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Abstract. The time dependence of immersion freezing wase.g. mineral dust aerosols blown off from arid surfad€s-(
studied for temperatures between 236 K and 243 K. Dropletsnai, 1951, Isono et al.1959 DeMott et al, 2003h Eastwood
with single immersed, size-selected 400nm and 800 nnet al, 2008.
kaolinite particles were produced at 300K, cooled down to One pathway of ice crystal formation is by ice nuclei
supercooled temperatures, and the fraction of frozen dropletacting as cloud condensation nuclei (CCN) at temperatures
with increasing residence time was detected. To simulateabove 273 K, subsequent cooling of the cloud droplets and
the conditions of immersion freezing in mixed-phase cloudsnucleation of ice at a certain degree of supercooling. If ice
we used the Zurich Ice Nucleation Chamber (ZINC) and itsforms heterogeneously on the IN surface the process is re-
vertical extension, the Immersion Mode Cooling chAmber ferred to as immersion freezing. This is an important freez-
(IMCA). We observed that the frozen fraction of droplets in- ing mechanism down to a supercooling of approximately
creased with increasing residence time in the chamber. Thi235 K below which homogeneous freezing within the droplet
suggests that there is a time dependence of immersion freexolume becomes the more efficient mode of ice nucleation
ing and supports the importance of a stochastic componeniPruppacher and Klettl997. Other ice nucleation modes
in the ice nucleation process. The rate at which dropletdike deposition nucleation, condensation- and contact freez-
freeze was observed to decrease towards higher temperag (Vali, 1985 can also be active in supercooled clouds.
tures and smaller particle sizes. Comparison of the laboratory In mixed-phase clouds, observations corroborate that im-
data with four different ice nucleation models, three basedmersion freezing is the dominant freezing mechanism. For
on classical nucleation theory with different representationsexampleAnsmann et al(2009 reported lidar observations
of the particle surface properties and one singular, suggesif tropical altocumulus clouds that consistently showed the
that the classical, stochastic approach combined with a diseccurence of liquid droplets prior to ice formation. They
tribution of contact angles is able to reproduce the ice nucleconclude that ice formation via condensation and deposition
ation observed in these experiments most accurately. Usingucleation are not important ice formation mechanisms for
the models to calculate the increase in frozen fraction at typi-mixed-phase clouds. The recent laboratory studbgker
cal mixed-phase cloud temperatures over an extended perioet al. (2012 reported that hundreds of collisions of min-
of time, yields an equivalent effect efl K temperature shift eral dust particles with a supercooled droplet are needed
for an increase in times scale by one order of magnitude. Thigo initiate contact freezing. However the number of unim-
suggests that temperature is more important than time. mersed particles in mixed-phase clouds can be expected to
be low compared to the number of droplet¢iécek and Pe-
ter, 2009. This suggests that contact freezing is likely not a
dominant ice formation pathway in mixed-phase clouds.
Mid-tropospheric clouds which cover about 25 % of the
globe Gassen and Wan@012 consist of 61.8% mixed-
phase clouds with the highest occurrence in the midlatitudes

1 Introduction

The formation of ice crystals in supercooled clouds is usu-
ally initiated on the surface of ice nucleating particles (IN),
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and over the polar oceanghang et al.2010. In average  dependence of ice nucleation was observed and described by
mixed-phase clouds cover about 15.5 % of the globe. Vonnegut(1949 and has been supported by a number of con-
Immersion freezing in mixed-phase clouds causes thesecutive cloud chamber studies, mainly on Agl (Elgtcher
transformation of small cloud droplets to larger ice crys- 1959 Wartburton and Heffernari964). Evidence that time
tals that precipitate and thereby influences the formation ofdependence could be negligible, comes from experiments in
precipitation and consequently the surface water distribuwhich the freezing of droplets was investigated at various
tion, e.g. the freezing of liquid water droplets in mixed-phasecooling rates but no time lag in the number of frozen droplets
clouds is one of the essential processes for precipitation foreould be observed/li, 1994 and references therein).
mation in midlatitudesoughton 1950. Recent immersion freezing studies on cold stages used
The change in the cloud brightness resulting from thea range of different cooling rates, exposure of suspension
freezing of cloud droplets has an effect on the Earth’s surfacealroplets to isothermal conditions for up to 10 miurray
energy budgetGantrell and Heymsfield2005 Lohmann et al, 2011 Broadley et al.2012 or repeated exposure of
2002. Additionally to the freezing of droplets, the cloud the same sample to low temperaturgali, 2008. All these
radiative properties are influenced by the depletion of lig- studies observed a time dependence of ice formation. Differ-
uid water via the Bergeron-Findeisen process in partiallyential scanning caliometry (DSC) measurements of oil/water
glaciated clouds which effects the size of the remainingemulsion sample$(nti et al, 2012, found evidence of vary-
droplets Westbrook and Illingworth2009. ing onset freezing temperatures when measurements where
To predict the radiative properties and precipitation devel-repeated with the same sample. This supports the stochas-
opment of mixed-phase clouds, a detailed understanding dfic approach. On the other hand experiments with a large
the mechanisms by which droplets freeze is paramount. Imumber of droplets that contained single nuclei as performed
particular, the question of whether the fraction of ice and lig- in cloud- or diffusion chambergSpnnolly et al, 2009 Nie-
uid water depends on time or solely on temperature has notermeier et a).2011), reported a more singular freezing be-
been answered definitively by experiments. Two theories otfhaviour. In the cold stage study Wéli and Stansbury1966
immersion freezing have been discussed since the 1950's. it was concluded that neither a purely stochastic nor a sin-
First, the “stochastic hypothesis” formulated Bigg gular description is applicable to represent the probability of
(1953 which is based on the concept that, within super-ice nucleation at a constant temperature.
cooled water, thermal fluctuations of water molecules can To represent ice nucleation in numerical climate models
produce clusters which resemble the structure of ice. By capaccurately it is useful to know which hypothesis is suitable
turing and losing molecules, some of these ice germs growor a certain particle population.
to a size (characterised by the critical radius) where they The current study uses the same experimental setup as was
become stable and initiate freezing. Subsequent freezing afised byLudnd et al.(2010 to investigate the size depen-
a droplet and development of the macroscopic ice crystadence of immersion freezing on kaolinite particles. The mea-
emanates from the ice-water interface of the first critical surements reported byuond et al.(2010 were done at a
germ. The number of molecules required to form a stableconstant residence time in the supercooled region of the ex-
ice germ within a droplet decreases with increasing superperiment. Fitting the experimental data with either an active
cooling. Therefore the probability of critical germ formation site stochastic or singular model revealed a comparable dif-
increases towards lower temperatures. Also the presence offarence of the fit curves from the measurements. They pro-
particle surface in a supercooled droplet reduces the amourgosed that time-dependent measurements could help assess
of water molecules that are needed to reach the stable clusté¢he differences and applicability of the two approaches in
radius by allowing the germ to form on it as a spherical cap.representing immersion freezing.
The number of critical ice germs forming per unit time and  Based on the results and recommendatiohigind et al.
unit surface area of the IN is referred to as the nucleation rate(2010, we investigate the nature of time-dependence in im-
This stochastic approach is known as the classical nucleatiomersion freezing by measuring the frozen fraction of a large
theory (CNT). number of droplets containing single immersed particles by
The second, “singular hypothesis” proposedlangham  varying residence times while keeping the experimental tem-
and Mason(1958 assumes that at a given supercooling, theperature constant. In a second step described in 8esle
radius of ice germ forming on the aerosol surface is de-tested a stochastic, a singular and two modified-stochastic
termined by surface features, and thermal fluctuations havenodel formulations for their ability to represent the mea-
negligible influence on the ice germ radius. If an ice germsured data. Based on the best fit of each model we then calcu-
reaches the critical germ radius at the given supercoolinglated the glaciation state of a mixed-phase cloud after 30 min
the droplet freezes immediately. Otherwise the droplet willat a constant temperature, which corresponds to a typical
stay liquid irrespective of the time during which the droplet time step in a global climate model. To simplify the exper-
is exposed to the given supercooling. imental findings, we derived apparent, temperature depen-
Experimental support for both a stochastic and a singulaident contact angles that might incorporate the non-stochastic
component in immersion freezing has been found. A timecomponent of freezing in an otherwise purely stochastic
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down to supercooled temperatures and investigate immersion
freezing at constant temperatures and at water saturated con-
ditions for the residence time in the ZINC chamber. The con-
stant temperature and saturation conditions in ZINC repre-
sent conditions of a static mixed-phase cloud.

