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Abstract. Atmospheric dust rich inillite is transported glob- x10°T +3.4468853762 — 4.82226810373). However,
ally from arid regions and impacts cloud properties throughdroplets continued to freeze when the temperature was held
the nucleation of ice. We present measurements of ice nueonstant, which is inconsistent with the time independent sin-
cleation in water droplets containing known quantities of angular model. We show that this apparent discrepancy can
illite rich powder under atmospherically relevant conditions. be resolved using a multiple component stochastic model in
The illite rich powder used here, NX illite, has a similar min- which it is assumed that there are many types of nucleation
eralogical composition to atmospheric mineral dust sampledsites, each with a unique temperature dependent nucleation
in remote locations, i.e. dust which has been subject to longoefficient. Cooling rate independence can be achieved with
range transport, cloud processing and sedimentation. Arithis time dependent model if the nucleation rate coefficients
zona Test Dust, which is used in other ice nucleation stud-increase very rapidly with decreasing temperature, thus rec-
ies as a model atmospheric dust, has a significantly differenbnciling our measurement of nucleation at constant tempera-
mineralogical composition and we suggest that NX illite is a ture with the cooling rate independence.
better surrogate of natural atmospheric dust.
Using optical microscopy, heterogeneous nucleation in the
immersion mode by NX illite was observed to occur domi-
nantly between 246 K and the homogeneous freezing limit1 Introduction
In general, higher freezing temperatures were observed when
larger surface areas of NX illite were present within the Ice formation is difficult to quantitatively understand in the
drops. Homogenous nucleation was observed to occur iffarth’s atmosphere. This is in part because it is governed
droplets containing low surface areas of NX illite. We show by kinetics, with phase changes only occurring under non-
that NX illite exhibits strong particle to particle variability in equilibrium conditions (Martin, 2000). Water droplets sus-
terms of ice nucleating ability, witk 1 in 1(P particles dom-  pended in the atmosphere are known to supercool to about
inating ice nucleation when high surface areas were presen36 K, but ice formation can be catalysed at much higher
In fact, this work suggests that the bulk of atmospheric min-temperatures by the presence of solid particles termed ice nu-
eral dust particles may be less efficient at nucleating ice thar§lei (IN). These IN are rare in comparison to cloud conden-
assumed in current model parameterisations_ sation nuclei (WhICh form ||QU|d droplets) and heterogeneous
For droplets containing:2x 10~ cnm? of NX illite, freez- ice nucleation can therefore result in a cloud composed of a
ing temperatures did not noticeably change when the coolingmaller number of larger particles since ice particles grow at
rate was varied by an order of magnitude. The data obtaine#e expense of supercooled liquid droplets (Pruppacher and
during cooling experiments (surface aredx 10°6 Crnz) is Klett, 1997; DeMott et al., 2010). Ice nucleation affects pre-
shown to be inconsistent with the single component stochascipitation, cloud lifetimes and radiative properties (Denman
tic model, but is well described by the singular model €tal., 2007). Hence, understanding heterogeneous freezing is

(ns(2362 K<T <2475K) =exp(6.5304%10*— 8.2153088 an important factor in correctly predicting cloud properties,
their impact on climate and their response to human activi-
ties.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Summary of mineralogical composition of NX illite, Arizona Test Dust and samples of airborne dust collected some distance from
the source regions. See Table 1 for corresponding values.

Atmospheric IN in mixed phase clouds are composed of Currently, the relative importance of these freezing modes
a range of materials including mineral dust, metallic solids,in the atmosphere is uncertain. Immersion mode and contact
soot, volcanic ash and biogenic material (Mason, 1971;reezing are thought to be most important in many mixed
Pruppacher and Klett, 1997). Several field studies haveghase clouds (Lohmann and Diehl, 2006; de Boer et al.,
shown mineral dust to be a particularly important class of2010; Hoose et al., 2008), while deposition mode freezing
IN (Pratt et al., 2009; Richardson et al., 2007; DeMott et al., may be more important in upper tropospheric ice clouds (De-
2003a; DeMott et al., 2003b). For example, Richardson etMott, 2002). In addition, recent modelling studies indicate
al. (2007) found that for mixed phase clouds in the westernthat freezing in the immersion mode occurs dominantly on
United States about a third of all IN were mineral dust, evenmineral dust (Hoose et al., 2010; Diehl and Wurzler, 2010;
though mineral dust contributed only a few percent to the to-Hoose et al., 2008).
tal background aerosol. The radiative forcing due to ice nucleation by clay min-
Heterogeneous ice nucleation has been hypothesised to oerals in a global climate modelling sensitivity study was
cur in four different modes: deposition, condensation, im-found to be comparable to the forcing by anthropogenig CO
mersion, and contact (Vali, 1985). Deposition mode nucle-(Lohmann and Diehl, 2006). In addition, Lohmann and
ation involves deposition of ice onto the solid surface directly Diehl (2006) found that there was a strong sensitivity to dust
from the vapour phase, and can occur when conditions ar¢ype, using parameterisations based upon experimental data
supersaturated with respect to ice. Immersion freezing ocef freezing due to montmorillonite and kaolinite. Although
curs when ice nucleates on a solid particle immersed in a sumontmorillonite and kaolinite are both present in the atmo-
percooled liquid droplet, whereas condensation freezing insphere, illite has often been observed to be the most abun-
volves ice formation during the condensation of liquid wa- dant airborne clay mineral (Chester et al., 1972; Glaccum
ter onto to a solid particle. Contact freezing occurs when aand Prospero, 1980; Delany et al., 1967; Arnold et al., 1998).
solid particle comes into contact with the water-air interface. This is illustrated in Fig. 1 (and Table 1), which lists the min-
Generally, contact nucleation has been observed to occur aralogical composition of atmospheric dust sampled a sub-
higher temperatures than immersion freezing for the samestantial distance (100s to 1000s of miles) from the source
IN (Shaw et al., 2005; Durant and Shaw, 2005; Fornea et al.regions. For example, Glaccum and Prospero (1980) found
2009). that Saharan mineral dust samples collected in the Caribbean
were composed of-64 % illite and Arnold et al. (1998)
found that on average, particles g2 um in size collected
over the North Pacific were composed of 68 % illite.

Atmos. Chem. Phys., 12, 287307, 2012 www.atmos-chem-phys.net/12/287/2012/
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Table 1. Summary of mineralogical composition of NX illite, Arizona Test Dust and samples of airborne dust collected some distance from
the source regions.

Sample Quartz Feldspar Carbonate llite lllite-smectite Smectite Kaolinite  Chlorite  Other clays Halite Gypsum

mixed layer (inc.

Montmorillonite)

NX illite 6.6 9.8 21 60.5 13.8 - 7.2 - - - -
Our study
Arizona Test Dust 17.1 33.2 5.6 7.5 10.2 - 2 - 24.4 - -
(0—3 pm fraction)
Our study
(Arnold et al., 1998) 7.1 7.1 - 68.7 -— 3 9.1 5 - - -
N.Pacific<2pm
(Arnold et al., 1998) 19 18 - 49 - 2 7 5 - - -
N.Pacific 2-20um
(Glaccum and Prospero, 1980) 19.7 7.2 8.2 54 - Trace 6.6 4.3 — — -
Sal island
(Glaccum and Prospero, 1980) 13.8 5.6 3.9 64.3 — Trace 8.3 4.1 - - —
Barbados
(Glaccum and Prospero, 1980) 14.2 5.6 6.9 623 — — 7.1 3.9 - — —
Miami
(Delany et al., 1967) 9.2 — - 376 - 14.7 29.4 9.1 - - -
Barbados
(Kandler et al., 2011) 11 26 2 14 - 6 35 - - 2 4
Cape Verde

Note that blank spaces indicates that the presence of that particular mineral was not reported.

