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Abstract. This study is aimed at clarifying the relative im- bilities, enormous variability of conditions and weaknesses
portance of the specific character of the nuclei and of thein theory all contribute to this situation. These issues lead to
duration of supercooling in heterogeneous freezing nuclerather different and uncertain assumptions in cloud models
ation by immersed impurities. Laboratory experiments wereabout how to represent heterogeneous freezing (€éoeher
carried out in which sets of water drops underwent multi- and Lohmann, 2003; Khvorostyanov and Curry, 2004; Diehl
ple cycles of freezing and melting. The drops contained susand Wurzler, 2004; Morrison et al., 2005; Liu and Penner,
pended particles of mixtures of materials; the resulting freez-2005; Prenni et al., 2007).

ing temperatures ranged fror6°C to —24°C. Rank correla- One of the areas of uncertainty in the formulation of het-
tion coefficients between observed freezing temperatures oérogeneous ice nucleation is the separation between temper-
the drops in successive runs wer@.9 with very high sta-  ature dependence and time dependence. This paper attempts
tistical significance, and thus provide strong support for theto clarify that issue for immersion freezing. Based on labora-
modified singular model of heterogeneous immersion freeztory experiments, the relative roles of temperature and time-
ing nucleation. For given drops, changes in freezing tem-dependence are assessed. It is shown that the former has pri-
peratures between cycles were relatively smallq(C) for mary importance, and the possible contribution of the second
the majority of the events. These frequent small fluctuationss quantified.

in freezing temperatures are interpreted as reflections of the

random nature of embryo growth and are associated with a

nucleation rate that is a function of a temperature difference;  ynderlying concepts

from the characteristic temperatures of nuclei. About a sixth

of the changes were larger, up#%°C, and exhibited some  The fundamental view of nucleation of a stable phase from
systematic patterns. These are thought to arise from altefthe metastable parent phase is that the nucleation event is
ations of the nuclei, some being permanent and some transthe result of fluctuating growth of an embryo. Fluctuations
tory. The results are used to suggest ways of describing icéy size are, principally, molecule by molecule and growth
initiation in cloud models that account for both the tempera- becomes favored over diminution once the embryo reaches
ture and the time dependence of freezing nucleation. a critical size that is defined by macroscopic conditions —
temperature in the case of freezing. At a given temperature,
fluctuations lead to a certain probability that a critical em-
1 Introduction bryo develops. In the classical nucleation theory (CNT), as
formulated by Volmer (1939), this is usually expressed as a
While it is widely recognized that ice nucleation in tropo- Nucleation rate/, which is the number of embryos reach-
spheric clouds is of critical concern for weather and climateing critical size, on average, per unit volume and per unit
models, there are major shortcomings in our ability to treattime. An expression for the nucleation rate as a function

this process reliably. Lack of adequate measurement cap&f temperature, with appropriate values for the ice/water in-
terfacial energy and other constants, is adequate to describe

) homogeneous freezing nucleation; observations and theory
Correspondence td5. Vali converge to indicate values £1CP. .. 102 cm—3s tin the
BY (vali@uwyo.edu) range—33...—40°C. For a given volume, the nucleation rate
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5018 G. Vali: Repeatability and randomness in freezing nucleation

is a direct predictor of the probability of nucleation within purities it is expected to contain as a simple proportion to the
unit time interval. average properties of the sample, so that all equal volumes,
In heterogeneous freezing nucleation, a substrate imdrops, have the same chance to freeze within a period of time.
mersed in the supercooled liquid facilitates the phase tranin contrast, the singular model considers that each impurity
sition by providing the possibility for an ice embryo to form or site has a characteristic temperatdig at which it causes
on it and reach critical siZewith a lower free energy bar- nucleation as the sample is cooled. Chance allocation of nu-
rier than would be the case for an isolated embryo (homo-<lei into drops is expected to result in each drop having a
geneous nucleation). The nature of the substrate determinedifferent set of7, values in the temperature range where the
the degree of energy reduction and hence the temperature average number per drop is small. In its basic form, the sin-
which freezing becomes likely on the scale perceivable in argular description would lead to instantaneous freeziri. at
experiment. For a uniform surface, the nucleation rate carand further time at that same temperature would lead to no
be derived using the modified energy barrier and given asadditional nucleation events in a set of drops.
the number of embryos of critical size forming per unittime A few examples can illustrate how experiments can pro-
and per unit surface area of the substrate (e.g. Fletcher, 197@jde support for the stochastic description. Vonnegut and
Pruppacher and Klett, 1997). There is no conceptual diffi-Baldwin (1984) observed large variations in the lapse of time
culty with this and the results of the theory are, in principle, (from a few seconds to more than 5 min) that was needed for
testable. Even if the substrate surface contains preferred sitgsicleation to occur when a single sample of water contain-
for embryo growth, such as steps or dislocations, but thoséng silver iodide particles was repeatedly cooled to the same
are all considered equal and randomly distributed, a simpldemperature. By analogy with radioactive decay, they inter-
modification to the formulation is possible by incorporating preted these observations as a confirmation of the stochastic
a probability of the preferred sitéger unit area. model. More recently, Seeley and Seidler (2001a, b) and Zo-
Difficulties arise when the sites are not equal in their effec-brist et al. (2007) reported on experiments in which drops of
tiveness, and if, additionally, the substrate material is a diswater coated with nonadecanol and other aliphatic alcohols
persion of various particle sizes and/or composition. Sincewere exposed to repeated cycles of cooling until nucleation
the characteristics of surface features that may constitute thevas observed, followed by melting. By equating the number
sites are not known, and thus no a priori descriptions can bef times that a drop was observed to freeze within a temper-
made, the effectiveness of sites has to be measured and thature interval with the fraction of a large number of drops
is where varying assumptions about the relative roles of siteexpected to freeze in the same interval when cooled simulta-
characteristics and of time become important and when thaeously, the conclusion is reached that the observed changes
definition of nucleation ratd can become ambiguous. Sim- in nucleation temperatures for any given drop could be ac-
ilarly, even if assumptions were to be made about the sitesgounted for on the basis of a nucleation rate derived from
the predicted behavior would still need to take into accountclassical nucleation theory (CNT) with appropriately fitted
the role of time. parameters, i.e. that the variations in freezing temperatures
between trials resulted from stochastic effects.
The most fundamental evidence in support for the singular
3 Stochastic and singular descriptions description comes from numerous sets of observations (e.g.
) ) ) _ Dorsey, 1938) that when a sample of water is subdivided into
The fundamentally opposing views of stochastic versus singmgjler parts, each of the resulting volumes freezes at dif-
gular behavior of freezing nucleation can be traced in MoSkerent and more or less repeatable temperatures. What has
explicit fashion to Bigg (195_3), Carte (1959), Dufour and proven to be difficult is to show that whatever differences
Defay (1963) for the stochastic model, and to Dorsey (1938)gpnear are not the result of random fluctuations. One ap-
Levin (1950) and Langham and Mason (1958) for the sin- ; ;

