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Abstract. Terminology dealing with ice nucleation in the at-
mosphere, in biological systems, and in other areas has not
kept pace with the growth of empirical evidence and the de-
velopment of new ideas over recent decades. Ambiguities
and misinterpretations could be seen in the literature. This
paper offers a set of definitions for various terms in common
use, adds some qualifications, and introduces some new ones.
Input has been received on the interpretation of various terms
from a fair number of researchers; diverse views have been
accommodated with some success. It is anticipated that the
terminology proposed here will be helpful both to those who
adopt it and to those who wish to explain a different perspec-
tive.

1 Introduction

The purpose of this Technical Note is to suggest definitions
of terms for use in describing ice nucleation. The suggested
list of terms evolved from one originally proposed by the au-
thors to one containing substantial inputs from reviewers and
other contributors. Three successive drafts were posted on
the discussion page linked to this paper (Vali et al., 2014).
Comments by reviewers and others are on the same discus-
sion page, as are responses to those comments. Careful ex-
amination of this material makes it clear that there have been
different interpretations of some terms and those uses con-
tinue to appear in the current literature. The proposed list has
evolved, and the introduction of a few new terms has become
necessary in order to recognize different perspectives and to
allow for the relatively unambiguous presentation of current
knowledge. Nonetheless, it is certain that the proposed list of

terms will have to be revised, with some terms becoming ob-
solete or ambiguous, and with the introduction of additional
terms to describe new discoveries.

The motivation for revising and expanding on the “Nucle-
ation terminology” article by Vali (1985) is that the progress
made in the intervening 30 years has revealed unexpected
complexities of heterogeneous ice nucleation and that the
terminology applied in discussing these phenomena has not
evolved in a consistent and unambiguous way. These prob-
lems can be seen in recent literature with overlapping, un-
clear, and in some cases, contradictory usage of terms de-
scribing heterogeneous ice nucleation. More detailed ter-
minology is potentially helpful in eliminating some of the
problems and represents a step toward facilitating further
progress. The meanings of scientific terms evolve with time.
A concise summary of all the various interpretations attached
to given terms by a broad spectrum of researchers at any
given time is not possible. Even so, a set of definitions can
perhaps be agreed upon for present usage, acknowledging
that future definitions will diverge to various degrees. How-
ever, it can be hoped that the stated definitions will serve, at
a minimum, to allow for more concise identification of pos-
sible deviations from them.

With the aforementioned ideas in mind, the first version of
the terminology was posted in Atmospheric Chemistry and
Physics — Discussions in August 2014. Reviews of and com-
ments on this paper indicated support for the need to clar-
ify the usage of controversial terms and included many sug-
gestions for changes and improvements. Based on those in-
puts, a second draft was posted in February 2015 and a fur-
ther exchanges of views followed. A third draft was posted
on 5 May 2015. Along with the second and third drafts,
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responses were listed on specific points made by the review-
ers and in comments. All of this material is contained on
the interactive discussion page (Vali et al., 2014) for this pa-
per. The reviewers of the discussion paper were two anony-
mous referees and Dr. T. Koop. The authors of the inter-
active comments were C. A. Knight, R. Jaenicke, Z. Kanji
on behalf of the Lohmann Ice Nucleation Group at ETH
Zurich; H. Wex on behalf of S. Augustin-Bauditz, H. Bieligk,
T. Clauss, S. Hartmann, K. Ignatius, L. Schenk, F. Stratmann,
J. Voigtlander from the Cloud-group at the Institute for Tro-
pospheric Research, TROPOS; D. Niedermeier on behalf of
D. Ciochetto, C. Gurganus, R. Shaw and Y. Wang at Michi-
gan Technical University; B. Murray and A. Bogdan.

Heterogeneous ice nucleation is the main focus of the ter-
minology proposed here as it is the topic where recent de-
velopments revealed most need for clarifications of concepts.
Homogenous ice nucleation and terms common to both types
of nucleation are included only for the sake of completeness
and no significant changes from accepted practice are pro-
posed.

Following the naming of entries, a brief definition is given
in italics. Additional details are provided in the paragraph(s)
that follow in normal font. Cross references to other entries
are given by section numbers.

2 General
2.1 Phases of water

Within the range of normal atmospheric conditions
water can exist in three different phases, namely
vapor, liquid and ice.

The thermodynamically stable phase is defined by the exist-
ing pressure and temperature, as usually depicted in a phase
diagram. A metastable state arises when conditions change
from those corresponding to one stable phase to those cor-
responding to another. The first formation of the new stable
phase from the metastable state is a nucleation event.

