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Abstract. In order to understand the impact of ice formation diative properties of these mixed-phase clouds are dominated
in clouds, a quantitative understanding of ice nucleation is re-by the supercooled liquid phase, with increasing ice content
quired, along with an accurate and efficient representation fodecreasing their cooling effect. Therefore, along with cloud
use in cloud resolving models. Ice nucleation by atmospherdifetime effects an enhanced ice formation process could lead
ically relevant particle types is complicated by interparticle to a significant climatic radiative impact. The formation and
variability in nucleating ability, as well as a stochastic, time- sublimation of ice particles also has direct impacts on cloud
dependent, nature inherent to nucleation. Here we presertynamics through latent heat processes (Dobbie and Jonas,
a new and computationally efficient Framework for Rec- 2001), and the cold rain process, estimated to account for
onciling Observable Stochastic Time-dependence (FROSTH0% of all precipitation in midlatitude regions and 30 %
in immersion mode ice nucleation. This framework is un- in tropical regions (Lau and Wu, 2003), is sensitive to the
derpinned by the finding that the temperature dependenceloud ice-water content. Therefore a thorough understanding
of the nucleation-rate coefficient controls the residence-timeof how ice is formed, along with an appropriate representa-
and cooling-rate dependence of freezing. It is shown thation in models, is clearly important for correctly quantifying
this framework can be used to reconcile experimental datahe impact of clouds on climate and weather.
obtained on different timescales with different experimen- In the atmosphere relatively pure liquid droplets will tend
tal systems, and it also provides a simple way of representto supercool down to around 237 K before freezing homoge-
ing the complexities of ice nucleation in cloud resolving neously. The inclusion of an ice nucleating particle (INP) can
models. The routine testing and reporting of time-dependentct as a catalyst and allow freezing to occur at higher temper-
behaviour in future experimental studies is recommendedatures. This process is generally split into four primary path-
along with the practice of presenting normalised data setways determined by the interaction between the INP and the
following the methods outlined here. parent phase (Vali, 1985)mmersion freezingccurs when
the INP is immersed within a supercooled liquid droplet;
contact freezinghrough an outside-in or inside-out contact
between an INP and the air-liquid interface of a supercooled
1 Introduction droplet; deposition modeoccurs under ice-supersaturated
conditions via deposition of water vapour onto the INP sur-
Clouds are known to exert a significant radiative impact onface without the formation of bulk liquid water; acdnden-
Earth’s energy budget with lower altitude clouds making the sation modeénvolves the condensation of water vapour onto
largest net contribution due to their dominating albedo effectthe INP prior to freezing. Observational studies show strong
and global spatial extent (Hartmann et al., 1992). Observaevidence that above homogeneous freezing temperatures the
tional studies have shown that these clouds are commonly Siformation of ice is commonly preceded by the activation

percooled and can exist in a mixed-phase state (Zhang et alof the liquid phase, hence the glaciation of an air parcel
2010). Sassen and Khvorostyanov (2007) showed that the ra-
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transitions through a mixed-phase regime (Ansmann et al.rates from 1 to 10 Kmint, Murray et al. (2011) found that
2009; de Boer et al., 2011; Field et al., 2012; Westbrook andhe freezing of droplets containing kaolinite (KGa-1b) was
lllingworth, 2013). Ansmann et al. (2009) found that in 99 % consistent with a stochastic model which required no inter-
of cases the production of ice occurred after the formation ofparticle variability. Broadley et al. (2012) used the same in-
a liquid phase and, similarly, de Boer et al. (2011) found thatstrument with the mineral dust NX-illite and found that under
air parcels under ice-supersaturated conditions did not proisothermal conditions nucleation continued with time. Sim-
duce ice until after a liquid layer was formed. This suggestsilarly, Welti et al. (2012), using an ice nucleation chamber
that deposition and condensation mode ice nucleation play #o test their kaolinite sample (Fluka), found that the fraction
secondary role in the glaciation of these clouds. Contact nuef droplets frozen increased with increasing residence time;
cleation is not thought to be significant in deep convectionthe authors also found that a factor of 10 change in residence
(Cui et al., 2006; Phillips et al., 2007), but may be importanttime had the same effect on the fraction frozen as a temper-
in some situations, particularly where droplets are evaporatature change of 1 K. Wilson and Haymet (2012) have shown
ing (Ansmann et al., 2005; Durant and Shaw, 2005; Morencthat repeated freezing and thawing cycles for a single droplet
et al., 2013). This study focuses on the immersion freezingesults in a distribution of freezing temperatures. The width
mode due to its potential primary atmospheric importance. of this distribution varies for different droplets and different
Heterogeneous ice nucleation is fundamentally a stochasmaterials, potentially indicating a range of time-dependent
tic process, meaning that the probability of nucleation at abehaviour. More recently, Wright and Petters (2013) per-
specific temperature depends on both the INP surface arefarmed a series of freeze—thaw simulations and found that
and the time available for nucleation. In addition to the vari- the mean variation in freezing temperature for their ensem-
ability in freezing temperature associated with the stochasble of droplets was dependent on the slope of the nucleation-
tic nature of nucleation, there is often a strong interparticlerate coefficient din{s)/dT, with cooling rate and INP surface
variability with some particles capable of nucleating ice at area having little effect on the observed variation. Wright et
much higher temperatures than others. The ability for an INPal. (2013) tested a range of INP species and found variabil-
to catalyse ice nucleation is dependent on its physiochemity in their cooling-rate dependence. For the minerals kaoli-
ical properties; these may be crystallographic, chemical, omite, and montmorillonite, along with flame soot, the me-
surface features such as cracks or defects that provide siteian freezing temperature of a droplet population decreased
where the energy barrier to nucleation is at a local minimumby ~ 3K upon a factor of~ 100 increase in cooling rate.
(Pruppacher and Klett, 1997). Conversely, the bacterial-based species Icemstxowed no
Experimental studies have shown that atmospherically rel-change for the same increase in cooling rate.
evant INPs exhibit an extremely diverse range in their ability In summary, the stochastic, or probabilistic, nature of nu-
to nucleate ice heterogeneously (Murray et al., 2012; Hooseleation in some materials is more important or more appar-
and Mohler, 2012). For example, bacteria species belongingnt than in others and is rarely quantified. In order to fully
to thePseudomonagenera catalyse freezing at temperaturesunderstand the impact of different INP species and popula-
above 265K and exhibit a steep function of freezing ratetions on clouds it is important to both fundamentally under-
(Wolber et al., 1986; Mortazavi et al., 2008), whereas min-stand the nucleation mechanism and correctly represent this
eral dust has been found to catalyse freezing at lower temprocess in an efficient framework for use in cloud resolving
peratures and exhibit a weaker gradient (Niedermeier et al.nodels (CRMs).
2011). Along with this variability in nucleating ability, the The main objective of the work presented in this paper is to
importance of the stochastic, time-dependent nature of icelevelop a framework that can be used to describe the time de-
nucleation is also reported to vary between INP species. Rependence of nucleation as well as the interparticle variability
peated freeze—thaw cycles of single droplets performed bynherent to many nucleating materials. In this study we use a
Vali (2008) with two soil samples resulted in <1 K variation multiple-component stochastic model to establish the key re-
in freezing temperatures, which was much smaller than thdationships between the nucleation-rate coefficient of an INP
variability in freezing temperature over an array of droplets. and its observable time-dependent behaviour, which are then
On this basis Vali (2008) argued that the time dependenceaptured in a simple framework. This framework bears some
of nucleation is of secondary importance. Similarly, Ervensresemblance to the empirically derived modified singular de-
and Feingold (2013) recently performed a sensitivity studyscription presented by Vali (1994), but here we link the term
which highlighted changes in temperature as being the mostlescribing the residence-time and cooling-rate dependence
important factor in droplet freezing sensitivity. Nevertheless,to the temperature dependence of the nucleation-rate coeffi-
a number of studies show that there is a sensitivity of ice nu-cient. We then go on to use this framework to analyse several
cleation to time. For example, Kulkarni and Dobbie (2010) experimental data sets and discuss the implications for mod-
used a deposition mode stage and reported that the fractioelling ice nucleation in cloud models. For a description of the
of dust particles activated to ice increased with time underterms used throughout the text see Appendix A.
constant temperature and relative humidity conditions. Us-
ing an immersion mode cold-stage instrument with cooling
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1.1 Immersion mode freezing models freezing probability (Levine, 1950; Vali, 1971; Connolly et
al., 2009; Sear, 2013). Nucleation on active sites, whatever
1.1.1 The single-component stochastic freezing model  their physical form, is a stochastic process (as will be dis-
cussed in Sect. 1.13 below), but within the singular model it
Nucleation is thought to be a process where random fluctuis assumed that a particle or active site on that particle will
ations in ice-like clusters within a supercooled droplet resulttrigger ice nucleation at a specific temperature independent
in a freezing event only if a cluster reaches a critical size. Forof time. An advantage of this simplifying assumption is that
homogeneous nucleation, the probability of a critical clusterthe varying ice nucleating efficiency of an INP population or
forming rapidly increases with decreasing temperature (Starspecies can be represented as a simple function of tempera-
et al., 2009; Murray et al., 2010). Additionally, the probabil- ture.
ity is increased for both larger droplet volumes and longer
timescales. The inclusion of particles that can serve as INPi . .
provide a surface which favours cluster formation, and there- 1.3 Multiple-component freezing models
fore catalyse nucleation. The probability of a droplet freezing
in this mode is a stochastic, time-dependent process with thén order to describe both the stochastic nature of ice nu-
temperature-dependent nucleation-rate coefficigf¥t) ex- cleation and the varying efficiency of INPs in a physically
pressed per unit surface area, per unit of time. In the singlebased framework, a number of multiple-component freezing
component stochastic freezing model it is assumed that evmodels have been developed. These descriptions use a dis-
ery INP within a population can be described with the sametribution of sites or droplets displaying a range of nucleating
function of Js(T'), which is consistent with nucleation by characteristics to define the ice nucleating variability. Each
some materials including the mineral kaolinite (Murray et componentis assumed to approximate to a single-component
al., 2011) and silver iodide (Heneghan et al., 2001). Classi-model with a single function describing the nucleation-rate
cal nucleation theory (CNT) can be used to liT) to a  coefficient against temperature.
conceptual contact angke, which is defined as the angle be- ~ Marcolli et al. (2007) used a variety of probability density
tween the particle and ice cluster and is used as a measure @fnctions (PDFs) to represent populations of particles, each