! - proach to do that is to examine the dependence of the average
gular model. The terminology characterizing the two as-freezing temperature on sample volume. However, it can be
sumptions in this way was introduced by Vali and Stansburygpown (the Appendix in Vali and Stansbury, 1966; page 351
(1966), following similar definitions by Dorsey (1948). In i, pryppacher and Klett, 1997) that both descriptions lead
essence, the stochastic model assigns a probability per unjgy the same result if the probability density function (pdf)
time for nucleation to take place in a given volume of water, ot 7 follows an exponential form. Since the exponential
with the magnitude of the probability depending on the im- g 5 good approximation in many cases, volume-dependence

ICritical size is used here to describe the embryo dimension be_turned outto be a weak test. A basic objection to the singular

yond which the probability of growth exceeds that of diminution. description is that it disregards the consequences of fluctuat-

This is a useful shorthand designation since the stability of an emind €mbryo growth.

bryo will depend on more than one parameter, as determined by the Based on experiments in which arrays of drops were

specific form or shape of the particular embryo. subjected to steady cooling and interjected periods at con-
2These are often referred to as “active sites”, but here will beStant temperatures, Vali and Stansbury (1966) suggested a
just called “sites”. qualitative description that allowed for stochastic effects to
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modify freezing temperatures corresponding to the characby gently pushing the drops with a fine steel rod (syringe
teristic temperatures of the suspended impurities. The effectaeedle); generally the amount of shift was about two or three
of random variations was indicated to be equivalent to aboutimes of the diameter of drop. These tests showed that the
1°C variations in characteristic temperatures. That “modi-drops retained their freezing temperatures to the same degree
fied singular description” was given further support by ex- as when they were left in the same position. On the average
periments described in Vali (1994). Quite recently, Marcolli the changes were0.1°C although the range of changes ex-
et al. (2007) reported on experiments in which drops containtended to about-2°C; this can be compared with the results
ing mineral dust were subjected to repeated freezing cycleso be presented later. Many such tests were conducted with
and concluded that a nucleation rate function did not accountlifferent samples and over long periods of time. The con-
for the observations, and that it was necessary to include irtlusion seems warranted that the supporting surface did not
the description different nucleating abilities for particles in influence the measurements.
different drops. This work, therefore, supports the modified Because repeatability was one of the quantities to be eval-
singular model. uated from the experiments, the possibility of neighboring
The experiments to be reported here were undertaken tdrops influencing one another was of special concern. Frost
provide a quantitative basis for assessing the stochastic corspreading on the supporting surface was observed in runs
tribution to freezing probabilities for samples that contain with poorly prepared coatings of the surface and with high
impurities with large ranges of characteristic temperatures. humidity in the air. For this reason, the enclosure covering
the drops included a cold trap to dry the air. This resulted
in slow evaporation of the drops, but experiments extending
to over 30 h were still possible. The absence of neighbor ef-

The experiments consisted of repeated freezing and mel{_ects was tested in special runs in which a checkerboard pat-

. . ern was created with two kinds of drops: some containing
ing of drops on a cold stage. Typically, 100 to 144 drops : . -
of 0.01 cn? volume were used in an experiment and up to particles that causes early freezing and distilled water drops.

. . The distilled water drops remained unfrozen even with all the
65 cycles of freezing and melting were executed. Drops. :

. : : interspersed drops frozen. Furthermore, data from the main
were placed on a hydrophobic surface (thin plastic sheet or

aluminum foil coated with a silicone varnish) on top of a experiments was used to evaluate any change in the likeli-

10x 10 cm and 1-cm thick copper cold stage cooled by ther-hOOd of freezing of a drop due to an earlier freezing event

) . next to it; no such effect was found. In all, there is fair assur-
moelectric modulels All drops were dispensed from the :
. T . ance that the data are free of artifacts.
same bulk sample, i.e. the distribution of particles among

The distilled water used in the experiments was obtained
the drops was a chance process. The cold stage tempera- : . o
L o rom a glass still of average quality. The emphasis in the use
ture was lowered at a constant rate 6€1min~ until all

drops were frozen, after which it was raised to abogiC-or OT th'S. water was on re_produmb|l|ty, noton hlgh_punty. To
i . o ., aid this, a large quantity was stored in a container of 20 L
5min. The total time at positive temperatures was consider-

: capacity and smaller amounts were withdrawn from the con-
ably longer than the time necessary to melt the drops. Freez-". . . .
. ainer for the experiments. Suspensions of soils samples were
ing of the drops was detected by the change from clear to, , : : g
: obtained by adding about a gram of soil to 250 mL of distilled
opaque appearance and was evaluated from time lapse pho-

: . ater and the coarse matter was allowed to settle over a day
tographs. Temperatures were recorded with a resolution o . .
or so. The supernatant was further diluted as needed, with
0.27C (10nV output from the thermocouple sensor). The Lo : .

. : .~ the main criterion being to produce a large range of freezing
precision of the recorded nucleation temperatures was lim- i .
; o . . . temperatures for the drops to be tested; the importance of that
ited by the sensitivity of the visual detection of brightness

changes, and because of that the recorded temperatures a{deea ture will be discussed later. Drops were produced with a

colder than the actual initiation of freezing by an estimated Isposable syringe and stainless stegl needle. The un.|form|ty
0.2. 05C. of drop volumes depended on the skill of the operator; while

The influence of the surface supporting the drops is of ob—it cou!d pe judged by eye quite sensitively it has not been
vious concern in this type of experiment. In this regard, thequg?f:g[?:r\]/gg ?:éuihergﬁlative nucleus spectra(T) and
first control is that the lowest temperatures at which drops OfK(T) were calculated following Vali (1971p).
distilled water were observed to freeze was neas°C; that ' 9 '

4 Experimental and analysis procedures

limit may have been set by the surface or by the degree of pu- 1 1 4N 1
rity of the distilled water used. The influence of the surface TV N(T)dT @)
was further tested by observing the freezing temperatures of

drops, melting them, and then freezing them again after shift- _ InN,—InN(T)

. - ) : (7= ———— 2
ing them to a new position. The shift could be accomplished 1%