2.2 lce nucleation

The first appearance of a thermodynamically sta-
ble ice phase

The ice phase can be initiated in environments of supersat-
urated vapor (deposition nucleation) or supercooled liquid
water (freezing nucleation). In this context, supersaturated
vapor and supercooled water refer to the existence of these
conditions on scales considerably larger than that of the ice
embryo (Sect. 2.3). Nucleation means the first development
of the bulk phase, i.e., an embryo larger than the critical size
(Sect. 2.3.2), within these environments.
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2.3 Embryo or germ

Thermodynamically unstable aggregate of water
molecules in a structure that favors further devel-
opment into stable ice

In the metastable states, clusters of the stable phase form.
Molecular fluctuations lead to decay or growth. For small
embryos, decay is more likely than growth. The probability
of growth increases as the embryo approaches critical size.

2.3.1 Embryo size

The size of an ice embryo expressed either as the
number of water molecules making up the ice-like
structure, or the linear dimension of the embryo,
or the radius of curvature of its surface toward the
metastable phase

2.3.2 Critical embryo size

The size at which the probability of growth of an
embryo becomes equal to the probability of decay

The critical size is the point of metastable equilibrium. With
minimal additional increase in size, growth becomes energet-
ically more favorable and nucleation can take place.

3 Homogeneous ice nucleation

Ice nucleation without any foreign substance aid-
ing the process

3.1 Homogeneous deposition nucleation and
homogeneous ice nucleation from water vapor

Ice nucleation from supersaturated vapor, without
any foreign substance aiding the process

Deposition nucleation is the formation of ice directly from
water vapor. Because of the very high supersaturation re-
quired for the homogeneous deposition nucleation of ice, it
is not observed in the atmosphere or in other natural systems.
However, there is evidence for homogeneous ice nucleation
from water vapor via processes that involve the intermedi-
ate step of homogeneous condensation of liquid, or an amor-
phous phase, at supersaturations below that required for de-
position (Murray and Jensen, 2010).

3.2 Homogeneous freezing nucleation

Ice nucleation within a body of supercooled liquid
without any foreign substance aiding the process

3.3 Homogeneous nucleation rate coefficient

The probability, or observed frequency, of ice nu-
cleation events in unit volume of supercooled lig-
uid or supersaturated vapor within a unit of time
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G. Vali et al.: Technical Note: A proposal for ice nucleation terminology

Table 1. List of symbols (with CGS units indicated).

10265

A Total surface area of ice nucleating particles (INPs) in a sample unit (cm?)

f Fraction of samples frozen (Sect. 4.5)

J(T) Nucleation rate (probability of freezing) per unit time as a function of temperature (s—1)

Js(T) Nucleation rate coefficient; per unit time and per unit surface area of INPs (cm~2s1)

Jm(T) Nucleation rate coefficient; per unit time and per unit mass of INPs (g~1s~1)

J(T) Homogeneous nucleation rate coefficient, per unit time and per unit sample volume (Sect. 3)
(cm—3s1)

Jsite(T)  Nucleation rate on a specific site (Sect. 4.7.2) (s~1)

k(T) Differential nucleus spectrum; number of sites active within a 1°C interval at T per unit sample
volume (cm—3°C—1)

K(T) Cumulative spectrum, or integrated volume density of active sites : number of sites active above
T per unit sample volume (cm=3)

ns(T) Surface density of sites (number per unit surface area of INPs) active above 7' (cm~2)

Ny Number of samples units in which no nucleation event has taken place

NE Number of samples frozen

No Total number of samples in an experiment

R Freezing rate per unit time (5*1)

S Supersaturation

t Time (s)

T Temperature (°C)

Tc Characteristic temperature for a nucleating site (°C)

1% Volume of sample unit (cm3)

CNT Classical nucleation theory

INP Ice nucleating particle

Classical nucleation theory (CNT) relates the nucleation rate
coefficient to the properties of the liquid and the net rate
at which molecules are added to the ice embryos. Empiri-
cally, the nucleation rate is determined from the frequency
of events as a function of supersaturation or temperature:
Jy=—-1.1. d—d— using Ny to denote the number of sam-
ple units in which no nucleation event has taken place by
time ¢, and V to denote the total volume observed®. Here the
subscript “v” is added to the usually employed symbol J in
order to focus on the fact that the homogeneous nucleation
rate coefficient refers to unit volume of vapor or liquid and
to distinguish it from similar expressions for heterogeneous
nucleation. It is recommended to use the symbols Jy(S) and
Jy(T). The quantity J, has dimensions of L=3t~1 (CGS units
ofcm—3s71),

While the concept of freezing rate (Sect. 4.6) has not been
applied so far in the literature on homogeneous ice nucle-
ation, it is a valid representation of experimental results or
of predictions for both homogeneous and heterogeneous ice
nucleation. For homogeneous nucleation, the freezing rate is
directly proportional to the nucleation rate coefficient and the
volume of the sample units: R = J, - V = —Niu d—(’:,\'ﬁ

In practice, it is not always possible to ensure that all sam-
ple units are free of ice nucleating particles (INPs) so that
the apparent freezing rate observed may lead to an incorrect
value for Jy; in such a case the observed freezing rate has to

1Definitions of symbols are given in Table 1.
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be seen as the sum of various contributions (e.g., Koop et al.,
1997).

