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Abstract. Deposition nucleation on two mineral species,
kaolinite and illite, was studied using a flow cell coupled to
an optical microscope. The results show that theSice con-
ditions when ice first nucleated, defined as the onsetSice(
Sice,onset

)
, is a strong function of the surface area available

for nucleation, varying from 100 % to 125 % at temperatures
between 242 and 239 K. The surface area dependent data
could not be described accurately using classical nucleation
theory and the assumption of a single contact angle (defined
here as the single-α model). These results suggest that cau-
tion should be applied when using contact angles determined
from Sice,onset data and the single-α model. In contrast to
the single-α model, the active site model, the deterministic
model, and a model with a distribution of contact angles fit
the data within experimental uncertainties. Parameters from
the fits to the data are presented.

1 Introduction

Atmospheric aerosol particles can indirectly influence cli-
mate by modifying the formation conditions and properties
of ice and mixed-phase clouds. To better understand this
topic, an improved understanding of the ice nucleation prop-
erties of atmospheric aerosols is required, and these proper-
ties need to be parametrized and incorporated in atmospheric
models (Baker and Peter, 2008; Cantrell and Heymsfield,
2005; DeMott, 2002; Hegg and Baker, 2009; Houghton et
al., 2001).

Ice nucleation may occur in the atmosphere either homo-
geneously or heterogeneously. Homogeneous nucleation in-

volves the freezing of liquid droplets. In heterogeneous nu-
cleation, ice forms on insoluble or partially soluble aerosol
particles known as ice nuclei (IN). Four different modes of
heterogeneous ice nucleation have been identified: immer-
sion, condensation, deposition and contact nucleation. In
the following we focus on deposition nucleation, which in-
volves the formation of ice on a solid particle directly from
the vapour phase (Pruppacher and Klett, 1997; Vali, 1985).

Different theories or models have been developed to
parametrize heterogeneous nucleation data. One of the sim-
plest is classical nucleation theory (Pruppacher and Klett,
1997) combined with the assumption of a single contact an-
gle, α. We refer to this as the single-α model. This model
assumes ice nucleation is a stochastic process and can oc-
cur at any location on the surface of a particle with equal
probability (i.e. the surface is energetically uniform for ice
nucleation). Therefore, each particle has the same proba-
bility per unit surface area to nucleate ice (Pruppacher and
Klett, 1997). Nucleation data is parametrized using a single
parameter, the contact angle. Due in part to its simplicity, re-
searchers (including ourselves) have used the single-α model
to parametrize laboratory data for use in atmospheric simu-
lations (see for example:Archuleta et al., 2005; Chen et al.,
2008; Chernoff and Bertram, 2010; Eastwood et al., 2008,
2009; Fornea et al., 2009; Hung et al., 2003). In addition, the
single-α model has been used to describe heterogeneous nu-
cleation in atmospheric cloud simulations (see for example:
Hoose et al., 2010a,b; Jensen and Toon, 1997; Jensen et al.,
1998; Kärcher, 1996, 1998; Kärcher et al., 1998; Morrison et
al., 2005).
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A modification of the single-α model is the Probability
Distribution Function-α model (PDF-α model) (Lüönd et al.,
2010; Marcolli et al., 2007). Similar to the single-α model,
this model assumes that ice nucleation is stochastic and can
be described by classical nucleation theory. Nucleation can
occur at any location on the surface of a particle with equal
probability (i.e. the surface is energetically uniform for ice
nucleation). However, the ice nucleation ability varies from
particle to particle, which is described by a probability distri-
bution function of contact angles,α. This model has recently
been used to parametrize laboratory data ofMarcolli et al.
(2007) andLüönd et al.(2010).

Yet another modification to the single-α model is the active
site model (Fletcher, 1969; Gorbunov and Kakutkina, 1982;
Han et al., 2002; Lüönd et al., 2010; Marcolli et al., 2007;
Martin et al., 2001; Niedermeier et al., 2011). In this model
it is assumed that ice nucleation is a stochastic process and
can be described by classical nucleation theory. However,
small areas or sites on a particle may be more effective at
nucleating ice than the remainder of the particle. The distri-
bution and ice nucleation properties of these areas, referred
to as “active sites”, govern the nucleating ability of a parti-
cle. The active site model has been used for parametrizing
laboratory data and for describing ice nucleation in atmo-
spheric models (Fletcher, 1969; Gorbunov and Kakutkina,
1982; Khvorostyanov and Curry, 2000, 2004, 2005, 2009;
Kulkarni and Dobbie, 2010; Lüönd et al., 2010; Saunders et
al., 2010).