Glaccum and Prospero (1980) show that minerals assoability of nucleation depends upon random fluctuations in
ciated with the coarse mode, such as quartz and feldsparsjuster size, due to the attachment and detachment of water
are less abundant further from the source regions (Africa irmolecules. For homogeneous freezing of liquid droplets, the
this case). The process of sedimentation results in the fineprobability of a critical cluster forming is greater for larger
grained clay minerals, such as illite and kaolinite, becom-volumes of liquid and longer periods of time. Nucleation is
ing increasingly dominant in atmospheric dust. Arizona Testtherefore a stochastic process. The change in number of lig-
Dust (ATD) has been widely used as a surrogate of atmo-uid droplets fjiq) of volume (V) with time can be written
spheric dust in ice nucleation studies, but X-ray diffraction as:
analysis reveal that it has a substantially different composi—dnqu
tion to sampled atmospheric dusts (see Fig. 1). Itis muchT = —niiqJhomV (1)
richer in feldspars and contains a high proportion of uncom-
mon clays. Hence, we have used an illite rich powder (re_wherejhom is the homogeneous nucleation rate coefficient
ferred to as NX illite by the supplier) which has a more simi- (cm~3 s71) and: is time (s). Equation (1) assumes that the
lar mineralogical make up to dust which has undergone |Ond1ucleation event in an individual droplet is independent of
range transport (see Fig. 1 and also the materials characterilucleation events in other droplets and that one nucleation
sation section). On this basis NX illite is a more representa-event per droplet leads to freezing (Pruppacher and Klett,
tive surrogate for atmospheric dust than ATD. 1997). Integrating Eq. (1) leads to:

In this paper, the ice-nucleating ability of NX illite in the Rice
immersion mode is determined as a function of surface aredce= o 1—exp(—JhomV'1) @

and the time dependence of nucleation is also |nvestlga’cedwherefice is the fraction of frozen dropletsice is the num-

The results are then interpreted using several theoretical aer of droplets which froze during time periodandn is
proaches and parameterised for use in atmospheric mOOIeISthe total number of liquid and frozen droplets. Experimen-

tally, fice (and hencelhom) can be determined using either a
population of liquid droplets, or by repeatedly freezing and
thawing a single sample. According to classical nucleation

In the atmosphere, ice nucleation occurs when an ice clus'[etrheory (CNT), the temperature dependent homogeneous nu-

of a critical size is formed from either gas-phase or liquid- Cleation rate coefficient can be described by:
phase water molecules, above which size the cluster will < AG*)

2 Theoretical background

®3)

grow spontaneously into a macroscopic crystal. The prob-/hom(T) =A€Xp| ———

www.atmos-chem-phys.net/12/287/2012/ Atmos. Chem. Phys., 12, 28Y7% 2012
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whereA is a pre-exponential factor in units of crhs~! and surface sites that become active as the temperature is lowered

AG* is the energy barrier to nucleation. by dT, k(T), is related to:,(T) by:
In the case of heterogeneous nucleation, ice formation is T
facilitated by the presence of a surface upon which the criti-;  (T) = _/ k(T).dT (5)
To

cal clusters can grow. A number of models have been used to

describe heterogeneous nucleation. The stochastic hypothgyhere 7y is 273 K. Note,n,(T) andk(T) are analogous to

sis states that the substrate enhances the efficiency of a nuclgre cumulative nucleus spectrui (7)) and differential nu-

ation process that still depends upon random fluctuations injeys spectrumi(T)) previously defined by Vali (1971), but
cluster size and is therefore time dependent. Alternatively, ithere are expressed in terms of surface area rather than droplet
has been suggested that heterogeneous ice nucleation is dogsjume. While the singular model is convenient and may be
inated by the freezing characteristics of available nucleatiory good approximation under many atmospheric conditions,

ligible. This is the basis of the singular description. An ad- ¢|oud types (Crosier et al., 2011).

vantage of the singular description is that it is well suited to

situations where there are many types of IN present. In or2.2 The single component stochastic model

der to simplify the description of nucleation in atmospheric

models, it has been argued that the time dependence of ick this approach it is assumed that nucleation sites enhance
nucleation by natural atmospheric IN is negligible in com- the efficiency of nucleation, but that nucleation still depends
parison with particle to particle variability (Vali, 2008). In upon random fluctuations in cluster size and so is a proba-
the following sections we discuss the singular and stochasti®ilistic, time-dependent process. According to this model,
models and illustrate that under certain conditions it is necesdroplet freezing should exhibit cooling rate dependence and
sary to account for the particle to particle variability as well nucleation should continue at constant temperature. There-

as the time dependence. fore, heterogeneous nucleation can be treated analogously to
homogeneous nucleation. If each droplet contains the same
2.1 The singular model number of identical nucleation sites (i.e. a single “compo-

nent”) then the change in number of liquid droplets with time

It is assumed in the singular model that the critical clusterscan be written as:
form on nucleation sites at a characteristic temperafige,  dnq
above which ice nucleation cannot occur. The temperature at ;,~ = ~'!liq Jhets (6)
which a droplet containing multiple nucleation sites freezes
is determined by the nucleation site with the higtstThe  Wheres is the unit surface area of IN per droplet @nand
simplifying assumption in this approach is that nucleation Jhet is the heterogeneous nucleation rate coefficient tem
occurs as soon a& is reached, i.e. there is no time depen- S - Integrating Eq. (6) results in:
dence. This means that if the temperature is held constant, Rice
no further freezing events should occur in a population of/ice= =~
droplets. Additionally, if a droplet is subjected to several
freezing and thawing cycles, then it should always freeze a
the same temperature.

If every droplet in an experiment were to contain IN with , ) _ Ahetexp<— AG w) )
only one type of nucleation site, the singular model predicts kT
that as the droplets are cooled, every droplet will freeze at the . . . . sl
same time, wheff; is reached. There would be a distribution where Ane; is @ pre-exponential factor in units of S

of characteristic temperatures in an experiment in which eacf‘?md@ s the fac_tor by which the presence of a solid surface

droplet contained different IN types. Then, on cooling, the reduces the height of the energy barrier relative to homoge-

fraction of droplets that freeze by temperz;\taf'ef- (T), neous nucleation. Assuming that the ice cluster is a spherical
Ice ’

could be described by (Connolly et al., 2009; Niedermeier ett@pP in contact with a flat surface,can be calculating using

al., 2010): the following expression:

=1—exp(—Jhess?) (7)

{n addition, CNT can be extended to heterogeneous nucle-
ation:

_ (2+co9)(1-cow)? ©
—1—exp(—ny(T)s) @ ‘7 4
wheref is the contact angle between the ice nucleus and the
wherenice(T) is the total number of frozen droplets at tem- surface. While has limited physical meaning since the ice
peratureT andn(T) is the number of active sites per sur- nucleus is unlikely to take on a spherical form, it provides
face areas) that are active between 273 K and temperaturea useful relative measure of a substance’s ability to nucleate
T (termed the ice-active surface site density). The density ofce.

ice(T
Fioe(T) = ”T()

Atmos. Chem. Phys., 12, 287307, 2012 www.atmos-chem-phys.net/12/287/2012/
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2.3 Methods of combining time dependence with stochastic model to be able to model freezing of droplets con-
particle to particle variability taining dust collected from an urban location. They assumed
that three materials with three distinct contact angles dom-
Early work by Vali and Stansbury (1966) on the freezing be-inated ice nucleation. Additionally, Marcolli et al. (2007)
haviour of distilled droplets containing unknown IN found found that the freezing behaviour of droplets containing Ari-
the experimental results to be inconsistent with the singlezona Test Dust could not be described by assuming that
component stochastic model. Although nucleation continuedall particles were characterised by a single contact angle
with time during isothermal experiments, the number of lig- but that a distribution of contact angles between particles
uid droplets did not decay exponentially with time, as would was required. A form of the multiple component stochastic
be expected for stochastic nucleation by a single type of numodel has very recently been described by Niedermeier et
cleation site. In addition, these droplets exhibited coolingal. (2011), who presented a conceptual 'soccer ball’ model in
rate dependence, which is also inconsistent with the singulawhich a particle’s surface was divided into separate patches
model. Therefore, Vali and Stansbury (1966) proposed thatvhose properties were defined by a particular contact angle.
the characteristics of a nucleation site determines the meamhe application of the multiple component stochastic model
temperature at which nucleation can occur (similar to the sin+o various atmospheric scenarios has been discussed in detail
gular model), but that nucleation may occur at slightly higher by Murray et al. (2011b) and will be applied to ice nucleation
or lower temperatures due to the stochastic nature of nuclepy NX illite later in this paper.
ation. More recently, Vali (1994, 2008) has extended this
idea.
Vali (1994) modified the singular model empirically inor- 3 Experimental
der to account for the experimentally observed cooling rate

dependence of droplet freezing temperatures: The experimental set-up has been used previously to look at
both homogenous and heterogeneous ice nucleation (Murray
nice(T) =nexp(—=K (T —a)V) (10) et al., 2010, 2011a, b), as well as phase changes in iodine

oxide particles (Kumar et al., 2010). It consists of a cus-
tom made cold stage coupled to a commercial optical trans-
mission microscope with a 10x objective. The droplets were
supported on a hydrophobic surface on the cold stage, which
could be cooled at a controlled rate or held at a single temper-
a = Blog(r)) (12) ature. Temperature_ measurements were made using K type
thermocouples positioned in the cold stage, as close as pos-
Vali (1994) calculategb to be 0.66 based on earlier observa- sible to the droplets (see Murray et al. (2010) for further de-
tions (Vali and Stansbury, 1966) of a 0.2 K change in meantails). The uncertainty in temperature was 0.6 K, with an es-
freezing temperature with a factor of two change in cooling timated reproducibility of 0.3 K (Murray et al., 2010).
rate for the freezing of distilled water droplets. Water droplets containing clay particles were produced
In a later study, Vali (2008) was able to calculate nucle-from a dust-in-water suspension of a known concentration
ation rates as a function of the temperature difference fronusing a custom made nebuliser (Murray et al., 2011b; Pant
the characteristic temperature of the nuclei, by observinget al., 2006). The droplets were deposited on a glass cover
the freezing temperatures of individual droplets which wereslip inside a chamber maintained at saturation, so that the
subjected to multiple freezing and thawing cycles. Thesedroplets did not grow or shrink through evaporation or con-
droplets contained soil samples (with many components) andlensation once they exited the nebuliser. The concentration
the freezing temperatures of different droplets ranged fromof NX illite in the droplet was then assumed to be the same as
267 K to 249 K. However, the changes in freezing temper-that of the suspension. The concentration of clay in the sus-
atures of individual droplets between cycles were generallypensions was determined gravimetrically and the dust was
<1K, which highlighted the dominance of particle to particle suspended by mixing for at least 12 h with a magnetic stir-
variability in nucleation. The time dependent nature of nu-ring bead. Freezing experiments were performed for NX il-
cleation was illustrated by an observed 0.4 K shift in freezinglite concentrations between 0.006 and 1.44 wt %. Additional
temperatures when the cooling rate was increased by a fact@xperiments were also performed using a mixture of NX illite
of six. and kaolinite and for droplets containing no solid inclusions.
The idea that droplets may contain several IN/nucleation After nebulisation, a drop of silicone oil was placed over
site types, each with a characteristic nucleation rate, has alsthe deposited droplets and the cover slip was transferred to
been applied to experimental data by including more thanthe cold stage. The silicone oil reduced the rate of mass
one component in the stochastic equation (Eg. 6), leadindransfer from supercooled water droplets to ice particles dur-
to the multiple-component stochastic model. For examplejng experiments, compared to experiments performed in an
Stoyanova et al. (1994) had to apply a multiple-componentN> atmosphere, which allowed for a greater range of cooling