how efficiently a material nucleates ice. characterised by a particular contact angle @< ), in or-
der to fit CNT to their immersion freezing data. This was
1.1.2 Singular freezing models then extended to include an active site distribution, which as-

sumed that a single INP may have multiple nucleation sites
Singular or deterministic models have been developed iron its surface, determined by the probability of an active site
light of the observation that the variability in freezing tem- occurring per contact angle. A proportion of nucleating sur-
peratures for an entire population of droplets in a coolingface area per contact angle was then calculated assuming a
experiment can be significantly higher than that of a singlestandard size for a single active site; thus, larger particles
droplet upon multiple freeze—thaw cycles (e.g. Vali, 2008). will be more likely to contain sites of better nucleating abil-
The range of freezing temperatures can also be much greatéy than smaller particles. Li6nd et al. (2010) used a simi-
than the shift in temperature observed for a change of cooltar method to reconcile their experimental data. A multiple-
ing rate. These observations have been used to argue that tkemponent framework capable of describing both internally
time dependence of nucleation is of secondary importancend externally mixed populations was presented by Murray
in comparison to the interparticle variability in atmospheric etal. (2011). This was extended by Broadley et al. (2012) into
aerosol (Vali, 2008). The reason why there is such strong inthe multiple-component stochastic model (MCSM), which
terparticle variability in ice nucleating ability is very poorly replaced CNT with a simple function to descrisgT) for
understood, but could arise for a number of reasons: inhomoeach component. In their study this function was systemat-
geneity of surface properties such as cracks, grain boundarigsally adjusted using a Gaussian distribution to represent a
or pores have been shown to preferentially trigger nucleatiorpopulation with varying droplet freezing ability and is dis-
(Pruppacher and Klett, 1997); a complex ice nucleating pop-cussed in more detail in Sect. 2. The “soccer ball model”
ulation with multiple constituent INP species, such as maywas developed by Niedermeier et al. (2011) using a similar
exist within soil, could also present a range of nucleating effi-approach to Marcolli et al. (2007): in their description each
ciency within a single population (Conen et al., 2011; Atkin- particle is divided into a number of sites or patches, with each
son et al., 2013); and small inclusions of a very active mate-site randomly assigned a contact angle<@ <) from a
rial, such as lead containing nanoparticles, can dominate an@aussian distribution. It can be seen that having a small num-
thus determine the ice nucleating ability of larger “host” par- ber of sites per INP will result in a population with diverse
ticles (Cziczo et al., 2009). The concept of active sites hadce nucleating ability, whereas more sites will increase the
been introduced to describe this heterogeneity in ice nucleprobability of a specific site occurring per INP, so that the
ating ability in many samples, and singular freezing modelspopulation tends towards a uniform nucleating ability. More
have been developed to link this variable distribution to therecently, Wright and Petters (2013) and Wright et al. (2013)

www.atmos-chem-phys.net/14/8501/2014/ Atmos. Chem. Phys., 14, 8BBRqg 2014



8504 R. J. Herbert et al.: Representing time-dependent freezing behaviour in immersion mode ice nucleation

used a similar description to Broadley et al. (2012) to simu- a) b)
late cooling and freeze—thaw experiments.

All of these multiple-component models can be used to de- \ \ \
scribe the interparticle variability of ice nucleating efficiency

| moavoed _ Lo
within a population, and also the fundamental stochastic na- < §
ture of ice nucleation. However, a significant increase in £
complexity is introduced through the treatment of separate “
populations and PDFs. Due to this, their use in CRMs is lim- 1
T

ited. Clearly, a framework is required that can adequately de- Site ability (¢)
scribe variable ice nucleating ability and stochastic behaviour

in a computationally efficient way. c) D)

HO D @
2 The multiple-component stochastic model (MCSM) ) < @
The MCSM, presented in Broadley et al. (2012), divides a Increasing ability

population of particles, or nucleation sites, into subpopula-

tions of equally efficient entities. Each subpopulation canrigure 1. Principles of the multiple-component stochastic model.
then be treated as a single component with a uniform nuEach symbol represents a subpopulation approximated by a single-
cleating behaviour allowing the use of the single-componentomponent system, as shown(#), with gradient—din(J; ;)/dT =
stochastic freezing model; the summation of these populas and intercepty (proxy for nucleating efficiency). The probabil-
tions then represents the entire population. Assuming eachy of occurrence for each component, characterised tig deter-
droplet contains a single INP with surface avb:ﬁcrr?) we mined using astatis;icgl distribut?on, as depicte@)’; with amean

can calculate the number of droplets that will freeze in a time/ 2nd standard deviation. Applying this probability to a popula-

increments: at temperaturd for a single component, de- tion of droplets r_es_,ults_ln an gnsemble of droplets exhibiting a range
noted byi: of nucleating efficiencies as ).
i

Nfrozeni = Mliquid,i (1—eX|0(—Js,i(T)~Ai "St))’ @) weighted using a PDF to calculate a probability of occur-
. . renceP (¢;). Thus, the number of droplets in each subpopu-
where njquie,; IS the number of liquid droplets at the lation iS(Z)Ili;uidi — N x P (o) whereNpis the total numt?erp

beginning of the time ste ; is the number of . . ; . :
frogen dr%plets ands, (T) is ?rzlefzronzagieation-rate cosfficient ©f droplets in the simulation. Although there is evidence for
' > multiple components, the distribution of such components

21 ;
cm—<s ). Upon subsequent steps the number of available e .
<(jroplets i)s agjusted SOqthatiquid iil Rliquid. — Mfrozen;. is not currently known and difficult to infer. Therefore, for

The exponential term describes the fractional probabilitys'mp“tc'g' aGNa}ussmn Q|str|l:ut||0r;8v1a5 Lésedétlallow;n% prz%vll_z'
Pnot of an event not happening, wheRyor — 1 repre- ous studies (Niedermeier et al., , broadiey etal,, ’

sents an increasing probability that no freezing event wiIIWrlght and Petters, 2013), characterised by a meand

occur. For this study we use a simple linear temperature-Standard deviatiom (see Fig. 1). The MCSM can now be

dependent function to defing; (T) of a single component defined by _summing _the n_umb_er of droplets frozen in each
following Broadley et al. (2012) and Wright and Petters subpopulation for a given time increment:
(2013):

n
Nfrozen= aniquid,i (1 —exp(—Jsi(T) - A; 'SI))- ©)
InJs; (T)=—AiT +¢i, (2) i=1

where —A; represents the gradient ofjai (T) and ©i the To investigate the Sensitivity of the MCSM to time depen-
relative nucleating efficiency of the component. Others havedence (manifesting as a cooling-rate and residence-time de-
used CNT to describe the temperature dependende; ¢f) pendence) an idealised box model was used to represent an
(Marcolli et al., 2007; Liond et al., 2010; Niedermeier et immersion mode, droplet freezing experiment under constant
al., 2011), but measured nucleation coefficients approxi-cooling or isothermal conditions in which droplet volume
mate to Eq. (2) over the range of freezing temperatures obwas assumed to be constant with no condensational growth
served during a single freezing experiment (typically < 10 K) Or evaporation. Freezing events were assumed to only occur
(Kashchiev et al., 2009; Stan et al., 2009; Ladino et al., 2011 Within a single time step and within the bulk volume. Ad-
Murray et al., 2010, 2011). ditionally, freezing of one droplet was assumed to have no
In order to extend Eq. (2) to multiple-component sys- effect on the remaining liquid population.
tems, each subpopulation, behaving as an independent sin-
gle component, is characterised by a specificand then
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Figure 2. lllustration of how the systematic shift in temperature
(B) observed for a change in cooling rate is independent of the
variability in ice nucleating ability.f(7) curves shown are for
a uniform g =0.01) and diverseo(=20) INP population where
12 =2K™1 and cooled at constant rates of 1 K min(solid line)
and 10 K mim? (dashed line)s corresponds to the shift in temper-
ature (K) observed when 50 % of the droplets have frozen.