A final model used here is the deterministic model (Con-
nolly et al., 2009; Lüönd et al., 2010). Unlike the other three
models discussed above, this model is not based on classical
nucleation theory. When applied to deposition nucleation,
the deterministic model assumes particles have a character-
istic number density of surface sites, and ice forms immedi-
ately on a surface site upon reaching a definite ice saturation
ratio. This model has been used recently to parametrize im-
mersion nucleation data for mineral dust particles (Connolly
et al., 2009; Lüönd et al., 2010; Murray et al., 2011; Nieder-
meier et al., 2010).

In the following we investigate deposition nucleation of
ice on illite and kaolinite particles, two minerals that are a
significant fraction (up to 50 %) of atmospheric mineral dust
(Claquin et al., 1999). Mineral dust particles can play an
important role in atmospheric ice formation based on previ-
ous field measurements and modelling studies (see for ex-
ample:Ansmann et al., 2008; Barahona et al., 2010; Cziczo
et al., 2004; DeMott et al., 2003; Heintzenberg et al., 1996;
Hoose et al., 2008; Klein et al., 2010; Koehler et al., 2010; Li
and Min, 2010; Min et al., 2009; Prenni et al., 2009; Sassen,
2002; Sassen et al., 2003; Seifert et al., 2010; Twohy and
Poellot, 2005). We show that theSice conditions when ice
first nucleates on kaolinite and illite particles are a strong
function of the surface area available for nucleation. This
surface area dependent data is then used to test the different
models discussed above. We show that the single-α model

cannot describe the laboratory data, but the PDF-α model,
the active site model and the deterministic model fit the data
within experimental uncertainties. Parameters from the fits
to the data are presented and the atmospheric implications
are discussed.

2 Experimental

2.1 Ice nucleation experiments

The apparatus used in these studies has been described in de-
tail previously (Dymarska et al., 2006; Eastwood et al., 2008;
Parsons et al., 2004). It consists of an optical microscope
(Zeiss Axiolab A equipped with a 10X objective) coupled to
a flow cell in which the saturation ratio and temperature can
be accurately controlled. The saturation ratio,Sice, is defined
as the ratio of water vapour partial pressure to the saturation
vapour pressure of ice at the same temperature. Mineral dust
particles were deposited on the bottom surface of the flow
cell; the saturation ratio with respect to ice,Sice, inside the
cell was increased, and the conditions for onset of ice nucle-
ation (when the first particle nucleated ice) was determined
with a reflected light microscope. We define this as the on-
setSice

(
Sice,onset

)
. TheSice over the particles was controlled

by continuously flowing a mixture of dry and humidified He
through the flow cell. The humidity of the gas stream was
continuously monitored using a frost point hygrometer (Gen-
eral Eastern 1311 DR) which was calibrated against the ice
frost point within the flow cell (Dymarska et al., 2006).

The bottom surface of the flow cell, which supported
the particles, consisted of a glass cover slide treated with
dichlorodimethylsilane to make a hydrophobic surface (Dy-
marska et al., 2006). This ensured that ice did not nucleate
directly on the surface of the glass slide. TheSice condi-
tions at which all the particles nucleated ice could not be
determined since after ice formed on the first particle, the
Sice above the other particles was reduced as water vapour
condensed on the first nucleated particle. Each experiment
involved determining theSice,onset for an ensemble of parti-
cles and this procedure was repeated a number of times with
varying numbers of particles.Sice,onset was determined for
each sample once (i.e. measurements were not repeated on
the same sample).

Typical experimentalSice trajectories used in these ice nu-
cleation experiments are illustrated in Fig.1. At the begin-
ning of the experiments, the particles were exposed to a flow
of dry He gas at room temperature(Sice<1%). The tem-
perature of the cell was then rapidly lowered and theSice
was set to approximately 80 %. The nucleation experiments
were then conducted by steadily decreasing the tempera-
ture

(
−0.1Kmin−1) and thus increasing theSice as shown

in Fig. 1. TheSice ramp rate was approximately 1 % min−1.
Optical images were recorded every 20 s, which corresponds
to a change of∼0.3%Sice.
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Fig. 1. Typical experimental trajectories for the ice nucleation ex-
periments. Experiments start below ice saturation and the tempera-
ture is decreased until ice crystals are observed.
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Fig. 2. Number distributions measured using the optical micro-
scope. N represents the cumulative number distribution function
andD represents the diameter. The experimental data were fit to a
log-normal distribution function. Based on fits to the data, the mean
geometric diameter

(
D̄g

)
and geometric standard deviation

(
σg

)
in

the experiments were 7.52 µm and 1.96 for kaolinite and 5.53 µm
and 1.82 for illite.