whereK (T) is the cumulative nucleus spectrum (analogous
tong(T), expressed per unit volume) ands a temperature
offset. The variable is related to the cooling rate) with

an empirical parametet:

www.atmos-chem-phys.net/12/287/2012/ Atmos. Chem. Phys., 12, 28Y7% 2012
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Table 2. Summary of experimental conditions for runs performed using a cooling rate of 5®Kmroplet distributions were split into
size bins, which are labelled a, b and c. The median freezing temperatures for each run are also presented.

Experiment Concentration/  Size Bin/ Cooling rate/ Median Surface area Number of Median freezing
number wt % um Kmin—1 volumet/ of clay per droplets temperature/K
cm? droplet/cn?

la 0.007 10-20 5.0 121x107° 9.06x 108 71 236.3

b 21-40 5.10x 1079 3.82x10°7 17 239.7

2a 0.009 10-20 5.0 153x 1079 1.42x 1077 181 238.6

b 21-30 6.12x 1079 570x 107 38 239.9

3a 0.03 8-24 5.0 199x 1072 6.55x 10~ 71 241.1

b 36-56 365x10°8 1.20x 107° 8 245.4

4 0.052 10-20 5.0 B2x10°° 7.11x 107 123 242.3

5a 0.066 10-20 5.1 151x107° 1.04x 1076 108 2426

b 21-40 8.20x 1079 5.65x 106 25 2443

6a 0.15 10-20 5.0 128x107° 2.02x 106 158 242.9

b 21-32 472x10°9 7.42x 1076 31 243.7

7a 0.63 10-20 48 119x 1079 7.79x 107 115 243.3

b 21-40 1.58x 1078 7.51x 1075 16 245.3

c 42-52 3.48x 1078 2.24x 1074 8 245.6

8 0.99 10-20 4.9 17x10°° 1.20x 107° 153 243.1

9a 1.44 8-24 5.0 261x107° 3.92x 1073 32 243.2

b 30-50 1.84x 1078 277x 1074 4 245.4

1 The median droplet volume taking into account the contact angle of the droplets with the surface.

rates to be explored (Murray et al., 2011b). In this work, All freezing experiments were performed using droplets
cooling rates between 0.8 and 10.3 K minwere applied.  of ultra-pure water (18.2 ). The illite suspensions were
In addition, several isothermal experiments were performedoroduced using NX illite powder taken from a 2.5kg bag,
in which the droplets were cooled and then held at a sin-obtained from Arginotec (NX Nanopowder, B+M Not-
gle temperature for a period of time, before cooling was re-tenkamper, Munich, Germany). The NX illite + kaolinite
sumed. During the experiments, images of the droplets werasuspension was produced using kaolinite KGa-1b (96 % pu-
recorded onto DVD using a camera coupled to the micro-rity, Clay Mineral Society). The specific surface area of
scope. Freezing events were identified by the sudden appeakGa-1b was taken to be 18+ 0.8m? g1 (Murray et al.,
ance of structure within the droplets. In some cases, freezin@011b).

resulted in a needle of ice breaking out of the frozen droplet

and coming into contact with a supercooled water droplet,3.2 Characterisation of NXillite

inducing freezing in the second droplet. Droplets frozen in - . )

this way were disregarded. During analysis the droplets werd N€ SPecific surflace area of NX illite was determined to be
splitinto different size bins; these were chosen to best utilizel042+0.7 m? g~ by Np-absorption using the BET method.

- . . . . 1
the droplets available (see Tables 2—4 for the size bin and NS is similar to previous BET measurements of F4gm
median droplet volume used in each experiment). for NX illite (Steudel et al., 2009), and a value of 18z
0.7m? g1 for natural illite samples (Alvarez-Puebla et al.,

3.1 Materials 2005). However, Steudel et al. (2009) found that micro-pores
contributed 14 % of the specific surface area in their sample
The cover slips were coated with a hydrophobic organosilanef NX illite, which may mean that our value of 104.Zigr 1
(Fluka, 5% dimethyldichlorosilane in heptane), resulting in is an overestimate. In that case, we would underestimate the
a droplet-slide contact angle of 10Dymarska et al., 2006; ice-nucleating ability of NX illite, although this uncertainty
Murray et al., 2011b). Previous measurements of homogeis minor in comparison to that from the droplet size distribu-
neous nucleation rates using pure water droplets on this sultion.
strate were in good agreement with the literature data and The mineralogical composition of the NX illite sample
showed that the surface did not catalyse ice formation (Murwas obtained by X-ray diffraction analysis. The general
ray et al., 2010). methodology has been described previously (Hillier, 2000,
1999, 2003), and is only briefly outlined here. Preferred

Atmos. Chem. Phys., 12, 287307, 2012 www.atmos-chem-phys.net/12/287/2012/
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Table 3. Summary of experimental conditions for runs performed using a cooling rate other than 5K rBiroplet distributions were split
into size bins, which are labelled a, b and c. The median freezing temperatures for each run are also presented.

Experiment Concentration/  Size Bin/ Cooling rate/ Median Surface area Number of Median freezing
number wt % um Kmin—1 volumet/ of clay per droplets temperature/K
cm® droplet/cn?

10a 0.89 10-20 6.0 128x107° 1.18x 107> 202 242.3

b 21-30 4.94x 1079 457x10°5 37 2435

11a 0.89 10-20 1.0 152x 1079 1.41x107° 222 243.8

b 21-30 5.48x 1079 5.07x 1075 64 244.6

12 0.043 10-20 7.5 .20x 1079 5.43x 107 67 242.1

13a 0.043 10-20 0.8 143x 1072 6.43x 107 161 241.8

b 21-30 4.98x 1079 2.24x10°6 39 243.9

14a 0.065 10-20 6.0 119x107° 8.06x 107 74 241.2

b 21-34 7.10x109 4.82x10°6 10 244.4

c 42-72 8.64x 1078 5.87x 1073 9 245.4

15a 0.065 10-20 1.0 126x 1079 8.54x 107 134 241.8

b 21-36 6.74x 1079 458x 1076 17 245.6

c 44-80 1.06x 1077 7.19x 1075 7 246.9

16 0.03 10-20 10.3 .99x 10710 3.29x 1077 31 241.6

17a 0.006 10-20 0.99 139x 109 8.85x 108 91 2375

b 21-40 8.20x10°9 5.20x10°7 37 241.1

1 The median droplet volume taking into account the contact angle of the droplets with the surface.

Table 4. Summary of experimental conditions for both homogeneous and heterogeneous isothermal experiments.