4 Heterogeneous ice nucleation

Ice nucleation aided by the presence of a foreign
substance so that nucleation takes place at lesser
supersaturation or supercooling than is required
for homogeneous ice nucleation

4.1 INP, INM, INE, etc.

Ice nucleating particle (INP), molecule (INM), en-
tity (INE), material, substance, object, item, unit,
or other, that is assumed to be the agent responsi-
ble for observed heterogeneous nucleation

Because of the variety of substances and forms that can be
responsible for heterogeneous ice nucleation, it is impracti-
cal to have a single designation that covers all possibilities
while being sufficiently informative. It is suggested that au-
thors refer to the specific nucleating agent in each particular
case in the manner most appropriate for the system studied.
The form of the designation IN, plus a third letter, may be
helpful enough for effective communication. The term “nu-
cleator” is also used as a general reference to an object whose
presence is responsible for observed ice nucleation.
Reference to an INP (or an equivalent) does not, in gen-
eral, specify the composition of the particle, but describes

Atmos. Chem. Phys., 15, 10263-10270, 2015
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the unit that carries the nucleating substrate. A number of
different terms have been used in the literature for this. For
decades, the terms “ice nucleus” and “ice nuclei” were used
almost exclusively with reference to atmospheric aerosol that
could initiate ice, that is, individual particles, each of which
resulted in the formation of one ice crystal. While it was
recognized that only a specific location on the particle sur-
face is actually where ice begins to form, the entire particle
was referred to as the ice nucleus. This led to confusion. The
concept of a “site” appeared in the literature to narrow the
identification of an ice nucleus. With the advent of ice nucle-
ation studies on systems other than clouds, also including bi-
ological substances (bacteria, fungi, etc.), usage has become
more confusing as focus has expanded to nucleation by enti-
ties other than aerosol particles. In all, the term “ice nucleus”
has become both overused and vague. For atmospheric ap-
plications, or more generally, when dealing with many sepa-
rate entities, it is more appropriate to use ice nucleating par-
ticle (INP) or the other forms listed above to refer to individ-
ual units, and to use the plural INPs or other forms to refer
to a collection of them. Since ice nucleation is more com-
plicated than condensation nucleation, due to the different
modes it can follow, using “ice nuclei” in the general sense
similarly to “condensation nuclei” is overly ambiguous and
can be misleading.

4.2 Site

Preferred location for ice nucleation on an INP, or
equivalent

Direct experimental evidence for deposition nucleation (e.qg.,
Mason, 1957; Anderson and Hallett, 1976) points to the role
of specific locations on surfaces which promote nucleation
with greater effectiveness than other locations. Similar ev-
idence is available with freezing nucleation in terms of re-
peated freezing of samples at nearly the same temperatures,
but this evidence is less direct than for deposition where the
locations can be visually identified. Sites are thought to arise
due to non-uniform surface properties of INPs that result in
different binding energies to water molecules and incipient
ice structures. Sites are considered to be important for both
deposition and freezing nucleation. Observed nucleation on,
or within, a sample is understood to be due to the most effec-
tive site found in it. Sites of various effectiveness are assumed
to occur on the surfaces of most materials. In principle, sites
have identifiable properties distinct from the assumed spon-
taneous formation of embryos at some unpredictable location
on a surface.

4.3 Site density
The number of sites causing nucleation per unit

surface area of the INP, or equivalent as functions
of temperature or supersaturation; the quantitative
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measure of the abundance of sites of different ice
nucleating effectiveness

A number of different methods have been used in the liter-
ature to quantitate the frequency of occurrence of different
temperatures or supersaturations at which ice nucleation has
been observed and/or modeled. Most of these descriptions
are direct representations of measurements. Time is consid-
ered an implicit factor specific to each experiment, i.e., the
singular approximation (Sect. 4.7.1) is applied.

The density of sites is the number of sites per unit surface
area of INPs that have caused nucleation by the time some
supercooling temperature or supersaturation is reached. Con-
nolly etal. (2009) and Niemand et al. (2012) used “integrated
site density”, and Hoose and Mdohler (2012) used INAS (ice
nucleation active site density) to refer to this quantity. The
quantity is designated as ns(7'), or ns(S), with dimension of
L—2 (CGS units of cm~2).

Interpreting the results of freezing experiments with subdi-
vided sample units (e.g., particles randomly distributed into
liquid volumes), the number concentrations of sites are de-
fined (Vali, 1971) as the differential (k) and cumulative (K)

nucleus spectra; k(T) = V~(Ng—lNF(T)) - ONeD) and K (T) =

—< .- %OT)). Site density with reference to surface area
and the cumulative nucleus spectrum, for freezing, are re-
lated as K(T) =ns(T) - A.