The frozen fraction of droplets containing single immersed
a0 T IMCA ka_olini.te particles was detected. with the Ice Optical DEpo-
° T Comglfssed larization detector (IODE) described Nicolet et al.(2010.
H 2.1 Aerosol generation and droplet activation

Fluidized bed
aerosol generator ?

DMA

Kaolinite (Fluka) particles were aerosolised in a Fluidized

Cf | — Bed Aerosol Generator (TSI Model 3400A) and size selected
‘f ZINC @ according to their electrostatic mobility with a Differential
T I | g Mobility Analyser (DMA, TSI Model 3081). To confine the
(f g size distribution of the aerosol generated by the fluidized bed
3 E aerosol generator, a cascade of two cyclones and two parallel
a operated impactors were introduced into the particle stream

glj I | —
4 before the DMA (not shown in Fid.). The resulting removal

of large particles from the initial size distribution ensures a

minimum contribution from multiple charged particles to the

selected aerosol size for the experiments. Moreover, it has

Pump ~— been shown in the study affelti et al. (2009, that the se-

lected sizes of 400 nm and 800 nm are in the downslope of

Fig. 1. Schematic of the experimental setup. A fluidized bed aerosolthe size distribution produced by the aerosol generator, so

generator is used to produce mineral dust aerosol. Particles witlthe contribution of larger double or triple charged particles

400 nm and 800 nm diameter are selected with a DMA. In the topwith an equal electrical mobility diameter is below 10 %.

of IMCA particles activate as CCN at 300 K before they are contin-  The size selected aerosol is sampled by the IMCA cham-

uously coolg_d down to the freezing temp_e_rature prevailir_lg_in_ZINC. ber. The inner walls of IMCA are lined with wet filter pa-

:j” LZ%T?E“?}?;:CT;MOCQJ? dz';EI(;caedrggftnc?fl tshheegﬁg Sgtfflgrr:-th er, and a horizontal and vertical temperature gradient is ap-

u u uoy i . : .
centre position. In ZINC the droplets are exposed to cold temper- lied to generate water supersaturation at high temperatures

atures and eventually the immersed particles cause the droplets {§ the top part and water saturation at its bottom at temper-

freeze. The time-dependent frozen fraction is detected with IODEat,ure_S close to the experimental freezing .temperatu.res ap-
consecutively at the four detection ports. plied in ZINC. In the top part of IMCA the mineral particles

act as CCN at 300K and water supersaturations up to 20 %
(therefore we assume all particles are immersed). Along their
formulation. Such a formulation might be useful for climate travel through IMCA, the particles which are now immersed
models due to its relative simplicity. In addition, we calcu- in droplets, are cooled down to the experimental temperature
lated the median freezing temperature as a function of thepplied in ZINC.
surface area of the aerosol for the five models, to compare
them to the experimental data. 2.2 Freezing experiments

In the ZINC chamber the droplets are exposed to freez-
2 Experimental method ing temperatures between 236 K and 244 K which are atmo-

spherically relevant glaciation temperatures for mixed-phase
The Zurich Ice Nucleation Chamber (ZINC3tetzer et aJ.  clouds as supercooled cloud droplets can exist down to ap-
2008, a parallel plate continuous flow diffusion chamber proximately 235 K Pruppacher and Klett997). The uncer-
(CFDC) following the working principle first described by tainty in the reported temperature is on the ordet-6{3 K,
Rogers(1988 with the vertical extension Immersion Mode mainly determined by the temperature gradient across the
Cooling chAmber (IMCA) Ludnd et al, 2010 was used sample layer. The aerosol sample is sandwiched between two
to study the time dependence of immersion freezing. Alayers of particle free sheath-air to control its width and lat-
schematic of the experimental setup is shown in Eiglhe  eral position between the walls. The front and back wall of
IMCA/ZINC combination allows to mimic a quasi-realistic ZINC are covered with an ice layer and held at two different
pathway of immersion freezing by activating the aerosoltemperatures to generate water saturation at the sample po-
as CCN at temperatures above 273K, cooling the dropletsition. The water saturated conditions prevent evaporation or

www.atmos-chem-phys.net/12/9893/2012/ Atmos. Chem. Phys., 12, 98887, 2012
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Temperature (K)

Time (sec)
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Droplet radius (um)

Inlet TMCA Additional sheath air ZINC Lvaporation section

Fig. 2. Experimental conditions along a particle trajectory in the sample air obtained from FLUENT simulations. From top to down the air
temperature, relative humidity with respect to water, residence time and calculated droplet size are shown with respect to the vertical location
in the experiment. The corresponding parts are labeled at the bottom. The vertical red line indicates the position from where nucleation time
was counted. Vertical grey lines numbered with 1-4 show the positions of detection of the frozen fraction.