Figure 3. A direct relationship betweeh (—dIn(Js;)/dT) and g

(the shift in freezing temperature upon a factor of 10 change in
cooling rate) is observed for all droplet cooling simulations. For
each set of runs was systematically increased whilst the following
variables were set: mean)and standard deviation { of the PDF,
surface area of particle per droplef)( and the fraction at which the
change in temperature was calculatgdl More information can be
found in Table 1.

3 Deriving a new immersion mode framework

3.1 Cooling-rate dependence This result can be understood by rearranging Eq. (1) to
describe the change in temperature required to attain a spe-

In these simulations we look at the sensitivity of the MCSM cific cumulative frozen fraction for a given change in cool-

to changes in cooling rate. The aim is to identify the vari- ing rate (see Supplement for the full derivation). For a given

ables that control the cooling-rate dependent behaviour of &opulation of droplets containing an immersed INP charac-

population of droplets. On inspection of Eq. (3) it is evident terised by the functions(T), the total fraction of droplets

that for a constant finite negative increméfit anincreasein  frozen f (n,) = nfrozer/Nllqwd upon cooling froniy to 7, in

cooling rate results in a similar decrease in tingand there- 5, steps, wher@Vjiquia is the number of droplets @b, can be

fore a decrease in the probability of a freezing event occurdescribed as:

ring betweer?” andT +47 . This is manifested in the number

of droplets freezing petT and results in the entire cumula-

tive fraction frozen curve shifting to lower temperatures. This f(n,) =1— H(exp Js(Ty) - A-8t) =

is demonstrated in Fig. 2, with two simulated populations of k=0

droplets: one with a uniform INP distribution (a single value 1y

of ¢;) and the other with a diverse INP distribution (broad 1- eXD(—ZJs(Tk) : A'Sf) : (4)
range ofy;). Both populations have =2 K~1 wherex is =

defined as-dIn(Js;)/dT (i.e. the temperature dependence

of the nucleation-rate coefficient for each component). Thewheren, denotes the total number of model steps using a

simulated droplets were cooled at 1 and 10 KndirFigure 2~ cooling rater, anddt is the time between steggsandk + 1.

illustrates how the shift in temperaturg)(for a change in  As in Eq. (1) the exponential term essentially describes the

cooling rate is independent of the distributionggf The in-  cumulative probability of a freezing event not occurringin

dependence f to the distribution ofy; has been further in-  time steps, and can be expanded so thél}) = Js(To) x

vestigated using a series of droplet cooling simulations wherde€xp(—A8T))¥. By substituting Eq. (2) into Eq. (4) we can

all the free variables in the MCSM were allowed to vary be- explicitly represent the nucleation-rate coefficient:

tween runs, with the corresponding values shown in Table 1.

The results from these simulations, shown in Fig. 3, suggest ny

that the only characteristic of the INP population required to f (n,) =1— exp(—A -8t - Js(Tp) Z(exp(—)uST))k) (5)

quantify its cooling-rate dependenceisThis is a similar k=0

conclusion to Broadley et al. (2012) and Wright and Petters

(2013). The summation term can be removed using a geometric sum-
mation of series formula. Once rearranged we have a formula
to calculate the temperatufg ) at which a specific fraction

www.atmos-chem-phys.net/14/8501/2014/ Atmos. Chem. Phys., 14, 8BBRq 2014
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Table 1. The range of MCSM variables used for droplet cooling simulations in FigiS=din(Js;)/dT’; 1 ando are the mean and standard
deviation of the PDF used to constrain the occurrence of each component with “formula” referying 240, +14.8; surface area of
immersed INP per droplet; and the fractiory at which the change in temperatu®X = (f;-,) — T (f+,)) for a change in cooling rateis
calculated. All simulations were performed at cooling rates of 1 and 10 K fnin

Gradient/K~1  PDF mean PDF widtho Surface area  Fractionf
0.2<1<14 formula 1 1x 10~ cm? 0.5
0.1<1 <16 formula 0.1 5 107 cn? 0.5
0.04< 1 <10 formula 1 10« 10~ cm? 0.25
1<1<16 formula 5 1x 10~ cm? 0.25
2<1<16 formula+ 10 10 1x 10~ cn? 0.75
0.02<2 <01 formula 1 1x 10~ 7 cn? 0.1
0.03 u1=9,up =12 01=01,00=2 1x10 "cn? 0.5
1.0 w1 =255, uy =265 o1=109=2 1x 10~ cn? 0.5
5.0 u1=125545=1260 o7=1,00=5 1x 1077 cn? 0.5
10.0 w1 =245511p =2465, o1=1,00=1, 1x10~'cm? 0.5
w3 = 2460 o3=5

frozen is reached:
Ty =n,0T =
In [1_ <—|n(1— fn))-(1— eXIO(—MT)))} Y
A -6t - Js(To) —A
wheredT is the change in temperature between stepad
k+ 1. A change in cooling rate from to ro results in a

change in the number of steps:, to reach fractiory’ where
f = furn = fur, and therefore a changeTs:

C-A-8ty,- Js(Tp)
whereéT is constant for both case®, is dependent on the

(6)
1

1

AT¢ =np,8T —n, 8T =In (

3.2 Residence-time dependence

In addition to droplet freezing experiments where droplets
are cooled at some rate, other experiments (e.g. those using
continuous flow diffusion chambers) involve exposing parti-
cles to a constant temperature for a defined period of time. In
this section we show how measurements made with different
residence times under isothermal conditions in such instru-
ments can be reconciled by extending theased formula
presented in the previous section. Using 6T /¢, the rela-

tive change in cooling rate described byrliy(2) can also be
expressed as a relative change in timelfry):

2

C-A- 8t - Js(To)
cooling rate, and” = —In(1— f) x (1 —exp(—Ad8T)). Can- ”
1

Biso= %ln ( ) ;
celling terms in Eq. (7) and substituting =67 /8¢, and
ra = 8T /ét., provides a formula for the change in temper- wherefis, is the shift in temperature required to produce the
ature,Bcool, Observed at a specific fraction frozen for a given same frozen fraction in two isothermal experiments with du-
change in cooling rate: ration times of; andz,.

©)

ri

2)

ATy = Peool = %In <— (8) 3.3 07, IN freeze—thaw experiments

Equation (8) is consistent with the results shown in Figs. 2In freeze—thaw experiments, single or populations of droplets
and 3; i.e. the systematic shift in cumulative fraction frozen are subjected to repeated cycles of freezing and thawing (Vali
for a change in cooling rate is only dependentiorf we and Stansbury, 1966; Durant and Shaw, 2005; Vali, 2008;
assume that all components in a diverse species are chaFornea et al., 2009; Wright et al., 2013). For each cycle the
acterised by a single value afthis also holds true. Using freezing temperatur@eeze is determined, and used to in-
observations by Vali and Stansbury (1966), Vali (1994) em-fer the stochastic nature of the tested material. A freeze—
pirically found a similar relationship whergoo = 0.66 x thaw experiment can be simulated when it is realised that
logyo(Ir]). In our independently derived expression, we takeone droplet being frozem times at a cooling rate is equiv-

the additional step of linkingg to A, which offers a phys- alent ton identical droplets being frozen a single time at a
ical insight to the properties of a particular ice nucleating rater. A single-component system whepeequals the me-
material; i.e. the empirical relationship from Vali (1994), dianTseezeprovides a population of identical droplets, which
above, relates to the gradient of the speciein(Js;)/dT can be used with the MCSM to simulate a single cooling ex-
so that the distilled water droplets used in the study byperiment. Applying a prescribed droplets to the resulting
Vali and Stansbury (1966) are characterised by the gradieny (T') curve provides the temperature at which each consecu-
r=3.5K1L tive droplet freezes. These temperatures correspofightoe
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values fromn freeze—thaw cycles, and therefore the stan-Substituting in Eq. (2), after expanding as in Sect. 3.1, and
dard deviation iffeezeCan be determined, hereafter named rearranging yields:

OTheere (8ft€r Wright and Petters, 2013). A series of simu- eool

lations were performed using the M(_:SM where the medlan[totalﬂiso(Tnml) _ &COO'Z (exp(AST)) . (17)
Treeze@NdA were varied. A direct relationship betwekand e

OTheere WaS found and is described as: . . . , .
Using a summation of series the summation term is removed

