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Abstract: The reason why ice nucleation is more efficient by contact nucleation than by immersion
nucleation has been elusive for over half a century. Six proposed mechanisms are summarized in this
study. Among them, the pressure perturbation hypothesis, which arose from recent experiments, can
qualitatively explain nearly all existing results relevant to contact nucleation. To explore the plausibility
of this hypothesis in a more quantitative fashion and to guide future investigations, this study assessed
the magnitude of pressure perturbation needed to cause contact nucleation and the associated spatial
scales. The pressure perturbations needed were estimated using measured contact nucleation efficiencies
for illite and kaolinite, obtained from previous experiments, and immersion freezing temperatures,
obtained from well-established parameterizations. Pressure perturbations were obtained by assuming a
constant pressure perturbation or a Gaussian distribution of the pressure perturbation. The magnitudes
of the pressure perturbations needed were found to be physically reasonable, being achievable through
possible mechanisms, including bubble formation and breakup, Laplace pressure arising from the
distorted contact line, and shear. The pressure perturbation hypothesis provides a physically based and
experimentally constrainable foundation for parameterizing contact nucleation that may be useful in
future cloud-resolving models.

Keywords: ice nucleation; contact nucleation; pressure perturbation

1. Introduction

Ice particles in the atmosphere are important for many cloud processes. For example, growth and
sedimentation of ice particles under different environmental conditions can cause various types of surface
precipitation, such as snow, hail, and graupel (e.g., [1]). Even for liquid precipitation, a rain drop might
have started as an ice particle in the upper atmosphere (e.g., [2]). In addition, ice particles in mixed-phase
cloud can absorb extra sunlight and thus reduce surface shortwave irradiance (e.g., [3]). Besides their
impacts on precipitation and radiation, ice particles can also create halos by reflecting and refracting
sunlight (e.g., [4]). Collision of ice particles in a convective cloud can cause charge separation, and thus
lead to cloud electrification and lightning (e.g., [5]). Because of the importance of ice particles to so many
processes, it is important to understand the origin of ice particles in atmospheric clouds.
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Ice particles in the atmosphere are initially formed through nucleation. Ice nucleation occurs when a
thermodynamically stable ice embryo first appears within a metastable liquid drop (supercooled water)
or a gas volume (supersaturated water vapor) [6]. At a temperature below ~ —38 °C, an ice embryo can
form spontaneously inside a supercooled water droplet, without the help of an ice nucleating particle
(INP), which is called homogeneous ice nucleation [7]. At a higher temperature (between 0 °C and
—38 °C), an ice embryo can form with the help of INP, which is called heterogeneous ice nucleation [7].
There are four modes of heterogeneous ice nucleation: deposition, condensation, immersion, and contact.
Definitions of the four modes are detailed in Vali et al. [8] and are briefly summarized below. Deposition
ice nucleation occurs when an ice embryo forms on the surface of an INP directly through the deposition
of water vapor. Condensation ice nucleation occurs when freezing is triggered while an INP is serving
as a cloud condensation nucleus. If condensation occurs on an INP and freezing is triggered at some
later time (perhaps after the INP is transported into a region with lower temperature), the INP is called
an immersion nucleus. Contact ice nucleation occurs when an INP comes into contact with the surface
of a supercooled droplet and triggers the freezing. Ice nucleation has been extensively studied in recent
decades, and various parameterizations of ice nucleation have been used in cloud models. However,
the mechanisms for ice nucleation are still not fully understood at a fundamental level, which limits the
realism of ice formation representations in atmospheric models, and thus, might impact weather forecasts
and climate projections.

Of the possible nucleation modes, contact ice nucleation is unique for its unusually high efficiency,
but has a poorly understood mechanism. For deposition nucleation and immersion nucleation, arguments
are made that ice nucleation is initiated at special sites on the surface of INPs (referred to as “active sites” in
Fletcher [9]). Although the concept of active sites has been under debate for many years (see Vali et al. [8]
and the interactive peer review discussion), recent electron-microscopic observations and high-speed
imaging show some evidence that freezing prefers to initiate at specific locations on the surface of an
INP, which seems to support the existence of active sites (e.g., [10,11]). However, numerous laboratory
experiments since the 1950s have shown that ice nucleation is more likely to occur at a high temperature
when an INP makes contact with a water droplet than when the INP is fully immersed in a droplet
(e.g., [12-14]), suggesting that contact nucleation is more efficient at a high temperature than immersion
nucleation. The mystery is that, if the chemical and/or physical properties of an INP’s active sites control
the freezing temperature, why is the freezing temperature different (higher) when an INP makes contact
with a supercooled drop than when an INP is embedded in the same droplet? Ladino Moreno et al. [15]
review experimental studies of contact freezing before 2013 and state, "There is no complete theory that
describes contact freezing”.