condensation of the droplets which ensures that the dropleTable 1. Residence time in ZINC before the frozen fraction was

temperature is very close to the air temperature. detected in dependence of position of detection and total flow.
The temperature and saturation conditions at the sample

position between the warm and the cold wall of ZINC are Flow Position1  Position2  Position 3  Position 4

calculated from the wall temperature difference and the fact |4 I/min 11s 23s _ _

that the water vapour pressure at both walls equals the satu- 19|/min 30s 59s 89s 10.3s

ration vapour pressure of ice at the respective temperature.  51/min _ _ _ 21.4s

Figure 2 shows the temperature and saturation condition
in the sample layer for one example experiment at 240 K and
a flow velocity of Symin in IMCA and 10)min in ZINC. g4 groplets are exposed to supercooled temperatures al-
Technlca!”('jetalls on IMCA and ZINC can be found in the ready before they reach stable conditions. This transition
work of LUdnd et al(2010 andStetzer et al(2008, respec-  \\nere droplets are cooled to the experimental temperature
tively. _ _ _ _ _prevailing in ZINC induces a systematic uncertainty in the

To investigate the effect of time on immersion freezing, oo ted nucleation time of up to 2 s where nucleation might
the IODE detector was mounted at four different positions ;oo ot higher temperatures. Droplets adjust to the ambient
(indicated in F!g.l) on thg ZINC chamber a.nd three differ- temperature within 0.3 s. Detection positions 1-3 are located
ent flow conditions given in Tabl&were applied to alter the at the freezing section of ZINC, whereas detection port 4 is
residence time of the supercooled droplets within the ZINC ¢ the beginning of the evaporation section. As can be seen
chamber. Detecting the frozen fr_a_ction with the IODE detec'from Fig. 2, temperature and relative humidity change in the
tor (see Sect2.4) at the four positions of ZINC allowed us . gijtion from the freezing to the evaporation section. The
to pursue the evolution of the fraction of frozen droplets as areported time for nucleation might therefore be 1s shorter

function of residence time at constant temperatures. what could lead to a small systematic bias in the reported
Residence time was counted starting from stable temperag .o fraction towards lower ratios at position 4
ture and saturation conditions in ZINC as indicated in Big.

Atmos. Chem. Phys., 12, 9893907, 2012 www.atmos-chem-phys.net/12/9893/2012/
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light backscattered by the frozen and unfrozen droplets is
Velocity split into its components parallel and perpendicular to the
w 033 incident polarization by a Wollaston prism and the depolar-
03 ization is registered. Experiments were repeated up to seven
027 times and average values are reported. For each measurement
::8;3‘2‘ the background signal of the IODE detector was determined
8?% and subtracted. The background signal stems from reflec-
0.15 tions in ZINC, internal reflections within IODE and even-
81? tually inactivated, dry aerosol particles. It has been reported
88? in LUdnd et al.(2010 that the latter do not generate a sig-
- 0.04 nal sufficiently strong to be counted by the peak detection
a0 algorithm. More details about the components and function-
[m s*-1] ality of IODE can be found in the work dNicolet et al.

(2010. Error bars shown in Figd, 5 and7 represent an un-
certainty in the frozen fraction due to the classification (lig-
uid or ice) uncertainty originating from the measurement er-
rors of the IODE detector. Particles are classified to be ice
crystals or water droplets due to the depolarization ratio of
backscattered polarized incident laser light. The depolariza-
tion ratio of each detected patrticle is allocated with an un-
certainty due to the background signal. A threshold depolar-
ization ratio has been determined experimentally (reported in
c;.ru'c')nd et al, 2010. Each depolarization signal is classified
layer, depending om\T between the cold and the warm wall in e}ccording to thg depolgrization threshold. If the depolgriza—
ZINC. The black line indicates an example particle trajectory. tion threshold lies within a one sigma standard deviation of
the signal uncertainty, the particle is counted as potentially
misclassified. Error bars are calculated as the ratio of poten-
2.3 Modifications of the experimental setup as tially miscounted droplets or ice crystals to the total number
compared toL iiond et al. (2010 of detected particles in the minus and plus direction respec-
tively. For additional details on the signal analysis we refer
In the transition between IMCA and ZINC asymmetric addi- to LUond et al(2010.
tional sheath air is introduced to counteract the displacement
of the sample layer towards the cold wall due to the super-
position of the laminar and the buoyant flow created by the3 Immersion freezing results
temperature gradient in ZINC. The addition of a higher flow
of sheath air on the cold side counters the buoyant displaceSize selected, single immersed kaolinite particles have been
ment and ensures that the sample flow remains in the centrtested for their ice nucleation efficiency by measuring the
of ZINC where the ice-water fraction can be detected by thetemperature dependent frozen fraction for variable residence
IODE detector. Fig3 shows a Fluent simulation of the flow times. Generally the frozen fraction of droplets containing
velocity profile in the transition region from IMCA to ZINC similar sized kaolinite particles increases towards the homo-
where the additional sheath air is introduced. An additionalgeneous freezing temperature. This is likely due to the de-
advantage of this improvement is, that IMCA and ZINC can creasing radius of the critical ice embryo. Variations in the
be operated at different total flow rates i.e. a low flow in surface features of the individual particles which catalyse
IMCA to increase the drop growth time and adjustable higherthe formation of a critical ice embryo cause a distribution
flow-rates in ZINC to vary the residence time for ice nucle- in the nucleation activity at a given temperature. The rather

Fig. 3. Flow velocity in the additional sheath air. The additional flow

ation (cf. Tablel). steep increase in the temperature dependent frozen fraction
as shown in Fig4 indicates the small temperature range over

2.4 Detection and discrimination of droplets and ice which immersion freezing on this type of kaolinite becomes
efficient.

