles. The gray shaded area shows the ho-
mogeneous freezing of droplets determined from blank experiments
(without aerosol) and the black horizontal line indicates the lower
reliability limit of the measurements determined from the blank sig-
nal level observed in experiments without aerosol. Error bars repre-
sent the uncertainty in the frozen fraction due to the classification
(liquid or ice) uncertainty of the IODE detector (Liiond et al., 2010).

3 Experimental results

Figure 1 shows the FF observed for silver iodide as INP
in CLINCH (triangles) as a function of chamber tempera-
tures for droplet residence times of 2s in panel (a) and 4s
in panel (b) for different concentrations of silver iodide. The
gray shaded area is the experimentally determined homoge-
neous freezing regime of droplets in CLINCH from blank ex-
periments. The black horizontal line marks the lower reliabil-
ity limit of differentiation between ice and water determined
from blank experiments. As the temperature of the chamber
decreases to < 250K, the FF starts to rise and then remains
constant. The frozen fraction due to immersion freezing from
IMCA-ZINC experiments with a 3 s residence time in the
ZINC chamber is shown as circles for comparison with con-
tact freezing. Silver iodide particles produced by our method
are found to be much more efficient INPs in terms of on-
set temperature in immersion than in contact freezing mode.
The onset temperature for silver iodide particles is 265 K,
while for contact freezing significant frozen fractions were
observed only below 250K except for the highest concen-
tration 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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Table 1. Instrument characteristics

8903

Instrument Droplet diameter (um)  Residence time of droplet (s)  Aerosol concentration
IMCA-ZINC 18-20 3 (variable) 1 particle per droplet
CLINCH 80+3 2 and 4 5005000 cm™3 air
1.0 L B L L L L 1.0 LI I R B L B
F Arizona test dust Kaolinite A CF800nm,2s
A CF800nm,4s
0.8 4 CF800nm,2s - 0.8 1 A CF400nm,2s :
A CF800nm,4s A CF400nm,4s
C 4 CF400nm, 4s c 3 e IF 800nm,3s
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Figure 2. Frozen fraction against chamber temperature for ATD
particles of 400 nm and 800 nm diameter. Contact freezing (CF)
for aerosol concentrations of 1000cm ™3 is given by triangles for
droplet residence times of 2 and 4 s. Immersion freezing (IF from
IMCA-ZINC) for 800nm ATD particles and a 3 s residence time
in ZINC is shown by circles. The gray shaded area shows the ho-
mogeneous freezing of droplets determined from blank experiments
(without aerosol), and the black horizontal line indicates the lower
reliability limit of the measurements determined from the blank sig-
nal level observed in experiments without aerosol. Error bars repre-
sent the uncertainty in the frozen fraction due to the classification
(liquid or ice) uncertainty of the IODE detector (Liiond et al., 2010).

Figure 2 shows the frozen fraction of droplets when ATD
particles were used as INPs in contact and immersion freez-
ing mode. The frozen fraction due to immersion freezing is
shown for 800 nm particles and a 3 s residence time in the
ZINC chamber. There is no significant difference in onset
temperature for immersion and contact freezing for ATD.
Figure 3 shows the frozen fraction for experiments per-
formed with kaolinite. For these INPs, the onset temperature
of contact freezing is 3 K higher than for immersion freezing.
Possible reasons for this will be discussed in Sects. 5.2.3 and
5.24.
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Temperature (K)

Figure 3. Frozen fraction against chamber temperature for kaoli-
nite particles of 400 and 800 nm diameter. Contact freezing (CF)
for aerosol concentrations of 1000cm™3 is given by triangles for
droplet residence times of 2 and 4 s. Immersion freezing (IF from
IMCA-ZINC) for 400 and 800 nm kaolinite particles and a 3 s res-
idence time in ZINC is shown by green and brown circles, respec-
tively. The gray shaded area shows the homogeneous freezing of
droplets determined from blank experiments (without aerosol), and
the black horizontal line indicates the lower reliability limit of the
measurements 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) uncer-
tainty of the IODE detector (Liiond et al., 2010).