Recent intriguing laboratory experiments have shed light on contact nucleation. For example, Niehaus
and Cantrell [16] found that the impact of endothermic or exothermic salt particles with a supercooled drop
can initiate freezing. In addition, supercooled drops agitated by either electrowetting [17] or mechanical
vibration [18] can freeze at a higher temperature than motionless drops. A candidate explanation for all of
these observations is that, besides temperature and the property of an INP, pressure perturbation might be
another important variable controlling ice nucleation.



Atmosphere 2020, 11, 1 3of 16

In this paper, we address the following questions: Can pressure perturbation explain previous
experiments related to contact nucleation? How large of a pressure perturbation is needed to have a
noticeable effect on ice nucleation and to account for the contact nucleation efficiency observed? Is the
pressure perturbation realistic and achievable? It should be mentioned that the purpose of this study was
not to verify the pressure perturbation hypothesis, because only lab experiments (e.g., directly measuring
pressure perturbation during the collision) can verify theory. Instead, we explored the implications of the
hypothesis for contact nucleation; specifically, whether the pressure perturbation concept can plausibly
explain all existing lab experiments. To answer these questions, we briefly summarize the existing
mechanisms used to explain contact nucleation in Section 2. We show that the pressure perturbation
hypothesis can explain, qualitatively, all existing lab experiments related to contact nucleation. In order to
assess the plausibility of the hypothesis and to guide future experiments and simulations, we considered
what pressures are required and on what scales, in order to account for observed contact nucleation
efficiencies. Specifically, we estimated the pressure perturbation responsible for contact nucleation caused
by the impact of illite or kaolinite. Results are shown in Section 3, and possible atmospheric implications
and some suggestions for future experiments are discussed in Section 4.

2. Proposed Mechanisms for Contact Nucleation

2.1. Local Cooling

Knollenberg [19] observed that ice can form when seeding supercooled clouds with urea particles.
He argued that this freezing is caused by local cooling due to the dissolution of endothermic salts [20,21].
Compelling evidence for this mechanism is that ice particles are formed in a cloud chamber at temperatures
above 0 °C when seeded with urea particles [19]. However, Niehaus and Cantrell [16] found that the
impact of exothermic salts with supercooled droplets can also trigger freezing, which cannot be due
to local cooling. These salt experiments suggest that local cooling might cause freezing under certain
conditions (e.g., [19]), but they cannot explain all the observations related to contact nucleation.

2.2. Etching

Fletcher [22] adapted his previous active site idea [9] and speculated that an active site might be
etched when an INP is immersed in a droplet. The etched active site might lose its initial ice nucleation
ability, and therefore, immersion nucleation is less efficient than contact nucleation, even for the same INP.
He argued that the etching effect might be important for immersion nucleation, and if so, it is important to
know the property of active site and the history of its immersion in the cloud droplet. This etching idea
suggests an irreversible aspect to contact nucleation, but it is not supported by Shaw et al. [23] in which
immersion and contact nucleation can be switched back and forth with no hysteresis or irreversible change.

2.3. Ice Embryo Formed Before Contact

Cooper [24] used classical nucleation theory to describe deposition nucleation and immersion
nucleation. His results show that the critical size of an ice embryo for deposition nucleation is about five
times larger than that for immersion nucleation. Therefore, an ice embryo formed in the vapor phase might
be inactive (smaller than the critical size) for deposition nucleation, but it might be active (larger than the
critical size for immersion nucleation) in the liquid, and thus, the impact of such inactive ice embryos with
a supercooled water droplet might initiate immersion freezing. Cooper [24] argued that an ice embryo
might directly form on an INP from the vapor phase before the INP makes contact with a cloud droplet,
and if so, it is important to know the history of the INP within the vapor. Recent modeling (e.g., [25])
and observational (e.g., [26]) evidence shows that ice nucleation might occur more easily in some narrow
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regions in porous particles (such as pores, cracks, steps, or capillaries). It is possible that ice embryos can
form in porous particles before contact, along the lines of the Cooper hypothesis, but more experiments
are needed to verify this explanation. It should be noted; however, that this mechanism is questioned by
Fukuta [27] because it can not explain why contact nucleation is more efficient than immersion nucleation.

2.4. Transient Energy Zone During Wetting

Fukuta [28] argued that contact nucleation is due to neither the etching effect, nor an ice embryo
being formed before contact. Instead, he proposed that contact nucleation is more efficient than immersion
nucleation because a transient energy zone is formed along the surface of an INP during the contact
process. Such an energy zone can decrease the energy barrier to the phase change, and thus, benefit
nucleation. The formation of the transient energy zone is related to the movement of the water-air interface
along the surface of an INP during the wetting process.