3A description of the apparatus is given in Vali and Stansbury
(1966).
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5020 G. Vali: Repeatability and randomness in freezing nucleation

where Ny is the total number of drops in the sample and be considered to be of minor importance. Fuller justification
N(T) is the number not frozen at. The dimension ok(T) of this statement will emerge from the results to be presented.
is [cm~3deg 1] for V in [cmq], and that ofK (T) is [cm~3].
Differences in freezing temperatures between two successive
runs for a given dropjT;;, were calculated as the later ver- 5 Results
sus the earlier temperature, so that negative values indicate a
decrease with time, and positive ones an increase with timeb.1  Soil sample A
The subscript is the earlier run number andis the drops
number. Rank correlation coefficients for pairs of runs wereSurface soil from the near Red Deer, Alberta, Canada was
calculated for drops ordered according to decreasing freezingsed for two sets of experiments a few months apart. The
temperatures. sample contained some vegetative material, both recent and
Analyses were done at two levels. First, for entire se-decayed, and was passed through a coarse sieve before use to
quences of runs and including all the drops. Second, foremove large pieces. In addition, the sample was allowed to
drops most likely to contain only one nucleus active abovesettle after mixing the powder into distilled water and only
a chosen threshold temperature, and, in some cases, forthe supernatant was used. The supernatant was optically
subset of the runs that showed the most uniform trends. Thélear to the eye, but even so, the concentration of particles is
“single-nucleus” (SN) subsets was defined so as to restricestimated to have exceededtin=3. No effort was made to
analyses to those drops for which changes in freezing temidentify either the chemical composition or detailed physical
peratures were not likely to be due to one or another nucleustate of the nucleating agents. Clearly, with complex samples
becoming active in successive tests. For samples like théke this, it is not feasible even in principle to determine the
ones used here, having a large spread of freezing temper&ize distribution of the particles that carry the nuclei. Those
tures for a given set of drops, restricting analyses to an SNparticles represent a minute fraction of the total amount of
subset is somewhat unnecessary, however for samples thgarticulate in the sample. In spite of the lack of definiteness
have narrow ranges of freezing temperatures the distinctiobout the nature of the nucleating material, this type of sam-
would be important. The SN subset was defined as followsple preparation was chosen because it was known (Schnell
It is assumed that the apportioning of nuclei of given kindsand Vali, 1972) to result in suspensions that are stable over
among the drops follows a Poisson distribution. For a dropperiods of days and that contain nuclei active at temperatures
frozen at some temperatufethere was at least one nucleus as high as-6°C.
in that drop active in the intervaPC...T. The average num- Sample A refers to the most extensive of the several sets of
ber of nuclei per drop with freezing temperatures abbvie  tests conducted. In this set of runs, 96 drops were used along
n(T)=K(T)xV whereV is the volume of one drop. Then, the with 48 drops of distilled water for control. A total of 55
probability for a drop of volumé/ to contain two or more runs were made, the first 50 without interruption and the last
nuclei of the same kind is given by: 5 after an overnight gap. Six of these runs were omitted from
P=1—¢D _py(yenD 3) thg analysis because they_ had more than one missing data
point. Each cycle was continued until all drops were frozen,
This expression contains the probabilities of zero and ondncluding the distilled water drops. The average duration of a
event, for an average event frequencyngf’), subtracted run during the first day, including the time to melt the drops,
from unity. By comparing Egs. (2) and (3) it can be seen thatwas 17 min. At the final dilution used, the range of freezing
P is directly related taVv/Ng. For the analyses given here, temperatures in the initial run was6.4 to —18.6°C. The
Eqg. (3) was used to find the temperatdig corresponding mean freezing temperature of the 96 drops wds8.8’C in
to P=0.1, which means tha¥ (7;,)/No=0.58. Drops frozen the first run and changed during the sequence as shown in
at Ty, in the first of a group of runs constitute the SN subset.Fig. 1a. Figure 1b shows the numbers of drops that froze
The choice of P-value used to make this separation is a comper half-degree intervals in the first and last runs. Figure 1c
promise between better assurance and overly small samplkghows the cumulative spectra (Eq. 2) for the first and last
size. It should be noted that there is no full assurance that theuns. It is worth noting that the overnight gap after run #50
goal of the SN subset is fulfilled. First, because it is based ordidn't produce changes much different from the rest of the
a statistical estimate. Second, since the selection of a subseequence.
was based on the freezing temperatures observed in the first Run-to-run changes in freezing temperatui®l,;, over
run of a sequence, loss of the specific nucleus responsiblall values of run numberand drop numbey of the full set
for freezing in that run could result later in freezing at lower of runs are characterized in Row 1 of Table 1 as tempera-
temperatures where the probability of multiple similar nuclei ture values for indicated percentiles of the overall frequency
was high. However, since most changes were small in comdistribution. The median of the 4068 valuessaf; is zero,
parison to the range of temperatures over which the drops imnd the distribution is symmetrical except at the extremes.
a sample froze, deviations from the SN subset definition dueAlthough a small number ofT;;-values extend tat4°C,
to this fact, while undoubtedly present to some degree, cab0% of the changes are withih0.27C (the resolution of
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Table 1. Distribution of run-to-run temperature chang&s;; (°C) for soil sample A.

Row Data Percentile

0.1 0.5 1 5 10 25 50 75 90 95 99 995 99.9

Runs #1...55 (4068 values) —-44 -32 -24 -11 -053 -027 0 027 053 11 24 32 5.1
2 SN subset (1840 values) -39 -31 -22 -11 -053 -027 O 027 053 08 21 29 51
3 Random order (see Sect. 6) -104 -99 -96 -83 -69 -27 0 2.9 69 85 95 99 104
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10°F indicated on the abscissa, for soil sample A. The colored density
F scale is logarithmic and is in units of 0.21‘()2. (b) Rank correla-

tion coefficients of the freezing temperatures in successive runs.

102

the temperature readings). Figure 2a shows a contoured fre-
guency plot o T;;-values as a function of the freezing tem-
perature in the earlier run. The clustering of high frequencies
around—9°C and —16°C is a reflection of distribution of
freezing events shown in Fig. 1b. This contour plot demon-
N strates that the majority of changes fell in a narrow, symmet-

-20 -18 -16 -4 12 -10 -8 -6 rical band about zero, independent of the actual temperature.

temperature (°C) -
The fact that the great majority @fT;;, values are very

Fig. 1. (a)Average freezing temperatures for 96 drops of Sample ASmall compared to the spread of freezing temperatures for
in a sequence of 55 rungb) Histogram of the numbers of drops of the population of drops provides strong evidence against ran-
freezing as a function of temperature in the first and last runs of thedomness. But, the repeatability of freezing temperatures is
sequence(c) Cumulative spectra, expressing the volume concen-most clearly demonstrated by Fig. 2b showing the Spearman
tration of nuclei which caused freezing above the indicated temperrank correlation coefficierts(IDL software from Research
atures. Systems Inc.) for freezing temperatures observed in subse-
guent pairs of runs. The rank correlation is independent of