4 Freezing efficiencies

4.1 Calculation of freezing efficiency from frozen
fraction

The frozen fraction measured by CLINCH depends on the
collision efficiency and the freezing efficiency (FE). 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 has hit it, it is not clear
which particle induced freezing. Assuming that all collisions
were needed for freezing leads to the following equation:

FE= O (1)
==

where N is the number of collisions for a droplet with the
aerosol particles and can be calculated as (Ladino et al.,
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Figure 4. Freezing efficiency FE against chamber temperature for
contact freezing experiments (triangles) with 200 nm diameter Agl
particles with droplet residence times of 2 s (open symbols) and 4 s
(filled symbols). The concentration of silver iodide particles varies
from 500 to 5000 cm 3. A collision efficiency CE = 0.13 is used to
calculate N. FE is calculated using Eq. (1) in panel (a) and Eq. (4)
in panel (b). Immersion freezing of droplets in the ZINC chamber
for a 3 s residence time is shown as circles. The gray horizontal line
indicates the maximum freezing efficiency realized when the first
collision initiates freezing.

2011)
N=CExCxLxmx(R+r)?, )

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

Ul
" U(R) + Viiow

where [ is the geometrical length traced by the droplet, U (R)
is the terminal velocity of the droplet and Vjow is the flow
velocity of the carrier gas in CLINCH.

Equation (1) assumes that the droplet has collected N par-
ticles 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:

FF
T_ N “)

3

FE =

Here the denominator indicates the fraction of unfrozen
droplets after N collisions with the particles. We use this for-
mula in the case of Agl because we expect for this ice nucleus
FE=1 at T <245K (Nagare et al., 2015). While Eq. (1)
gives a lower limit of FE, Eq. (4) gives the upper limit.
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Since FE is derived by normalizing FF with respect to
N, FE should be independent of the residence time when
the number of collisions is < 1. If freezing efficiencies of
2s (FE(25s)) 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 par-
ticle collides with a droplet. Conversely, FE(4 s) > FE (25)
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 becomes 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 collisions
and we will interpret FE(2 s) = FE(4 s) as a criterion for col-
lisional contact freezing and FE(4 s) > FE (2 s) as a criterion
for freezing in immersion mode or adhesion freezing.

4.2 Freezing efficiency of silver iodide particles

We derived a collision efficiency CE = 0.13 for 200 nm di-
ameter Agl particles with 80 um droplets in our previous
study (Nagare et al., 2015). This number is an order of
magnitude higher than the values calculated with commonly
used theoretical formulations of collision efficiencies. Fig-
ure 4 shows FE of 200 nm diameter silver iodide particles for
droplet residence times of 2s (open symbols) and 4 s (filled
symbols) calculated using Eqs. (1) (panel a) and (4) (panel b).
The number of collisions for the different particle concen-
trations range between 0.11 and 2.35 as listed in Table 3.
Panel (a) of Fig. 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 may have been induced by any of these colli-
sions. Equation (1) assumes that indeed all collisions are nec-
essary 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 shows that this assumption leads to a grouping of
FE data around 1 for T < 245K for all particle concentra-
tions and residence times of 2 and 4 s. This reinforces the as-
sumption that the first contact leads to droplet freezing in this
temperature range and confirms the plateau condition used
in Nagare et al. (2015) to derive CE. We ascribe data points
with FE > 1 to homogeneous freezing and measurement un-
certainties. 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 < 245K, FEs for 2 and 4 s residence times are the same
within measurement uncertainties suggesting that ice nucle-
ation occurs immediately when the particle hits the droplet.
At higher temperatures the data points are quite scattered im-
peding a clear conclusion. Also shown are immersion freez-
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Table 2. Average number of collisions for 800 nm particles with a
80 um diameter droplet in a concentration of 1000 cm ™3 and resi-
dence times of 2 and 4 s assuming different values for CE.

Number of collisions N

Collision efficiency CE 2 s
0.0033 0.0056 0.012
0.046 0.079 0.168

0.13 0.24 0.48

ing measurements with IMCA-ZINC with Agl particles that
were prepared the same way as the ones for the contact freez-
ing experiments. Residence time in the ZINC chamber was
3's. Surprisingly, the onset temperature and the efficiency for
immersion freezing are significantly higher than for contact
freezing. This observation is further discussed in Sect. 5.2.1.