Experiment Concentration/  Size Bin/ Temperature/  Median Surface area Total number of Time/s
number wt % um K vqumel/ of clay per droplets (Num- (min.s)

cm® droplet/cnf ber of frozen

droplets)

18a 0.0 10-20 237.7 a8x 1079 n.a 78 (60) 2727 (45.27)
19a 0.0 10-20 237.6 27x107° n.a 76 (24) 222 (3.42)
20 0.049 10-20 2433 Bx10710  265x1077 63 (20) 646 (10.46)
21 0.078 10-20 245.0 15x 1079 9.28x 1077 50 (27) 853 (14.13)

1 The median droplet volume taking into account the contact angle of the droplets with the surface.

orientation of crystallites in the sample was avoided by us-of 86 %. Mohler et al. (2008) also used NX illite, which was
ing the spray dry method (Hillier, 1999). This involves neb- quoted as being 77 % illite, and Steudel et al. (2009) report
ulising an aqueous suspension of clay powder containing an illite content of 76 %. This suggests that NX illite may be
0.5% (w/v) polyvinyl chloride (PVC) to produce droplets. a variable material, which is possibly not surprising as it is a
As the droplets dry out, the PVC binds the clay particles to-natural product. These results highlight the need to charac-
gether into spherical aggregates of 10—-100s um which arg¢erise the materials being used in ice nucleation studies.
then packed into the sample holder of the X-ray diffractome- ATD is shown to be composed dominantly of quartz,
ter. The resulting diffraction patterns are highly reproduciblefeldspars and a substantial proportion of unidentified clay
and the relative intensities (areas) of the various peaks in theninerals. Peaks at d-spacings of 11.35 and 10.6 do not corre-
pattern are used together with patterns of reference samplegpond to any of the common clays found in natural samples,
of known composition to derive the proportions of the var- but are most likely related to rarer mixed layer clays. Also,
ious minerals. Results for NX illite and ATD are shown in minerals which are abundant in the natural samples, such as
Table 1 and Fig. 1. illite, are only present as minor constituents in ATD. This

The results for NX illite (Fig. 1) are substantially different SUQQ?StS. that ATD is no_t a g_ood proxy for atmos_p_henc dust.
NX illite is much closer in mineralogical composition to at-

to the values supplied by the manufacturer. For example, W?nos heric samples
found that there was 61 % illite rather than Arginotec’s value P ples.
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Fig. 2. Scanning Electron Microscope (SEM) images of NX illite. An aggregate of several micrometers in size is shown on the left and

a close up (right) reveals that it is composed of many platelets on the order of 10-100s of nanometres across. This is consistent with the
gas adsorption measurements which suggested average particles siZ8snofi (assuming smooth spheres — see experimental section for
details).

Scanning electron microscopy (using an FEI Quanta 650droplets in the 10—-20 um size range for a number of NX illite
FEG ESEM) was used to study the shape and size of theoncentrations (see Table 2 for a summary of the experimen-
NX illite particles. The NX illite powder was randomly dis- tal parameters). These experimental runs were all performed
tributed on to a double sided conducting carbon pad mountedising a cooling rate of 5 K mirt. Also shown for compari-
on a 10 mm aluminium SEM pin stub. The powder was thenson is an experimentgice(T) curve for pure water droplets
coated in 5nm of Pt/Pd in an Agar Scientific high resolu- for the same cooling rate (5K mit) (Murray et al., 2010),
tion sputter coater. The resulting images are shown in Fig. 2which indicates that the NX illite caused heterogeneous nu-
These images show that typical NX illite particles are ag-cleation.
glomerates made up of smaller particles. A close up (right The f..(T) curve for droplets containing 0.007 wt% NX
panel) reveals that the agglomerates are composed of manyite partially overlaps with the pure 0 curve implying
platelets on the order of 10-100s of nanometres across. Thighat some of these droplets froze homogeneously. The num-
is similar to clay particles sampled in the atmosphere (Kan-per of particles per droplet can be estimated using the surface
dler etal., 2007; Lieke et al., 2011). Assuming the individual grea of NX illite per droplet if the size of the NX illite par-
NX illite particles are spherical with a density of 2.7gTh  ticles is known. Based on the estimated size of individual
(typical for clay minerals) and using the BET surface areanx illite particles (20 nm, from the BET and SEM measure-
from above, their diameter would be about 20 nm. The SEMments, see Sect. 3), calculations indicate that even for the
images clearly show the particles are non-spherical; nevertowest concentrations (0.006 wt%) there should be at least
theless, the particle size based on the BET surface area igg® of these individual particles per droplet. These individ-
consistent with the SEM images. Energy-dispersive X-rayyal particles may have been part of larger agglomerates and
spectroscopy (EDX) confirmed that the agglomerates primartherefore each droplet may contain fewer aggregates of parti-
ily consisted of illite particles. cles. For example, if the aggregates were 100 nm in diameter
then there would be on the order of 100 aggregate particles
per droplet. In calculations of nucleation rate and ice active
surface site density later in this paper we assume that the
4.1 Heterogeneous freezing temperatures NX-illite is evenly distributed throughout the droplets.

In general, the freezing temperature of the droplets was
For each cooling ramp experiment we determined the cumuhigher for greater NX illite concentrations (and hence greater
lative fraction of frozen dropletsfice(7)) as a function of  surface areas of the clay). However, tfh&(7) curves show
temperature: that little change in freezing temperatures occurred when in-
i i 0 0,
Sice(T) = nice(T) /n (12) creasing the concentration from 0.63 wt % to 1.44 wt %.

In our experiments, the surface area of clay available in

wherenice(T) is the total number of frozen droplets at a water droplet could be increased in two ways: by increas-
temperaturel’ andn is the total number of frozen or lig- ing the concentration of the initial suspension (as in Fig. 3a),
uid droplets. Figure 3a shows the fraction frozen curves foror by increasing the droplet volume. A comparison of the

4 Results and discussion
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These runs were all performed using a cooling rate of 5KThin
(see Table 1 for details). For simplicity we have divided the data
according to concentration and droplet size. Low wt % is defined as
<0.15wt %; high wt % data points are for wt% 0.63wt%. The
dashed vertical line marks the surface argachosen as the upper
limit to the low surface area regime (see text). Also shown is the

B 0mA

7€) 0.66t%,42-52um best fit to the data in the low surface area regime (solid line).

Fraction of droplets frozen
o
~

o
N

il fice(T) =0.5. The median surface area in an experi-
. ment was calculated from the concentration of NX illite in
the droplets in combination with the specific surface area
(10424 0.7 m? g~ 1) and the median droplet volume. Note
that the droplet diameters quoted in this paper are the diam-
eters measured directly from the images; however, droplet
Fig. 3. (a)Fraction of droplets frozen in the 10-20 um size bin as Volume was calculated taking into account the contact angle
a function of temperature for water droplets containing known con-of 100° between the droplet and substrate.

centrations of illite cooled at 5 K mint. We also show the droplet Inspection of Fig. 4 suggests that the data can be split
volume dependent parameterisation of Diehl and Wurzler (2004)into two regimes. At surface areas2x 10-%cn?, Tsoo

for 15 um droplets which is based on the data of Hoffer (1461).  jncreases approximately linearly with the log of the surface
Compans_on of the fraction of droplets frozen in different size bins area (Fig. 4) (independent of droplet size). This behaviour
as a function of temperature (cooling rate 5 K mip. is consistent with freezing probability at higher tempera-
tures increasing with larger surface area. The behaviour for

] ) _droplets containing-2 x 108 cn? is more complex. For a
Jice(T) curves for droplets in the 10-20 pm size range with particular size binTsoo, is approximately constant (within
fice(T) curves for larger droplets containing the same wt % yncertainties) on increasing the surface area. How@ygy,

of NX illite is shown in Fig. 3b. This plot shows that, for goes increase for larger droplets which contain a larger sur-
equivalent NX illite concentrations, larger droplets froze at f5ce grea.

higher temperatures than smaller droplets. This demonstrates

that if the surface area of NX illite was increased by using4.2 Cooling rate dependence

larger droplets, then freezing occurred at higher temperatures

and that this occurred irrespective of the NX illite concentra- The time dependence of immersion mode nucleation by

tion (see also Table 2). NX illite was investigated by performing experimental runs
This freezing behaviour is summarised in Fig. 4, which where the cooling rate was varied but the surface area (and
shows the median freezing temperature of the dropletssoncentration, see Table 3) was kept almost constant. Frac-
(T509) as a function of surface area (see also Table 2). Thdion frozen curves for low wt % droplets~Q.05wt %) are
median freezing temperature is the temperature at whiclshown in Fig. 5. For the 10-20 um size bin data shown in

0.0 " il I I L]
234 236 238 240 242 244 246 248 250 252 254

Temperature / K

www.atmos-chem-phys.net/12/287/2012/ Atmos. Chem. Phys., 12, 28Y7% 2012



296 S. L. Broadley et al.: Immersion mode heterogeneous ice nucleation by an illite rich powder
— e T v T T T T T T T T 6
1.0 a) Low surface area 10 ' ' ' ' ' "3
(10 - 20 pm)
a
- o8} o
2 10° iy gbBe * E
e % o [=P¥a] L] 3
; ” EPDD.D oo® "5 o G "
g 06t “ o oo Ph
%. (;u: il DD 8 %g {E‘D@ o
£ £ 10° A RIS P L mapa 1
2 oa (\) o0 - E
[= =T - o o °
S e 10Kmin® o
131 7.5 K min*
L% 0.2 < run 13a) 0.8Kmin™ 10° 6 K min 3
“[ o run15a) 1.0Kmin™ o 5Kmin® ]
A 1un 14a) 6.0Kmin™ 1K min*
® run 12) 7.5Kmin* 0.8 K min™
0'0 L 1 1 1 1 1 1 . 1 102 1 1 " 1 " 1 " 1 " 1
234 236 238 240 242 244 246 248 236 238 240 242 244 246 248
Temperature / K Temperature / K
1.0F — " T —art o J T a’ T T T ' ' ' ' " b
b) High surface area A 10 -
(>10 - 20 um) o a
c 08} —a— f
@ 4 10° E
o —A——A "
4= B oa o
2 06} o a E
a Ta - =
o o 10° 3
5 A c 3
N— o | ] {ni) b
2 0.4 A e 10Kmin® 0;
S o A R 7.5K min* B8
k3] - u 4 6 K min™ 0 =
E 4 run 14b) 6Kmin™ (4.8 x 10°cm?) g 10 o 5Kmin? o E
02rL wn 15b) 1Kmin* (4.6x10°cm?) "~ A 1K min?
O run 14c) 6Kmin™ (5.9 x 10°cm?) L Ao A " 0.8 K min™ ?
= run 15¢) 1Kmin™ (7.2 x 10°cm®) A o ) ) ) ) | |
0.0 ) ) ) . . . . L] 236 238 240 242 244 246 248
240 241 242 243 244 245 246 247 248