10"

cumulative concentration (cm™)

-
o
©

4Correlation of the order in which drops are observed to freeze
in one run versus the order of freezing in the other run.

www.atmos-chem-phys.net/8/5017/2008/ Atmos. Chem. Phys., 8, 5031-2008



5022 G. Vali: Repeatability and randomness in freezing nucleation

(@) temperature at which any drop freezes. The coefficient of
correlation between the freezing temperatures in runs #26
and #27 is 0.98. When the freezing temperatures of run #27
5 - - - - - - — - — - — — — — - are randomly re-ordered 100 times, the range of values of
o TN ¢ the correlation coefficient is found to be0.25 to +0.31 (1-
77777 and 99-percentiles). Thus, if each drop in run #27 had an
0,‘ equal probability to freeze, within the pdf of observed freez-
[y S AT Coee® ing temperatures, the correlation with run #26 would have
fallen in that range. That makes the observed value of 0.98
20l clearly incompatible with random freezing.
(b) The SN subset (as defined in Sect. 4) was constructed us-
T T T T T T T T T T T T ing runs #6 to #50 and drops with>—15.2C in run #6. The
| SN subset consists of 46 drops in 41 runs. Its main charac-
————————————————————————————————— teristics are shown in Fig. 3: panels (a) and (c) are equivalent
to Figs. 1a and 2b while Fig. 3b shows how many of the 46
- = 7 drops retained freezing temperatures-15.2C during the
’ sequence. As Row 2 in Table 1 shows, the majority of the
run-to-run changes are not significantly different from those
for the full data set but there are fewer extreme values. Look-
ing at the magnitudes of fluctuations drop by drop, it is found
that the mean values over the 41 runs fall betwe@n1°C
0 — and+-0.047C for 90% of the 46 drops. The largest negative
I -....l.l..l-... value is—0.2°C and the largest positive value 40.07C.
| m "m - L The mean and standard deviation of the 40 values of the rank
- L] correlation coefficient are 0.96 and 0.03. By coincidence,
the same values are obtained for the linear correlation coeffi-
cients.
| m In addition to the statistical measures summarized above,
0.8 Lt b Pl the nature of the changes deserve a closer look. Figure 4
run # shows the freezing temperatures of 11 (every fourth one) of
the drops in the SN subset. Several of these drops froze at
Fig. 3. Data for the SN subset (see text for definition) of soil sam- essentially the same temperature throughout the sequence,
ple A. (a) Average freezing temperaturegb) Number of drops  gthers exhibit sudden large shifts, some underwent gradual
fre.ezmg abpye the selection .threshold@:tS"C. .(c) Rank corre- changes at least in part of the sequence, and some changes
lation coefficients of the freezing temperatures in successive runs. appear temporary. These patterns are typical, although with
many variations, of what has been seen in these experiments.

] _A more complete set of drop histories is included in the Sup-
changes in actual temperatures and focuses on the relativgement.

order in which drops freeze in arun; in a sense, this is a more

severe test than the more conventional correlation in cases 2  Soil sample B

where changes in absolute values are involved. For the se-

quence in Fig. 2b, the average value of the rank correlationThis sample was prepared with the same soil as sample A

coefficients is 0.92 and the standard deviation of the 54 valand handled in a similar way. There was no assurance that

ues is 0.29. The two-sided significance that these rank correthe small amount of soil withdrawn for suspension would be

lations arose by chance is<30-3C. The mean value of the identical in composition or amount, neither was control for

linear (Pearson) correlation coefficients of temperatures fokthe length of time that the sample was in suspension before

subsequent pairs of runs is 0.96 and the standard deviation @fe experiments were performed. These variations account

the 54 values is 0.043. Itis clear, that both types of correla-for the slight differences in the results.

tions provide strong support for the repeatability of freezing Repeated freezing of 110 drops was carried out over 3

temperatures. days. Twelve runs on the first day, 30 on the second, and
The repeatability of the freezing temperatures can be fur-12 on the third. Eleven drops of distilled water were also

ther demonstrated by comparing the correlation coefficientsncluded for control, but in this sequence, differently from

for the freezing temperatures actually observed with whatsample A, cooling was discontinued once all of the drops

would result if the temperature values were randomly mixed,with soil suspension were frozen. Only one drop of distilled

thereby simulating a stochastic source as determinant of thevater was observed to freeze during the whole sequence of
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freezing temperature (°C)
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Fig. 5. Average temperature), and rank correlation coeffi-
T T Y cients(b) for soil sample B. The dashed vertical lines indicate the
run # two overnight gaps (about 15 h each).

Fig. 4. Examples of drop histories from the SN subset of soil sam-
ple A over 41 consecutive runs. 5.3 Distilled water

In order to extend the range of temperatures of the tests, a
runs. Due to partial evaporation of the drops, some distilledseguence of runs was made with distilled water. This is the
water was added to bring them back to original volume at theSame water that was used to prepare the soil suspensions. It
beginning of the third day. This was done to facilitate detec-Originated from a glass laboratory still of average quality and

tion of freezing; the distilled water contained no nuclei active Was kept in a large bottle for use over long periods of time.
in the range observed for the soil suspension. For the re-freeze experiments 78 drops were used and a total

The main features of the observations with this sample ar&’ 40 runs were made. There was an overnight break after
summarized in Fig. 5. The average freezing temperature§Un #10- _
rose over the first 10 runs and then decreased until the end of Fr€€Zing temperatures for this sample ranges frdi®C
the sequence. Overall variations are greater than those fourld 24 C with the majority of the events betweeil6°C and
with sample A, even though run-to-run changes (ignoring the—_22°C. During th? 40 runs, the mean temperature drifted t‘?
jump accompanying the overnight change after run #42) ar@{gher values at first then gradually decreased, as shown in
comparable. The average of the absolute value of the run-to-'9: 6 The absolyte values of the changes averagéé:o.;
run changes in the average freezing temperature is 80083 not S|gn|f|cantly d!fferent from what was fo_u_nd for the soil
which is in fact a bit smaller than the 0.03Bvalue for sam-  S@mPples. Neither is the degree of repeatability between runs,
ple A. The difference lies in the regularity of the changes fora_s_the mean rank correlation coefficient is 0.91 with a sig-
this sample versus the more erratic pattern for A. The ranKlificance level of the order of 10. Table 2 (Row 1) shows
correlation coefficients shown in the lower panel of Fig. 5 the Pdf of the3T-values for the entire sample and for the SN
have low values at the overnight gaps (indicated by dashea’Ubse_t' The latter was defined for runs #14 to #40 to focus
lines). However, even these values have roughiy2@rob- attention of the portion of the sequence with steady changes.

ability to have been due to chance. The average, excludin he cutof_f temperature bésed on run#14 Wgs=—18.7C;
the two overnight values, is 0.92. e resulting sample size is 35 drops. Results for the SN sub-

set are shown in Row 2 of Table 2, and in Fig. 7; in general,
Yhese are quite similar to results obtained with the soil sam-
ples.