4.3 Freezing efficiency of ATD particles

Figure 5 shows FE in contact freezing mode for 800 nm
ATD particles calculated using Eq. (1). N is calculated based
on four different assumptions for CE. For panel (a), CE =
0.0033 from the theoretical formulation by Park et al. (2005)
and Wang et al. (1978) was used. Details of the calculations
are given in Nagare et al. (2015), where discrepancies be-
tween 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
upper limit of FE =1 and due to a lack of other available
experimental values, the calculated collision efficiency was
multiplied by a factor of 14 to calculate N for panel (b). For
a lower limit, the experimentally derived CE for 200 nm Agl
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. (2011). Using
a correction factor of 14 for CE still yields FE values > 1.
Panels (c) and (d) give best estimates 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 inves-
tigated temperature and particle size range. The number of
collisions for the different assumptions of CE is listed in Ta-
ble 2. 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 experi-
ments 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 (differential scanning
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Table 3. Average number of collisions N for 200 nm silver iodide
particles with a 80 um diameter droplet in concentrations from 500
to 5000 cm ™3 air and residence times of 2 and 4s.

Concentration (cm73) 2s 45
500 0.11 0.23
1000 0.23 047
2000 0.47 0.94
5000 1.17 235

calorimeter) experiments is shown as a brown line in Fig. 5. It
agrees well with the immersion freezing experiments carried
out with 800 nm particles in the IMCA—ZINC chamber. Tak-
ing CE =0.061 (panel d), contact freezing may 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 400nm ATD particles to freezing efficiency because FF
is close to the detection limit. For all assumed values of col-
lision efficiencies, the freezing efficiency at a 4 s residence
time is almost twice the value at a 2s residence time. As
listed in Table 2 the number of collisions is < 1 for both res-
idence times. While the uncertainty associated with the mea-
surements at 2s is quite large, this data still seems signifi-
cantly 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 mecha-
nisms rather than collisional contact freezing.

4.4 Freezing efficiency of kaolinite particles

Figure 6 shows the freezing efficiency of 800 nm diameter
kaolinte particles for 2s (open triangles) and 4 s (filled tri-
angles) residence times. The frozen fraction measured for
400 nm particles was not significant; therefore, we do not
convert these data to freezing efficiency. Panels (a), (b) and
(c) use three different assumptions to calculate N, as ex-
plained 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. 6 are the immersion freezing re-
sults of 800 nm Fluka kaolinite particles for a 3 s residence
time in the ZINC chamber. Freezing efficiencies are in good
agreement with the previously published «-pdf parameteri-
zation by Wellti et al. (2012) derived from immersion freez-
ing 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 (Leipziger Aerosol and Cloud Interaction Simula-
tor; shown as blue diamonds) and with a CFDC (Continu-
ous Flow Diffusion Chamber; shown as green diamonds).
In the LACIS instrument, INPs are activated to droplets at
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Figure 5. Freezing efficiency for 800 nm ATD particles with a concentration of 1000 em™3 calculated with four different assumptions for
CE: panel (a), with theoretical CE from Wang et al. (1978) and Park et al. (2005); panel (b), with 14x CE from panel (a) (see text for
details); panel (c¢), with CE = 0.13 (applying the value for 200 nm Agl particles for all particle sizes); panel (d), with CE = 0.061, which
shifts collision efficiencies close to 1. Filled triangles show contact freezing for 4 s residence time in the CLINCH chamber; the open triangles
are for 2 s residence time. Each triangle represents 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 a 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 a 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).

T =257-260K while cooling to the targeted temperature. 5 Discussion
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

5.1 Collision efficiency

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.

Atmos. Chem. Phys., 16, 8899-8914, 2016

Collision efficiency is a crucial parameter for an accurate
comparison of contact and immersion freezing. Figures 5
and 6 show that freezing efficiencies of ATD and kaolin-
ite particles calculated with theoretical formulations of CE
are at least 1 order of magnitude too high. This corrobo-
rates the finding by Nagare et al. (2015) that CE formula-
tions need to be reassessed for temperature below 273 K.
More such studies for different particle and droplet sizes are
needed to improve the database for the validation of cal-
culated collision efficiencies at subzero temperatures, sub-
saturation with respect to water, and droplets and particles
with known charges. For measurements with the Agl aerosol,
FE =1 could be assumed for data points at 7 < 245K be-
cause they showed constant frozen fractions and IMCA-
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Figure 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), with 14x CE from panel (a); panel (c),
with CE = 0.13 (applying the value of 200 nm Agl 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)). The green diamond shows immersion freezing
of droplets activated by 700 nm kaolinite particles (CFDC data with 5 s residence time (from Fig. 2 (right panel) of Wex et al., 2014)). The
brown line represents the «-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 in panels (b) and (c).