2.5. Line Tension

Shaw et al. [23] observed that the freezing temperature is higher when an INP is near the surface
of a supercooled drop than when it is immersed in the drop, even without any relative motion.
Furthermore, they showed that the change between surface and immersion modes is repeatable.
Djikaev and Ruckenstein [29] extended their earlier surface crystallization concept for homogeneous
nucleation [30] to include line tensions relevant for heterogeneous nucleation. Sear [31] also found that
the nucleation rate at the three-phase contact line is one order of magnitude larger than that inside the
bulk liquid, based on an idealized Ising-like model (Potts model). In general, one can argue that the
enhancement in ice nucleation rate at the contact line arises from the decrease in energy barrier for phase
change due to negative line tension [32].

However, Gurganus et al. [33] and Gurganus et al. [34] did not find a preference for ice nucleation
at the contact line for the freezing of a supercooled drop on a silicon substrate. This might be, because,
as Sear [31] stated, the volume along the contact line is small compared with the volume inside and
therefore, the ice nucleation rate for one drop is still dominated by the bulk property. Interestingly enough,
Gurganus et al. [35] observe a preference for nucleation close to the contact line region on a nano-textured
optical fiber. They argue that line tension might be important for ice nucleation at the nanometer scale,
for which the contribution of line tension to the Gibbs free energy change of phase transition is as important
as the contribution of surface tension. Unfortunately, line tension is extremely difficult to measure and
the values are poorly known, especially at supercooled temperatures. Winkler et al. [36] estimate a line
tension of about —1071° J m~! by measuring the difference between the microscopic contact angle and
the macroscopic contact angle (Young angle) at 278 K. If line tension is insensitive to temperature, this
suggests that line tension is important for ice nucleation at a length scale of about 1~10 nm [32].

2.6. Pressure Perturbation

Several recent studies related to contact nucleation cannot be explained by any of the proposed
mechanisms above, and the results suggest that pressure might be a cause for freezing. For example,
Niehaus and Cantrell [16] found that salt particles, which are not typical INPs because they are water
soluble and suppress the freezing temperature, can initiate freezing through impact. Freezing triggered
by the impact of exothermic salts rules out the possibility of local cooling suggested by Knollenberg [21].
Niehaus and Cantrell [16] speculate that this freezing might be related to the propagation of a sound
wave (pressure wave). Yang et al. [17] found that freezing of supercooled drops on a dielectric film can be
initiated by a transient electrowetting field, and that freezing always starts close to the drop perimeter
from multiple points. This freezing was shown to be closely related to the distorted contact line due
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to electrowetting, rather than the electric field. To completely remove the effect of the electric field,
Yang et al. [18] agitated supercooled drops on a vertical oscillating plate, and freezing was observed if
the contact line was distorted by either the presence of oil or a substrate with inhomogeneous pinning.
Interestingly, high speed videos also show that ice nucleation triggered by electrowetting [17,37] or
vibration [18] is strongly related to the distortion and movement of the water-air interface along the surface
of the substrate. All three experiments [16-18] were done in isothermal conditions with the temperature
much higher than the natural freezing temperature of salts/substrate so that the effect of temperature
on ice nucleation could be ruled out. Yang et al. [18] propose that the cause of ice nucleation at high
temperatures might be pressure perturbation arising from the impact of salt particles, or the distorted
contact line due to either electrowetting or mechanical vibration.

The pressure perturbation hypothesis has at least three merits. First, it is the only mechanism of which
we are aware that can plausibly explain nearly all the existing lab experiments related to contact nucleation.
For example, a pressure perturbation arising from collision might explain the freezing of supercooled
drops due to the impact of INPs (e.g., [15]), salt particles [16], or even another supercooled water drop
(first proposed by Hobbs [38], followed by Alkezweeny [39] and Czys [40]). A distorted contact line due
to either local inhomogeneous pinning on a rough surface [23,35,41], electrowetting [17], or mechanical
vibration [18] might generate a local Laplace pressure perturbation.

20y

Ap=—=, 1)

where 0, is the surface tension of water, and Ap is the Laplace pressure inside the liquid due to the
distortion of the water surface with a radius of curvature of . Molecular dynamics calculations have
suggested that a nanometer-sized supercooled water droplet will freeze at a temperature much lower
than the homogeneous freezing temperature, because its small (positive) radius of curvature leads to
a significantly large (positive) Laplace pressure that suppresses ice nucleation [42]. Likewise, it has
been speculated based on indirect observations that a small (negative) radius of curvature can lead to
a significantly large (negative) Laplace pressure that enhances ice nucleation [18,43]. A quantitative
description of how pressure perturbation affects ice nucleation is detailed at the end of this subsection.