1.2691 implified:
Olhoase =~ (10) and the formula can be simplified:
. o . . Stcool
In a single-component system a variation in cooling rate will ftotal,iso(Tncoo|) =1_ exp(r - 3Teoo) (18)

only result in a change to the median freezing temperature

(by B K), thereforeor, .. is also independent of the freeze— A Taylor expansion of exp(x §Tcool) Will result in the series
thaw experiment cooling rate. Equation (10) bears a signifi-(1 -+ A8 Tcool — 1/2 (A8 Tcoo)® + 1/6 (A8 Teoo)*...).  When
cant resemblance to the relationship presented by Wright an@é T¢ool > 1/2 (A8 Teool)?, exp(AdTeool) = 1+ A8 Tcool-

Petters (2013)7; 0 o= 1.21 x 27105, This is satisfied when the simulation temperature step
B . _ ATeool < 1. We can then simplify this formula using
3.4 Reconciling droplet freezing data from different Feool = 8 Teool! 8tcool, Wherereoo > 0, SO that:
instruments and on different timescales 5 1
Icool
. L . . . fotaliso (17 = = . 19
Since nucleation is a stochastic process, differences in ex-tOtal"so( "°°°') A -Tcool* 8tcool A - ool (19)

perlme_ntal tlmescale and e>_(pe_r|mental technlque_: need t_o bﬁ\ssuming that the nucleation-rate coefficient of a species is
recon_cned. First we reconC|Ie_ |sother_mal data with Coql|ng approximated by the functional form in Eq. (2), this gives the
Exper;}mentj ;O they are C(r)]n3|_ster1|t W'(tjh each other. This cafie required for an isothermal experiment to reach the same
be ﬁc |e\r/]ed y e(rq]uatmg the simulate .fract|on frozen USINGy5zen fraction as in a cooling-rate experiment at a specific
oth methods at the same temperature: temperature. Again (the gradient of the nucleation-rate co-
Jiso(T) = feool(T) (11)  efficient) controls the time-dependent nature of immersion
€ . _ _ . mode droplet freezing.
where “cool” denotes a cooling experiment simulation from N that isothermal and cooling experiments are recon-
To=273.15K and “iso” an isothermal experiment simu- cijaple, artefacts introduced through the time-dependent be-
lation at a temperaturd’. The fraction frozen during an  nayiour of an INP in an experiment can be normalised to a
isothermal simulation is calculated similarly to a cooling ex- standard ratestangarg for which we have chosen 1 K i,
periment except the temperature remains c_onstant thro_ugl*,:Or cooling experiments, replacingin Eq. (8) Withsiandard
out; thus, we can use Eq. (4) to describe an isothermal SiMUandy, with the experimental cooling ratein K min—2, gives

lation: B as a function of the absolute cooling rate:
fiso(T) =1— HeXp(—Js(Tk) - A - 8tiso), (12) B(r)=AT = 1 In (i) ) (20)
k=0 AN
Js(Tie) = Js(T), (13)  For isothermal experiments, replacingo With rstandargin
therefore, Eq. (19) gives the time requireq foran ispthermal gxperiment
to be comparable to a normalised cooling experiment. Sub-
fiso(T) = 1—exp(—Js(T) - A - 8tiso - niso) , (14)  stitutingr1 in Eq. (9) with fiotal in Eq. (19), andr, with the

experimental residence timein seconds, gives as a func-

wherenig, is the total number of time step8iso, for the i . ’
tion of residence time:

isothermal simulation. Substituting Egs. (14) and (4) into

Eq. (11) yields: Bty = AT = 1 n (A_t) . 21)
1- eXp(—Js (T”COOI) “A- Stiso . i’liso) = A 60
ncool Experimental data can then be modified and normalised us-
1- exp(— Z Js(Ty) - A .8t000|> , (15) ing T’ = Texperiment— B, WhereT' is the normalised temper-
k=0 ature, andlexperimentthe temperature of the experiment data

which, when simplified gives the total timad) required  POINt.

for an isothermal experiment to reach the same fraction as a FOr an INP species characterised by a speaifitis im-
cooling experiment at temperatufe mersion mode framework, named the Framework for Rec-

onciling Observable Stochastic Time-dependence (FROST),
1 X can be used to reconcile and normalise data obtained through
Stiso * Niso = totaliso (1 = — Js(Ty) 8teool. (16 . . .
50" 1150 = fotatiso (Trcon) Js(Treon) ,;) s(Ti) Steool. (16) cooling and isothermal experiments.
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3.5 Incorporating the FROST framework into a 4 Testing the FROST framework
singular model
In the previous section we presented the FROST framework
As discussed in Sect. 1.1.2, the singular freezing model isyhich is a new immersion mode ice nucleation framework
well suited to describing the interparticle variability of ice designed to represent both the interparticle variability of ice
nucleating ability, but it does not describe the time-dependenhucleating efficiencies and the stochastic (time-dependent)
nature of nucleation. The probability of a droplet freezing nature of nucleation. In this section the FROST framework
is often described by the active site density (Demott, 1995)will be tested using a combination of original experimental
ns(T), (also called the ice active surface site density; Con-droplet freezing data and literature data for atmospherically
nolly et al., 2009; Murray et al., 2012; Hoose and Mohler, relevant INPs obtained from a range of methods and instru-
2012) which describes the cumulative number of freezingments. The terminology here follows that of Vali (2014) in
events that can occur betweggandT: that experimental data are presented using the freezing rate
R. A normalisation ofR to surface area is used to com-
fI)=1=expl=ns(T)-A). (22) ment on the relationship betweéhand the nucleation-rate
Vali refers to a similar quantity (expressed per volume rathercoefficient Js, as well as whether the species behaves as a
than surface area) as the cumulative nucleus spectrum (Valiingle- or multiple-component species.
and Stansbury, 1966; Vali, 1971, 2014). By rearranging

Eqg. (22) it can be seen that(7) (in cm™2) is directly re- 4.1 Kaolinite data (KGa-1b) from two cold-stage
lated to the cumulative fraction frozen: instruments

In(1— f(T)) 23 _ ) )
A (23) In this example data from droplet freezing experiments on
. , o two cold-stage instruments, with a range of cooling rates, are
It is therefore apparent that a systematic shift in the cumula- . .
: . . . ombined to test the capability of the FROST framework.
tive fraction frozen, caused by a change in the cooling rate o he first data set, referred to as PICOLITRE, is taken from

residence time, results in a systematic shiftdi7’) so that, .
upon incorporating Eq. (20) into Eq. (23), we find that for a Murray et al._(2011),_ hereafter referred t_o_as M11. In their ex-
specific cooling rate (wherer >0) periments micron-sized droplets containing known amounts
' of kaolinite (KGa-1b, Clay Mineral Society) mineral dust
_ In(lr)) and supported on a hydrophobic surface, were cooled at con-
FIn = 1—exp(—ns (T - A (24) " stant rates on a cold stage coupled with an optical micro-

The differentiation ofis with respect td" results in the func- SCOPpe. Each expenment was cha_r acterised by a specific C.OOI'
ing rate and weight fraction of mineral per droplet. For this

tion k(T') that can be used to calculate the change in the frac-St dv four data sets are used (experimefitsii . ix andxi
tion frozen occurring upon a lowering @f. udy tou u (experi tevill, 1x Xl

in M11) corresponding to cooling rates (weight fractions) of
5.4 (0.0034), 9.6 (0.01), 0.8 (0.01) and 5.1 (0.01) Kniin
respectively. For the second experimental data set, referred
to as MICROLITRE, a different cold-stage instrument was
used, which has been described previously (O’Sullivan et al.,

ns(T) =

I
Af(T,r)= 1—exp<—k (T — @) ~A.AT) . (25)
where k(T) is in units per square centimetre per kelvin

(cm2K~1). Equations (24) and (25) are consistent with ! ; _
the empirical “modified singular” equation presented by Vali 2014; Whale et al., 20.14)' In this experiment0 droplets .
of 1 uL volume containing known amounts of the same kaoli-

(1994), but here we have linked the stochastic term to the

temperature dependence of the nucleation-rate coefficient. B!te sa:cmple a;’ Mlll éK?a—lb)t w:aret held'tﬁr} a hydropho:[
Similar equations can also be defined for isothermal ex- ¢ surtace and cooled at constant rates with lreezing events

periments by incorporating Eq. (21) into Eq. (22) so that at a_recorded optically. Four experiments were performed at cool-

specific temperaturdie, and residence time in seconds, ing rates of 0.1, 0..2, 0.5, gnd 1.0K_mih All experiments
pecth peraturéiso ! imet > were performed with a weight fraction of 0.01, correspond-
Aot

_ 1 ing to a surface area of 1.1280.3 cn? per droplet calculated
SI.n=1- exp(—ns (T —ah (E)) ' A) G using a specific surface area of 1£8.8n?g~1 (M11).
The uncertainty in surface area per droplet primarily arises
érom uncertainty in specific surface area measurements and
droplet volume. The temperature uncertainty, arising from
the temperature probe and observed range in melting temper-
Af(Tot)=1— exp<_k (T TN (H)) A LA,) . (27)  atures, has been estimated by Whale et al. (2014)084 K.