ZINC experiments determined FE=1 at T <245K. For
ATD and kaolinite, there was no temperature range where
freezing occurred with an efficiency of 1. Therefore, only
upper and lower limits of collision efficiency can be esti-
mated. This limits the comparison of contact with immer-
sion freezing. Collision efficiency is also a crucial factor for
quantifying the lifetime of the accumulation mode aerosol
in the atmosphere because their lifetime strongly depends on
the scavenging rate of particles by the droplets (Seinfeld and
Pandis, 2006).

5.2 Contact freezing process

The higher FEs for 4s than for 2s residence time in the
CLINCH experiments with ATD and kaolinite are in agree-
ment with adhesion freezing and immersion freezing. This
indicates that collision itself does not increase FE, but there

www.atmos-chem-phys.net/16/8899/2016/

seems to be an effect depending on whether the INP adheres
to the water surface or is immersed in the droplet. The situa-
tion is less clear for Agl. For contact freezing experiments FE
at 2 s is the same as for 4 s residence time within error when
on average one Agl 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.

When a particle adheres to the surface, it may 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 conden-
sation nucleus (CCN)), it is usually assumed that it becomes
totally immersed in the droplet. However, whether the par-
ticle adheres to the droplet surface or becomes totally im-
mersed depends on the wetting behavior of the particle (see
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Appendix A). The consequences for ice nucleation are dis-
cussed below for the investigated INPs.

5.2.1 Silver iodide

For Agl particles, freezing efficiencies for 2 and 4 s residence
times are the same within experimental 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
Agl adheres to the surface after collision or becomes to-
tally immersed depends on the contact angle between water
and the Agl surface. Billett et al. (1976) observed a depen-
dence of the contact angle on the silver ion concentration in
the solution. For silver iodide prepared in a stoichiometric
ratio, they determined o = 45-50° for the intermediate ad-
vancing angle. We observed that most of the Agl 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 Agl particles adhere to the droplet surface
in the ZINC chamber after activation in the IMCA chamber.
Therefore, in the CLINCH and IMCA-ZINC experiments,
the efficiency of adhesion freezing is probed, and it could
be expected that freezing efficiencies in both experiments
are the same. However, the IMCA-ZINC freezing experi-
ments performed with the same Agl aerosol and similar resi-
dence times show 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
immersion mode for Agl-AgCl aerosols. However, Agl is a
complex ice nucleus that appears in different polymorphic
forms. Moreover, it partly dissolves in water. Depending on
the production procedure, Agl is agglomerated with soluble
salts. Moreover, the freezing ability depends on the surface
charge of Agl particles. A closer investigation of factors in-
fluencing the efficiency of Agl as an ice nucleus and reasons
for the lower freezing efficiency in CLINCH compared with
IMCA—ZINC are discussed in the companion paper by Mar-
colli et al. (2016).

5.2.2 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; the droplets were exposed to a flow of a polydisperse
ATD aerosol (0.3—10um diameter particles). They deter-
mined that 1 in 1000 particles induced freezing at 253 K, and
1 in 100 000 did so 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
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particles. 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 a 3s residence time. When the ATD
parameterization for immersion freezing proposed by Mar-
colli et al. (2007) is applied to 800 nm particles with a nucle-
ation time of 3, it agrees well with the experimental data
from IMCA—ZINC. Niedermeier et al. (2010) investigated
immersion freezing of ATD particles with LACIS. Experi-
ments with ATD aerosols with diameters < 560 nm yielded
frozen fractions of 0.04 at 239K and 0.1 at 236 K. The low
residence time and the cutoff of particles > 560 nm may
be reasons for this lower freezing efficiency compared with
IMCA-ZINC. When the active site parameterization by Mar-
colli et al. (2007) is applied to 400 nm particles, it gives too
high active fractions compared to experiments. The heteroge-
neous 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 % il-
lite/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 differ-
ent minerals (Reid et al., 2003; Kandler et al., 2011) and may
contain contributions of some K-feldspar, while small parti-
cles are often primary particles of one mineral, which may
not be very active as INP. Comparison of all measurements
shows that immersion and contact freezing are similarly ef-
ficient modes of ice nucleation with ATD. Contact freez-
ing experiments performed at a 2s 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 immedi-
ately immersed after contacting the droplet, freezing would
occur in immersion mode also when a contact freezing ex-
periment is performed. Indeed, the surfaces 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, con-
tact angles ranged between 23.3 and 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 were imme-
diately immersed and sank to the bottom. This suggests that
when ATD particles collide with water droplets, the particles
become immediately immersed such that in immersion freez-
ing and contact freezing experiments the immersion mode is
probed.
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5.2.3 Kaolinite