To detect the fraction of liquid droplets and ice crystals, the

depolarization detector IODB{colet et al, 2010 was used. 3.1 Size dependence

Linearly polarized laser light is aligned to the sample layer

passing through ZINC. Frozen droplets are known to depo+Figure 4 shows an example of the detected frozen frac-
larize polarized light, especially if they develop an aspher-tion for two sets of measurements with 400 nm and 800 nm
ical shape, whereas liquid droplets do not. The intensity ofkaolinite particles at a constant residence time of 9s. The

www.atmos-chem-phys.net/12/9893/2012/ Atmos. Chem. Phys., 12, 98887, 2012
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1.0 - From the comparison of the two datasets (400 and 800 nm)
* 400 nm : . .
o 800nm shown in Fig.5, not only a dependency on the experimental
0.5 temperature but also a relationship between the surface area
and freezing time is observed. In the investigated temperature
- E range, smaller surface areas lead to a stronger dependency on
S 064 8 nucleation time i.e. the change in frozen fraction over the res-
& B idence time in the experiment was larger for the 400 nm par-
EE 0.4 k ticles. This is in agreement with the work &erber(1976
g who found that on Agl particles the time dependence of im-
ﬁ% £ % mersion freezing was reduced when the particle size was in-
024 % creased. In summary, we observe immersion freezing to be
% i dependent on temperature, IN surface and time and therefore
0.0 e SR at least partly a stochastic phenomena.
234 236 238 240 242 244 246

Temperature (K) . . . .
4 Analysis of the experimental data with theoretical

Fig. 4. Temperature dependent frozen fraction of 400nm and models

800 nm kaolinite particles for a residence time of 9 seconds. Ho-

mogeneous freezing conditions, calculated using the homogeneouBhe stochastic and the singular hypotheses discussed in
nucleation rates reported Earle et al(2010, are shaded in grey.  Sect.1 can be used to derive theoretical fit functions to the
Error bars represent the uncertainty in the frozen fraction due to th%\xperimental results. By testing if the models can reproduce
class_ification of particles as ice crystals or droplets (see 3ddor the experimentally measured frozen fraction as a function of
details). temperature, particle size and time accurately, we aim to de-
termine whether one of the concepts is capable of describ-
ir_1g the microphysics of immersion freezing. The model re-
sults could then be used to extrapolate the experimentally de-
termined frozen fractions betweer5 % to 95% to lower

non-averaged, single-measurement data is shown here to i
lustrate the dataset from which average values where o

tained to compute the fit parameters for the different mod-]c fracti higher t ¢ diff t particle si
els (cf. Sect4.1). From the single-measurement data the in- rozen ractions, higher temperatures, diiierent particie sizes

fluence of particle size on the onset temperature and frozeﬂrt'me scales. In addition, numerical climate models reached

fraction at a specific temperature of immersion freezing canf1 itage V;':f re they are a?le to' Incorporate p;:ysmal rteplresen—
be seen. Smaller kaolinite particles tend to be significantlyz"’:)'lonsIO]c € |Tmer3|onh r(ta(tazmg p;r]?cessl.( gose etal.
less efficient IN, especially at higher temperatures. The tem- Q. Information on what type of formalism is appropri-

perature region where immersion freezing on kaolinite par-ate to describe heterpgeneous ce forrr_]atlon na cloud, will
ticles is active is close to the homogeneous freezing tempert—herefore become of interest for modelling studies.

ature. Compared to homogeneous freezing however, immerz1
sion freezing has a gentler slope in the evolution of frozen
fraction as a function of temperature. This suggest nucle+gjiowing the method described Iriiond et al.(2010, we
ation kinetics becomes more important towards homoge+est four different approaches to parameterise the particle sur-
neous freezing temperatures than surface features reducifgces for their capability to describe the measured time de-
the energy barrier of ice nucleation which would be more pendence of immersion freezing. Each model is applied to
important towards higher temperatures. This thought is adthe combined dataset of 400 nm and 800 nm particles. In do-

1 Parameterisation of the particle surface

dressed again in Seé.1 ing so the obtained fit-parameters are independent of the par-
' ticle size and represent physical properties of kaolinite par-
3.2 Time dependence ticles. One set of parameters is therefore sufficient to derive

the frozen fraction of any particle size and temperature. To

data point represents the frozen fraction obtained from thesmpllfy the analysis of the measurements, the particles are

depolarisation measurements of up to 10000 single detecte?lOnSIdeer to be sphenca_l. With this gssumptmn, the true sur-
droplets/ice crystals. ace area of the particles is underestimated to some extent.

We observe a time dependent behaviour of the frozen frac- Thedf?u_rl rgc()jc_iels are sufr?rTe;rlzed n Se4:;12 to 4.3bAf d
tion of the immersion freezing process i.e. the frozen fractionm?_r..e.. edaltel 2|3(iu55|ono € fourapproaches can be foun
increases with increasing residence time in the ZINC cham/" buonad eta {2010.

ber. The steepest increase can be observed for short resi-
dence times at low temperatures. Warmer temperatures cause
a slower but steady increase in the frozen fraction.

The averaged, time-dependent dataset is shown irbFigne

Atmos. Chem. Phys., 12, 9893907, 2012 www.atmos-chem-phys.net/12/9893/2012/
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Fig. 5. Time dependent frozen fraction in the immersion mode for temperatures between 236 K and 243 K. Each point represents an average
of 3 to 7 measurements. a) shows the results for size selected 400 nm kaolinite particles and b) 800 nm kaolinite particles. For comparison,
results reported ih.iiond et al.(2010 are shown as open symbols. Error bars represent the uncertainty in the frozen fraction due to the
classification of particles as ice crystals or droplets (see 3edor details).

4.2 Classical nucleation theory based models The compatibility factor which describes the reduction in
the free energy barrier as a function of the contact angle

Classical nucleation theory is a stochastic approach to de¢Chakraverty and Pound964 Pruppacher and Kleti997)
scribe ice nucleation. CNT assumes that incipient ice clusis

ters are continuously forming and disappearing with a tem- )
perature dependent frequendagnes et a).1962. For het-  Jhet(@) = (2+ cosa)(1 — cosx)®/4 ®3)

erogeneous nucleation, it predicts a probability per unit iméthe formulas used to derive contact angles from the experi-
and surface area for an ice cluster to reach critical size anghentally measured frozen fraction are summarized in the fol-
initiate the freezing process. According to classical ”UC|e'|owing Sects4.2.1to 4.2.3 The complexity of the surface
ation theory as for example formulated bglmer and We-  arameterisation increases from the purely stochastie; to
ber (1926 or Fletcher(1969 (summarised irPruppacher gt and further to the active site model. The resulting contact
and Klett (1997), the probability of occurrence of nucle- 5nqie distributions are shown in Fig.

ation events can be described by heterogeneous nucleation e diffusion energy barrier of a water molecule to cross
rates calculated as the water/ice embryo interface is

_ kT _ AR (1) |
J(T,a)= 41 exp( an ) @ p iy 2 MDD @
n- exp(_ AG(T)fhet(a)) or
kT where D;(T) denotes the diffusivity of water. A& Fyis (T)

wherek is the Boltzmann constarit,Planck’s constany the i difficult to approach experimentally the parameterisation
number density of water molecules at the interface of the INProposed in the work dfobrist et al.(2007) is used.