Temperature / K
Temperature / K
Fig. 6. (a) J(T) as a function of cooling rate for droplets with con-
Fig. 5. (a) Fraction of frozen droplets containing0.05 wt % illite centrations between 0.007 wt % and 0.15 wt % in the 10—20 um size
as a function of cooling rate for droplets in the 10—20 pm size binbin (runs 1a—6a, 12a—17a, 1b-2b and 17b). For clarity, error bars are
(s=9.1x 1077 -~ 14x 10~®cm?). (b) Fraction of frozen droplets  only shown for run 13a. The uncertaintiesAqZ’) were calculated
containing~0.05wt % illite as a function of cooling rate for size using the uncertainties in surface area, based on the uncertainty in
bins >10-20pm (14b: 21-34pm, 15b:=21-36um, 14c:=42—-droplet volume combined with the uncertainty in the specific sur-
72 um, 15c: 44-80 um). See Table 3 for further details. face area of illite. (b) ng(7T) as a function of cooling rate for the
same data as in panel a. For clarity, error bars are only shown for a
few points in run 13a. The uncertaintiesrip(7) were also calcu-
Fig. 5a (surface area 1x 10-%cn), varying the cooling  lated using the uncertainties in surface area.
rate between 0.8 and 7.5 K mih did not produce a signifi-
cant change in theice(T) curves. In contrast, Fig. 5b shows
that larger droplets containing low NX illite concentrations  The surface area of illite in the large, low wt% droplets
appear to exhibit cooling rate dependence. For droplets conshown in Fig. 5b ranged from.@x 10-%cm? to 7.2 x
taining similar surface areas of illite, the fraction frozen 10-°cn?. This is comparable to the surface area in the
curves shifted to higher temperatures by 1-2K when themore concentrated droplets (run 10 and 1121107° —
cooling rate was reduced by a factor of six. In addition, fur- 5.1 x 10~°cn?; see Table 3). In contrast, the surface area
ther experiments found that for more concentrated droplet®f illite in the low wt%, 10-20um droplets was only
(0.89 Wt %), changing the cooling rate from 6 to 1Kmin  1.4x 10~®cn?. Hence, droplets containing low surface areas
also shifted thefice(T') curves to higher temperatures (see of illite were found to exhibit no cooling rate dependence in
Table 3). their freezing behaviour but droplets containing higher sur-
face areas (due to either higher concentrations or larger vol-
umes) did appear to exhibit time dependence.
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4.3 A high and low surface area regime taining < 2 x 10~ cn? of NX illite. However, further work
should be done to identify and quantify ice nucleation by
As shown in Sects. 4.1 and 4.2, the freezing behaviour ofthe rarer particle types, since agglomerates largertHam
droplets containing NX illite appears to depend on the total(j.e. with surface areas 2 x 10~¢ cm?) may contain this rare
amount of material present in the droplets. Firstly, when lownucleation site.
surface areas of NX illite were present in droplets freezing
was cooling rate independent and the median freezing tem4.4 The single component stochastic model versus the
perature clearly scaled with surface area. Secondly, when singular model
higher surface areas of NX illite were present freezing was
cooling rate dependent and the median freezing temperaturéhe low surface area data is now analysed according to both
no longer depended on surface area in a simple way. the single component stochastic and singular models in order
For simplicity, in this study we split the data into two dis- t0 test which model provides a more accurate description of
tinct regimes: a high and a low surface area regime. Fomucleation by NX illite. For the singular model,(7) was
practical purposes we define an upper limit to the low sur-determined by rearranging Eq. (4):
face regime as 2 10-%cn?, based on the point in Fig. 4 “IN(A— fico(T))
at which the surface area dependence begins to break down (7) = —— ez (13)
(note, run 6a is included in the low surface area regime, §
s =2.02x 10-%cn?). Assuming atmospheric dust particles where fice(T) is the cumulative fraction of frozen droplets.
are agglomerates of smaller particles with a similar surfaceSimilarly, for the stochastic model Eq. (7) was rearranged to
area per unit mass to NX illite (i.e. 104mg~1) then this  obtainJ(7) values:
threshold surface area would correspond to a particle diame- | .
ter of ~1 pm. J (1) = N = nice/n) (14)
As the amount of material in a dropletincreases, the proba- s.At
bility of rare particles with distinct nucleation properties be- In this case,J(T') was determined for time incrementsy,
ing present increases. It appears that NX illite contains aover which the change in temperature due to cooling was
rare particle/nucleation site type which dominates the freezsmall. Thenpice is the number of droplets which froze het-
ing process when the overall surface area is greater thaerogeneously im¢ andn is the number of liquid droplets
~ 2x 1078 cn? per droplet. Taking the mean diameter basedat the beginning of the time interval. Time increments were
on the BET surface area (20 nm assuming spherical partichosen to maximise the numberbfT) values obtained, but
cles), approximately 1 in PONX illite particles would be  were also chosen so that there was at least one freezing event
the rare particle type. Ice nucleation by this rare nucleationwithin that time increment as well as in the following or pre-
site would appear to have different time dependent propertieseding time increment.
compared to the bulk of the nucleation sites, which dominate Figure 6 shows:(T) andJ(T) for the droplets contain-
nucleation for surface areas2 x 10-%cn? per droplet. At ings <2x 10-8cn? (runs 1a-6a, 12a—17a, 1b—2b and 17b,
present, we do not know what material the rare nucleatiorsee Tables 2 and 3) and for temperatures greater than the ho-
site is associated with and if it is present in atmospheric sammogenous freezing limit. The homogenous freezing limit for
ples or specific to NX illite. each run was taken to be the temperature by which 10 % of a
It is also not clear what is causing the more complex sur-population of pure water droplets would have frozen, for the
face area dependence in the high surface area regime. Orsame volume and cooling rate (determined from the parame-
possible explanation could be based on the fact that mosterisation in Murray et al. (2010)).
of the droplets in the high surface area regime contained Inspection of Fig. 6a reveals thdt7) varies systemat-
high concentrations of NX illite. It may be possible these ically with the cooling rate, rather than falling on a single
high wt % droplets were not stable; as the concentration ofine. At 242K, J increases by two orders of magnitude on
clay-in-water suspensions is increased, flocculation and sefncreasing the cooling rate by a factor of 10. In a previous
tling out of material can occur; hence, results from concen-study, it was found that ice nucleation by kaolinite with a
trated clay-in-water suspensions should be treated with causimilar range of cooling rates could be described by a sin-
tion. This work highlights the need to use a range of coolinggle temperature dependent nucleation rate coefficient, con-
rates and IN concentrations when performing these types ofistent with the single component stochastic model (Murray
experiments, in order to be able to quantify the ice-nucleatinget al., 2011b). Unlike kaolinite, the poor fit in Fig. 6a clearly
ability of a particular material in an atmospherically relevant shows that the single component stochastic model cannot de-
manner. scribe ice nucleation by NX illite (withy <2 x 10-8cm?
In both the singular and stochastic hypotheses it is asdroplet™®).
sumed that nucleation is surface area dependent, so only the However, this data can be described by a single temper-
low surface area regime can be analysed using these modture dependent value af (Fig. 6b). At 242 K,n, varies
els. The remainder of this paper will focus on droplets con-by only about a factor of three in a non-systematic way for a

www.atmos-chem-phys.net/12/287/2012/ Atmos. Chem. Phys., 12, 28Y7% 2012



298 S. L. Broadley et al.: Immersion mode heterogeneous ice nucleation by an illite rich powder

0.0
N a) 3 2 i

A, - 0.8 ? """"""" \ --------

0.3t o A
= %OAO‘ apor E \ \ r<r,
Eg ! = N \
£ o 3 o I B K‘“;‘;\'“" """ 1,4
06} o A Z
°0 o5 8 AL an
A run 20) 0.049 wt%, T=243.3K ? Tem peratu re
O run 21) 0.078 wt%, T= 245.0 K
0.9+ - 0.4
0.0 02 0a 06 08 1.0 Fig. 8. lllustration of how the slope WT controls the dependence
Relative time (¢/£) of freezing temperature on cooling rate. In order to maintain the
same probability of freezing on increasing the cooling rate (and de-
00 10 creasing the time for nucleation) it is necessary to go to a lower tem-
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05 L 06 perature ATy). As the slope decreases in steepness (line 2 and 3)
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Eg C 0 model of ice nucleation dIiVdT — oo and nucleation temperature
z L oa is time independent.
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4.5 Isothermal experiments in the low surface