A 60 At Freezing data are limited td >252.65K, below which the

where At/ (—A x t) has replaced\T through the incorpo-  substrate is observed to influence freezing behaviour.
ration of Eq. (19) intoAT = —r/ 60 x At; r is in kelvin per Surface-area normalised freezing rat@g 4) for the PI-
minute (K mirr1) andAr in seconds. COLITRE and MICROLITRE experiments are shown in

Again, upon differentiation we obtain an equation for the
change in fraction frozen upon a change in residence tim
fromrtot+ Ar:
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15 ; ; ; then the slope will be smaller than. because an inappro-
\ il a) priate model was used (i.e.is a lower limit tox). For a set
107 51K min | of data obtained at a single cooling rate it is impossible to
= W 3 §;‘E$12 say if it is a single- or multiple-component sample, further
T tests are required. M11 did this by performing isothermal ex-
F OF wicroLTRE periments in addition to experiments at various cooling rates
- G| @ orKmm PN ] and showed that the values Bf A derived from both exper-
g hzemn, 0% iment styles were consistent and concluded that nucleation
0L ¥ 1.0Kmin C by kaolinite KGa-1b behaved as a single-component sys-
238 243 248 253 258 tem below 246 K and thereforR/A = Js;. We expand on
T/K this earlier analysis with additional data for kaolinite KGa-
1b at warmer temperatures and place it in the context of the
0 | | | FROST framework. To test whether the MICROLITRE data
T = 255.15K b)715 setis also consistent with a single-component system we per-
10 formed an isothermal experiment, in addition to the experi-
L s ments at various cooling rates.
2 z The isothermal experiment, shown in Fig. 4b, was per-
E 2 = formed at 255.15 K with droplets containing a weight frac-
el 12 < tion 0.01 of KGa-1b particles. We have plotted the de-
- 1 cay of liquid droplets expected based on a valueJgf
-3 A Isothermal experimental data at 255.15+ 0.4 K determined from the linear fit to IR(A)
= Expected decay at Tiso £ 04 K in Fig. 4a. The expected exponential decay matches the

0 3 6 9 12 15

_ _ measured decay; this is consistent with a uniform species,
Time / minutes

and thus a single-component system. The derRg¢d val-
ues from experiments at cooling rates ranging from 0.1 to

Figure 4. Droplet freezing data for kaolinite (KGa-1 shows . P .
g P g ( R 1.0 Kmin~! are shown in Fig. 4a and also show consistency

freezing rates normalised to surface aRAA, against temperature A .
determined from droplet freezing experiments with a range of cool-With this system.
ing rates. Open symbols represent PICOLITRE experiments from [N Fig. 5 we place the data from the cooling experiments in
Murray et al. (2011) and closed symbols represent |\/||CRO|_|TREthe context of FROST. If the INP species can be characterised
experiments. The black dashed line shows a linear fit to all datawith a singleA then the application of Eq. (20) will modify
(In(R/A) = —1.12T + 280). Temperature uncertainty for the MI- each data point bf"’ = Texperimen— B (). With the correct
CROLITRE data (not shown) is estimated #0.4K, and un-  value of in the FROST framework, the data will converge
certainty in R/A (not shown) is estimated at17 and+25%. onto the curve of a 1Kmin® cooling experiment for the
(b) shows _the exponential decay ofliqui_d droplets during an _iSOther'species tested. Figure 5a, b, and ¢ show the fraction frozen
mal experiment at 255.15.KtogetherW|t_h a modelled experiment atf(T),ns(T) values, andR/A(T) values from Fig. 4a, re-
the same temperature using the linear fit to all dat@jnThe grey . . .
area follows the experimental uncertaintyZiraround the modelled spectively. Tth(T) V‘?"“es' derived using Eq.. (23), depe_nd
isothermal. The experiment duration was 17 min, at which point one" the C_Oo"ng rate, with over a factor of 5 S_h'ft on changl_ng
droplet remained unfrozen. the cooling rate by a factor of 10. On applying FROST with
A =1.12K1 (thus assuming = w from Fig. 4a) both the
modified f(T") andns(T’) data converge (Fig. 5d and e, re-
spectively). This additionally supports the claim that kaolin-
Fig. 4a. The larger droplets in the new MICROLITRE ex- ite KGa-1b is well represented by a single-component system
periment contain significantly greater INP surface area pe(R/A = Js;).
droplet than the PICOLITRE experiment, which increases An interesting and potentially significant issue is raised by
the probability of freezing, resulting in higher freezing tem- this study of nucleation by kaolinite as the linear fit to the
peratures. The freezing rates plotted in Fig. 4a are derivedwo independent data sets in Fig. 4a is made over 20 K which
using Eqg. (1), hence the assumption in performing this analis at odds with CNT. CNT predicts curvature in/jversus
ysis is that the species has a uniform INP distribution and beT over tens of kelvin (Pruppacher, 1995). This might suggest
haves as a single-component system, and thus the normaliséldat there is a flaw in CNT theory, or alternatively it may be
freezing rateR/ A is directly equivalent to the nucleation rate the case that there are multiple INP populations which hap-
Js.i. However, at this stage we do not know if this assumptionpen to give the appearance of a single-component system.
is valid. However, the evidence presented here suggests that KGa-1b
In a single-component system the gradiedtn(R/A)/dT, behaves as a single component, with consistent behaviour at
namedw following Vali (2014), is equal tor (recall that  high and low temperatures. This issue requires further study
A = —dIn(Js;)/dT). If it were a multiple-component system
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KGa-1b kaolinite data Modified (1 = 1.12 K™) K-feldspar data Modified (1 = 3.14 K™)
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Figure 5. The freezing of droplets containing kaolinite (KGa-1b) in Figure 6. The freezing of droplets containing K-feldspar for a range
cooling experiments (MICROLITRE)a) Raw f(T) data,(b) de- of cooling rates. Layout as in Fig. 5. Brackets beside the cool-
rived R/A(T), (c) ns(T) values,(d) the corresponding normalised ing rates indicate the number of experiments performed and sub-
f(T") data, ande) normalisedns(7’). Data were normalised us- sequently combined. Linear fits to derivedRy(4) values for runs
ing the value of. determined directly from the linear fit to IR A) at 0.2 and 2.0Kmin are shown as solid lines i) resulting
againstT in Fig. 4a and reproduced {it). Temperature an&/A in w =0.85 and 0.9 K*, respectively. Modifiedis(7”) data were
uncertainty is as in Fig. 4. Uncertaintysg (not shown) is estimated ~ minimised in order to determine a value’othat best describes the
as+20 %. cooling-rate dependence, resultingiie= 3.4 K1 In this example
w # )\ suggesting that K-feldspar is a diverse INP species and be-
haves as a multiple-component system. The dashed l{{@@ima fit
to understand this potentially important finding, but is be- to K-feldspar experimental data taken from Atkinson et al. (2013).
yond the focus of this paper. Temperature uncertainty is as in Fig. 4, and uncertaintysiand
While nucleation by this kaolinite sample can be treatedR/A (not shown) is estimated as25 %.
as a single component, this does not necessarily mean that
this sample is uniform (i.e. there is no interparticle variabil-
ity) because there are many particles per droplet in the ex4.2 K-feldspar data from a cold-stage instrument
periment. It is possible, but unlikely, that droplets contain
a distribution of particles with diverse ice nucleating abili- In this example we investigate and determine the cooling-
ties, but where freezing in all droplets happens to be confate dependence of K-feldspar using the microlitre droplet
trolled by particles with similar ice nucleating activity. This instrument as in the previous example. K-feldspar was re-
is very unlikely given that the number of kaolinite particles cently shown to be the most important mineral component
in the PICOLITRE experiments ranges from just a few tensof desert dusts for ice nucleation (Atkinson et al., 2013). In
to tens of thousands and all produce consistent valugg of these experiments 40 droplets of 1 uL volume were cooled
(M11). In contrast, the Fluka kaolinite sample used by Welti at constant rates of 0.2, 0.4, 1.0 and 2.0 Kniron a hy-
et al. (2012), which is known to contain particles of very effi- drophobic surface. Each droplet contained a weight frac-
cient feldspar (Atkinson et al., 2013), is a diverse species (agion 0.001 of K-feldspar, corresponding to a surface area of
will be demonstrated in Sect. 4.3). 1.85x 1024 0.004 cn? calculated using a specific surface
In summary, kaolinite KGa-1b from the clay mineral so- area of 1.86 rhg=1 (Whale et al., 2014).
ciety is an example of a material which most likely has ap- Similar to the previous example, Fig. 6a, b, and ¢ show
proximately uniform ice nucleating properties and can be dethe experimental fraction frozen dat&(7), and derived
scribed with a single-component stochastic model. ns(T) and R/A(T) values, respectively. For the 0.2, 0.4
and 2.0 Kmin'® curves two separate experiments were per-
formed and for the 1.0 K mint curve five experiments were
performed. A systematic shift ifi(T) outside of instrumen-
tal error 0.4 K) can be seen for the experiments at 0.2 and
2 Kmin~1, which indicates that there is a cooling-rate depen-
dence for nucleation by K-feldspar.
We now need to test if these data are consistent with a
single- or multiple-component system. Normalised freezing
rates,R/A, for the 0.2 and 2.0 Kmin! runs are shown in
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Fig. 6¢. If K-feldspar behaved as a single-component system 0.0 ; ; 20
then the two data sets would fall onto the same line, as they 05 Tiso=262.15K {15
do for kaolinite in Fig. 4a. However, they do not fall on the e 110
same line; thek / A values are significantly different between — -1.0
the two cooling rates, hence this suggests that K-feldspar is % 15 //// 5 2
a diverse species and requires a multiple-component model = @ . Zg
. . . . . c —A— Experimental data
to describe its freezing behaviour. In this case Eg. (1) should = -2.0¢
not be used to derive values of nucleation-rate coefficients 25 gﬁed decay at Teo £ 04K ~ 9
. =£.0 [ Assuming uniform species
smceR/A # J&i- Asszm:ng :ivlerse sgeciles
i i i i 3. . . . . . 1
As stated in the previous section, with the correct value 3 00 20 20 60 80 160 120