Second, the pressure perturbation hypothesis is consistent with the proposed mechanism for ice
nucleation induced by acoustic cavitation, for which it is argued that a cavity can be formed through
relatively small pressure perturbations due to an acoustic wave. The collapse of the cavity then produces
very high positive and then negative pressure amplitudes, which can trigger the freezing of supercooled
water [44-46]. Although acoustic techniques have been used to freeze water in the food industry [47,48],
their applicability to ice nucleation in the atmosphere is largely unexplored. One recent lab experiment
from Schremb et al. [49] found that the impact of a supercooled, degassed water drop on a solid surface
had a lower ice nucleation rate compared with the impact of a water drop with a larger gas content,
suggesting that ice nucleation might be affected by the bubble generation during the impact. Based on
these studies, one could speculate that it is possible for pressure perturbations, resulting from bubble
formation (and/or breakup) during the impact of supercooled water droplets with INP, to trigger contact
nucleation in the atmosphere.
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Third, the pressure perturbation hypothesis has a physical foundation. The ice nucleation barrier
of phase transition is quantified by the Gibbs free energy for which temperature and pressure are two
fundamental state variables. Therefore, pressure should be the cause of ice nucleation under isothermal
conditions. Specifically, the effect of pressure perturbation (Ap) on the change of freezing temperature
(AT) can be simply expressed as [18],

- T()Al/
=

where Ty = 273.15K, [ ris the latent heat of fusion, and Av = v, — v; is the difference of the specific volume
between water and ice. Because of the water density anomaly (ice has a larger specific volume than water),
a positive pressure perturbation will suppress the freezing temperature. For example, the reason that a

AT

Ap, 2

nanodroplet will not freeze at a homogeneous freezing temperature might be due to a significantly large
positive Laplace pressure arising from a small radius of curvature [42]; equivalently, a negative Laplace
pressure perturbation can enhance the freezing temperature [43]. Water at a supercooled temperature and
with a negative pressure is called a doubly metastable system [50]. Ice nucleation in “doubly metastable”
water has been explored in physics (e.g., [51]), but the connection to contact nucleation has not been
established until recently (e.g., [16-18]). It should be mentioned that, besides temperature and pressure,
entropy embedded with temperature (see Kostinski and Cantrell [52]) and ice supersaturation ratio as a
function of temperature and pressure (see Appendix F in Yang et al. [18]) have also been used to quantify
the nucleation process.

3. Estimation of the Pressure Perturbation Responsible for Contact Nucleation

The pressure perturbation hypothesis seems to be a plausible mechanism for contact nucleation;
however, it is currently impossible to prove because pressure perturbations relevant to ice nucleation
cannot be measured or simulated at such small spatial and temporal scales. In this study, we estimated the
pressure perturbation needed to explain previous laboratory results of contact nucleation, assuming that
pressure perturbation is the sole cause of freezing. Specifically, we estimated the pressure perturbation
needed to trigger ice nucleation through impact with two types of mineral dust, illite or kaolinite, using
Equation (2) as the basis for these estimates. We assessed whether the pressure perturbations estimated
were realistic and achievable through a comparison with several mechanisms that may produce them.

3.1. Approach

One experimental fact of contact nucleation is that not all impacts of INPs with supercooled water
drops can trigger ice nucleation. The contact nucleation efficiency (E) describes how many INP impacts
are needed before one freezing event occurs, which can also be interpreted as the probability of ice
nucleation for a single collision [15,53]. Another experimental fact is that contact nucleation occurs at a
higher temperature compared with immersion nucleation for a given type of INP. So we need to know the
immersion freezing temperature of the INPs before we investigate the enhancement due to contact freezing.

The temperature dependence of immersion nucleation is represented using available
parameterizations because the mechanism is still unclear at a fundamental level, meaning that we cannot
predict from first principles the temperature at which immersion nucleation will occur even if we know
the type of INP. The temperature dependence has been observed experimentally for various INPs and
parameterized for atmospheric models (e.g., [54]) using either a deterministic or a stochastic approach.
The differences and similarities between the two approaches are detailed in several places in the literature
(e.g., [55]). Briefly, the deterministic approach (also called the singular approach) is based on experimental
observations in which ice nucleation is assumed to depend only on temperature, while the stochastic
approach is based on classical nucleation theory in which the ice nucleation rate depends on temperature
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and time. The role of time in ice nucleation is still under debate, but it is clear at the moment that ice
nucleation is very sensitive to temperature with a lesser sensitivity to time [56].