- - - fitto run 19) area regime
-15+¢+
0.0 02 04 06 05 10 2 Additional experiments were also performed in which
Relative time (¢/ ¢ ) droplets were cooled and then held at a single temperature for

a period of time, before cooling was resumed. The fraction of

Fig. 7. () The decrease in the fraction of droplets which were lig- droplets Wh_|Ch.W3re liquidriiq = 1‘”iC_e/”9§ Wheren(} is the

uid (niiq/no = 1-nicelno) with relative time at constant temperature, number of liquid droplets at the beginning of the isothermal
whereng is defined as the number of liquid droplets at the begin- sSegment) is shown as a function of time in Fig. 7a for two
ning of the isothermal experiment (i.e. excluding any droplets whichisothermal experiments. This clearly shows that nucleation
froze during cooling to the isothermal temperature). The relativecontinues with time during these experiments, which is in-
time is defined as/rtot Whererot is the total time the droplets were  consistent with the singular model. These experiments were
held at constant temperature. Two heterogeneous isothermal ex;oth performed using droplets containing low surface areas
periments are shown for two different temperatures (uncertainty isof NX illite (< 1 x 10-%cn?, see Table 4), for which the

+0.6 K) and concentrations. The numbering in the key correspondsSingular model, which is time independent, could describe

to the information in Table 3. For runs 20 and 2%;=646s and the results from the coolind ramp experiments. This anpar-
853 s, respectivelyb) Two homogeneous experiments for compar- u Ing P exper ) IS app

ison. The straight lines are linear fits to the homogeneous data. Fof 't discrepancy between cooling ramp and isothermal exper-
runs 18 and 190t = 2727 s and 222's, respectively. iments will be investigated in the next section.

Assuming nucleation is stochastic and that there is a single
particle (or nucleation site) type, Eq. (7) predicts an exponen-
factor of 10 change in cooling rate and this variation is within tial decay of liquid droplets with time during isothermal ex-
experimental uncertainties. Hence, Fig. 6 shows that dropleperiments; hence, In(iwre/no) versus should be linear with
freezing on NX illite in the low surface area regime can be a slope o8J However, neither run 20 nor run 21 show linear
described by the singular model. This suggests that the timéehaviour. For comparison, Fig. 7b shows two isothermal
dependence of nucleation over this range of cooling rates islomogenous experiments (i.e. pure water droplets with no
negligible. added inclusions), for which In(dre/ng) versug is approx-
imately linear, as expected, with a slopeJd The shorter
time scale variations in slope could be caused by tempera-
ture fluctuations or may just be a statistical phenomenon due
to the relatively low number of droplets present.
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tween droplets, which could have occurred during nebulisa-

1.0 '~~.\' ' ' ' ©a) ] tion. However, the surface area of NX illite in the droplets
’ © uni3a 1 which nucleated in the first half of run 20 would have needed
c 08} 2=8.2689 - to be about seven times larger than the surface area in the
§ - — a=08388 | droplets which nucleated in the second half if only one type
P o5l Soes 8:‘3‘221 | of nucleation site was present, which seems unlikely. In ad-
%ZL ----a=0.1838 dition, this did not appear to be the case when we applied the
5 ] same experimental technique to ice nucleation by kaolinite
E 04F T (Murray et al., 2011b). Therefore, the more likely explana-
2 tion for the non-single-exponential decay of liquid droplets
s ool CNTRN 4 containing illite is that there is a distribution of nucleation
. ) '\.\ | sites of varying ability between the droplets.
oop . o, ., ] \E}%’."'T r— 4.6 Describing ice nucleation by NX illite with a
230 23240245 250 255 260 multiple component stochastic model:
Temperature / K reconciling cooling rate independence with
time dependence at constant temperature
Ho b) The experimental data presented above for droplets contain-
run 13a ] ing surface areas of 2 x 10-8 cnm? per droplet show that nu-
s 08r T 2 o 3‘2 E A cleation occurred over a wide range of temperatures and was
g o T ermisRmn independent of cooling rates between 0.8 and 10.3 Kthin
2 o6} The cooling ramp data can therefore be described by the sin-
g gular model; however, measurements of nucleation at con-
g o4l stant temperature are inconsistent with this time independent
s model. In this section, we will show that these apparently
3 contradictory measurements can be reconciled using a mul-
@ 02t tiple component stochastic model.
The multiple component stochastic model was discussed
ool ; in detail by Murray et al. (2011b) and describes systems in
030 2 w0 25 m0 =5 which there is more than one nucleating species or type of

Temperature / K nucleation site. Each nucleation site can be described by a
single temperature dependent nucleation rate coefficient and
Fig. 9. Theoretical fice(T') curves for droplets containing inter- the_total absolute_z rate of freez'f‘g 'S a funct_lon_ of t_he d|s_tr|-
nally mixed nucleation sites of varying ice-nucleating ability, which bution Qf nuclg.atlon S'tefs' Previously, the d'slt”bunoln of 'C_e
were characterised by I((T)) = -aT + b;. Also shown is run 13a, Nucleating ability of particles has been described with a dis-
for comparison (limited” uncertainties are shown, for clarity(g) tribution of contact angles in the context of classical nucle-
Theoretical curves are shown for different valueszpfvhereo, ation theory (Marcolli et al., 2007; Stoyanova et al., 1994).
was kept constant (see text), was varied to best fit the experi- Very recently, Niedermeier et al. (2011) presented a concep-
mental fice(T) curve. The following values qi, were usedu, = tual 'soccer ball’ model with the aim of reconciling stochastic
2000, 200, 114.7, 75 and 40 for8.2689, 0.8388, 0.4891, 0.3261 and singular behaviour in ice nucleation. Their model treats
and 0.1838, respectively {= 5). All theoretical fice(T) CUrVes  particles as having a surface containing a number of regions
were calculated for a cooling rate of 0.8 Kmih (b) The affectof  of varying ice nucleation ability. The nucleation efficiency
changing the cooling rr_:tte is shown using curves ca_lculated with %n each surface region was described with a contact angle
value ofa = 0.4891. This shows that the internally mixed model is 5 the nucleation probability then determined using classi-
inconsistent with the experimentally observed lack of cooling rateCal nucleation theory.
dependence. In this study, a simple functional form for the temperature
dependent rate coefficient for each nucleation £it&) was

For our heterogeneous isothermal experiments, there alsgPP!ied:
appears to be shorter timescale fluctuations in slope, but i , . ,
general the slope is steeper in the initial section. This indi-rlh(Jl(T)) =—ail+b (19)
cates that some droplets had a greater probability of freezwherea andb are adjustable parameters. Homogeneous and
ing than others. One explanation is that different dropletsheterogeneous nucleation rate coefficients have been param-
may not have contained the same surface area, due to an ieterised in this form for relatively narrow ranges of tempera-
homogeneous distribution of particles or particle sizes be-+ures in the past and it is therefore thought to be a reasonable
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simplification (Murray et al., 2011b). This description was

v T T T T T T T T
chosen rather than a contact angle based approach becausg, >0 [ X o=40. (305 <y, <4850), externally mixed |
it is more flexible as it allows control over both the magni- € *°p A 57=30, (350 < _<4850), externally mixed
tude of J and its temperature dependence. The parameter £ 4or, ) cb2:1 (130<ub<4850) internally mixed ]
defines the slope difdT and we will show that this term 8 3s5f b T ’ g
is key for reconciling cooling rate independence with atime < s, L ]
dependent model. However, nucleation rates based on CNT £ ,.[ - ]
will also be considered briefly at the end of this section. E ol - ]

The dependence of freezing temperature onjdi¥” and s sl ’% ]
cooling rate is qualitatively illustrated in Fig. 8. Three hy- 5 | %
pothetical lines are shown with increasing steepness (lines & *°[ &&X ]
1-3). On increasing the cooling rate (a lower temperature g 05 ﬁx&xax&mmm e ]
will be required to maintain the fraction of droplets frozen “goo T T
at 50 %, since less time will be available for freezing at any 5o 5 10 15 20

one temperature. This is clear from Eq. (7); in order to main- a
tain fice at 0.5 for faster cooling rates (smaller, J needs
to be larger for constant surface area. Largevalues are  Fig. 10. The cooling rate dependence of freezing temperature on
obtained at lower temperatures; hence the slopé/dii de-  the parameter (dinJ//dT). Cooling rate dependence is indicated
termines the change in observed freezing temperature wheby ATsqg %, which is the change in median freezing temperature on
varying cooling rate, but one would still expect nucleation at a factor of 10 change in cooling rate. The dependence is insensitive
constant temperature given the rate coefficient has units of° the choice ob;, and .. The values shown in this graph were
time. calculated for both externally and internally mixed droplets.

A distribution of nucleation sites was modelled by intro-
ducing a distribution ob values for a fixed value af, where
a larger value ob; results in a more effective nucleation site.
For simplicity, the occurrence probability of a nucleation site
characterized by; (P ;) was described by a normal proba-
bility function, with a mearnu; and standard deviatiary.

data is best reproduced whetis 0.4891 angli;, =114.7 (de-
termined using a least squared fit) arﬁd:S.