The foregoing descriptions assume that the nucleation rate
is equal to zero at temperatures higher (supersaturations
lower) than the characteristic temperature (supersaturation)
of the site and equal to infinity beyond that. Thus, these def-
initions rely on the singular description (Sect. 4.7.1) with T
for each site replaced by the observed freezing temperature
T.

Marcolli et al. (2007) used contact angle as a surrogate to
express site effectiveness. That idea was further developed
by Welti et al. (2012) in the «-pdf model. Niedermeier et
al. (2011, 2014) constructed the Soccer Ball Model to de-
scribe the distribution of sites of different effectiveness. Hart-
mann et al. (2013) modeled the distribution of sites among
sample units. In these cases, the site density is represented
using distributions of parameters in the CNT formulations of
the nucleation rate coefficient thereby linking these models
to the stochastic description (Sect. 4.8.1 and 4.8.2), while al-
lowing the characterization of sites of different effectiveness
to be included.

Site frequency distributions should always include some
indication of the timescale of the experiment being inter-
preted. This allows various experiments to be compared more
effectively.

4.4 Modes of heterogeneous ice nucleation

Distinctions in the mode of nucleation made on the
basis of the process envisaged to lead to nucleation

www.atmos-chem-phys.net/15/10263/2015/
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Definitions of nucleation modes were given by Vali (1985)
with a focus on atmospheric processes. Several of the defini-
tions given below broaden and alter those definitions.

4.4.1 Deposition nucleation

Ice nucleation from supersaturated vapor on an
INP or equivalent without prior formation of lig-
uid

It is difficult to ascertain whether or not ice nucleates from
(supersaturated) vapor without any liquid forming. Similar
to the homogeneous case, deposition nucleation may have a
transitory stage in which liquid is present but does not de-
velop to a macroscopic, observable quantity. It has also been
theorized that condensation in voids and cavities followed by
freezing can account for many observations that appear to be
deposition (Marcolli, 2014), but this process is better viewed
as freezing followed by depositional growth. Observations
of what is believed to be deposition nucleation need to focus
critically on identifying the details of the process.

4.4.2 Freezing nucleation

Ice nucleation within a body of supercooled liquid
ascribed to the presence of an INP, or equivalent

Further specifications of modes are as follows:

Immersion freezing refers to ice nucleation initiated by
an INP, or equivalent, located within the body of liquid.

Contact freezing is initiated by an INP, or equivalent, at
the air—water interface as the INP comes into contact with the
liquid, or forms at an air-liquid—particle triple interface.

This process is defined as separate from immersion freez-
ing because of empirical evidence that some INPs are more
effective in this mode than when immersed in liquid (Shaw
et al., 2005). There is as of yet no definite method for how to
distinguish this mode from immersion freezing. Some labo-
ratory evidence points to a difference depending on whether
the particle is inside of or outside of the liquid; this is de-
scribed as inside-out versus outside-in nucleation. In the at-
mosphere, pre-activated particles may cause freezing when
coming into contact with supercooled liquid droplets.

Condensation freezing is defined as taking place when
freezing is initiated concurrently with the initial formation of
liquid on a cloud condensation nucleus (CCN) at tempera-
tures below the melting point of ice. This was envisaged as
a possible sequence in clouds but evidence for its existence
is minimal. Whether condensation freezing on a microscopic
scale, if it occurs, is truly different from deposition nucle-
ation, or distinct from immersion freezing, is not fully estab-
lished. Hence, the use of this term requires added circum-
spection.

Other modes of freezing nucleation reported in the liter-
ature are electro-freezing, evaporation freezing, mechanical
shock freezing and collision freezing. Evidence available at

www.atmos-chem-phys.net/15/10263/2015/
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this time does not permit general definitions to be established
for these processes.

4.5 Fraction frozen

The ratio of the cumulative number of sample units
frozen at T to the original number Np: f =

with Ng given as either a function of time or of
temperature

The frozen fraction represents the results of experiments with
sample units drawn from the same original volume. It can be
used when the sample units are gradually cooled or when
held at a fixed temperature. Similar quantities can be readily
defined for nucleation modes other than freezing.

4.6 Freezing rate

Expresses the results obtained from an experiment
in which the freezing of a number of sample units
is observed

The freezing rate is expressed as a function of the number
of sample units frozen at time 71 R = x—— - INe(®)  The
freezing rate for a given T is given in units of inverse time,
e.g., s—1. The freezing rate function is a direct description of
empirical observations with distributed samples and can be
used both for experiments in which the samples are steadily
cooled and others in which the temperature is held constant.
The freezing rate is related to the time derivative of the frozen
fraction (Sect. 4.5): R = 1_—}(0 - U0 The freezing rate for
any particular sample is dependent on the volumes of the
sample units and on the INP content (site density or nucleus
spectrum) of the liquid. It is also influenced by dissolved sub-
stances. For polydisperse sample volumes, the freezing rate
should be specified separately for each volume range.