The SN subset for sample B was selected for runs #19 t
#42 and for 56 drops witff, >—13.5°C. The average rank
correlation coefficient for this setis 0.93. The contour plot of
the frequency of run-to-run changes in freezing temperatures
for this group of data is very much like that shown in Fig. 2a.
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Table 2. Distribution of run-to-run temperature chang&s;; (°C) for distilled water.

Row Data Percentile
0.1 0.5 1 5 10 25 50 75 90 95 99 995 999
1 Runs #1...40 (3042 values)—-48 -32 -27 -13 -11 -054 0 054 081 13 27 38 51
2 SN subset (910 values) -28 -24 -13 -081 -04 0 027 081 11 23 28
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A rough comparison was also made between the results
described above and those for the 48 drops of distilled water
included in the experiments with soil sample A. To avoid ex-
cessive detail, results from those runs are not included here.
In general, no differences worth noting have been seen be-
tween the two sets of experiments.

temperature change (°C)

6 Analysis and interpretation ey R T TR YR T N

freezing temperature (°C)

The distinction between random and systematic changes in

the data is not as easy to draw as one would like. It hagrig. 7. Results for the SN subset of the distilled water sample.
to be done at two levels. First, it is relatively obvious from (a) Average freezing temperature) the number of drops with

the data that a fully random rearrangement of freezing temfreezing temperatures above the SN cutaff) Rank correlation
peratures among drops from a given sample is incompatibléoeﬁiden_ts' (d) C_:ontour plot of the frequencies of the obseryed
with the observations. The contradiction with a stochastican9es in freezing temperatures. The colored density scale is log-
description is clearly demonstrated by the contrast (describear'thm'c’ andis in units of 0.27C)".

in Sect. 5.1) between the observed correlation of 0.98 versus

the near zero value for randomized temperatures of the sec-

ond of a pair of runs. In the same vein, the distribution of
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Fig. 8. Histograms and cumulative frequency distributions of run-to-run temperature changes for the SN siias8tlafample A(b) Soil

sample B, andc) distilled water sample. The ordinate in the left-hand panels is the frequency of freezing events’@etetnBerature
intervals. The right-hand plots are on probability paper, the ordinate being labelled in units of standard deviations of a normal distribution.
In the cumulative plots, the dashed lines show the sum of two normal distributions fitted to the data.

3T-values has been looked at for 100 re-randomizations of The opposite assumption, the singular description, has
observed freezing temperatures (using run #26 of sample A)convincingly strong support from the high values of the rank
The results are listed in Row 3 of Table 1; a comparison ofcorrelation coefficients and the infinitesimally small proba-
those numbers with values in Rows 1 and 2 of Table 1 clearlybilities that those values arose by chance. The problem is
show that random variations of the freezing temperaturesthat it is also clear that singularity is only valid to a first ap-
even when restricted to the range actually observed, woulgroximation. That additional factors need to be considered is
lead to run-to-run changes much larger (up to 10 times forevident from a number of observational facts: (i) The individ-
the central part of the distribution) than observed. ual histories of drops are quite varied, as shown in Fig. 4. (ii)
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The mean freezing temperatures of the populations of dropdhirdly, slow alterations, whose possible causes are to be dis-
for any given sample do not remain constant during the re-cussed later, may lead to changes of up to several degrees and
freezing sequences. (iii) The correlation coefficients (eitherhave to be considered a change in the characteristic temper-
in terms of temperatures or as ranks) are high but not equakture itself. It is important to note that the third element of
to unity, and at times are significantly lower. The combined the model is absent for the majority of cases; the values of
effects of these facts are apparent when the pdfgfis ex- wy quoted in the preceding paragraph suggest that it comes
amined in detail. Figure 8 shows these distributions for theinto play about a fifth of the time, but this will need further
SN subsets of the three samples discussed in Sect. 5. Pullingkamination.

together all values in these plots is not unreasonable, since

the dependence &T on T isn't strong, as can be seen in 6.1 Nucleation rate

Figs. 2a and 7d, although more will be said about that later.

The left-hand panels in Fig. 8 are straightforward repre-It appears clear that interpretation of the observations here
sentations of the raw data. The main new finding is reprepresented in terms of the classical nucleation theory would
sented in the right-hand panels. Here the cumulative frequentequire a large number of assumptions to be made in or-
cies of T are plotted with the ordinate in normal units, i.e. der to explain the range of freezing temperatures found for
as multiples of unity standard deviation, so that a Gaussiar@ny given sample and to deal with the fact that the nuclei
pdf would appear as a straight line in the graph. The ob-involved in these experiments are mixtures of many sub-
served distributions (blue squares) do not follow that patternstances. Nonetheless, the evidence for fluctuations described
but are strongly S-shaped. That shape suggests that the ddta the preceding section can be used to derive the form
may be approximated by the weighted sum of two normalof the nucleation rate function. Nucleation rate is derived
distributions. For Fig. 8a and b, the broken lines show thefrom experiments with repeated freezing of a sample (drop)
sum of two distributions, one with1=0.28C andw1=0.78  asJ=(1/AxN) (dN/dj, i.e. the fraction of unfrozen drops
and the other witlo»=1.8C andw»=0.22. The correspond- freezing per unit time normalized to unit surface aréa ¢f
ing values for Fig. 8c are1=0.6°C, w1=0.86,0,=1.8Cand the nucleating substance in the sample.
w»=0.14. All these were determined by trial and error and To calculate/ from the data here presented, the first step
the fit was adjusted by eye. While the separation of the ob4s to accept the characterization of the fluctuations, captured
served pdf into two components is a somewhat arbitrary stepwith the value ofo'1, as what would have been observed in
the drop histories in Fig. 4 also suggest that they consist othe absence of the additional alterations, and that it is valid
relatively stable segments interrupted or terminated by mordor individual nuclei or sites. In support of that association, it
erratic-looking behavior. is relevant to mention that 50% of the sequences which have