Earlier in the paper it was shown that there was no discern-
able change in experimentgte(7) on varying the cooling

rate by about a factor of 10 (see Fig. 5a). However, Fig. 9b

For this study we will explore two scenarios; in the first we shows that increasing the cooling rate from 0.8 K irto
will assume that every droplet contains the same distributio . . ) . :
y crop n7.5 K min~1 noticeably shifts the theoretic#ke(T) curve to

of nucleation sites of different types (internally mixed) and in o A : .
the second we will assume that the nucleation sites of di1‘fer-mUCh lower temperatures, which is clearly inconsistent with
e experimental data.

L h
ent types are distributed throughout the droplets (externall)} . . . .
mixed). These scenarios will be used to try and reproduc%:. Thleoco%l.lng rlatte SAd_?pendehnce ons furtgg r |Iflustr§tedt n
the freezing behaviour of droplets containing NX illite in the ' 'J: ) ,wf|c F;Ot 5f0°i°éc hange inme 'I‘."m re;azmg efm—
low surface regime, both in the cooling ramp and isothermalP€'® ure) for a factor o change In cooling rate as a tunc-
tion of a. The value ofa ~ 0.5 required in order to repro-

experiments. Our aim in this fitting process is to reconciled th ) tal fraction f ds t

the lack of cooling rate dependence with continued ice nu-AlfF:e efeAiqgeKn][nenfa trac |?20r0§en curve colrresp(in stoa

cleation at constant temperature.  T50940f 4.6 K for a factor of 10 change in cooling rate (see
Fig. 9). To obtain a negligible cooling rate dependence using

Internally mixed caseAssuming that each water droplet internallv mixed droplets: would need to be areater thars
contains all nucleation site types (i.e. droplets are internall)/ ernafly mixed droplets; would need 1o be greate

mixed), then the change in number of ice particlasite) in (based ongur gxpﬁrlmental replrdoguubllltr)]/ otf 0.3 K)t,hbutttr?e
atime increment4y) is: correspondingfice(T) curve would be much steeper than the

experimental data. Hence, the internally mixed case, where
Anice = nijig(1— exp(Z—Ji (T)s; At)) (16)  every droplet contains the same distribution of nuclei types,

i is inconsistent with the experimental data obtained during the
cooling ramp experiments.

Compelling evidence against an internally mixed case is
also provided by the isothermal data. For internally mixed
droplets, each droplet must have the same freezing proba-
bility and therefore one would expect a single exponential
decay. This is clearly inconsistent with the experimental data
obtained at a constant temperature shown in Fig. 7a.

where s; is the surface area of the nucleation sii@ (
(si =sP».;, wheres is the overall surface area per droplet)
andnjig is the number of liquid droplets at the beginning of
the time increment.

Several theoreticafice(T) curves are shown in Fig. 9a for
different values ofi, whereo, was kept constant but, was
varied to try and best reproduce the experimerfigd(7)
curve (run 13a; 0.8 Kminl). It is clear that thefice(T)
curves become steeper @ss increased. The experimental
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Fig. 11. Theoretical fice(T) curves for droplets containing ex- Fig. 12. Model fits to the experimental decrease in the fraction of
ternally mixed nucleation sites with a normal distribution of ice- droplets which were liquidrig/n, = 1njce/n,) with time at con-
nucleating abilities, which were characterised by/Ja()) = -aT + stant temperature for run 20. The model lines were calculated by
b;. The theoreticalce curve for a cooling rate of 0.8 K mirt was assuming that the droplets contained a different mixture of nucle-
fitted to the experimental run 13a, using a least squared techniqustion sites (externally and internally mixed) which was described
to minimise andog wherea was fixed at 15. Using the same by a normal distribution. The parameters used were as follows: for
fit parametersy(;, = 3637.7 andr2 = 40.2) we then calculated the the externally mixed model = 15, uj, = 3659,0}, = 4.1 and for

fice Curve for a cooling rate of 7.5 K mint which falls well within ~ the internally mixed modely = 15, 1, = 3617.5,02 = 10.1. We

the spread of the experimental data. This shows that the muItipI@lSO fitted an offset to the time to take into account any delays in
component stochastic model with a large value @fn reproduce ~ temperature equilibration of the droplets with the stage, hence the
the cooling rate independence. model fits start at positive times.

Externally mixed caseln this case, each droplet contains other combinations of variables, including larger values of

a d|ﬁgrent mixture of r_1u_c|eat|on sm_as; hfence some dropletsa (resulting in a smalleATsgo). In order to obtain a full
contain much more efficient nucleation sites than others. Fohumerical fit to the data using this modelmust be fixed

simplicity, we assume that the most effective nucleation siteLISing an experimentally determined value f5Tsgo, Un
00. =

in each droplet_caus_es fre_:ezmg; this 'S equivalent to only ON%ortunately, the temperature resolution in these experiments
type of nucleation site being present in each droplet. For th'%/vas insufficient to determine for NX illite

case: The results are compared for the externally and internally
Anice = Zni(l—exp(—fi(T)S-At)) (17)  mixed models to an isothermal data set (run 20) in Fig. 12.

i The externally mixed model can reproduce the non-single-
wheren; is the number of liquid droplets containing nucle- exponential decay of liquid droplets exhibited during the ex-
ation sitei at the beginning of a time step (a0, n; = periment. Both theoretical curves shown in Fig. 12 were cal-
nP, ;, wheren is the total number of droplets). Two theo- culated using: =15, to be consistent with Fig. 10. Again,
retical fice(T') curves based on the externally mixed multiple it should be noted that these are not unique fits and the ex-
component stochastic model are shown in Fig. 11. The firsperimental curves could be fitted with other combinations of
theoreticalfice curve was fitted to the experimental run 13a variables. Nevertheless, the externally mixed model is con-
(0.8 Kmin1), using a least squared minimisation routine to sistent with the experimental data.

fit w, andoj wherea was fixed at 15. Using the same fit  Figure 13 shows fits to a range of fraction frozen curves

parametersy(, = 3637.7 ant2 =40.2) we then calculated for experiments with a range of NX illite surface areas. In

the fice curve for a cooling rate of 7.5Kmirt. Sincea is these fitsa was held constant at 15, whi}e, andai were

relatively large thefice curve only shifts by~0.15K (see allowed to vary. The resulting distributions bfare shown

Fig. 10), which is too small to detect experimentally in the in Fig. 14 and it is clear that as the surface area per droplet

current system. Hence, the time dependent multiple compoincreases the distribution meamy shifts to more efficient

nent stochastic model is shown to be consistent with coolingvalues and the distribution decreases in width. This is consis-

rate independence. tent with the idea that as the amount of material per droplet
It should be noted that the fits shown in Fig. 11 are notincreases, there is greater chance of finding rarer but more

unique, and the experimental curves could be fitted witheffective IN in any one droplet. Further work is needed to
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Fig. 13. Model fits to a range of experimental fraction frozen curves
using the externally mixed multiple component stochastic model.
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D
The experimental data was all for 5K mih cooling rates for a f N f'lj’nml";e”e"us
range of NX illite surface areas (given in the key with unitsna S o8k hot b run b -
was set to 15 and a least squared fitting routine was used to obtain § IS v runs
the best fit by varyingu;, anda,%. The corresponding distributions, 2
Py, ;, of the parametel are shown in Fig. 14. Two fits to runla are S 061
shown (red). The dotted line is a fit to the whole data set, while the 5
red line is a fit to only the data points above 237 K. The dotted line 2 (4|
provides a better fit to the whole data set, however, the solid red line %
clearly provides a better fit to the portion of the data dominated by £
heterogeneous freezing and it is this distribution plotted in Fig. 14. 0.2
00fp, . "'"“
0.016 ' ' T 234 236 238 240 242 244 246 248
—1a) 9.1x10j Temperature / K
--—--2a) 1.4x10
0.012 . 3a) 6.5x10” 1 ) . ) .
e 48) 7.1%107 Fig. 15. (%)Fn to In(ns(T)) for runs with a median surface area of
N 5a) 1.0x10° <2x 10 8cn? (runs 1a-6a, 12a-17a, 1b-2b and 17b). Frac-
£ 0008 ...... 6a) 2.0x10° e tion of droplets frozen as a function of temperature for two illite
§ concentrations. The experimental data is compared with our pa-
a rameterisation (lines, see text).
0.004 - g
0.000 =22 8 tion (i.e. the multiple component stochastic model). In ad-
3300 3400 300 300 3700 3800 dition, the nucleation functions associated with these nucle-

b ation sites needed to be steep in order to reproduce the ob-
served cooling rate independence. The isothermal data could
Fig. 14. Fitted normal distributions ob for the fraction frozen also be fitted using t_hese as;umptlons. Hencle, the multlple
curves in Fig. 13. The values in the key are the median surfac®omponent stochastic model is able to reconcile cooling rate
area per droplet of NX illite in cfh independence with nucleation at constant temperature.
Classical nucleation theory based mod&his paragraph
will briefly consider the implementation of CNT into the
relate this information to the distribution of ice nucleating multiple component stochastic model. CNT based on Mar-
abilities of the individual NX illite particles. colli et al. (2007) (and all references therein) was used to
In summary, freezing of droplets in the cooling ramp ex- describeJ(T). The distribution of contact angles across
periments can be described assuming that there is a distribuhe droplet population was determined as outlined above in
tion of types of nucleation sites between droplets, but whereEq. (17) withn; = nPy;, whered is the contact angle. Using
nucleation on each site is governed by a stochastic equahis model resulted in a temperature shift-ef0.6 K on a
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Table 5. Parameters\, B, C, and D for the parameterisation of ,The self CaniStency of this param?terisaﬂon is Shown in
ns(T) or k(T) for the immersion freezing of water droplets con- Fi9- 15b, which compares three experimental runs with mod-
taining illite in the low surface area regime. elled fice(T) curves. For droplets during a cooling ramp ex-
periment undergoing heterogeneous freezing only, an expres-
sion for the change in number of frozen dropletsiice, per