of A in the FROST framework, the modified data will con-
verge onto a single curve. Therefore, in order to determine
the value ofi, a procedure was followed whevewas it-  Figure 7. Decay of liquid droplets containing K-feldspar in an
eratively varied untihs(7”), whereT’ = Texperiment— B (1), isothermal experiment &fiso =262.15K, and simulated experi-
converged onto a single curve (using Eq. 20). The best fit wasnents assuming a uniform and diverse distribution. For the uniform
determined by minimisation of the root-mean-square errordistributionJs(7jso) values were taken from Fig. 6a (thus assuming
(RMSE) between the data and a linear fit tonl)(for data  asingle-component system wheke= R/A) and used with Eq. (1),
where Texperiment< 262.65K (~10.5°C); this temperature resu_lting in a decay bounded b)_/ the range?q_ifc\ betw_een th_e two
was chosen to limit effects from anomalous high-temperaturé:()o“ng rates of 0.2 _and 2.0K mirt. For the_dlverse S|mulz_it|_on the
freezing events that are statistically unrepresentative of thd!CSM was used with parameters determined through fitting to the

. P . normalised K-feldspar data set in Fig. £=890.5,c =3.8 (see
IONOPOSpeCIels. ghlsjtgn‘? lf_r(l)ce((iju_re, x\"th a_ RI':WSEG Va_:_l:? of Fig. 1), and = 3.4 K~ (determined in Fig. 6). The shaded regions
) , resulted in = 3. anda s shown Iin =1g. ©€. ThIS ¢4 the instrument-based error &f0.4 K aroundrigo. The trian-

value is significallntly steeper than the .gfadiemt'm Fig.. 6C  gular symbols indicate when freezing events occurred throughout
(0.85 and 0.9K"). Recall that for kaolinite, the gradieat  the 120 min duration of the experiment.

was used to normalise thg values in Fig. 5e which sug-

gests that kaolinite is a uniform species. For K-feldspar the

fact thatw # A (Wherei = —din(Js;)/dT ) shows that K- ously. This distribution 4 =890.5,0 = 3.8) was then used
feldspar exhibits a diverse nucleating ability across the pop+to simulate an isothermal experiment. These simulations in-
ulation. cluded the initial cooling period required to reach the su-

Figure 6e also includes the fit to K-feldspar data presenteghercooled temperature. There is clear consistency between
in Atkinson et al. (2013). In their study the surface area ofthe diverse simulation and the experimental data. This again
K-feldspar per droplet was increased by 2 orders of magnishows strong evidence that the K-feldspar sample used is a
tude to examine the dependence of freezing rate on surfacgiverse species and would require a multiple-component sys-
area and all experiments were performed at a cooling rate ofem to describe its freezing behaviour.
1Kmin~t. The parameterisation from Atkinson etal. (2013),  This example is important as it illustrates that for a diverse
based on data with variable surface areas, is in good agregNp species with multiple active components, the observed
ment with data from the present study. gradientw of the derivedR/A(T) values from a single ex-

An isothermal experiment was also performed atperiment does not characterise its stochastic behaviour. For
Tiso =262.15 K with 20 droplets (28 froze during cooling to these species a series of experiments at different cooling rates
Tiso) containing a weight fraction 0.001 of K-feldspar (see or residence times must be performed in order to determine
Fig. 7). For a uniform species the decay of liquid dropletsthe value of that can be used to characterise its stochastic
over time will be exponential (as was the case for kaolinite pehaviour.

KGa-1b in Fig. 4b), whereas a diverse species will result in a

non-exponential decay. Inspection of the data in Fig. 7 showst.3 Mineral dust freezing experiments from the Zurich

that the decay of liquid droplets was not exponential, again Ice Nucleation Chamber (ZINC)

consistent with a diverse population of INPs. To highlight

this, we have plotted the decay expected from the two limit-Welti et al. (2012) (hereafter W12) studied the dependence of
ing values ofR/A from Fig. 6¢c at 262.15K. The simulated freezing probability on residence time for droplets contain-
decays, assuming a single-component system, clearly oveing particles of mineral dust using the ZINC continuous flow
predict the rate of decay. We also simulate what we woulddiffusion chamber. The mineral dust used by W12 was sup-
expect for a diverse population where we use the MCSM toplied by the chemical company Fluka as kaolinite, but con-
produce the expected decay of droplets. The MCSM was initained a range of minerals including feldspar and it has been
tially used as a fitting tool to obtain a distribution that best suggested that it is this feldspar content which controls its
reproduced the entire normalisgd7”’) data set in Fig. 6d, ice nucleating ability (Atkinson et al., 2013). In their exper-
using the minimised value = 3.4K~1 determined previ- iment W12 size-selected single particles, immersed them in

Time / minutes
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Eluka kaolinite data Modified (4 = 2.19 K™ described by an exponential fit to kf. This resulted in

A =2.19K"1 with a In(zs) RMSE of 0.047, and is shown

in Fig. 8e. For comparison, an exponential fit describing the
raw ng(T) data resulted in a RMSE of 0.076. The two ex-
ponential fits were used to reproduce the expected fraction
frozen data for a 1 K min! cooling experiment, and are plot-
ted along with the observed and normalised fraction frozen
data set in Fig. 8a and d, respectively. The range afe-
termined from the InR/A) fits in Fig. 8c was estimated as
1.2K"1 at 240.5K and 0.2 K! at 237.5K. These values are

236 238 240 242

<28 ©=p2Kc) T/K lower than the minimised value of (2.19 K-1) suggesting

Bole—a § & 73 ~Residence fime / s that the mineral dust sample used in the W12 study is a di-

£ fiﬁ\g\? ¥ 8 o A v o 4 verse species and requires a multiple-component model to
15 e ' 33 1 2 3 6 910 21 describe its freezing behaviour, which agrees with the con-

clusions of W12,

Similar to the kaolinite and K-feldspar examples the deter-
Figure 8. The freezing of droplets containing size-selected 400 nmmined value of. was used to reproduce the expected decay
kaolinite (Fluka) particles in a CFDC instrument from Welti et of |iquid droplets over time. With CFDC (Continuous Flow
al. (2012). Layout as in Fig. 5. Residence times at constant tempjffusion Chamber) instruments the cooling from ambient
perature ranged from 1.11 to 21.4s at temperatures from 236 t?emperature to the experimental temperature is very rapid

241K R/A(T) values, shown inc), do not fall onto a single 1 4'ynerefore the distribution of INP efficiency per droplet
line and exhibit a consistent separation with increasing residence b dtob ted by the functiof(af
time. Modifiedns(T’) data were minimised in order to determine can be assumed to be represented by the functior(ar)

a value ofi that best describes the time dependence, resulting ifd€termined in Fig. 8e. To calculate the expected decay of lig-
»=2.19K-1. The minimiseths(7”) values and corresponding fit Uid droplets with time Eq. (26) was used with the value of
(RMSE=0.047) are shown irfe). For comparison the same fit- A (219 K_l) determined previously. The experimental data,
ting function was applied to the ramg(7T) data (RMSE=0.076) along with the expected decay, are shown in Fig. 9. It can
and is shown ir(b). These two functions were used to reproduce a be seen that at high temperatures (241-239 K) the FROST
1K min~?! cooling experiment and are shown as dashed linéa)in  framework is able to reproduce the experimental decay very
and(d). Error bars are reproduced from Welti et al. (2012). well. However, at lower temperatures (238—-236 K) there are
large differences, especially for longer residence times. The
reported errors bars are large for the lowest temperature data
supercooled droplets, and passed the droplets into the ZIN@nd suggest an increasing uncertainty with decreasing tem-
instrument. Within ZINC the droplets experienced isother- perature. Also the fraction of droplets frozen is expected to
mal conditions and the frozen fraction was determined usingncrease with decreasing temperature as stated by W12. This
a depolarisation detector. Variable flow rates and a series afuggests a potential experimental issue, which would explain
detection points provide a range of residence times, and byhe discrepancies.
performing experiments at several temperature W12 built up Here the FROST framework has been used to both nor-
f(T) curves for a range of residence times. For this studymalise isothermal experiments performed over a range of res-
we use the data for 400 nm particles. The data are shown iidence times, and determine a valuexothat can be used
Fig. 8a along with deriveds(T) andR/A(T) valuesinband to potentially describe the cooling-rate and time-dependent
c, respectively. Similar to the K-feldspar data tRe¢A(T) behaviour of this mineral dust in simulations. This example
values for the mineral dust do not fall onto a single line andadditionally highlights the necessity to use relatively pure
show a separation between residence times consistent witbamples in order to limit uncertainties due to multiple INP
a multiple-component system. Therefore, in order to deterspecies.
mine the value of that describes the residence-time depen-
dence, the same procedure was followed as in Sect. 4.2 fo4.4 Volcanic ash from ZINC and AIDA
K-feldspar.