with the surrounding liquid and@ is temperature. In the case .

of immersion freezing, the Gibbs free energy for the '[ransfer4'2'1 Stochastic model

of water molecules to the ice phase for the critical ice embryo-l-he particle surface is assumed to be smooth, uniform and

formation is given by equal for all particles. The free fitting parameter is the con-
167 V2(T)o3. (T) tact anglex wh_ich.applies to all _particles. A contact angle of

AG(T) = —L e w7 (2) 0 reflects epitaxial ice formation whereas 18@presents

3 [kTInS;(T))? purely homogeneous nucleation. The frozen fraction is given

whereVice(T) denotes the volume of a water molecule in the by

ice embryo andi w(T) is the specific interfacial free energy  fi sioch=1—exp(—J (T, oe)4nr,€,tz|Nc). (5)
(also called surface tension) between the ice embryo surface . . . .
and the surrounding water droplét.is the ice saturation ra- yvher_erN is the radius of the IN,a.m#”_\‘C is the residence
tio which for immersion freezing is equal to the temperaturetlme in the ZINC chamber. By minimizing the sum of square

dependent ratio of the saturation vapour pressure over watef Of between the e_xperlmentally measured frozen_ f_ract|on
and ice. and the frozen fraction calculated by E§) the best fitting

contact angle can be derived.

www.atmos-chem-phys.net/12/9893/2012/ Atmos. Chem. Phys., 12, 98887, 2012
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Table 2. Fit parameters obtained for the four models described in

~ -pdf .
259 :cfi(ie sites ) 7T AKI0 Sects4.2-4.3. The root mean square errors (RMSE) between the fit
...... stochastic ) C curves and the data are given in the last column.
2.0 3
151 ; Model Parameter Value RMSE
3 1.5 =
2] | P Stochastic « 90.75° 0.242
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Fig. 6. Contact angle distribution on the particles.
is defined according thlarcolli et al.(2007) by:

4.2.2 a-pdf model

p(c) =b-exp< —h1 ) (8

o —
The contact angle probability density functios-df) ap- P2

proach takes into account the heterogeneity of individual parwhereb, g1 and B are free fit parameters. Numerical values
ticles in the sample. The particle surface is smooth and unifor the fit parameters are given in Tal#teand the resulting
form for each particle but differs within an ensemble i.e. the active site surface density as a function of contact angle is
contact angler differs among the particle population. shown in Fig 6.

The distribution of the contact angle occurrence among the The freezing probability of one droplet (indgX with one
particles of a population is assumed to be represented by #nmersed particle during the residence timgc is calcu-
log-normal probability density function, given by lated as one minus the probability that none of the randomly

assigned active sites on the particle causes freezing, i.e.

R
_(n@) m)’ ©)

= —eX m
PO = Ve p( 202 Pz (T) = 1= [ [exp(—J (T, ) Au.j t2inC) ©
i=1

wherey is the mean contact angle amdis the variance. The  wherem is the number of intervals of contact angles from
frozen fraction for a given temperature can then be calculateqlo, ] (Lu6nd et al, 2010. The frozen fraction of an ensem-
as ble of droplets containing individually varying particles is
then calculated as the sum of the individual freezing proba-
bility of each droplet divided by the total number of droplets:

T

fi,a—pdle_/P(a)'eXFX_J(Ts dnriiznc)da.  (7)

0
1 Nior

Fit parameterg. ando are found by minimizing the sum of fins= Nios ZPfFZ»J'(T)~
square errors of Eq7)f with respect to the experimental data. j=1

A total number of N,, = 1000 droplets was used for the
model. The parameters @f(«) are derived by minimizing

the sum of the square errors between measurements and the
function given in Eq10.

(10)

4.2.3 Active site model

The active site model takes into account that even the su
face of individual particles might vary significantly with re-
spect to their mineralogical surface composition and mor-4.3  Singular model

phology. Therefore, instead of having a smooth surface, the

model assumes that the aerosol is covered with surface infhe time-independent, singular or deterministic model as
homogeneities (active sites). A random distribution of ac-proposed in the work oConnolly et al.(2009 describes
tive sites is assumed, each having an area gf=6nn? ice nucleation on active sites which become active at distinct
over the whole surface of each individual particle. roar-  temperatures. This approach is not based on CNT. The frozen
responds to the cross-sectional area of a critical embryo afraction of dropletsf; singis given by

239K (Ludnd et al, 2010. Each active site is assigned a

contact angle. The surface density of contact angle valueg; sing=1— exp(—n(T) -4m,%), (11)
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Fig. 7.Comparison of the fit curves obtained with the four models with experimental(d#0 nm kaolinite particlegb) 800 nm kaolinite

particles. The parameters used to obtain the fit curves for both particle sizes are given ia Tatdesrror bars represent the uncertainty in
the distinction between water and ice with the IODE detector. See Bé6br details.

wheren, (T) denotes the surface density of sites active at asurface available for nucleation in the formulas used in this

given temperature. To fit Eql{) to the data the following study. A stochastic fit to the measurements using a single

function proposed ilConnolly et al.(2009 was used: contact angle is neither able to capture the time nor temper-
ature dependence in an adequate manner. A figure showing

(12) the comparison of nucleation rates derived from the exper-
imental data to the apparent nucleation rates as a function
of temperature of all models is given in the supplementary
material to this paper.

a1(T +a 2, T <a
nS(T): {01( 2) T > a;

4.4 Comparison of the models

Applying the four models described in Sedt2-4.3to the

experimental data we obtained the fit curves shown inFig. 5 Atmospheric implication
Best fit parameters obtained by the least square method are
given in Table2. The two models that combine a stochas- 14 jjiystrate the difference in the predicted frozen fraction
tic formation of the ice embryo with a distribution of surface ¢ gifferent physical descriptions of the particle surface
_propertieSoiz-pdf and active site model) represent the eXPer-(single contact angley-pdf, active sites) and germ forma-
imental data best. The-pdf model represents the measure- jon process (stochastic, singular) we calculated the time evo-
ments slightly better than the active site model. This could|tion of a mixed-phase cloud and the dependence of the
indicate a relatively large variety of characteristics between,oqium freezing temperature on the size of the particles.
indiyidual pgrticle; rather than many diverse active site; oM these two applications, the importance of an appropriate
a given particle. Time dependence is less pronounced in thgegcription of ice nucleation in predicting ice formation be-

a-pdf than in t_he active site model. comes particularly apparent.
Also the singular approach adequately reproduces the