In this study, we adopt the deterministic approach to quantify the immersion freezing temperature
of INP because well-established parameterizations are available that have been verified experimentally.
Specifically, the freezing fraction of supercooled drops for a given type of INP at a temperature T is [57],

Fice,inp = 1 —exp [—ng,1np(T)Arnp], 3)

where Ajnp is the total INP surface area inside a droplet, and #; jnyp is the surface active site density in
units of um 2. ns ;Np is parameterized as a function of temperature for different types of INP based on
laboratory experiments [57]. Note that F;., ;yp describes the fraction of INP that can trigger immersion
nucleation at a certain temperature, which is analogous to the contact nucleation efficiency.

To compute the immersion freezing fractions using Equation (3), Ajnp is estimated from the contact
nucleation experiments described below and 7, ;np for each type of INP is obtained from literature.
For illite, ng 751, is parameterized based on Broadley et al. [58],

M illite = €XP (A + BT +CT? + DT3> , T € {236.2K ~ 247.5K}, (4)

where A = 6.53043 x 10*, B = —8.2153088 x 10?, C = 3.446885376, and D = —4.822268 x 103.
For kaolinite, 11 ya01inite is based on Murray et al. [57],

Mg kaolinite = €Xp (—0.8881T +226.29), T € {236.1K ~ 245.5K}. (5)

We also extrapolated 7, to a temperature of 253 K for illite and 258 K for kaolinite, such that the freezing
fraction calculated based on Equation (3) covers the lowest values of the measured contact nucleation
efficiency. Although the extrapolation follows the rule of thumb that ice nucleation rate/efficiency
should be lower at higher temperatures, it is inherently uncertain because of the general lack of direct
measurements in the extrapolated range, and thus, it affects our estimation of pressure perturbation in the
following section.

[lite is likely one of the best characterized ice nucleating particles explored in the lab at higher
temperatures [59]. For comparison, we consider another parameterization equation of n; for illite based
on Hiranuma et al. [60],

1 iniite = exp (aexp (—exp (b (T +c¢))) +d),T € {-37C ~ —11C}, (6)

where a = 23.82, b = 0.16, c = 17.49, and d = 1.39. Note that Equation (6) is the Gumbel cumulative
distribution fit to the #; for the Brunauer-Emmett-Teller (BET) surface area fitted in the linear space of
temperature. Parameterization will be different for different fitting strategies (see Table 3 for details
in Hiranuma et al. [60]). Kaolinite has fewer data points at higher temperatures, so we chose another
parameterization of ns based on Hartmann et al. [61] for comparison,

N kaolinite = EXP (—0.53T + 6.75) ,T e {—37C ~ —32C}. 7)
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A detailed discussion of which ns is more appropriate for extrapolation to high temperatures
is beyond the scope of this paper. In this study, we mainly focus on the parameterization of #;
based on Broadley et al. [58] for illite and Murray et al. [57] for kaolinite. Two more parameterizations
(Hiranuma et al. [60] for illite and Hartmann et al. [61] for kaolinite) are also considered for comparisons,
and their effects on the estimated pressure perturbation are discussed.

3.2. Data

The contact freezing data for illite and kaolinite were measured using the contact ice nucleation
chamber described in Niehaus et al. [62]. The illite and kaolinite samples used in that study were
from the Clay Minerals Society (https://www.clays.org). Specifically, illite IMT-1 and Kaolinite KGa-2
were used. The materials were used as received, and no further characterizations of the clays were
performed. Note that illite and kaolinite samples used in this study were from the same source as those
used in Broadley et al. [58] and Murray et al. [57], but they did not have the same size distributions.
However, because active site density is normalized by surface area, n; should have been the same for
different sizes of INPs if n; is scalable. The scalable assumption is widely used in cloud models for
simplification, although it has not been verified experimentally. We note that Hartmann et al. [61] reports
that differences in assumptions (e.g., geometric vs. BET), methods, or instruments to obtain the surface
area can lead to a differences in 15 for kaolinite of more than one order of magnitude.

Illite and kaolinite were aerosolized using a shaken flask, and then the dust was drawn past a droplet
that was cooled to the desired temperature on a cold stage. The size distributions measured using a TSI
3330 Optical Particle Sizer are shown in Figure 1. The dust was polydisperse, ranging in diameter from
about 1 to 10 pm with a mode at about 2.5 pm. The Ajyp values used in the immersion freezing fraction
calculations (Equation (3)) were estimated from the measured dust size distributions. We used geometric
surface area assuming that the particles were spherical. This assumption may be questioned and there are
other approaches for determining surface area. For example, the BET method, which estimates surface
area by calculating the amount of gas adsorbate on the surface, can yield surface areas that are two times
greater than the surface areas derived assuming particles are spheres. In our case, BET measurements
were not available, and further, Hartmann et al. [61] confirms that immersion freezing for kaolinite (Fluka)
scales with geometric surface area.