X-ray powder diffraction showed that Fluka kaolinite (K-
SA), which is used in this study, contains only 82.7 % kaoli-
nite but 5.4 % illite/muscovite, 5.9 % quartz and 4.5 % K-
feldspar (Atkinson et al., 2013). The clay minerals il-
lite/muscovite and kaolinite tend to form small crystals and
are presumably enriched in the particle fraction with di-
ameters < 500nm, while quartz and K-feldspars may 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 dom-
inate 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 min-
eral with the formula Al,Si;O5(OH);4. It has a layered struc-
ture with octahedral aluminum and tetrahedral silicon lay-
ers. It forms plate-like crystals with sizes of several hun-
dred 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. Solc et al. (2011) computed a
contact angle of 105° for nanodroplets on the tetrahedral
siloxane surface by force-field molecular dynamics. Nan-
odroplets spread on the octahedral surface indicating a con-
tact angle of 0°. Shang et al. (2010) measured a contact angle
of about 18° for water droplets on kaolinite films. This ex-
perimental value represents an averaged value over all kaoli-
nite surfaces. The energetically most favorable configuration
is therefore when the kaolinite particle adheres to the wa-
ter 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 a
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 im-
mersion 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 sur-
face 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 are totally immersed in
the growing droplet. The conditions during activation, such
as supersaturation or growth rate of the droplet, may also dic-
tate which is the case. The immersion and contact freezing
studies compiled in Fig. 6 suggest that adhesion freezing is
more efficient than immersion freezing with an onset tem-
perature that is about 3 K higher. Ladino et al. (2011), who
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compared their contact freezing data from CLINCH with im-
mersion freezing measurements from Liiond et al. (2010)
using IMCA-ZINC, concluded that there are some indica-
tions of contact freezing to be more efficient than immersion
freezing. Pitter and Pruppacher (1973) compared contact and
immersion mode freezing temperatures in wind tunnel ex-
periments 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 ex-
plains the much higher median freezing temperature of 261 K
compared with this study. In accordance with our experi-
ments, they found a clear shift to lower freezing tempera-
tures when changing from contact to immersion mode exper-
iments. 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
particles of kaolinite KGa-1b. Svensson et al. (2009) inves-
tigated contact freezing using an electrodynamic balance to
levitate droplets exposed to a flow of Fluka kaolinite parti-
cles. They observed contact freezing below 249K for dry
conditions and a freezing threshold of 267 K when the air
was humidified. This value is higher than the one reported
for the 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 simula-
tions, Croteau et al. (2008, 2010) showed that the Si—O sur-
face remained dry up to water vapor saturation, while the
edges and the Al-OH surface are much more hydrophilic
and adsorb up to a monolayer of water at water satura-
tion. Adsorbed water on the octahedral AI-OH surface ex-
hibits hexagonal patterns but no close lattice match with ice
(Croteau et al., 2008, 2010). Simulations by Zielke et al.
(2016) 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 arrange-
ment of hexagonal and cubic ice layers, joined at their basal
planes, where the interfacial energy cost is low. Experimen-
tally, much higher adsorption was determined, showing that
most adsorption probably occurs 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 adsorption is much
higher on trenches than on the defect-free surface. Ice nu-
cleation may therefore occur on liquid patches on an other-
wise dry surface (Conrad et al., 2005). The wetting state of
a nucleus may therefore be a crucial parameter for ice nu-
cleation by kaolinite. This would be in accordance with the
higher nucleation temperatures observed by Svensson et al.
(2009) in humid conditions and point to an adhesion freezing
mechanism.
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6 Summary and conclusions

This study confirms the findings of Nagare et al. (2015)
that theoretical formulations give too low collision efficien-
cies at subzero temperature for particles in the accumulation
mode. In CLINCH, droplets evaporate, giving rise to diffu-
siophoresis and thermophoresis. Moreover, droplets and par-
ticles are charged. Freezing efficiencies calculated from the-
oretical formulations of collision efficiencies are more than
1 order of magnitude higher than the highest possible value
of FE = 1. An assessment of the relevance of contact com-
pared to immersion freezing is therefore limited by knowl-
edge of collision efficiencies. To improve calculated colli-
sion efficiencies, formulations of thermophoresis and diffu-
siophoresis should be reassessed.