2.2 Sample preparation

Kaolinte and illite samples were purchased from Fluka (prod-
uct ID: 03584) and the Clay Mineral Society (product ID:
IMt-1), respectively. The mineral samples were deposited on
hydrophobic glass slides using the following technique: dry
dust particles were placed in a glass vessel immersed in an
ultrasonic bath. A flow of ultrahigh-purity N2 was passed
through the vessel, and vibrations from the ultrasonic bath
caused the dust particles to be suspended in the flow of N2.
This flow was directed at the hydrophobic glass slides, and
the dust particles were deposited on the slides by impaction.

2.3 Total surface area, particle size, and particle
number

The total surface area available for nucleation in each exper-
iment,Atotal, was determined from the images recorded with
the optical microscope (Chernoff and Bertram, 2010; Dy-
marska et al., 2006; Eastwood et al., 2008, 2009). First, the
projected (i.e. 2-dimensional) surface area in a given exper-
iment was determined with digital image analysis software
(Northern Eclipse). The projected surface area was then mul-
tiplied by a factor of 4 to giveAtotal. A factor of 4 assumes
that all particles are spherical, and the surface area available
for nucleation can be approximated by the geometric surface
area of the particles. Based on this analysis, the total surface
area of the mineral dust deposited in any particular experi-
ment ranged from 4×10−6 to 8×10−3cm2. Sensitivity to
the assumption of spherical particles is explored in Sect.4.5.

The size of the particles in the experiments were also de-
termined with images from the optical microscope. In total
383 particles were analyzed for kaolinite and 363 particles
for illite to extract size information. Shown in Fig.2 are the
number distributions of particles in the kaolinite and illite
experiments determined from this analysis. Based on a log-
normal fit to the data, the mean geometric diameter

(
D̄g

)
and

geometric standard deviation
(
σg

)
in the experiments were

7.52µm and 1.96 for kaolinite and 5.53µm and 1.82 for illite.
The optical resolution limit of the microscope was approxi-
mately 1µm. Scanning electron microscopy was also carried
out on some slides to ensure that the number of particles less
than 1µm on the slides was small. From the electron micro-
scope images we concluded that<0.5 % of the total surface
area lies in the sub-micrometer range. Also note that from the
images recorded during the freezing experiments we can con-
clude that ice nucleation always occurred on particles>1µm
in diameter, further confirming that particles with diameters
<1µm are not important in our experiments. The size dis-
tribution presented in Fig.2 is different from the size distri-
bution reported byWelti et al. (2009) for kaolinite samples
also purchased from Fluka since our method of depositing
particles on slides favours particles with diameters>1µm.

The number of particles in each experiment was calculated
by the following equation:

Ntotal=
Atotal

Aaverage
, (1)

whereNtotal is the number of particles,Atotal is the total
surface area of particles calculated as described above, and
Aaverage is the average surface area of the particles. The
value ofAaveragewas calculated using the following equation
(Reist, 1993):

Aaverage= πD̄g
2
exp

(
2ln2σg

)
, (2)

whereD̄g andσg are the geometric mean diameter and ge-
ometric standard deviation of the number distributions dis-
cussed above and calculated from the data shown in Fig.2.
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In each experiment the number of particles on a slide ranged
from 1 to∼ 1000.

3 Results

3.1 S ice,onset as a function of surface area

The individual onset results obtained for kaolinite and illite
particles are shown in Figs.3a and5a, respectively. Each
data point represents the onset conditions observed for a sin-
gle sample of dust particles, and the error bars are based on
the manufacturer’s stated uncertainties for the frost point hy-
grometer, RTD, and temperature readout. A few of the results
for kaolinite particles are atSice,onsetvalues<1 including er-
ror bars. This suggests that the uncertainties inSice,onsetare
slightly larger than reported. There should not be an offset in
our measurements since the relative humidity was calibrated
with the ice frost point within the cell as mentioned above.

A total of 84 and 52 individual nucleation experiments
were performed for kaolinite and illite, respectively. Mea-
surements made with surface areas greater than∼ 10−4cm2

show both kaolinite and illite to be very good ice nuclei; nu-
cleation occurred at supersaturations of less than 5 %. These
results are consistent with previous measurements for both
kaolinite and illite particles (Bailey and Hallett, 2002; Cher-
noff and Bertram, 2010; Eastwood et al., 2008; Kanji et al.,
2008; Möhler et al., 2008a,b; Salam et al., 2006; Welti et al.,
2009; Zimmermann et al., 2007, 2008). The measurements
made at low surface coverages

(
<10−4cm2

)
, however, show

a different trend than was observed for high surface cover-
ages. Onset values were observed over a broad range of sat-
uration ratios (100 % to 125 %). The spread in onset values
between different experiments is greater than the uncertainty
in the measurements ofSice.