Freezing was detected using a diode laser pointing through the test droplet. The transmitted intensity
went to nearly zero when the droplets froze because of scattering by the ice. In some cases, the event was
verified to be from freezing by removing the top of the sample cell and poking the droplet with tweezers
to find that it was solid, verifying that the intensity drop was due to freezing. In some cases, once freezing
occurred, the droplets were melted and then cooled back to the original temperature. In those cases,
freezing did not reoccur, indicating that the phase transition was triggered by dust impacting the surface,
not by deposited dust acting in the immersion mode as, if it was immersion freezing, they should freeze at
the same temperature as the initial event.
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Figure 1. Size distributions of (a) illite and (b) kaolinite used in contact nucleation experiments [62].
The peak at 1 um and associated minimum between 1 and 2 um are artifacts of the sampling setup. The blue
line in the figure is the mean, measured over about 30 min of operation. The gray region covers one
standard deviation around the mean.

3.3. Results and Discussion

The results in Figure 2 clearly show two observational facts of contact nucleation: (1) the contact
freezing temperature (red dots) is higher than the immersion freezing temperature (blue line) for a
given efficiency, and (2) not all impacts can trigger contact nucleation. In this study, we wanted to
determine the magnitude of the perturbations needed to explain the temperature enhancement over
the immersion freezing temperature and the reason for the low contact nucleation efficiency observed,
assuming pressure perturbation is the sole cause of contact nucleation. To do so, two extreme assumptions
were made to estimate the high and low ranges of pressure perturbations, which are discussed below.
It should be mentioned that the pressure perturbation estimated in this study was assumed to be
homogeneous inside a droplet for contact nucleation. This assumption was made to simplify the estimation
of pressure perturbation. In reality, the pressure perturbation inside the droplet during impact can be
both time-dependent and spatially inhomogeneous. The estimated pressure perturbation represents
the “effective” pressure perturbation responsible for contact nucleation, rather than a “static” pressure
perturbation. In addition, we assumed that the freezing always occurred on the INP that was most recently
impacted, and that all INPs were independent from each other. However, it is possible that ice nucleation
occurred at a previously impacted (now immersed) INP due to the pressure wave produced by the impacts
of subsequent particles. The interaction between the impacted INP and the immersed INP is worth
exploring but is beyond the scope of this manuscript. An impact-induced pressure perturbation might
also have spatial gradients. This is analogous to the finding that a field of supercooled drops is often not in
(metastable) thermodynamic equilibrium [52]. From this gradient perspective, contact nucleation is more
favorable than immersion nucleation because the former introduces another sharp gradient at the line of
contact. Pressure perturbations can be static as well as dynamic, e.g., wavelike or shear, and those that are
dynamic may be more efficient at inducing freezing.

The lower range of the estimated pressure perturbation is obtained by shifting the characteristic
immersion freezing curve until it best fits the contact nucleation results. Here, we assumed INPs had a
spread of characteristic immersion nucleation temperatures. For example, the majority of illite particles
trigger immersion freezing at around —35 °C, while only one out of ten thousand can freeze at around
—25°C. A physical interpretation of the contact nucleation observed in this scenario is that all impacts
of INP generate similar pressure perturbations, meaning that the enhancement to the characteristic
immersion freezing temperature is the same, and thus, the enhancement can be approximated by a linear
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temperature shift in the curve. The low freezing fraction of immersion nucleation at high temperatures is
due to rare-but-very-efficient INP, which results in a correspondingly low contact nucleation efficiency.
The best-fit curves for illite and kaolinite are shown as the yellow dashed lines in Figure 2. Specifically,
the enhancement (shift) of temperature was 4.0 K for illite, corresponding to a pressure perturbation of
—44.0 MPa, and it was 9.5 K for kaolinite, corresponding to a pressure perturbation of —104.5 MPa.

a) illite b) kaolinite
— H15
10° exp 100
B12
B12_ext
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2 2 e Sy e
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2 K] ~.,..s\
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Radius of curvature(nm) Radius of curvature(nm)