frozen fraction within the 22 sec of the experiment, but is5.1 Glaciation time of an isothermal water cloud

unable to capture the observed increase in frozen fraction

with time. Both active site models (singular and stochasticSupercooled clouds have a finite lifetime in which ice nu-
active site model) over predict the influence of the particlecleation can take place. To provide some information on the
surface on freezing temperatures (q.v. S6@). This how-  natural conditions for which the reported measurements are
ever might also indicate an insufficient representation of therelevant, we used the four freezing models to extrapolate

www.atmos-chem-phys.net/12/9893/2012/ Atmos. Chem. Phys., 12, 98887, 2012
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Fig. 8. Calculated increase in the frozen fraction with time for 400 nm, 800 nm monodisperse particles and for a particle ensemble exhibiting
a log-normal size distribution witp = 600 nm andr2 = 1. The fitting parameters obtained in Settl for the four different models are
applied to calculate a 30 min time evolution of the frozen fraction at temperatures between 236 K to 244 K.

the freezing state of an isothermal cloud to an atmospheriphase cloud. The simple stochastic model is highly sensitive
timescale. We estimated the available glaciation time to be orto the particle size, temperature and time. Taking into account
the order of the timescale over which the Bergeron-Findeisera spectrum of contact angles as was done withtpelf and
process would consume the liquid water content of a cloudactive site model, lowers the dependence on temperature and
consisting of 50 % ice crystals and 50 % droplets of 5-10 umtime compared to the stochastic model. The influence of par-
radius. From the/-law for evaporating droplet$~tohn and ticle size on thex-pdf model is a proportional shift to higher
Roth 2000 the cloud lifetimer can be derived according to: frozen fractions with increasing IN radius. Compared to the
a-pdf, the active site model predicts a steeper time depen-

er (l) ) _ . . .
d (T) (1) dence and increase of the frozen fraction for larger particle
v The rapid change in the frozen fraction for increasing resi-
2 0 dence time, calculated for the active site model with the prob-
.- ~Tdropl? = 0) (14) ability density function taken fronMarcolli et al. (2007 is

c unexpected, as this model, although also based on CNT, is
conceptionally closer to the singular model than ghpdf
or the stochastic model (cf. Fig0). Probably the assump-
tion of a 6 nn? active site areal(iond et al, 2010 and the
resulting number of active sites generated per particle is too
The cloud lifetimer has been estimated to be on the orderh!gh (|.e_. 335167 ac.tlve sites on a 800 nm parthle). CO’.“'
of 30 min. Usingr as a representative time scale available for bined W'th_ the ;teep increase of the surface d_ensny function
ice nucleation in a mixed-phase cloud, the importance oftime(Eq' 8), this might cause the p.artllcle population to appear
on the glaciation state becomes explicit. By applying the fourt@® homogeneous i.e. little variation of the best active site

different model approaches described previously, we Calcuprese_nt on a particle among th_e _p_article population. As p_ref-
late the time evolution of the frozen fraction over 30 min. It erentially the best active sites initiate freezing, the resulting
can be seen from Fig that the choice of an accurate a.p- time-dependent fit curves of the active sites model seems to

proach is fundamental to describe the glaciation of a mixed-

whererqrop denotes the radius of the liquid drofn 1,0 the
molar volume of waterD,(7) the temperature dependent
water vapour diffusion coefficient, and, py the saturation
vapour pressure over ice and water respectively.

Atmos. Chem. Phys., 12, 9893907, 2012 www.atmos-chem-phys.net/12/9893/2012/
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resemble a stochastic nucleation which takes place on a siret al, 2012. With kaolinite particles, the current experimen-
gle active site surface exhibiting an efficient contact angle. tal setup and temperature range, a stochastic component of
By assuming a log-normal size distribution of the parti- immersion freezing with a time exposure of up to 22's was
cles, we tested if the time dependence would be decreaseabserved at temperatures within 8K of homogeneous freez-
by the variable activity of the different particle sizes. It can ing temperature. For other IN species with a higher ice nucle-
be seen in the lowest row of Fi§.that the size distribution ating efficacy (due to the presence of active sites), which act
causes the slope in the active site model to increase strongas ice nuclei at smaller supercooling, the time dependence of
in the beginning (resembling the stochastic freezing curveimmersion freezing can be expected to be less pronounced.
and flattening out after a relatively short time. This indicatesThis is due to the higher probability of stochastic ice clus-
that a fraction of the larger particles has a high probability ter formation towards lower temperatures where the critical
to host an efficient active site, that causes these particles twe cluster size becomes smaller compared to higher temper-
activate rapidly, whereas the fraction of smaller particles ac-atures. With decreasing size of the critical ice embryo to-
tivates at a delay. The faster increase in frozen fraction ofwards homogeneous freezing temperatures, surface features
larger particles can also be seen when comparing the freezin@ghat might be more or less prominent on different IN sam-
curves for the monodisperse 400 nm and 800 nm particlesples and particles of different sizes), able to reduce the num-
A bimodal size distribution i.e. a distribution with a second ber of molecules needed for a stable ice cluster, become less
peak at larger sizes, might cause an even steeper increaseimportant. Evidence for this effect can be found by compar-
the beginning followed by a weak, flattening slope. Thoughing the time dependent frozen fraction of the experimental
being stochastic in nature, the initial rapid freezing of a frac-data with 400 to 800 nm particles where the latter shows a
tion of droplets containing the larger aerosol mode followedless pronounced increase in the frozen fraction with time of
by little additional freezing initiated by the smaller mode, exposure. An example of the IN species dependent observ-
could mimic a singular ice nucleation behaviour. As can beability of time dependence, are the cold stage studidéuof
seen in the forth column of Fi@ for the singular, polydis- ray et al.(2011) andBroadley et al(2012 both investigat-
perse case a reduction in the temperature dependence of tireg immersion freezing of mineral dust IN with the same ex-
frozen fraction is predicted. The influence of the particle sizeperimental setupgMurray et al.(2011) observed a stochastic
distribution becomes important as the threshold temperaturéehavior of ice nucleation on kaolinite (KGa-1b, Clay Min-
where a particle can serve as IN i.e. the occurrence of a sitegral Society) particles with median freezing temperatures of
active at that specific temperature, is proportional to the par238 K, whereafroadley et al(2012 found that measure-
ticle surface area. A size distribution therefore results in aments on illite NX with an approximately 6 K higher median
higher frozen fraction even at high temperatures, due to thdreezing temperature were best described assuming a singu-
activation of large IN and a lower activation at lower temper- lar mechanism.
atures in comparison to a monodisperse aerosol population. The IN activity could also be an impermanent feature, as
from the moment the aerosols are released into the atmo-
sphere until they become active in clouds they are exposed
6 Discussion and Limitations to sunlight and chemical compounds in the air that might
lead to loss or increase of their nucleation activiBziczo
Scanning electron microscope (SEM) pictures of the kaolin-et al, 2009 Yang et al, 2011 Chou et al. 2012, therefore
ite sample (Fluka) used in this study can be foundVelti the time dependence of nucleation on a single species could
et al. (2009 andLadino et al.(2011). The kaolinite parti- change with aging-time.
cles are not spherical and exhibit rugged, stratified surfaces. The different approaches to compute the frozen fraction
Therefore, results for size selected particles are likely to repwith fit parameters gained from the measurements yield
resent a lower limit of the surface area of the particles used irdifferent dependencies on nucleation time. Using a time-
this study. The geometric surface area was used instead of atependent, stochastic description of the nucleation mecha-
approximately 3 to 6 times larger (for 400 and 800 nm par-nism in combination with the pdf-contact angle distribution
ticles respectively) N Brunauer-Emmett-Teller (BET) sur- leads to the best agreement with the experimental data in
face area for kaolinite as reported for exampldieng et al.  the temperature range of 236—243 K. Based on the findings
(2010. Due to the partly hydrophobic property of the mineral of the current study we therefore recommend to include a
dust surfaceYin and Miller, 2012, the area where water can time-dependence in numerical calculations of the evolution
adsorb on a particle can be expected to be smaller than thef mixed-phase clouds. In contrast to this recommendation
surface occupied by nitrogen molecul@eitlemoyer et aJ.  Broadley et al.(2012 concluded that immersion freezing
1961). on illite NX occurs within a sufficiently short time to ne-
The ice nucleation efficiency of kaolinite is known to dif- glect the kinetic limitation of the nucleation mechanism to
fer for samples from different sources. The kaolinite (Fluka) represent their experimental results. However in the sensitiv-
used in this study is known to initiate freezing at higher ity study byErvens and Feingol(2012 exploring the vari-
temperatures in comparison to other clay minerd&mt{ ability in the frozen fraction obtained from model schemes
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similar to those used in the present study, it was concluded 125
that the apparent consistency of laboratory results to diverse 154
model schemes (time dependent or independent) is limited tc sinosoidal fit