For homogeneous nucleation, the freezing rate is usually
called nucleation rate. In the stochastic description of het-
erogeneous nucleation, the terms freezing rate and nucle-
ation rate are interchangeable, but using freezing rate makes
it clearer that one refers to observed frequencies of events
and not to the more abstract rate coefficient or site nucleation
rate (Sect. 4.7.2).

Some overlap exists in the use of the term freezing rate
between discussing nucleation of sample units and talking
about growth of ice. The distinction has to be clarified ex-
plicitly if not evident from the context.

4.7 Site-specific descriptions/models
4.7.1 Singular description (time independent)

Description/model of observed nucleation events
for a population of sample units containing INPs
(or equivalents) and assuming that the preferred
sites have a spectrum of different nucleating

Atmos. Chem. Phys., 15, 10263-10270, 2015
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abilities; also referred to as the deterministic de-
scription of ice nucleation; no time dependence is
taken into account

This description is based on evidence that points to sites hav-
ing well-defined, albeit not perfectly stable, potentials for
promoting nucleation. Each site is then characterized by the
temperature, or supersaturation, at which it is observed to nu-
cleate ice for a given mode. For freezing, a characteristic tem-
perature T; is used to specify the effectiveness of the site or
INP. The time history of the sample is not taken into account.
In that sense, the singular description is often called deter-
ministic. The singular description is expressed quantitatively
by site density or by nucleus spectra (Sect. 4.3).

4.7.2 Site nucleation rate

Expresses the probability per unit time that nucle-
ation takes place on a given site of an INP (or
other) involved

Site nucleation rate, Jsitw, is a function of temperature (for
freezing) and other factors reflecting the nature of the nucle-
ating site. The term is adopted from the description of homo-
geneous nucleation according to which nucleation rate refers
to an observed volume or ensemble of drops. Applied to a
site, the term has a narrower focus but the same meaning,
i.e., the probability of nucleation within a time interval.

In cases where data fit the stochastic model (Sect. 4.8.1
and 4.8.2), i.e., all INP surface areas (or masses) appear to be
entirely equivalent in their ability to nucleate ice, the nucle-
ation rate coefficient Js(7T') replaces the site nucleation fre-
quency Jsjte as the relevant quantity.

Site nucleation rate has the dimension of inverse time
(CGS units of s71).

4.7.3 Time-dependent site-specific descriptions/models

Descriptions that encompass definitions of site
density distributions (Sect. 4.3) and account for the
time dependence of freezing nucleation

Each site is assumed to be defined by its characteristic tem-
perature and by the site nucleation rate associated with it
(Vali and Stansbury, 1966, VS66; Vali, 2014). The abundance
of sites of different characteristic temperatures is specified
by some characterization of the site density (Sect. 4.3) such
as the nucleus spectra. The site nucleation rate is defined in
Sect. 4.7.2.

The singular description (Sect. 4.7.1) is an approximate
solution in which the site nucleation rate is assumed to be a
step function from 0 to oo at T¢.

The site nucleation rate function may depend on the value
of T¢ and is thus designated as Jsite,7,(7). The characteris-
tic temperature 7; for each site (Sect. 4.3) is defined by the
temperature at which the nucleation rate Jsjte has an arbitrar-
ily chosen value C: Jsite 7. (Tc) = C. A convenient choice is
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C =1s~1. Empirical evidence points to Jsite being a steep
function of temperature (similarly to homogeneous nucle-
ation). Empirical determination of Jsi has only been ap-
proached indirectly (e.g., Vali, 2008; Wright and Petters,
2013) since multiple examples of sites with the same T are
not identifiable a priori. Theoretical guidance is limited by
the lack of detailed knowledge about the nature of ice nucle-
ating sites.

4.8 Stochastic description/model

Description/model of the frequency of nucleation
events in a population of sites, or of sample units,
which have equal probability for nucleation within
a period of time

4.8.1 Stochastic description

This description assumes that there are large numbers of sites
of equal effectiveness on the surfaces of INPs, and interprets
observations in terms of a nucleation rate coefficient, i.e., the
freezing rate per unit surface area or per unit mass. Thus,
this description employs Js(T') with units of cm=2s~1, and
Jm(T) with units of g~1s~1. Empirical values of J(T') are
obtained from R(T') via Js(T) = @. If the number of sites
of the same effectiveness per unit surface area is ns(7') then
Js(T) = ng(T) - Jsite (T), Where Jsite (T) is the site nucleation
rate (probability of nucleation) for given parameters. From
these values of J5(T), the site density ns can be derived if
J(T) is taken from theory (e.g., CNT) or is independently
determined.

As mentioned in Sect. 4.7.2, the heterogeneous nucleation
rate coefficient can be applied to cases where all INP surface
areas appear to nucleate ice with equal effectiveness. In other
cases the site nucleation rate Jsje Should be used.