3.2 S ice,r=0.05 as a function of surface area

Sice,onsetvalues reported in Figs.3a and5a correspond to the
conditions when the number of nucleation events is greater
than or equal to 1. Since the time between images is 20s,
at Sice,onset the rate of nucleation,r, is ≥ 0.05s−1. In the
previous image (collected beforeSice,onset, which we define
as Sice,previous) there was no nucleation, i.e.r = 0s−1. As
a result,r = 0.05s−1 somewhere within the rangeSice,onset
to Sice,previous. For the calculations that follow, we define a
new variable, the ice saturation ratio at which the nucleation
rate equals 0.05s−1 (Sice,r=0.05). Sice,r=0.05 can be calculated
with the following equation:

Sice,r=0.05=

(
Sice,previous+Sice,onset

)
2

. (3)

Figures3b and5b show individualSice,r=0.05 values as a
function of surface area. The uncertainty inSice,r=0.05 in-
cludes the difference betweenSice,onset and Sice,previous as
well as the uncertainty in measuringSice,onset. Sice,onsetand
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Fig. 3. Results for kaolinite particles:(a) individual onset measure-
ments,(b) individualSice,r=0.05 results and(c) averageSice,r=0.05.
The average values are calculated for four equally sized bins and the
horizontal error bars show the range of data points in each bin. The
surface area values in(c) represent the average surface area of the
points in each bin. Error inSice,onset is given as experimental er-
ror in measurements of saturation. Error inSice,r=0.05 is based on
the difference betweenSice,onsetandSice,previousas well as the un-
certainty in measuringSice,onset. Error in the averageSice,r=0.05
represents the 95 % confidence interval. Predictions are shown us-
ing the single-α model (orange lines) calculated using Eq. (9). In
addition to surface area, the corresponding number of particles cal-
culated fromAaverageis also shown.
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Fig. 4. Fraction of particles nucleated as a function ofSice,r=0.05
for kaolinite. Panel(a) shows nucleated fraction for the individual
experimental results. The y-error was calculated from the uncer-
tainty in the value ofD̄g . The x-error represents the uncertainty in
Sice,r=0.05. Panel(b) shows the average nucleated fraction calcu-
lated for four size bins. The range of the data points in each bin is
given as the horizontal error and data points represent the average
of theSice,r=0.05 values within each bin. The y-error bar in panel
(b) represents the 95 % confidence interval of the average nucleated
fraction. Fits are shown for the single-α, PDF-α, active site, and
deterministic models.

Sice,r=0.05 are very similar, butSice,r=0.05 is more useful
when discussing nucleation rates.

Figures3c and5c show averageSice,r=0.05 values calcu-
lated from the data presented in Figs.3b and5b. To deter-
mine averages, the data were binned as a function of sur-
face area into equally spaced bins on a logarithmic scale.
The uncertainty in the averageSice,r=0.05 values reported in
Figs. 3c and5c correspond to the 95 % confidence interval
for the averages. As can be seen from the figures, the av-
erageSice,r=0.05 values clearly increase with decreasing sur-
face area.Kanji and Abbatt(2010) observed a similar trend
for deposition nucleation.
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Fig. 5. Results for illite particles:(a) individual onset measure-
ments,(b) individualSice,r=0.05 results and(c) averageSice,r=0.05.
The average values are calculated for four equally sized bins and the
horizontal error bars show the range of data points in each bin. The
surface area values in(c) represent the average surface area of the
points in each bin. Error inSice,onset is given as experimental er-
ror in measurements of saturation. Error inSice,r=0.05 is based on
the difference betweenSice,onsetandSice,previousas well as the un-
certainty in measuringSice,onset. Error in the averageSice,r=0.05
represents the 95 % confidence interval. Predictions are shown us-
ing the single-α model (orange lines) calculated using Eq. (9). In
addition to surface area, the corresponding number of particles cal-
culated fromAaverageis also shown.
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3.3 Fraction of particles nucleated as a function of
S ice,r=0.05

A convenient way of displaying the data involves calculating
the fraction of particles nucleated in an experiment as a func-
tion of Sice. Presenting the data in this manner allows for
a direct comparison with the PDF-α model, the active site
model, and the deterministic model (see below). Since the
number of particles nucleated atSice,r=0.05 equals 1, the frac-
tion nucleated is calculated by dividing 1 by the total number
of particles available to nucleate ice(Ntotal).

In Figs. 4a and6a we show the fraction of particles nu-
cleated as a function ofSice,r=0.05 for each of the individual
experimental results. Shown in Figs.4b and6b are average
fraction nucleated values calculated from the data shown in
Figs. 4a and6a. To determine averages, the data was binned
as a function ofSice,r=0.05 into 4 equally spaced bins. Fig-
ures4b and6b show an increase in fraction nucleated with
increasingSice,r=0.05 as expected.