Coupled with the basically singular character of freezingdT;;<0.6°C are 13 runs long and that f¥T;;|<1.0°C they
nucleation, the decomposition of the observed frequency disare 26 runs long (for sample A). Visual inspection of the drop
tributions parallels the suggestion from the individual drop histories (Fig. 4, and Supplement) lends further support.
histories that the changes in freezing temperatures can be With the aforesaid caveat, the nucleation rétes deter-
thought of as being of two kinds: “fluctuations” and “non- mined from the fraction of drops freezing per temperature
random alterations”. By fluctuations we refer to the relatively interval for a normal distribution width 0.2ds 1. The factor
small changes which appear random and are then characte®d-71 arises from the fact that represents the distribution of
ized appropriately by the narrower of the two normal distri- changes, not of the deviations from the mean. Simple simu-
butions. Alterations are left to encompass other changes thdations indicate that if one of these distributions is normal, so
follow non-random patterns like the drifts, jumps, slow irreg- is the other, and that the widths of the two distributions have
ular variations, etc. that are seen in the drop histories. Thaa ratio of 0.71. Gaussian distributions of freezing frequen-
these variations are approximated by a second normal districies withc=0.71xo1 corresponding to the soil suspension
bution is only a convenient description with no fundamental (01=0.28) and to the distilled watet{=0.6) samples are
reason to follow that mathematical function. For some of shown in the left-hand and middle panels of Fig. 9. The nu-
these larger changes it is not possible to distinguish betweenleation rates corresponding to those distributions are shown
alterations of a particular site or activity by another site alto-in the right-hand panel of Fig. 9. Since the surface area of
gether. It is also apparent that these alterations can representicleating substance per drop is not known for these sam-
systematic trends over several runs, that is over hours. ples, the rate is given relative to an arbitrary value of unity

In the terms of the definitions of the preceding paragraph,at the characteristic temperatufe The abscissa\T, is the
the model that emerges is that two additional factors have taleviation in temperature frofi,. As seen in other expres-
be added to the singular description. The characteristic temsions of the nucleation rate, that rate rises quite abruptly as
perature of a nucleating site determines, at a given time anthe critical value (in this casg.) is approached.
as a first approximation, the temperature at which nucleation The nucleation rate shown in Fig. 9 refers to a particu-
can be expected to occur on it. Randomness, associated withr nucleus or site defined by its characteristic temperature.
molecular dynamics, adds a fraction of a degree variability.Representing the nucleation rate in this manner, and not as
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Fig. 9. Gaussian pdf witlr=0.2 (full line) ando=0.42 (dashed line) corresponding to the number of times freezing would occur (in an
infinite sequence of repeated trials) as a function of the deviation of temperature from the characteristic temperature (left panel). The fraction
of unfrozen drops freezing within unit temperature interval for the distributions shown in the left-hand panel (middle panel), and the latter
expressed as nucleation rate on a relative scale (right-hand panel).

a function of specific temperatures for a specific substancehe opposite trend could have been expected from the smaller
as is usually done, is an important aspect of the compositeritical embryo size required.
model being put forward in this paper. Thus, it is not suit-  The combined effects of the nucleus-specific characteristic
able for quantitative comparisons with classical nucleationtemperature and the time-dependence that arises from the ap-
theory. Neither is it clear what area should be considered, irpreciable variations of the nucleation rate can be effectively
principle, to give and absolute value of the rate. Total surfaceseen in the results of experiments in which 20 re-freezing cy-
area of the substance in the sample (per drop in this type ofles were carried out with cooling rates alternating between
experiment) is appropriate when known amounts of a singlewo different values: 0.7 and £G min—1. Due to a mishap,
substance are involved. That concept breaks down when aptata are available only for 11 drops but those drops had initial
plying it to a particular nucleating site. It is better to think freezing temperatures ranging betweeh2°C and —24°C
of the nucleation rate as an expression of the probability thato that fairly definite results can be extracted from the data
nucleation will take place on that site within unit time, as a in spite of the small numbers of drops. The findings of im-
function of the temperature deviation frofp. In that sense,  portance for the discussion here are that (i) the mean freezing
the right-hand panel of Fig. 9 is a quantification of Fig. 12 temperature at the higher cooling rate was’G.4ower than
in Vali and Stansbury (1966); this is the first time that this jn the slow runs, similarly to results in Vali and Stansbury
has been achieved. In addition to this probability one should1966), and (i) that the rank correlations between runs of
consider the probability that a site with givé@p occurs ina  differing cooling rates was the same as between runs of the
sample. Equations (1) and (2) provide one from of expresssame rate. These features are illustrated with the drop histo-
ing that, while variations of those formulas can, in principle ries shown in Fig. 10. The systematic temperature difference
at least, readily be constructed to normalize the overall probas well as the parallel variation between the two parts of the
abilities to the amount of solid material in the suspension, orsequence are clearly evident. More details of the results are
other desired references. included in the Supplement. These observations clearly sup-
The rate functions in Fig. 9 are in general steeper tharPOrt the singularity of freezing temperatures. TheG.4hift
those reported by Seeley and Seidler (2001a, b) and by Zoas_somated w!th the_ roughly fgct_or 6 increase in cooling rate is
brist et al. (2007) for alcohol monolayers. The main reasonglUite compatible with the variations in nucleation rate shown
for the difference in slope is that the rate in Fig. 9 is basedn Fig. 9. Since the quantitative estimate for the range over
on isolating one type of variation from the data while the ref- Which J varies for a given nucleus is one of the principal
erences cited use direct observations for a small number of€W results from this work, it is reassuring to have support
droplets. Differences can also be expected due to the use dF Fig- 9, even ifitis only in the sense of consistency.
different nucleating substances in the experiments. Whether
the flatter rate curve for distilled water in comparison with 6.2 Alterations off.
the soil sample is significant, or not, and what that differ-
ence might indicate will remain for further work to deter- The second, non-random, component of the overall variabil-
mine. Since the freezing temperatures of the distilled wateiity in freezing temperatures over repeated trials with a given
sample were about°® colder than for the soil suspension, nucleus is termed “alterations”. There is a very large body of
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Fig. 10. Examples of freezing temperatures observed with three different drops when the rate of cooling was alternated between two values.

At the end of the sequence two runs each were made with the two different cooling rates.

literature dealing with “pre-activation”, “de-activation” and only a basis for speculating about processes that may be re-
with “memory effects” in heterogeneous ice nucleatitend  sponsible for them. Examples of these alterations, and com-
in other phase changes); the word alterations encompasséénations of them can be seen in Figs. 4 and 10, with further
those phenomena but is intended to be broader. Perhaps tleamples given in the Supplement.
principal distinguishing feature of these changes from ran- |n qualitative terms, possible reasons for the positive
dom fluctuations is that they appear to depend on the prioghanges (raising the freezing temperature) include retention
history of nucleation events undergone by the sample, folgf small ice clusters on the sites, imprinting the ice con-
example whether an early part of a sequence is consideregiguration on the substrate, solution effects, or etching of
or a later one. the substrate surface. Negative changes may be caused by
Definition of the characteristic temperatu#® as the  some stressing or partial destruction of sites, contamination
“value at which nucleation is most likely to occur” was made py foreign matter, or the retention of some molecular clusters
anticipating the need to deal with these alterations apart fromn less than optimum configuration for ice embryo growth.
the time-dependent effects associated with the nucleatiomovement of the a nucleus from the interior of the drop to
rate. However, that definition carries with it the broad gen-the air-water interface may also lead to changes, as reported
eral assumption that nucleation sites on a substrate are spgy Shaw, Durant and Mi (2005) and Durant and Shaw (2005).
cific surface features either crystallographically, or in com- 5o manifestation of the alterations can be seen in the