the narrow time and temperature range under which the ex-z e Data (Kao, 800nm)
periments were conducted. Consistent with the discussion ing 103\ ® Data (Kao, 400nm) [*
Sect.5, they point out the importance of using a physically = 105
appropriate description of the nucleation mechanism when-, 100
it is applied to atmospherically relevant scenarios. To com- g
pare the effect of time and temperature on the frozen fraction €

Freezing

Homogeneous

of immersion freezing on the kaolinite dust investigated in 2 9

this study, we refer to the-pdf and active sites fit curves © 85

shown in Fig.8, at a typical mixed-phase cloud temperature s0d

of 243 K. A change in time scale by a factor of 10 results _

in approximately the same increase in frozen fraction as a /52:'32 934 936 938 240 242 944 246
shift in temperature by 1 K. A small change in supercooling Temperature (K)

will therefore cause a much larger change in the frozen frac-

tion than a change in the nucleation time. This implies thatFig. 9. Contact angle vs. temperature for 400 nm and 800 nm kaoli-
temperature is more important than time in determining im- Nite particles in the immersion mode. Calculated using classical nu-
mersion freezing. This is in agreement with the findings of cleation theory.

Vali (2008.

surface tensions:

6.1 Temperature dependent, apparent contact angle os/a(T) —o5/i(T)
cogu(T)) = )
Oi/w

In CNT, the contact angle is usually assumed to be a conterey (T) is the contact angle and/a(T), o5/i(T), oipw(T)
stant which depends only on the properties of the substratghe temperature dependent surface tensions between the
on which nucleation is initiated. Using ER3) and the  yaplinite surface and water, the surface and ice, and be-
stochastic model (E4) we calculated the contact angle as a yween ice and water, respectively. By using the tempera-
function of temperature for each individual experiment. Thetyre dependent mean contact angle, a valueofps re-
resulting contact angles are given in Fig.Calculating the  ported in Helmy et al.(2004 and the parametrisation of
apparent contact angle of each individual measurement Wit%i/W(T) which can be found ifPruppacher and Kle{t.997
CNT revealed a nearly linear relationship of the contact anglehe surface tension between the ice germ and the kaolinite
with temperature. This temperature dependence represenigihstrate 4,,;) can be derived. We find reasonable values
the deviations of the experimental results from the predic-of 051(243K)~0.078 Jm2 increasing by 0.0013 JnfK 1
tions of the stochastic model. The increase in the apparenpwards lower temperatures. This test confirms that it is plau-
median contact angle can be interpreted as evidence for agple to attribute a change in contact angle to a change in sur-
increase in the importance of the nucleation kinetics to iceface tension with temperature. However, to conclude on the
formation as the temperature of homogeneous freezing is agshysical meaning of this finding, is out of scope of this study.
proached i.e. a decrease in the reduction of the Gibbs free en- e conclude, that as particles with high contact angles be-
ergy for nucleation by the compatibility factghe(«). Sur-  come active at lower temperatures the average active contact
face features lowering the contact angle of an ice embryo tgngle of a population could be parameterised as temperature
the substrate become increasingly important towards highegependent within the stochastic model. This might be a sim-
temperatures. ple way to parameterize immersion freezing in climate mod-
Particles with small contact angles are able to initiate nu-g|s without applying calculation intense surface parameteri-
cleation at higher temperatures than particles with larger consations. A comparison between the frozen fraction predicted
tact angles«(T) reflects the mean active contact angle atpy theo () approach and the time dependent experimental
a certain temperature without giving information about how gata can be found in the supplementary material.
the contact angles are distributed among the partidlipert
et al.(201J) pointed out that according to Young's equation 6.2 Surface area dependence of the mean freezing
(Pruppacher and Kletti997) a temperature dependence of temperature
contact angler could be expected due to the temperature de-
pendence of the surface tensions between the substrate, watércomparison (shown in Figl0) of the surface area de-
and ice phase. The Young equation gives the relation betweependent median freezing temperature (50% of drops un-
contact angle of immersion freezing and the thereby involvedirozen) obtained from the four previously described models

(15)
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246 quired for droplets to freeze. The exponential dependence of

ingular _- . )
1o - the nucleation rate on temperature in the framework of CNT,
2444 | ---e- a-pdf -7 indicates that there is virtually no freezing above a certain

stochastic
active sites
Experimental data

temperature, except for very long lived clouds or huge parti-
cles. The experiments reported here, show that smaller par-
ticles need more time to nucleate ice at a given temperature
than larger particles i.e. the influence of time on the frozen
fraction is stronger the smaller the particles are and becomes
most evident at the onset temperature of immersion freezing.
Similar conclusions have been reached for Agl particles by
Vonnegut(1949 andGerber(1976.