Parameter Value Uncertainty temperature intervalAT, can be derived from Eq. (4) since
n 6.53043x 10° 101157x 10° k(T)=dn,(T)/dT (Connolly et al., 2009):

B —8.2153088< 102 1.25733363« 107 Anice =niiq(1—exp(—k(T)s.AT)) (20)

C 3.446885376 0.520901018 . L L

D _4.822268<10-3  0.719300x 10-3 wherenyiq is the number of liquid droplets at the beginning

of the temperature interval. This equation can be extended
to include the rate of homogeneous freezing which becomes
increasingly important below 237 K:

factor of 10 change in cooling rate, which is inconsistent with Anice = njiq (1 — exp(—(k(T)s. AT + Jhom(T)V.At))  (21)

our measurements. The quantitiesAT and At are related by the cooling rate

i.e. AT =r.At and the parameterisation f@om(7) is taken
from Murray et al. (2010). The resulting model predictions
in Fig. 15b are consistent with the experimental data.

Our parameterisation for; and Eq. (21) are used to pre-

While we have shown that the model that can best de_dlct fraction frozen curves for droplets containing varying

scribe ice nucleation by NX illite is the multiple component sizes of mineral dust inclusions (see Fig. 16). In order to

stochastic model, it has a number of disadvantages for usgetermine the ;urface area of qtmospheric partiqles Itis im-
in cloud models. Firstly, while we have been able to recon-portffjmt to take into account their morphology. Mineral dUSt.
cile cooling rate independence and time dependence at corRarthlgs are known to .be aggregates of many sma]ler part-
stant temperature, we have not been able to produce a full fff’r:es (Lieke et al., 2011; Kandler et al., 2007) and this means
to the data since we cannot determine a unique value of that ihey can have a much greater surface area than a_smooth
sphere of similar mass. The surface area was determined by

Secondly, in many cloud types, particularly those with rapid . . )
cooling rates, inclusion of the time dependence in the paramgssummg that atmospheric particles have the same surface

eterisation of ice nucleation may not be important. When /€@ Per unit mass as NX ilite (1041g™) and a density of

3 . . . _
modelling these clouds the time independent singular de_2.7gcrrr - According fo these assumptions a 0.5 um diam

scription may be both adequate and more computationall pter aggregate would have a surface area®k1L0™" cn?,
efficient lehereas an equivalent smooth sphere would have a surface

In Fig. 15a we show afit to Inf (7)) which was derived an'al'érl\23dgmt(:r?dserr?cazlIelecr)llc freezing temperatures on the size of
for the low surface area data @ x 10-6 cm? per droplet). P g femp

. . . . articles is shown to be very strong in Fig. 16, which illus-
Only data obtained during constant cooling experiments ca . .
. . . . rates that larger particles are more likely to catalyse freez-
be represented using the singular model, with freezing a

. . . ; > /Ing. This is consistent with DeMott et al. (2010) who ar-
constant temperature inconsistent with this model. A third- . :
. . ) gue that particles larger than 0.5 um dominate heterogeneous
order polynomial was found to adequately describe this data; L .
ice nucleation in the atmosphere. In addition, we compare
ns(T) = exp(A+ BT+ CT2+ DT?) (18) our parameterisation (Egs. 18-21) to that of Diehl and Wur

zler (2004) which is for pure illite. Since our sample con-
for 236.2 K< T < 247.5K. The differential surface site den- tained 61% illite it is reasonable to make this comparison

sity (k(T)) can also be determined using these fitted parambecause., due to a larger number of particles estima’Fed to be
eters: present in each of our droplets, every droplet was likely to

contain illite. The freezing temperatures of dust according
k(T)=(B+2CT + 3DT2)exp(A+ BT+ CT2+ DT9) (19) to our parameterisation are strongly size dependent, whereas

Diehl and Wurzler’s parameterisation is independent of par-
The determined values of, B, C and D are listed in Ta- ticle size (or surface area). This suggests that Diehl and Wur-
ble 5. It should be noted that this parameterisation shouldzler's parameterisation over predicts the ice nucleating effi-
not be used for temperatures below 236.2 K, due to the naeiency of many mineral dust particles and only represents the
ture of the third-order polynomial fit. In addition, since this ice nucleating ability of a subset of the largestl(um) and
parameterisation is based on experimental data with surfacemost efficient atmospheric particles.
areas< 2 x 10-%cn?, it may under predict ice nucleation Another important point is raised on inspection of Figs. 15
above~247 K. and 16: homogeneous nucleation is predicted even though

5 Parameterisation of nucleation by NX illite in the
immersion mode for use in models
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Fig. 16. Predicted fraction frozen curves for droplets containing Fig. 17. Fraction of droplets frozen as a function of temperature for

mineral dust particles with a range of diameters. It is assumed thafliroplets containing an internal mixture of 0.01 wt% NX illite and

these particles are aggregates of smaller particles and have the safdel5 Wt % kaolinite. The blue line is our predictgde(7) curve

total surface area per mass as NX illite (104gn!) with a density ~ based on Eq. (22) and using the parameterisations for ice nucle-

of 2.7gcn3. The curves are calculated according to Ex{) for ation by kaolinite (Murray et al., 2011b) and NX illite (Eq. 19).

droplet diameters of 15 pm. We also show the result of Diehl andThe predictedfice(T) curves assuming only illite and only kaoli-

Wurzler's (2004) parameterisation for illite which is surface area Nite were present are also shown. The experimefgalT’) curve

independent. was produced using 34 droplets in the 10—-20 um size range. The

surface area of clay available in the median volume dropfet(
1.1x 10 9¢m3) wass =1.39x 107 cm?, 1.92x 10~ cn? for il-

the droplets contain solid particles. This shows that homogelite and kaolinite, respectively; the cooling rate was 10.0 Kmin

neous nucleation can be more effective than heterogeneous

nucleation under certain conditions. This behaviour was also . )

observed during experiments investigating immersion modef0ling rates related to weaker in-cloud updraughts should be

freezing by kaolinite and was discussed in some detail previ@PPlied with caution. While our experiments are insensitive

ously (Murray et al., 2011b). to cooling rate.betyve(_an 0.8 and 10K mih we have also
Equation (21) can also be extended to describe heteroge®"0WWn nucleation is time dependent and this may become

neous freezing by multiple’ nucleation site types. Nucle- mPortantin weakly forced clouds.

ation by some materials, such as kaolinite, lend themselves

to being described by a single component stochastic mod

(i.e. J(T)) (Murray et al., 2011b), whereas nucleation by

other mat.erlals such as NX |I!|te are more rgadlly descr'bedHeterogeneous nucleation by NX illite was found to occur
using a S|.ngular dgscrlptlon (1-e(T)). If particles of mul_— ver a range of temperatures, dominantly between 246 K
tiple shecies are d|sperse.d evenly throughoutapopulaﬂqn 0an the homogeneous limit. The freezing behaviour of
droplets, i.e. internally mixed, then the number of freezing . droplets in our experiments could be split into two

events during cooling can be described using: regimes depending on the surface area of illite in the droplets.
Antige = i (1— eXP(—(Ek; (T)s5; AT + S5 (T)s: At + Jnom(T)V 51)(22) Droplets in the high surface area regime shO\_Ned cooling rate
dependent behaviour and the median freezing temperatures
To test the validity of this expression we made up a sus-of these droplets did not depend on surface area. In compar-
pension containing both 0.01wt% NX illite and 0.15wt% ison, freezing temperatures during cooling scaled with sur-
kaolinite KGa-1b. The experimental results and model curveface area for droplets in the low surface area regime. This
based on Eq.22) are illustrated in Fig. 17. The time variation in behaviour highlights the need to probe a range of
dependent parameterisation for kaolinite from Murray etconditions when performing nucleation experiments, in or-
al. (2011b) was used together with the singular descriptionder to fully quantify the ice-nucleating ability of a particular
for NX illite described above. The predicted curve is in IN.
agreement with the experimental data. The freezing temperatures of droplets in the low surface
While the singular parameterisation for NX illite presented area regime s(< 2 x 10-%cn?) did not depend on cooling
here is self consistent with the experimental cooling ramprate (0.8-10.3Kmin'). Hence, this data is well approxi-
data, it should be noted that extrapolation to much slowemated by the time independent singular model. However,

e .
é Summary and conclusions
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