Comparing contact freezing efficiencies acquired at 2s
(FE(25s)) and 4s (FE(4s)) residence times enables conclu-
sions regarding the freezing mechanism. For contact freezing
experiments with Agl, freezing efficiencies at 2's and 4 s res-
idence times were the same within error when the droplets
collected on average only one particle during their time in
the chamber. This is in accordance with a collisional con-
tact freezing mechanism. However, adhesion freezing and
immersion freezing cannot be excluded if these processes
occur at a high rate. For experiments with ATD and kaoli-
nite FE(2s) was smaller than FE(4 s), which is incompati-
ble with immediate freezing after contact. Therefore, immer-
sion freezing or adhesion freezing must be at work for these
INPs. The comparison of contact and immersion freezing ex-
periments did not confirm a general enhancement of freez-
ing efficiency in contact mode relative to immersion mode.
One reason for this may be that in CLINCH and IMCA-
ZINC experiments, the particles are free to realize the en-
ergetically most favorable position in or on the droplet. For
Agl 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 Mar-
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colli et al. (2016). For ATD, freezing efficiencies in contact
and immersion mode were similar. For kaolinite particles,
contact freezing became detectable at a higher temperature
than immersion freezing. A specific dependence on the INP
for the enhancement of contact freezing relative to immer-
sion freezing is in accordance with Gurganus et al. (2014),
who observed an increased efficiency for nucleation at the
three-phase contact line in the case of nanoscale but not for
microscale textures. In most experiments of contact freez-
ing 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 wa-
ter. A contact angle of 0 corresponds with complete wetting;
for higher values, the wetting is only partial. Our observa-
tions of particles that were gently sprinkled on water con-
firmed the predictions based on contact angles. Our experi-
ments and calculation suggest that Agl particles partition to
the droplet surface for contact and immersion freezing ex-
periments. 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 hydropho-
bic siloxane surface; all other surfaces are hydrophilic. It is
therefore energetically most favorable when the hydropho-
bic surface of kaolinite particles is exposed to air. For this
configuration, adhesion freezing and immersion freezing can
compete.

7 Data availability

To get access to the data please contact Claudia Marcolli
(claudia.marcolli @env.ethz.ch).
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Appendix A: Wetting of particles

The wetting behavior of particles can be quantified by the
contact angle «, which is related to the surface tensions of
water with air (o) and of solids with air (osa) and the in-
terfacial tension between solids and water (osr) through the
Young equation (Hotownia et al., 2008) as follows:

OSA — OSL

cosa = (A1)

OLA
The change in surface tension when the particle that ad-
heres to a surface of the droplet becomes totally immersed in
the droplet is given as (Hotownia et al., 2008)

8911

Using Young’s equation the change of surface tension is

Ao =opa(l —cosa). (A3)
The change in the interfacial energy is given by
AG = Ac A, (A4)

where A is the surface area of the particle exposed to air
when the particle adheres to the surface of the droplet. Con-
sidering 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 AG and will remain on the surface for
positive AG. As can be seen from Eq. (A4), AG is always

Ao =05 —0sA +0LA (A2)  positive and becomes zero for o = 0°. This means that in the
absence of other forces, complete wetting of the particle sur-
face by water is needed for total immersion of the particle in

Table Al. List of symbols. the droplet.

A Surface area of the particle (m2) C Concentration of particle (m_3)

CE Collision efficiency FE Freezing efficiency

FF Frozen fraction of droplets L Effective length experienced by the droplet (m)

l Length of chamber (m) N Number of collision between droplet and INP

R Radius of the droplet (m) r Radius of the particle (m)

U(R) Terminal velocity of droplet (ms_l) Vaow  Flow velocity in the chamber (ms_l)

o Contact angle OSA Surface tension between particle and air (J m_z)

OLA Surface tensions between air and liquid (Jm_z) OSL, Interfacial tension between particle and water (Jm_2)
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