4.8.2 Stochastic description for multi-component
systems

The foregoing description (Sect. 4.8.1) is valid when all
sites are considered identical. This case is termed the sin-
gle component model in Broadley et al. (2012) and Herbert
et al. (2014). Sites of different effectiveness are considered
in the multi-component stochastic models (MCSMs). The
essence of this approach is to allow for different site char-
acteristics by varying critical parameters (usually the contact
angle) in the CNT formulation of the nucleation rate coeffi-
cient and assuming some frequency distribution for that pa-
rameter. Variations of this approach have been presented by
Marcolli et al. (2007), Niedermeier et al. (2011, 2014), Welti
et al. (2012) and Ekman (2015) among others. In these for-
mulations, sites are characterized by their frequency, say ns ;,
and a corresponding function Js ;, using the second subscript,
i, to indicate assignment to a specific value of the contact an-
gle (or other parameter). In effect, this is very similar to the
time-dependent site-specific description (Sect. 4.7.3) with a

www.atmos-chem-phys.net/15/10263/2015/
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theory-based nucleation rate coefficient instead of Jsiie and
an assumed, or fitted, frequency distribution instead of an
empirical one (Sect. 4.3).

4.8.3 Comparison of stochastic and site-specific
descriptions

While the CNT-derived nucleation rate coefficient in the
stochastic description (Sect. 4.8.1) and the site nucleation
rate in the site-specific description (Sect. 4.7.3) arise from
the same need to describe the probability of nucleation, dif-
ferent underlying assumptions are incorporated in these two
descriptions. To apply the stochastic description to a given
data set, the function J is assumed to have finite values over
the range of observed freezing temperatures in the sample.
For the site-specific description, the function Jsje is assumed
to rise very rapidly over a narrow range of temperatures and
the spread in observed freezing temperatures is ascribed to
differences in the effectiveness of sites. The two descriptions
lead to divergent predictions about the time dependence of
nucleation (Vali, 2014; Herbert et al., 2014). This time de-
pendence can not be determined from a single continuously
cooled experiment with a sample, but requires more elabo-
rate tests.

The multi-component (and similar) descriptions (MCSM,;
Sect. 4.8.2) present a view similar to the time-dependent site-
specific description (VS66; Sect. 4.7.3). The degree of simi-
larity is determined by the range of temperatures over which
the nucleation rate coefficients Js ; (T) for species i assume
empirically relevant values in the MCSMs in comparison
with the range of < 1°C for the site nucleation rate Jsiwe (7))
in VVS66.

4.9 Aqueous solutions

Dissolved substances in water change the equilibrium phase
boundaries and influence ice nucleation.

In many atmospheric and other natural systems, dissolved
materials are present in water and alter the conditions for ice
nucleation. The magnitudes of the changes in freezing rates
depend on the type and concentration of the solute. Water
activity has been shown to provide a good representation of
these dependences for homogeneous freezing nucleation and
several heterogeneous systems (Koop et al., 2000; Knopf and
Alpert, 2013). Modifications of INP surfaces by some solutes
may introduce additional changes in heterogeneous freezing
nucleation rates Js or Jsite (€.9., Reischel and Vali, 1975; Wex
etal., 2014).

4.10 Pre-activation and memory effects

The mode or efficacy of observed nucleation may be influ-
enced or altered by the previous temperature/humidity his-
tory of the INP, or equivalent.

Experiments have shown that prior exposure to low tem-
perature or high humidity, or a combination of both, leads to
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enhanced activity in comparison to what the INP or equiv-
alent would exhibit otherwise. Such effects may introduce
ambiguity in the diagnosis of the mode of activity (Sect. 4.4)
in laboratory experiments or in atmospheric or other natural
systems. Certain INP characteristics (composition, configu-
ration, surface properties) may favor such effects. Explana-
tions of the effects focus on the potential for cracks, pores
and other features on surfaces to retain ice even under condi-
tions where bulk ice would be unstable.

Acknowledgements. Thanks are due to the reviewers and to the
authors who made comments in the discussion phase of this paper.
The Editor and the Copernicus Publications staff were very helpful
in seeing this paper through the discussion phase and the final
preparation of the manuscript.

Edited by: K. Carslaw

References

Anderson, B. J. and Hallett, J.: Supersaturation and time depen-
dence of ice nucleation from the vapor on single crystal sub-
strates, J. Atmos. Sci., 33, 822-832, 1976.

Broadley, S. L., Murray, B. J., Herbert, R. J., Atkinson, J. D., Dob-
bie, S., Malkin, T. L., Condliffe, E., and Neve, L.: Immersion
mode heterogeneous ice nucleation by an illite rich powder rep-
resentative of atmospheric mineral dust, Atmos. Chem. Phys., 12,
287-307, doi:10.5194/acp-12-287-2012, 2012.