Figure 2. Estimated pressure perturbations needed to account for the measured contact nucleation
efficiencies of illite and kaolinite. The red dots are the measured contact nucleation efficiencies, E, where
the uncertainty in contact freezing is about a factor of 2~3. The solid lines are the parameterized
immersion freezing fractions calculated based on Equation (3), and the dashed lines are the calculations
extended to higher temperatures. Specifically, parameterizations for (a) illite were based on (blue)
Broadley et al. [58] and (black) Hiranuma et al. [60], while parameterizations for (b) kaolinite were based on
(blue) Murray et al. [57] and (black) Hartmann et al. [61]. Parameterizations based on Broadley et al. [58]
and Murray et al. [57] were used for a basic estimation of the pressure perturbations. The gray region in (a)
is the range of uncertainty of 7 for illite reported in Hiranuma et al. [60]. The uncertainties using different
parameterizations are discussed in the main text. A lower range of the estimated pressure perturbation
is obtained by shifting the (blue) immersion freezing curve to match the measured contact nucleation
efficiency, shown as the yellow dashed lines. The horizontal shift is also marked as shift between yellow
and blue triangles on temperature axis. A higher range of the estimated pressure perturbation is obtained
by adjusting the standard deviation of the pressure perturbation to best match Equation (9) (green dashed
lines) with the observed contact nucleation efficiency. The double axes below the temperature coordinate
indicate the pressure perturbations responsible for the enhanced temperature relative to the characteristic
immersion freezing temperature (marked as blue triangles on temperature axis), and the radius of curvature
corresponding a given pressure perturbation.

The higher range was estimated by assuming a distribution of pressure perturbations due to impacts.
In this scenario, the same type of INP is assumed to have the same characteristic immersion freezing
temperature (T;yp). The characteristic freezing temperatures, defined as the temperatures with freezing
fractions of 0.5, are —34.9 °C and —35.6 °C for illite and kaolinite. The impact of a large amount of INPs
is a distribution of pressure perturbations, and thus a distribution of enhanced freezing temperatures.
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A low contact nucleation efficiency arises from rare impact events that cause large pressure perturbations.
For simplicity, we assumed a Gaussian distribution of pressure perturbations,

1 (Ap)?
Ap) = ——exp|— , 8

where ¢, is the standard deviation. For a temperature (T*) larger than Tjyp, the enhancement of
temperature (IT* — Tynp) corresponds to a critical pressure perturbation of Ap*, which can be calculated
based on Equation (2). Any impact resulting in a pressure perturbation equal to or larger than Ap*
can trigger ice nucleation at T*. Therefore, the freezing probability due to one impact (analogous to
contact nucleation efficiency) at T* can be obtained from the error function of the Gaussian distribution of
pressure perturbation,

F(Ap*) =1—erf(Ap"). 9

In Figure 2, 0y, is adjusted to determine the best-fit curve of the computed F with the contact nucleation
results, shown by the green dashed line. Specifically, ¢ is —40.7 MPa for illite and —59.4 MPa for kaolinite.
Note that the pressure perturbation needed for contact nucleation is much larger than oy, It varies from
—153 MPa to —197 MPa for illite, and from —166 MPa to —227 MPa for kaolinite.

It should be mentioned that the characteristic freezing temperatures for illite and kaolinite are within
the range where homogeneous freezing can be important, suggesting that immersion freezing is not
the only process in effect. Only the “best” particles are actually causing immersion freezing above the
homogeneous threshold. It is more likely that both the immersion freezing temperature and pressure
perturbation vary for different impact events, and the effective pressure perturbation responsible for
contact nucleation is between the relatively high and low ranges described above.

When using different parameterizations of n; (Hiranuma et al. [60] for illite and Hartmann et al. [61]
for kaolinite), some inconsistent results were obtained (black lines in Figure 2). The efficiency for immersion
nucleation is close to or even larger than that for contact nucleation, meaning that freezing in the
experiments of Niehaus et al. [53] is due to immersion nucleation, not contact nucleation. However,
this contradicts their hysteresis measurements: they melted and then cooled the drops back to the original
freezing temperature but did not observe freezing again at that temperature. The fact that the drops only
froze when cooled further is direct evidence that the freezing was catalyzed by contact, not by particles that
had hit the droplet and became immersed. The appearance that the efficiency for immersion nucleation is
larger than that for contact nucleation is, therefore, inconsistent with the experiments and is unphysical.
This was likely a result of the uncertainties in #; and the surface area obtained from different types and
sizes of INPs, and different instruments and methods. One conclusion we might draw from the comparison
is that the lower bound of pressure perturbation can be close to 0.