position.. _ _ _ (ygradual changes of average freezing temperatures in all of the
As indicated earlier, alterations are observed in about 15 %ests. Perhaps surprisingly, a rise in the average was found

of the re-freezing cycles and res:ult_ in changes of freezing,; the beginning of some sequences; very clearly in Fig. 5
temperatures with a standard deviation of aboutd.ghese = 54 somewhat less clearly and actually not at the very begin-

are rather large changes compared with what results from,inq iy Fig. 6. Since these changes, in either direction, rep-

random fluctuations. The experiments provide only a diag-ggent gradual drifts for the large majority of drops, not large

nosis of these alterations and interpretation of what Causeghanges in a few, they are perhaps the most important. This

them can only be speculative at this point. The observa;qqs an important constraint as to which of the possible ex-

tions do provide information, beyond the range of magni- 5anations listed in the preceding paragraph may be at work,
tudes, on the time scales and patterns of these changes. A it is not clear which one. The same can be considered to
a rough descriptive classification one can consider the fo"apply to individual drops undergoing gradual drifts. At the
lowing: a) drifts, or monotonic changes over time periods of e extreme, the larger jumps are more compatible with
tens of minutes to hours, b) short-term spikes, (either posiyye possibility of total deactivation of one site and a change
tive or negative): changes greater than one degree over ong activity by another of higher or lowdt.. Similarly, spikes

or two runs followed by a return to the original value, €) one- o4 indicate a temporary loss of a site and another becom-
way jumps from one level to another, and d) meanderingsing the determinant one.

wh|ch_are changes S|m|IarIy_rando_m appearing but of greate_r The alterations here discussed were observed with nuclei
magnitude than the fluctuations discussed in Sect. 6.1. Thi . .
at have been in suspension for hours to days. Therefore,

classification is not meant to be rigorous by any means, bult remains to be determined what is the importance of these

SComparisons of our observations with those reports would addfindings to atmospheric processes which are generally much
too much to the length of this paper, so it will be left for another faster. There are additional factors to consider in assessing
paper. relevance to atmospheric processes. The composition of the

Atmos. Chem. Phys., 8, 5013631, 2008 www.atmos-chem-phys.net/8/5017/2008/



G. Vali: Repeatability and randomness in freezing nucleation 5029

nuclei in these experiments was not determined, however the Vonnegut and Baldwin (1984) conducted tests by expos-
soil samples do represent potential sources of atmosphering a silver iodide suspension many hundreds of times to
aerosols. Also, the samples contained undetermined amountie same temperature and recording the length of time until
of dissolved substances, though the concentration of soluteeezing occurred. The average time to freezing decreased
was almost certainly below 0.1 molal, as judged from the on-from a few seconds at+9°C to near 3h at-3°C, and at

set of melting at 0C. Overall, on the one hand, one could ar- any given temperature the lapse of time had a negative ex-
gue that there is very little relevance of these alterations to icgponential distribution. Some systematic changes were also
formation in clouds because of the differences in time scalesobserved and associated with possible surface changes of the
On the other hand, the alterations found in this work could in-silver iodide due to mechanical effects of freezing. The au-
dicate that faster and perhaps even larger changes may occtirors equate the results of many tests with one sample to what
when particles are firstimmersed in water by condensation owould be expected for a large number of identical samples in
capture; in that case the prediction of ice initiation in clouds a single test. That assumption is valid for truly identical sam-
becomes an even more difficult goal, either from the mea-les, but it may not hold for macroscopically similar samples
surement or theoretical points of view. These uncertaintiedf the most active sites differ, which is actually likely for sites

in making the connection between the laboratory experimenthat have a low probability of being found in a sample. As
and cloud processes could be narrowed considerably by peshown by Vali (1994) the results are consistent with the pdf of
forming further experiments with nuclei of known composi- expected times needed for nucleation at a temperature where
tion and size, and with water containing different solutes.  the nucleation rate is low, i.e. above the characteristic tem-
perature of the most active patrticle, or site, in the particular
suspension that was tested. The finding of at least one period
of different behavior for the sequence for which detailed data
are presented in the paper also supports that interpretation by
indicating the importance of specific sites. The diminution of

6.3 Comparisons with other results

As mentioned in the introduction, many previous studies
o_yerlap with the top!c of this Paper. Her_e ' qnly a few spe- lapse times for colder temperatures indicates 4ifd6rease
cific parallels and divergences will be highlighted. All of in nucleation rate for & lower temperature

these experiments involved subjecting samples to repeated In the work of Zobrist et al. (2007; Z07), individual drops