Connolly, P. J., Méhler, O., Field, P. R., Saathoff, H., Burgess,
R., Choularton, T., and Gallagher, M.: Studies of heterogeneous
freezing by three different desert dust samples, Atmos. Chem.
Phys., 9, 2805-2824, doi:10.5194/acp-9-2805-2009, 2009.

Hartmann, S., Augustin, S., Clauss, T., Wex, H., Santl-Temkiv,
T., Voigtlander, J., Niedermeier, D., and Stratmann, F.: Immer-
sion freezing of ice nucleation active protein complexes, At-
mos. Chem. Phys., 13, 5751-5766, doi:10.5194/acp-13-5751-
2013, 2013.

Herbert, R. J., Murray, B. J., Whale, T. F., Dobbie, S. J., and Atkin-
son, J. D.: Representing time-dependent freezing behaviour in
immersion mode ice nucleation, Atmos. Chem. Phys., 14, 8501—
8520, doi:10.5194/acp-14-8501-2014, 2014.

Hoose, C. and Méhler, O.: Heterogeneous ice nucleation on atmo-
spheric aerosols: a review of results from laboratory experiments,
Atmos. Chem. Phys., 12, 9817-9854, doi:10.5194/acp-12-9817-
2012, 2012.

Knopf, D. A. and Alpert, P. A.: A water activity based model
of heterogeneous ice nucleation kinetics for freezing of water
and aqueous solution droplets, Faraday Discuss., 165, 513-534,
d0i:10.1039/c3fd00035d, 2013.

Koop, T., Luo, B. P., Biermann, U. M., Crutzen, P. J., and Peter, T.:
Freezing of HNO3/H2SO4/H20O solutions at stratospheric tem-
peratures: Nucleation statistics and experiments, J. Phys. Chem.
A, 101, 1117-1133, d0i:10.1021/jp9626531, 1997.

Koop, T., Luo, B. P, Tsias, A., and Peter, T.: Water activity as the
determinant for homogeneous ice nucleation in aqueous solu-
tions, Nature, 406, 611-614, doi:10.1038/35020537, 2000.

Atmos. Chem. Phys., 15, 10263-10270, 2015


http://dx.doi.org/10.5194/acp-12-287-2012
http://dx.doi.org/10.5194/acp-9-2805-2009
http://dx.doi.org/10.5194/acp-13-5751-2013
http://dx.doi.org/10.5194/acp-13-5751-2013
http://dx.doi.org/10.5194/acp-14-8501-2014
http://dx.doi.org/10.5194/acp-12-9817-2012
http://dx.doi.org/10.5194/acp-12-9817-2012
http://dx.doi.org/10.1039/c3fd00035d
http://dx.doi.org/10.1021/jp9626531
http://dx.doi.org/10.1038/35020537

10270

Marcolli, C.: Deposition nucleation viewed as homogeneous or im-
mersion freezing in pores and cavities, Atmos. Chem. Phys., 14,
2071-2104, doi:10.5194/acp-14-2071-2014, 2014.

Marcolli, C., Gedamke, S., Peter, T., and Zobrist, B.: Efficiency of
immersion mode ice nucleation on surrogates of mineral dust,
Atmos. Chem. Phys., 7, 5081-5091, doi:10.5194/acp-7-5081-
2007, 2007.

Mason, B. J.: The physics of clouds, Oxford, Clarendon Press, 481
p., 1957.

Murray, B. J. and Jensen, E. J.: Homogeneous nucleation of amor-
phous solid water particles in the upper mesosphere, J. Atmos.
Solar-Terr. Phys,, 72, 51-61, doi:10.1016/j.jastp.2009.10.007,
2010.

Niedermeier, D., Shaw, R. A., Hartmann, S., Wex, H., Clauss, T.,
Voigtlander, J., and Stratmann, F.: Heterogeneous ice nucleation:
exploring the transition from stochastic to singular freezing be-
havior, Atmos. Chem. Phys., 11, 8767-8775, doi:10.5194/acp-
11-8767-2011, 2011.

Niedermeier, D., Ervens, B., Clauss, T., Voigtlander, J., Wex, H.,
Hartmann, S., and Stratmann, F.: A computationally-efficient
description of heterogeneous freezing: a simplified version
of the soccer ball model, Geophys. Res. Lett., GL058684,
doi:10.1002/2013GL058684, 2014.

Niemand, M., Méhler, O., Vogel, B., Vogel, H., Hoose, C., Con-
nolly, P., Klein, H., Bingemer, H., DeMott, P., Skrotzki, J., and
Leisner, T.: A particle-surface-area-based parameterization of
immersion freezing on desert dust particles, J. Atmos. Sci., 69,
3077-3092, doi:10.1175/jas-d-11-0249.1, 2012.

Reischel, M. T. and Vali, G.: Freezing nucleation in aqueous elec-
trolytes, Tellus, 27, 414-427, 1975.