It follows that measurements of the concentrations of par-
ticles able to act as IN in a particular experiment or atmo-
spheric process have to be qualified with respect to the parti-
cle size and both the available time to freeze and the temper-
ature, as has been called for before e.gvbynegut(1987).

Fig. 10. Surface area dependent median freezing temperature i.e. \\e used time-dependent and one time-independent model
temperaturg at which a_kao_lin_ite parti_cle with the _correspondi_n_g Surq investigate their applicability to describe the measured
face area will nucle_ate ice in immersion mode with a probability of frozen fraction from the experiment. The models yield es-
50%. In a population of droplets this corresponds to 50 % frozen . . . .
droplets. Nucleation time is 10, senth_al variances. A purely stochastic model c_hverges _sub-
stantially from the measurement. It over predicts the time
evolution as well as the temperature dependence of immer-
ijion freezing. The singular model is able to fit the frozen
fraction in the limited nucleation time but over predicts the

ticle surface area required to freeze 50 % of a droplet popu€fTect of particle size on the temperature of freezing. Mod-
lation. Measurements of droplets containing several particledi€d stochastic modelsx¢pdf and active site) capture the
as done e.g. in DSC and cold stage studies, could providéemperature and time-dependent ice fra(_:tlon well. However,
information on the surface dependent median freezing tem@/S© these two models are not able to fit the measurements
perature for larger available surface areas. This informationVithin the experimental error. Revised contact angle distri-

240

238

Temperature (K)

236

234 +

[
o

T T
10" 10° )
Surface area (um”)

and from the temperature dependent contact angle paramet
sation, revealed a large variation in the prediction of the par

could be of value for modelling studies el@jiehl and Wur-
zler (2004 and Lohmann and Dieh{2006 have used me-
dian freezing temperatures to compute droplet freezing rate
in their climate models.

bution functions might benefit the model accuracy. Nonethe-
less, a lack of knowledge on the correlation between the sur-
face structure and the nucleation ability makes it difficult to
find an appropriate description on a microscopic scale.

The results presented here are dependent on the applica-
bility of Eq. (8) (Marcolli et al, 2007 or Eq. (L2) (Con-
nolly et al, 2009. E.g. the function by which the active
site density is described in the active site model might look
The ability of kaolinite particles to act as IN under mixed- completely different. If active sites were distributed over the
phase cloud condition and the importance of nucleation timeange of contact angles according to a bimodal distribution
have been investigated in the immersion mode. with two distinctly separated maxima, e.g. due to the pres-

Size selected 400 nm and 800 nm kaolinite particles haveence of two different properties that aid nucleation, time de-
been found to initiate ice formation in the immersion mode pendence would be masked by rapid activation of particles
within a temperature range of 236—243 K and exposure timesvith the efficient property and extremely slow activation of
of 1-22s. A dependence of the frozen fraction from im- particles with the inefficient one. The resulting evolution in
mersion freezing on time has been observed. This confirméime at a constant temperature would mimic singular be-
that immersion freezing is at least partly a stochastic phehaviour. Generally a wide distribution of properties (surface
nomenon. For the atmosphere this means that the droplets @frea or chemical) among particles found in a cloud might
a supercooled cloud continue to transform to ice even withoutreate a more singular freezing behaviour than a narrow dis-
further cooling. This has been observed in static supercooledribution around the same average. This is in agreement with
clouds which persist for hour€(osier et al.2011). the model results dfliedermeier et a2011) and the exper-

Because larger particles have a larger contact area to thienental results oBroadley et al(2012).
liquid phase or a higher probability of carrying efficient nu-  To definitively conclude whether single active sites or the
cleation sites, the minimum supercooling to activate them asurface structure of the entire IN are responsible for im-
IN is smaller than for smaller particles. Beside the particle mersion freezing is not possible based on the data available
size, the temperature has a strong influence on the time ren this study. The fact that the nucleation activity can be

7 Conclusions
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described appropriately by assuming a contact angle distriChakraverty, B. and Pound, G.: Heterogeneous Nucleation at
bution over the whole particle ensemble might indicate that Macroscopic Steps, Acta Metallurg., 12, 851-860, 1964.
average properties are better suited for parameterisations. Tehou, C., Stetzer, O., Tritscher, T., Chirico, R., Heringa, M. F.,
further investigate if there are active sites or more uniformly ~Kanji, Z. A, Weingartner, E., Bnot, A. S. H., Baltensperger, U.,
distributed properties that are responsible for the nucleation glr:eitli_g:mrintrt?e.:s E;fzfésoeflgc(’jtc\’,;::;;nt')‘fr"rﬁg'”gazir‘clt:: 'Kfmnous'
process, the effect (_)f surface area could be studied for a large Chem. PF;]ySp. Discuss., 12. 14697147 aﬁi;1095|294 /acp&-lz-
range of particle diameters (10nm - 10 um). Such dataset

. 14697-20122012.
would allow to test the surface area dependency predlcte<<1:onnoIIy P. J., Nshler, O., Field, P. R., Saathoff, H., Burgess

by the two approaches (shown in Fid)). R., Choularton, T., and Gallagher, M.: Studies of heterogeneous
A combination of a less broad distribution of contact an-  freezing by three different desert dust samples, Atmos. Chem.

gles than reported in Seet.among an ensemble of parti- Phys., 9, 2805-2824]0i:10.5194/acp-9-2805-2002009.

cle together with a temperature dependence (for example ofrosier, J., Bower, K. N., Choularton, T. W., Westbrook, C. D., Con-

~ 2°K~1 or as an additional free parameter) could be tested nolly, P. J., Cui, Z. Q., Crawford, I. P., Capes, G. L., Coe, H.,

to take into account the temperature dependence of contact Dorsey, J. R., Williams, P. ., lllingworth, A. J., Gallagher, M. W.,

angles in combination with a contact angle distribution. and Blyth, A. M.: Observations of ice multiplication in a weakly
convective cell embedded in supercooled mid-level stratus, At-

mos. Chem. Phys., 11, 257-27%R)i:10.5194/acp-11-257-2011
2011.
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