An important question is whether a pressure perturbation of 0~—200 MPa is achievable. It is hard to
know the answer at this moment, because we can neither measure nor simulate pressure perturbations
at such small temporal and spatial scales. However, interestingly enough, Marcolli [43] shows that the
estimated lower range of pressure perturbation (0 to —50 MPa) is realistic in supercooled water, while
the higher range (~—200 MPa) is close to the cavitation pressure for homogeneous bubble nucleation.
Another question is, if achievable, how might such high negative pressure perturbations be obtained?
Here, we propose three possible ways. First, a pressure perturbation might be due to bubble formation
and breakup [44-46]. Schremb et al. [49] showed that impact-induced bubbles might serve as additional
nucleation sites, and thus enhance the nucleation rate. Second, a pressure perturbation might arise from
a large Laplace pressure due to the small radius of curvature. This can be achieved by distorting the
contact line through to the impact of INPs (e.g., the neck region), inhomogeneous pinning on a rough
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fiber [35], electrowetting [17], or mechanical vibration [18]. The radius of curvature corresponding to
the pressure perturbation is also shown in Figure 2. Results show that a nanometer scale of radius of
curvature is needed to have a Laplace pressure that is effective at triggering contact nucleation. Last,
the pressure perturbation might be related to other components of the stress tensor; e.g., shear. In fact,
shear is another type of pressure and is responsible for the deformation of fluid. Results from molecular
dynamic simulations show that freezing can be accelerated by oscillatory shear [63].

4. Conclusions and Suggestions

We summarized six proposed mechanisms to explain the long-standing mystery of contact nucleation.
Among them, the pressure perturbation hypothesis based on recent experiments can explain nearly all
existing results related to contact nucleation. In addition, the pressure perturbation hypothesis has a
physical foundation and might be useful for developing physical-based and experimental-constrainable
parameterization for contact nucleation. Two mineral dusts, illite and kaolinite, were chosen to
estimate the pressure perturbations needed to account for their contact nucleation rates, due to their
well-known behavior of immersion nucleation and contact nucleation. Estimated higher and lower ranges
were obtained by assuming a Gaussian distribution of pressure perturbation and a constant pressure
perturbation. The estimated pressure perturbation is very sensitive, for which parameterization equation
of n; was used. To obtain a best fit to the observed contact nucleation efficiencies, a pressure perturbation
would be between —44.0 MPa and —197.0 MPa for illite (corresponding to —3.3 nm to —0.7 nm radius of
curvature for achieving the Laplace pressures) based on Broadley et al. [58], and between —104.5 MPa
and —227.0 MPa for kaolinite (corresponding to —1.4 nm to —0.6 nm radius of curvature for achieving the
Laplace pressures) based on Murray et al. [57]. However, when using other parameterization equations
for ns (Hiranuma et al. [60] for illite and Hartmann et al. [61] for kaolinite), the efficiency for immersion
nucleation is very close to that for the measured contact nucleation (although, as discussed, this seems
inconsistent with the hysteresis experiments). We cannot provide accurate limits of the estimated pressure
perturbations due to the uncertainties of n; and surface area, but it is safe to say that the absolute value
of the pressure perturbation can be as small as 0 Pa and as large as the cavitation pressure, leading
to, respectively, a negligible or significant enhancement of the freezing temperature. Three possible
approaches are proposed to reach the negative pressure perturbations, including bubble formation and
breakup, Laplace pressure arising from the distorted contact line, and shear.

More lab experiments and numerical simulations are needed to evaluate the pressure perturbation
hypothesis and quantify its effect on ice nucleation. Here, we provide several suggestions for people who
aim to investigate contact nucleation in the future.

e [tis important to measure the corresponding immersion nucleation temperature for each contact
nucleation event. This will provide the actual immersion freezing temperature for each contact
nucleation event, based on direct measurements rather than indirect estimations using the
parameterization equations. It can be accomplished by melting ice after contact freezing and then
slightly decreasing temperature until immersion nucleation occurs. A superhydrophobic substrate
might be used to avoid substrate freezing in cold stage experiments.

o It will be useful to perform contact nucleation experiments for a broader range of temperatures, such
that the contact nucleation efficiency varies from 107! to 10~°. This will extend our understanding
of the behavior of contact nucleation and also benefit parameterizations of contact nucleation in
cloud-resolving models.

e It will be a major breakthrough if pressure perturbation can be precisely measured or controlled.
Experiments such as that in Bird et al. [64], in which the neck region arising from the coalescence
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of two droplets was well controlled and quantified, might be useful for investigating the effect of
negative Laplace pressures on ice nucleation.

Numerical simulation might be another useful tool with which to investigate the pressure
perturbation hypothesis. If indeed pressure perturbation is a valid mechanism for inducing freezing,
then it may be possible to have freezing just through droplet-droplet collisions or droplet breakup.
A multi-phase fluid model has been applied to simulate the development of pressure perturbation in
the neck region for two collided droplets [65]. The next step is to find a way to realistically simulate
the collision process, instead of setting up the neck region initially as in Bartlett et al. [65].
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