Savre, J. and Ekman, A. M. L.: A theory-based parameterization
for heterogeneous ice nucleation and implications for the simu-
lation of ice processes in atmospheric models, J. Geophys. Res.-
Atmos., 120, 4937-4961, doi:10.1002/2014JD023000, 2015.

Atmos. Chem. Phys., 15, 10263-10270, 2015

G. Vali et al.:

Technical Note: A proposal for ice nucleation terminology

Shaw, R. A., Durant, A. J., and Mi, Y.: Heterogeneous surface crys-
tallization observed in undercooled water, J. Phys. Chem. B, 109,
9865-9868, doi:10.1021/jp0506336, 2005.

Vali, G.: Quantitative evaluation of experimental results on the het-
erogeneous freezing nucleation of supercooled liquids, J. Atmos.
Sci., 28, 402-409, 1971.

Vali, G.: Nucleation terminology, B. Am. Meteorol. Soc., 66, 1426—
1427, 1985, also in: J. Rech. Atmos., 19, 333-336, 1985, and J.
Aeros. Sci., 16, 575-576, 1985.

Vali, G.:. Repeatability and randomness in heterogeneous
freezing nucleation, Atmos. Chem. Phys., 8, 5017-5031,
doi:10.5194/acp-8-5017-2008, 2008.

Vali, G.: Interpretation of freezing nucleation experiments: singu-
lar and stochastic; sites and surfaces, Atmos. Chem. Phys., 14,
5271-5294, doi:10.5194/acp-14-5271-2014, 2014.

Vali, G. and Stansbury, E. J.: Time dependent characteristics of
the heterogeneous nucleation of ice, Can. J. Phys., 44, 477-502,
1966.

Vali, G., DeMott, P., Méhler, O., and Whale, T. F.: Ice nucleation
terminology, Atmos. Chem. Phys. Discuss., 14, 22155-22162,
doi:10.5194/acpd-14-22155-2014, 2014.

Welti, A., Luond, F., Kanji, Z. A., Stetzer, O., and Lohmann, U.:
Time dependence of immersion freezing: an experimental study
on size selected kaolinite particles, Atmos. Chem. Phys., 12,
9893-9907, doi:10.5194/acp-12-9893-2012, 2012.

Wex, H., DeMott, P. J., Tobo, Y., Hartmann, S., Résch, M., Clauss,
T., Tomsche, L., Niedermeier, D., and Stratmann, F.: Kaolinite
particles as ice nuclei: learning from the use of different kaolinite
samples and different coatings, Atmos. Chem. Phys., 14, 5529—
5546, doi:10.5194/acp-14-5529-2014, 2014.

Wright, T. P. and Petters, M. D.: The role of time in heterogeneous
freezing nucleation, J. Geophys. Res.-Atmos., 118, 3731-3743,
doi:10.1002/jgrd.50365, 2013.

www.atmos-chem-phys.net/15/10263/2015/


http://dx.doi.org/10.5194/acp-14-2071-2014
http://dx.doi.org/10.5194/acp-7-5081-2007
http://dx.doi.org/10.5194/acp-7-5081-2007
http://dx.doi.org/10.1016/j.jastp.2009.10.007
http://dx.doi.org/10.5194/acp-11-8767-2011
http://dx.doi.org/10.5194/acp-11-8767-2011
http://dx.doi.org/10.1002/2013GL058684
http://dx.doi.org/10.1175/jas-d-11-0249.1
http://dx.doi.org/10.1002/2014JD023000
http://dx.doi.org/10.1021/jp0506336
http://dx.doi.org/10.5194/acp-8-5017-2008
http://dx.doi.org/10.5194/acp-14-5271-2014
http://dx.doi.org/10.5194/acpd-14-22155-2014
http://dx.doi.org/10.5194/acp-12-9893-2012
http://dx.doi.org/10.5194/acp-14-5529-2014
http://dx.doi.org/10.1002/jgrd.50365

	Abstract
	Introduction
	General
	Phases of water
	Ice nucleation
	Embryo or germ
	Embryo size
	Critical embryo size


	Homogeneous ice nucleation
	Homogeneous deposition nucleation and homogeneous ice nucleation from water vapor
	Homogeneous freezing nucleation
	Homogeneous nucleation rate coefficient

	Heterogeneous ice nucleation
	INP, INM, INE, etc. 
	Site
	Site density
	Modes of heterogeneous ice nucleation
	Deposition nucleation
	Freezing nucleation

	Fraction frozen
	Freezing rate
	Site-specific descriptions/models
	Singular description (time independent)
	Site nucleation rate
	Time-dependent site-specific descriptions/models

	Stochastic description/model
	Stochastic description
	Stochastic description for multi-component systems
	Comparison of stochastic and site-specific descriptions

	Aqueous solutions
	Pre-activation and memory effects

	Acknowledgements
	References