4 Discussion

4.1 Single-α model

Classical nucleation theory (Pruppacher and Klett, 1997) re-
lates the rate of heterogeneous ice nucleation (Jhet, in units
of cm−2 s−1) to the energy barrier for ice embryo formation
on the substrate surface:

Jhet= J0exp

(
−

1F ∗
act

kT

)
, (4)

where1F ∗
act is the activation barrier to ice nucleation,J0 is

the pre-exponential factor in cm−2 s−1, k is the Boltzmann
constant, andT is the temperature in degrees Kelvin.

The value of the activation barrier is given by

1F ∗
act=

16πσ 3
i/vfhet

(
mi/v

)
3[NikT lnSice]2

, (5)

whereσi/v is the ice-vapour interfacial energy in Jcm−2, Ni

is the molecular concentration of ice in cm−3, Sice is the sat-
uration ratio over the particles andfhet

(
mi/v

)
is the contact

parameter of the embryo on the surface. For particle radii
significantly larger than the radius of an ice germ (a good
approximation under our conditions),fhet

(
mi/v

)
can be de-

scribed by the following equation:

fhet
(
mi/v

)
=

(
2+mi/v

)(
1−mi/v

)2

4
, (6)

wheremi/v is the cosine of the contact angle of the ice em-
bryo on the particle surface (i.e.mi/v = cosα, whereα is
the contact angle). The physical meaning of the contact an-
gle is not well understood and it is often used as a means of
parametrizing laboratory data.
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Fig. 6. Fraction of particles nucleated as a function ofSice,r=0.05
for illite. Panel (a) shows nucleated fraction for the individual
experimental results. The y-error was calculated from the uncer-
tainty in the value ofD̄g . The x-error represents the uncertainty in
Sice,r=0.05. Panel(b) shows the average nucleated fraction calcu-
lated for four size bins. The range of the data points in each bin is
given as the horizontal error and data points represent the average
of theSice,r=0.05 values within each bin. The y-error bar in panel
(b) represents the 95 % confidence interval of the average nucleated
fraction. Fits are shown for the single-α, PDF-α, active site, and
deterministic models.

Combining Eqs. (4) and (5), the overall equation for the
heterogeneous nucleation rate is obtained,

Jhet= J0exp

{
−

16πσ 3
i/v

3kT [kT Ni lnSice]2
fhet

(
mi/v

)}
. (7)

The single-α model is based on classical nucleation theory
and assumes that every particle has the same contact angle.

The nucleation rate can be expressed as a function of area,
time and number of nucleation events using the following
equation:

Jhet=
ω

Atotalt
, (8)
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whereω is the number of nucleation events,Atotal is the total
surface area of particles in cm2 andt is the time scale of the
measurements. Equations (7) and (8) can be combined to
give the following relationship betweenAtotal, Sice, T , time
and the number of nucleation events :

Atotal=
ω

t

1

J0exp

{
−

16πσ3
i/v

3kT [kT Ni lnSice]2
fhet

(
mi/v

)} . (9)

Equation (9) can be used to predict the relationship be-
tween surface area andSice,r=0.05. At Sice,r=0.05 the number
of nucleation events,ω, is, by definition, 1, and the time for
nucleation is 20 s.

In Figs.3c and5c (solid lines) we have calculatedAtotal as
a function ofSice,r=0.05 andT using Eq. (9), ω = 1, t = 20s
and different contact angles. We also used an interfacial en-
ergy of 1.065× 10−5 Jcm−2 (Pruppacher and Klett, 1997),
a pre-exponential factor of 1025cm−2s−1 (Fletcher, 1958,
1959; Pruppacher and Klett, 1997) and a molecular concen-
tration of ice of 3.1×1022 cm−3 (calculated from the molec-
ular mass and density of ice (Lide, 2001)). Both the values
of σi/v andNi are calculated for hexagonal ice. Recent find-
ings have shown that cubic ice is formed preferentially for
homogeneous nucleation (Murray and Bertram, 2006; Mur-
ray et al., 2005) but more information is needed to determine
the polymorph of ice that is formed by heterogeneous nucle-
ation.

It can be seen in Figs.3c and5c that there is no single
contact angle capable of accurately describing the data. Mea-
surements made at high surface areas are described by a low
value of the contact angle (α ≈3◦ for kaolinite andα ≈7◦ for
illite). Comparatively, the measurements made at the lowest
surface areas are described by a much larger contact angle
(α ≈14◦ for kaolinite andα ≈ 20◦ for illite).