Each data point represents a single isothermal experimerin this final example the framework is used to normalise
with a single residence time,Hence, Eq. (21) can be used to droplet freezing data from two fundamentally different ex-
modify each data point Witlf" = Texperiment— B (1), assum-  perimental methods. Following the eruption of Eyjafjalla-
ing that the species can be characterised by a single valu@kull in Iceland during April 2010, a single sample of vol-
for 1. Using derivedis(T) values, with INP surface area per canic ash was collected and analysed to investigate its freez-
droplet calculated assuming a spherical particle 400 nm iring characteristics in the AIDA (Aerosol Interactions and
diameter as per the experimehtyas systematically varied Dynamics in the Atmosphere) expansion chamber (Steinke
until the ng(T”) values converged onto a single line, again et al., 2011; hereafter S11) and the ZINC ice nucleating

T/K
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Figure 9. Experimental fraction unfrozen data for droplets contain- T/IK

ing Fluka kaolinite (symbols) in Fig. 8a (Welti et al., 2012) plotted
as a function of time and temperature. We also plot the expectedrigure 10. Freezing of droplets containing volcanic ash sampled
decay of liquid droplets with time determined using Eq. (26) with from the Eyjafjallajokull eruption in 2010. Layout as in Fig. 5.
the function ofns(7”) in Fig. 8e and. =2.19K~1. The expected  Red circles represent data presented in Hoyle et al. (2011) using
decay at each temperature is shown as a dashed line. the ZINC instrument, and blue squares represent data from Steinke
et al. (2011) using the AIDA expansion chambey(T') data in(b)
were reproduced from Murray et al. (2012)X7) values in(a) were

) . also determined from this data set. A fit to determiydi values
chamber (Hoyle et al., 2011; hereafter H11). The ZINC in-;, (c) resulted inw = 0.55 K1, The rawns(T) data were modified

strument, as described in the previous section, was used g jteratively decreasing until ns(T”) values collapsed on a single
determine the total fraction of droplets frozen over a rangeline, resulting inx = 0.60 K~1. The similarity inw and suggests

of temperatures (238 T < 247 K) with a residence time of  that this volcanic ash sample behaves as a single-component sys-
12 s at each temperature; each supercooled droplet containesm.

a single immersed particle, which ranged fren®.1 to 3 um
in diameter,D. The 84 n¥ AIDA cloud chamber is capable o o .
of simulating an ascending, cooling air parcel, and is couplec®" €xPonential fit to Infs), resulting ik = 0.60 K™= Apply-
to an array of instruments, which were used to determine thdnd this value to Egs. (20) and (21) resultsfir) = —0.12K

freezing characteristics of the same volcanic ash sample; iRnd () =—3.57 K for the S11 and H11 data sets, respec-
this method the dust sample-0.1< D <~ 15pum) is dis- tively. Figure 10d and e show the subsequently modified

persed into the cloud chamber prior to expansion. f(T") andng(T") data., respectively. The modified fraction
The ice nucleating efficiencies of the two data sets were’0Zzen data show a difference between data sets due to the
larger surface-area per droplet in the H11 experiments (also
cevidentin Fig. 10b). Thes(T") data are shown in Fig. 10e,
with a linear fit to the combined data set producing adn(

compared in Murray et al. (2012) and the subsequ&fit)
andng(T) values are reproduced in Fig. 10a and b, respe
tively. Although the fraction frozen data appear to be con-
sistent between studies, once plottedng€T) it is clear RMSE_°f0'25' 1 1 .

that the two data sets, albeit with similar gradients, do not !N this examples (0.55K™) and (0.60K™) are sim-
show good agreement even though the same sample Wé@rz which suggests that this INP species is reasonably de-
used. Figure 10c shows the surface-area normalised free2Cibed by a smgle-componelnt system (where- 4). On

ing rates,R/A(T), calculated using the temporal conditions 2PPlication ofa =« =0.55K"" a fit to the modified data

of each experiment. For the H11 data the experimental resiProduces a RMSE of 0.26, which is very similar to the min-
dence time of 12 s was used, and for the S11 a cooling rate dfniséd RMSE value (0.25) used to determinevhich sup-
1.074 K min1 was used (determined from the point at which por_ts this conclusion. However, Murray et al. (2012), from
water saturation was reached, until the elapsed time of the exVhich these data were reproduced, state that the average sur-
periment had reached 300 as per Fig. 2 in S11). Due to thEC€ area per droplet determined for the H11 data set may
non-cumulative nature of the S¥XT') data set a polynomial be over-predicted, which could potentially impact these re-

fit to the data was used to determine the differential fractionSUltS- Thens and R/A values would shift to higher values
frozen required to calculat®/A(T) values. The two data and subsequently would increase slightly andwould also

sets fall onto a single line with a IR¢A) RMSE of 0.22 increase but by a larger factor. In this scenasio A, which
and a gradient = —dIn(R/A)/dT = 0.55K~1. Following would suggest that the volcanic ash sample is a multiple-
the previous two examples,was systematically varied until  ¢omponent system.

the ng(T’) values converged onto a single line described by
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Fornea et al. (2009) also performed an immersion mode
experiment using a volcanic ash sample from Mount St He-
lens. In their experiments single particles with a diameter of
250< D <300 um were immersed within five 2 pL droplets
and each subjected to 25 freeze—-thaw events on a cold-stage
instrument. Additionally, as a means of testing the sensitiv-
ity to cooling rate, droplets containing the same volcanic ash 2 g
sample were subjected to freeze—thaw cycles, but cooled a
different rates (1-10 K min%). The freeze—thaw experiments
resulted in an averagey,.,. of 2.0 K and the variable cool-
ing experiments resulted in a shift in the average freezing
temperature by 3.6 K (upon a change from 1 to 10 Kin
without any change iwr,..,. Applying these data to the
FROST framework Egs. (10) and (20) were used to deter-
mine A, resulting inA =0.635K™! and » =0.640K™! for Figure 11. The shift in temperaturg K that will result from a frac-
the freeze—thaw and cooling experiments, respectively. Theional change in cooling rate or residence time as a function of
first important point worth noting is that these two values, Estimated values include those determined from (i) this study, (ii)
determined from distinct experimental and analysis meth-Wright et al. (2013) cooling experiments, (iii) Wright et al. (2013)
ods, show very good agreement. Secondly, a comparison tgeeze'—thav.v experiments, (iv) Fornea et al. (2009), (v) Vali (2008),
the values determined for the Eyjafjallajokull ash samplea”d (V|)_VaI| and Stansbury (196(_5). INP samples are colour coded
(w = 0.55 K1 andx = 0.60 K-1) shows that there is a strong depending on INP type. Blue (solid and dashed) arrows correspond

similarity with regards to the magnitudg af Even though itr(:]::tnssgr;: elife(g?r?l\tls:%ifgf ;Ht(ezr(e)%;fom the freeze—thaw exper-

these volcanic ash samples are from different sources these

results suggest that they have similar time-dependent prop-

erties. These additional results provide evidence thatthe

value determined for the Eyjafjallajokull sample is robust, with a decreasing corresponding to an increasing shift by

and therefore supports the conclusion that the Eyjafjalla-g for the same change in timescale.

jokull ash sample tested is a single-component species. The values ofx. from this study and other experimental
data sets in the literature (Vali and Stansbury, 1966; Vali,
2008; Fornea et al., 2009; Wright et al., 2013) have been in-
cluded in Fig. 11; the values and associated study are addi-

Fractional Thange
in cooling ra
Fractional change
in time

2K

5 Discussion tionally shown in Table 2. In each case the FROST frame-
work was used to estimate from cooling, isothermal and