freezing cycles. were subjected to re-freezing cycles with cooling rates of
The extensive data set of Dorsey (1938, 1948) contains|>C min~1. with an emphasis on testing the activity of non-
many identical features to our data. From his first observazgecanol coatings on the drops. In a control test, an uncoated
tions, he concluded that “... the extent of supercooling Ofdrop of comparable size to those used in our experiments
a given specimen of distilled water at a given time is fixed yyas found to freeze near20°C with only small changes
within moderately narrow limits, [and] varies from speci- in freezing temperatures in nearly 100 cycles. Nucleation is
men to specimen ...". These conclusions were later extendegssymed to be initiated by the supporting surface. The nu-
to samples with various types of nuclei. The samples wereg|eation rate (Z07, Fig. 2) has a slope of about factor 10 per
6...8 cn? in volume and were contained in carefully cleaned 0.7C, a value close to that shown in Fig. 9 for distilled wa-
and sealed glass bulbs. Tests were made both on the scalgr near7,. For this drop, the observations are comparable
of hours (1948, Table 3), and at intervals of many months.yith those reported in this paper, and the results are consis-
The sequences of freezing temperatures reported for individtent with the modified singular model presented here. For
Ua.l Samp|eS ShOW relatively constant Segments, and the kin%ops coated with nonadecano'y freezing temperatures ex-
of alterations discussed in Sect. 6.2. Much of Dorsey’s con+jpjted significantly larger run-to-run variability: a range of
cern was centered on these alterations and possible reasofgarly ten degrees for drops of the same size as the uncoated
for them, including dilution, mixing of two samples, heating, sample and a range of a few degrees for drops of nean#0
and so on. In addition to the conclusion cited above, he foundjjgmeter. Consequently, the derived nucleation rate for the
that each sample had several preferred temperatures of freegrﬂger drops shows a temperature dependence lower by about
ing. No effect of prolonged chilling was detected. Random g factor of five than for the uncoated drop and the rate for
effects were not considered. the smaller drops is intermediate between those values. To
Bayardelle (1954) reported observing both slow variationsinterpret these data in terms of each observed freezing event
and rapid fluctuations between cycles with water drops susbeing due to the most active nucleating site in the sample,
pended at a mercury-silicon oil interface and concluded thabne would have to view the nonadecanol layer as having very
the stochastic theory was incompatible with the results. Cartdew sites and that the probability of nucleation on those sites
(1956) too found that freezing temperatures may stay conincreases only slowly as the temperature is lowered. That be-
stant over hundreds of repetitions but that slow drifts oc-havior would be radically different from what we have found
curred in a small fraction of cases. Alternate cooling ratesfor other materials.
were accompanied by a 0G difference, much like the find-
ings in this work.
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In Z07, the observations are interpreted in terms of the7 Summary
stochastic model. The derived nucleation rate over a temper-
ature range of nearly 2C is reconciled with CNT by allow- Experiments were described in which roughly 100 drops
ing the effective contact angle to vary by a factor of two over were subjected to simultaneous cycles of freezing and melt-
that range. This description of the process can be viewed a#g. The drops contained suspended foreign matter and had
indication that nucleation sites form within the nonadecanolnucleation temperatures betwee®°C and—-24°C. Cycle
monolayer in a random fashion during the cooling processtimes were of the order 15...20 min and also included some
While there is no evidence to the contrary, this scenario isgaps of about 15 h.
difficult to reconcile with the activity of nonadecanol at rel-  Results derived from these experiments were used to dis-
atively small supercoolings, and with the fact that it has atinguish between random variations of nucleation tempera-
crystalline structure, albeit it is known that some rearrangedures that are inherent in the nucleation process and more
ments may take place in it as cooling progresses. Alternasystematic alterations of the nuclei that accompany a minor-
tively, stochastic behavior could arise from the presence ofty of the events. Both of those effects are superimposed
a very large number of nearly identical sites, each with aon the characteristic nucleation temperatifig,that is spe-
probability of freezing that increases slowly with decreasingcific to each particular nucleus, or site. Thus, the results
temperature. This latter scenario would lead to observationprovide confirmation and extension of the modified singu-
essentially indistinguishable from the predictions of the sin-lar description of heterogeneous freezing nucleation (Dorsey,
gular model and also requires that the nucleation probability1948; Vali and Stansbury, 1966; Vali, 1994) and delineate
have a weak dependence on temperature. Such a behaviortize extent to which randomness due to molecular fluctuations
contrary to the steep rise in nucleation rate that is the genermodify that model.
ally observed for both homogeneoous and for heterogeneous Random variations in nucleation temperatures (for the
freezing; it also differs from the measurements of Seeley andtooling rate applied) were found to be characterized by stan-
Seidler (2001a) with other alcohol monolayers. dard deviations of 0L for the soil samples and 0.2 for
The applicability of a stochastic description can be testedthe distilled water sample. These deviations frémwere
by demonstrating that the nucleation rate is independent oeen in roughly 85% of the cases. No clear variation of the
the time-temperature relationship in the experiment, i.e. bywidth of the distributions with temperature could be detected
varying the rate of cooling, or, more effectively yet, by com- for either sample over ranges of abofC8 It remains to be
paring the results obtained with continuous cooling with established by further work whether the type of nuclei (com-
those observed at constant temperatures. In Fig. 3 of ZO7position, etc.) lead to systematically different widths; com-
one data point is presented that is derived from three meaparisons with Seeley and Seidler (2001a, b) and Zobrist et
surements of the time till nucleation at constant temperatureal. (2007) suggest that that may be the case. Nucleation rates
with the same drop. While this data point is set apart somewere derived as functions of the temperature deviatidn
what from the points obtained with constant cooling, the de-from 7, , as shown in Fig. 9. This is an important deviation
rived rate curve for CNT fits this point as well. In all, sup- from the usual view that nucleation rate can be defined as
port provided by this one data point for the stochastic modelcharacteristic for a given substance and that it can be evalu-
must be considered somewhat weak, and it seems reasonalsited in terms of the bulk properties of the material.
to say that a more definite conclusion about which model is The third component observed to affect nucleation temper-
more appropriate to nucleation by nonadecanol coatings willatures in these experiments was termed “alterations” as they
have to await future experiments. appear to depend on the prior history of the drops, have rather
Marcolli et al. (2007), working with suspensions of Ari- specific variants and have systematic components. These al-
zona Test Dust in a differential scanning calorimeter, foundterations provide some hints about processes influencing the
good agreement with the singular model. Their observationsactivity of nuclei and they are of importance in interpreting
were well approximated by assuming that the probability of experiments involving repeated freezing of samples.
occurrence of an active site per unit surface area is a log- Based on these results, models of ice initiation in clouds
nomal function of contact angle. Contact angle is used avia immersion freezing can be considered at three levels.
a surrogate for activity at various temperatures, and paralfirst, predictions should be based on a pdf of Thevalues
lels the role of characteristic temperatufe the probabil-  and the distribution of the nuclei in cloud droplets by con-
ity function they assumed fills the same role as the nucleusiensation or by capture. For cloud volumes cooling at rates
spectrum shown in Fig. 1¢ which has an empirical basis. Thdrom, say, a tenth to the full adiabatic rate that is going to
stochastic variation remains a superimposed effect in botlbe an adequate predictor, certainly well within the accuracies
sets of observations. with which those pdf can be determined either by direct mea-
surement or by some generalized formula. The acquisition of
sufficient empirical data to reliably define these pdf remains
the main challenge. Second, for slower rates of cooling, or
for constant temperatures, the nucleation rate for gi¥ien
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needs to be considered: rates roughly like those in Fig. 9 protevin, J.: Statistical explanation of spontaneous freezing of water
vide a usable approximation until the dependence of the rate droplet, Natl. Adv. Comm. Aeronautics, Techn. Note 2234, 27
curve on particle composition is better known. Third, the PP, 1950.

systematic, though unpredictable, alterations here reporteHiU' X. H. and Penner, J. E.: .Ice nucleation parameterization for
need not be a concern for cloud models, except for special 9lobal models, Meteorol. Zeitsch., 14(4), 499-514, 2005.

cases where cycling of drops through freezing and melting id/&"clll. C., Gedamke, S., Peter, T., and Zobrist, B.. Efficiency
expected of immersion mode ice nucleation on surrogates of mineral dust,
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Morrison, H., Shupe, M. D., Pinto, J. O., and Curry, J. A.: Possi-
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