The single-α model can also be used to predict the frac-
tion of particles nucleated as a function ofSice,r=0.05 as in
Figs. 4b and6b. Equation (10) shows the relationship be-
tween fraction of particles nucleated and the heterogeneous
nucleation rate (Pruppacher and Klett, 1997):

Nf

N0
= 1−

∫
∞

0
exp

[
−πD2Jhet(α,T ,Sice)t

]
fnum(D)dD, (10)

where
Nf

N0
is the fraction of particles nucleated,Jhet is the

heterogeneous nucleation rate which can be calculated from
Eq. (7), D is the diameter of a single kaolinite or illite particle
andfnum(D) is the number distribution calculated from data
presented in Fig.2. The valuefnum(D)dD represents the
fraction of particles having a diameter betweenD andD +

dD.
Shown in Figs.4b and6b (orange lines) are fits to the frac-

tion nucleated as a function ofSice,r=0.05 obtained by numer-
ical integration of Eq. (10) and assuming a single contact an-
gle. In these calculations 20 s was used for the time scale of
the experiment as done above. It can be seen from Figs.4b

Table 1. Fit parameters obtained for kaolinite. Best fits were ob-
tained by minimizing the weighted residual sum of squares between
the experimental data and the fit function. See text for further dis-
cussion on the models used.

Model Parameter Value RSSa

Single-α α 19.37◦ 15.771

PDF-α ᾱ 0◦

3.874
σα 54.14◦

Active site
b 3.8×109m−2

5.424β1 0.01
β2 0.001

Deterministic A1 1.20×106cm−2
0.541

A2 −0.8547

a Residual sum of squares

Table 2. Fit parameters obtained for illite. Best fits were obtained
by minimizing the weighted residual sum of squares between the
experimental data and the fit function. See text for further discus-
sion on the models used.

Model Parameter Value RSSa

Single-α α 21.78◦ 9.7978

PDF-α ᾱ 35.43◦ 0.03751
σα 14.64◦

Active site
b 7.6×109m−2

0.6708β1 0.1367
β2 1.0×10−4

Deterministic A1 1.46×106cm−2
0.007832

A2 −0.9415

a Residual sum of squares

and6b that the single-α model cannot describe our experi-
mental data. The parameters from the fitting procedure are
listed in Tables1 and2.

4.2 PDF-α model

As mentioned above, the PDF-α model is a modification of
the single-α model (Lüönd et al., 2010; Marcolli et al., 2007).
This model assumes that a single contact angle can describe
ice nucleation on an individual particle, but that a distribution
of contact angles exists for an ensemble of particles. Assum-
ing a normal distribution of contact angles, the fraction of
nucleated particles is given by

Nf

N0
= 1−

∫
∞

0

∫ π

0
exp

[
−πD2Jhet(α,T ,Sice)t

]
fα(α)fnum(D)dα dD, (11)

wherefα(α) is the normal probability distribution at a partic-
ular value ofα. The valuefα(α)dα is the fraction of particles
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Fig. 7. Probability distribution function for the PDF-α model and
surface density of active sites,ρ(α), for the active site model.
Shown are the results for kaolinite particles.

having a contact angle betweenα andα +dα. The normal
probability distribution is described by the following equa-
tion:

fα(α) =
1

σα

√
2π

exp

[
−

(α− ᾱ)2

2σ 2
α

]
, (12)

whereᾱ andσα are the mean and standard deviation of the
distribution, respectively. The value ofᾱ is constrained such
that ᾱ ≥ 0 andfα(α) is normalized such that

∫ π

0 fα(α)dα =

1.
The blue lines in Figs.4b and6b show calculations of

fraction nucleated as a function ofSice,r=0.05 using Eq. (11).
Similar to the previous calculations, an experimental time of
20 s was used. The data was fit by numerical integration of
Eq. (11) and by varying the parametersᾱ andσα.

The best fit to the kaolinite data (blue line in Fig.4b) gave
a mean contact angle (ᾱ) of 0◦and a width (σa) of 54.1◦. The
best fit to the illite data (blue line in Fig.6b) gave a mean
contact angle of 35.4◦and a standard deviation of 14.6◦. The
distribution of contact angles are shown (black lines) in Fig.7
for kaolinite and Fig.8 for illite. Figures4b and6b show that
the PDF-α model agrees with the experimental data within
the uncertainty of the measurements.

4.3 Active site model

The third method used to fit the experimental data was the ac-
tive site model, which is a modification of the single-α model
that includes the existence of active sites (Fletcher, 1969;
Gorbunov and Kakutkina, 1982; Han et al., 2002; Lüönd et
al., 2010; Marcolli et al., 2007; Niedermeier et al., 2011).
The equations presented here are the same as those presented
by Lüönd et al.(2010).

In contrast to the previous models, the active site model
assumes ice nucleation occurs more readily on small sites on
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Fig. 8. Probability distribution function for the PDF-α model and
surface density of active sites,ρ(α), for the active site model.
Shown are the results for illite particles.

the particle surface as opposed being equally probable any-
where on the particle surface. For consistency, we assume
that the size of an active site is constant and equal to 6 nm2

as done byLüönd et al.(2010). This is calculated from the
critical ice embryo size determined for homogeneous nucle-
ation of liquid water at 239 K using classical nucleation the-
ory. The active site model assumes that the probability of ice
nucleation on an active site is defined by a contact angle,αi ,
and this contact angle can vary from site to site.