5.1 The sensitivity of freezing probability to the freeze—thaw experiments as per Egs. (20), (21), and (10). Itis

time dependence of nucleation clear that atmospherically relevant INPs exhibit a wide range

of time-dependent behaviour. INP species that have a value

It is apparent that the stochastic behaviour of ice nucleatiorof A with a large magnitudei(>4 K~1), such as Icemay,
can be manifested as both a residence-time and cooling-ratend Arizona Test Dust (ATD), will exhibit very little time de-
dependence. For INP species characterised by a single valygndence and would likely be well approximated by a singu-
of X this collective time dependence can be reconciled andar freezing model. For those with a small magnitude (espe-
predicted using the FROST framework. Within this frame- cially » <1 K~1) such as kaolinite KGa-1b and volcanic ash,
work a change in cooling rate or residence time can be seethe significant cooling-rate and residence-time dependence
as an equivalent shift in temperature along the function deimust be taken into account. It is interesting to note that in
scribing the nucleation rate. This function is typically expo- many previous studies into the role of time dependence (Vali
nential and therefore can have a significant effect on the reand Stansbury, 1966; Vali, 2008; Welti et al., 2012), which
sulting freezing probability. formed the basis of the argument that time dependence is of

A first-order indication of the potential importance of time secondary importance, the materials used have largei-
dependence is shown in Fig. 11 where valueggf and ues and are therefore less sensitive to temporal conditions.
Biso for 0.4> A > 10 K1 have been plotted. Each point rep- It is also apparent in Fig. 11 that more efficient INPs tend
resents the shift of a specific fraction frozen, by a temperaturg¢o exhibit a larger value of. This behaviour was also noted
B K, that results from a fractional change in either cooling by Vali (2014). For example, bacterial INP and soils which
rate or residence time for a species with a specific value of contain some of the most efficient INP we know of also have
as per Egs. (8) and (9). This plot shows how materials withthe largest values of. Interestingly, CNT predicts that is
a small value oh. (corresponding to a shallow gradientn larger at higher temperatures. However, there are also excep-
a single-component system) are more sensitive to timescaldions to this “rule”. Values of. determined from freeze—thaw
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Table 2. Summary ofs values from various immersion mode studies determined using the FROST framework.

Study and experimental method Material MK
Vali and Stansbury (1966)eooling  Distilled water 3.5
Vali (2008) —freeze—thaw Soil 6.3
Distilled water 3.0
Fornea et al. (2009) freeze—thaw  Volcanic ash (Mt St Helens) 0.6
Fornea et al. (2009) eooling Volcanic ash (Mt St Helens) 0.6
Hoyle et al. (2011) -isothermal Volcanic ash (Eyjafjallajokull) 0.6
& Steinke et al. (2011) <€ooling
Welti et al. (2012) -isothermal Kaolinite Fluka 2.2
Wright et al. (2013) freeze—thaw  Icemax" 2.9
ATD 2.3
Montmorillonite 0.9
Kaolinite KGa-2b 2.2
Flame soot 1.7
Filtered rain #1 1.3
Filtered rain #2 2.0
Filtered rain #3 2.6
Filtered rain #4 1.9
Unfiltered rain #1 1.6
Unfiltered rain #2 1.4
Unfiltered rain #3 1.9
Wright et al. (2013) -eooling Icemax" N/A*
ATD 4.4
Montmorillonite 1.8
Kaolinite KGa-2b 1.7
Flame soot 14
Filtered rain #3 4.6
Filtered rain #4 4.6
Unfiltered rain #1 N/A*
This study —cooling and isothermal Kaolinite KGa-1b 1.1
K-feldspar 3.4

* Due to the experimental scatter in reported data it was not possible to estifoatthese species.

experiments by Wright et al. (2013) for kaolinite KGa-2b and ment this behaviour for a complex multiple-component INP
Icemax" are very similar, but the Icemdxsample nucle- sample, or population, where each component has a charac-
ated ice at much warmer temperatures. More work needs tteristic time dependence, within a cloud model.
be done on what factors control the valuerof The time dependence of a population of INPs containing
The finding that ice nucleation by different materials has many separate species may be dominated by a single compo-
different sensitivities to time is important because it changesent, and therefore a single value or temperature-dependent
the way we should frame the debate of whether time depentunction of A. Where distinct components are dominant in
dence plays an important role in ice nucleation. In the pastifferent temperature ranges it would be possible to have a
the question has been whether time dependence is importartemperature-dependent function ofto reflect the relative
but this question should be rephrased to whether a particuladominance of each component. For multiple-species aerosol
INP species has a strong time dependence or not, and at whathere no single component is observably dominant, the pop-
point this stops having an impact on ice nucleation rates; i.eulation of particles/droplets would need to be split into sep-
is there a limiting value of beyond which the singular freez- arate components and treated as an externally mixed popula-

ing model is adequate? tion.
Several immersion mode freezing schemes have been de-
5.2 Representing complex INP populations in cloud veloped that incorporate multiple components in order to
models improve the treatment of INP populations in models: Diehl

and Wurzler (2010) used a simple fractional occurrence fac-

The range in time-dependent behaviour shown for the INP_tor to moqlel pqtential immersion mode_d_roplets contain-
gen t b viou W ing bacterial, mineral and soot INPs; Phillips et al. (2008)

species in Fig. 11 leads to the question of how to best imple-
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used classifications of dust/metallic, black carbon and or- In this study we have developed a new framework to ad-
ganic aerosols in a similar method for modelling a popula-dress this challenge. This framework is underpinned by the
tion of INP species; and Barahona (2012) introduceddbe finding that the temperature shift observed upon a change in
nucleation spectrurframework, capable of relating different cooling rate is directly related to the slopa&in(Js;)/dT ().
aerosol properties to ice nucleation in the deposition modeWe also extended this relationship to freezing experiments
with the potential to extend to immersion freezing. conducted under isothermal conditions with varying resi-
Whilst these models are capable of describing separateence times, and the variability in freezing temperature ob-
species it may be more realistic to represent a series of donserved in freeze—thaw experiments. We refer to this frame-
inant components so that the time dependence and interpawork as the Framework for Reconciling Observable Stochas-
ticle variability can be accurately described for a complex,tic Time-dependence (FROST) and use it in combination
evolving INP population. To achieve this, thecharacteri-  with the singular freezing model. Therefore the FROST
sation of each component needs to be determined through flamework can be used to describe both the interparticle vari-
series of isothermal and cooling experiments on INP samplesbility and the stochastic nature of ice nucleation within a
that have very high purities. Commonly tested samples, suclsimple parameterisation.
as ATD and illite, are comprised of several mineralogical To test the FROST framework, data obtained from a va-
components and may therefore contain multiple INP speciestiety of instruments (including the ZINC, AIDA expansion
Once) has been determined for the individual or dominant chamber and two cold-stage instruments) were analysed to
component of the species, the normalised data can be usatktermine the value fok that best described the observed
with the FROST framework. time dependence of each species. It is striking that the param-
eter depends strongly on the material, with more efficient
INPs tending to have the largest and therefore weakest
time dependence, whereas less efficient INPs such as kaoli-

The range of instruments and techniques that are used fc{t‘r'te (KGa-1b) have the smallest and therefore strongest

o ; ! . ime dependence. More work is needed in order to quantify
characterising the freezing properties of INP species e~ for other atmospherically relevant INPs
sult in different temporal conditions; i.e. CFDC instruments '
routinely use a constant temperature and residence time,
whereas cold-stage instruments and cloud chambers typi-
cally cool droplets at some rate to determine freezing be-
haviour. Taking into account the differences in timescale be-
tween these experiments and translating this information to
cloud formation in the atmosphere has been a challenge.

6 Conclusions
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Appendix A: Glossary of terms

Notation Description

Js,i (T)

The nucleation-rate coefficient (crAs~1) for a single componerit

A

The temperature dependence ® of the nucleation-rate coefficient of a single com-
ponent—din(Js ;)/dT.

R/A(T)

The freezing rateR, normalised to surface-area (ér?nsfl) derived from experimental
data using Eq. (1) and initially assuming a uniform INP species saRfat= Js ;.

The temperature dependence ¥ of the normalised freezing ratedin(R/A)/dT . If
o = A then the species being tested is uniform & = Js;, whereas iiw # X then
the species being tested is not uniform atyd # Js ;.

Systematic shift in temperature (K) of the fraction froz&iT') upon a temporal change.

B(r)

Systematic shift in temperature (K) of the fraction froz&(T") as a function of cooling
rate ¢) in kelvin per minute (K mirr1) upon normalising to a cooling rate of 1 K mif.

B()

Systematic shift in temperature (K) of the fraction frozg¢r') as a function of resi-
dence time) in seconds upon normalising to a cooling rate of 1 Kin

The modified temperature of an experimentally determined data point normalised to a
cooling experiment at 1 K mint whereT’ = Texperiment— 8-

ns(T)

Ice active site density, (ci?) derived from experimental data using Eq. (23).

fls(T/)

ns(T) modified by a temperaturg K as above, thus normalising all data points to a
cooling rate of 1 Kmin2.

(T

The cumulative fraction frozery,(T") modified by a temperatur K, thus normalising
all data points to a cooling rate of 1 K mif.
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