Similar to Eq. (10) presented above, the probability of nu-
cleation on a single active site with contact angle,α, is

p(α) = 1−exp[−AαJhet(α,T ,Sice)t ] , (13)

wherep(α) is the probability of nucleation,Jhet(α,T ,Sice)

is the temperature, saturation and contact angle dependent
heterogeneous nucleation rate given by Eq. (7), Aα is the area
of the active site (6 nm2) and t is the time of observation.
Similarly, the probability that nucleation does not occur on a
single active site with contact angleα is

p̄(α) = exp[−AαJhet(α,T ,Sice)t ] . (14)

The probability of nucleation of a single particle is described
by the following equation, which takes into account the as-
sumptions that a single particle can have multiple active sites
and active sites can have a range of contact angles:

p(Sice) = 1−

m∏
i=1

p̄(αi) = 1−

m∏
i=1

exp
[
−Aαi

Jhet(αi,T ,Sice)t
]
, (15)

wherep(Sice) is the probability of nucleation of a single par-
ticle andp̄(αi) is the probability that an active site with a
contact angle ofαi does not nucleate ice.Aαi

is the total
surface area of active sites with a contact angle in the range
(αi, αi +1α) where1α is the width of the individual bin
such that the total number of bins is equal tom. Aαi

rep-
resents the summation of all active sites within the specified
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range, each with an area of 6 nm2. Therefore,Aαi
is an inte-

ger multiple of the single active site area
(
Aαi

= ni

(
6nm2

))
.

The average number of active sites on a single particle in
the range(αi,αi +1α), n̄i , is given by

n̄i = πD2ρ(αi)1α, (16)

whereD is the diameter of the particle andρ(α) is the con-
tact angle dependent surface density of active sites (i.e. num-
ber of active sites per unit surface area per unit contact angle
interval). The number of active sites on a single particle,ni ,
in the range(αi,αi +1α), was assigned using Poisson dis-
tributed random variables with the expectation value given
by Eq. (16). Theni values determined from Poisson statis-
tics were then used in Eq. (15) to determine the nucleation
probabilities,p(Sice), of a single particle. This whole pro-
cess was then repeated 1000 times to determine nucleation
probabilities of an ensemble of 1000 particles. The diameter
of each particle was assigned using uniform random numbers
in the range [0,1] and the cumulative distribution functions
calculated from the data presented in Fig.2. The nucleated
fraction was then determined using the following equation:

Nf

N0
=

1

1000

j=1000∑
j=1

pj (Sice). (17)

As was done byMarcolli et al. (2007) and Lüönd et al.
(2010), the surface density of active sites was described using
a three parameter exponential function of the following form:

ρ(α) = bexp

(
−β1

α−β2

)
. (18)

The experimentally determined nucleated fractions were
fit to the active site model by varying the parameters,b, β1,
andβ2. Results are shown (green lines) in Figs.4b and6b
for kaolinite and illite, respectively. As can be seen in the
figures, the active site model fits the data within the experi-
mental error. Fit parameters are reported in Tables1 and2 for
kaolinite and illite, respectively. Other combinations of two
of the fitting parameters,β1 andβ2, were found which pro-
vided equivalent fits to the ones presented (i.e. no single set
of parameters best described the data). This was attributed to
the low number of data points upon which the fits are based.

The fact that the experimental data is in agreement with
the active site model is consistent with recent computer sim-
ulations of ice nucleation at the molecular level. These sim-
ulations show that the good ice nucleation characteristics of
mineral dust is not likely due to the crystallographic match
between mineral surface and hexagonal ice, but rather may
be due to ice nucleation on defects such as trenches (Croteau
et al., 2008, 2010; Hu and Michaelides, 2007).

4.4 Deterministic model

A final model used here is the deterministic model (Connolly
et al., 2009; Lüönd et al., 2010). For deposition nucleation,

we assume that the particles have a surface density of ac-
tive sites,ns, that is a function ofSice,r=0.05, but indepen-
dent of temperature over the narrow range of temperatures
investigated (239−242K). The assumption of temperature
independence forns should be reasonable based on previ-
ous measurements ofSice,onset as a function of temperature
for kaolinite particles (Eastwood et al., 2008), which show
thatSice,onsetis relatively insensitive to temperature over the
range of 236−246K. It is also assumed that the fraction of
particles nucleated at a givenSice is independent of time but
related tons(Sice) through the following equation:

Nf

N0
= 1−

∫
∞

0
exp

[
−πD2ns(Sice)

]
fnum(D)dD. (19)

The surface density of active sites,ns(Sice), was described
by Connolly et al.(2009) andLüönd et al.(2010),

ns(Sice) =

{
0, Sice≤ −A2 orSice≤ 1
A1(Sice+A2)

2, otherwise.
(20)

Using Eqs. (19) and (20), the experimentally determined
nucleated fractions were fit using the parametersA1 andA2.
Good agreement was found between the experimental data
and the deterministic model (red lines in Figs.4b and6b).
Fit parameters can be found in Tables1 and2 for kaolinite
and illite, respectively.

4.5 Sensitivity of the results to the assumption of
spherical particles

The calculations above were carried out with the assumption
that the surface area of a particle equals the geometric sur-
face area (i.e. the particles are spherical). We assume this
is a lower limit to the total surface area available for nucle-
ation. Based on scanning electron microscope measurements
of a limited number of mineral particles, we estimate that an
upper limit to the surface area of the particles equals the ge-
ometric surface area multiplied by a factor of 50 (Eastwood
et al., 2008). We have reanalyzed the experimental data and
redone the calculations with the assumption that the surface
area of the particles equals the geometric surface area multi-
plied by 50. The results from this analysis and calculations
are shown in the supplemental information (Tables S1 and S2
and Figs. S1 - S4).

In short, when using a geometric surface area multiplied
by 50, the single-α model does not describe the data but the
PDF-α model, active site model, and deterministic model all
fit the data within the experimental error. The fit parameters
for the single-α and PDF-α models vary by less than 3 %
compared with the parameters presented in Tables1 and2.
For the deterministic model, the parameterA2 is the same as
presented in Tables1 and2 and the parameterA1 is reduced
by a factor of 50.
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4.6 Comparisons with previous measurements

Previous studies have also used various nucleation data to
test whether or not the single-α model can be used to accu-
rately describe heterogeneous ice nucleation data for mineral
dust particles. Several studies have shown that modifications
to the single-α model are required for accurate predictions of
heterogeneous nucleation data (Archuleta et al., 2005; Hung
et al., 2003; Lüönd et al., 2010; Marcolli et al., 2007; Welti
et al., 2009). Most similar to our studies,Welti et al.(2009)
studied ice nucleation on mineral dust particles, including
illite and kaolinite, in the deposition mode. Relative humidi-
ties with respect to ice required to activate 1% of the dust
particles as ice nuclei (IN) were reported as a function of
temperature. An explicit size dependence of the ice forma-
tion efficiency was observed for all dust types. 800nm parti-
cles required the lowestSice to activate. Similar to the main
conclusions in our studies, these authors found that a single
contact angle could not decribe freezing results for different
particle diameters of a single mineral.

Murray et al.(2011) investigated immersion freezing by
kaolinite particles as a function of dust concentration and
cooling rate. In contrast with the references mentioned
above, the data from this study were consistent with classical
nucleation theory and the assumption of a single contact an-
gle (the single-α model). The source of the kaolinite material
used byMurray et al. was the Clay Mineral Society, which
is a different source compared to our experiments. In addi-
tion, the work ofMurray et al.investigated immersion freez-
ing while our work examined deposition nucleation. Future
studies investigating the ice nucleation properties of different
mineral sources may provide some insight into the apparent
discrepancies.

5 Conclusions and atmospheric implications

Deposition nucleation of ice on kaolinite and illite parti-
cles, two abundant minerals in the atmosphere, was inves-
tigated. The onsetSice conditions for ice nucleation were a
strong function of the surface area available for ice nucle-
ation. For example, in the kaolinite experiments, onsetSice
values ranged from 100 % to 125 % depending on the surface
area used in the experiments.

The surface area dependent results were used to test the
applicability of classical nucleation theory with a single con-
tact angle as a method to parametrize heterogeneous ice nu-
cleation data. The surface area dependent data could not be
described accurately using this model. These results add to
the growing body of evidence that suggests that, in many
cases, the single-α model is not appropriate for predictions of
heterogeneous nucleation. The results also suggest that cau-
tion should be applied when using contact angles determined
from the single-α model and onset data. This is because dif-
ferent contact angles can be derived from onsetSice data and

the single-α model depending on the surface area used in the
experiments. As an example, the contact angle consistent
with our kaolinite data varied from 3◦ to 14◦ depending on
the surface area. Fits were also performed using the PDF-α

model, the active site model and the deterministic model. In
contrast to the single-α model, the other models used all fit
the data within experimental uncertainties. Parameters from
the fits to the data are presented. These parameters are appli-
cable to the temperature range studied (239 - 242 K). Further
studies are needed to determine if the parameters apply to
temperatures outside this range.

Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/12/1189/2012/
acp-12-1189-2012-supplement.pdf.
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