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Abstract. Kaolinite particles from two different sources inthe immersion freezing mode was similar for all examined
(Fluka and Clay Minerals Society (CMS)) were examined particles, i.e., for the pure ones and the ones with the different
with respect to their ability to act as ice nuclei (IN). This types of coating. Moreovejnet derived for the CMS kaolin-
was done in the water-subsaturated regime where often ddte particles was comparable jqet derived for Fluka kaolin-
position ice nucleation is assumed to occur, and for waterdite particles coated with sulfuric acid. This is suggestive for
supersaturated conditions, i.e., in the immersion freezinghe Fluka kaolinite possessing a type of ice-nucleating sur-
mode. Measurements were done using a flow tube (thdace feature which is not present on the CMS kaolinite, and
Leipzig Aerosol Cloud Interaction Simulator, LACIS) and which can be destroyed by reaction with sulfuric acid. This
a continuous-flow diffusion chamber (CFDC). Pure and might be potassium feldspar.
coated particles were used, with coating thicknesses of a few
nanometers or less, where the coating consisted of levoglu-
cosan, succinic acid or sulfuric acid. In general, it was found
that the coatings strongly reduced deposition ice nucleationl Introduction
Remaining ice formation in the water-subsaturated regime
could be attributed to immersion freezing, with particles im- Ice in clouds is a research topic which received interest al-
mersed in concentrated solutions formed by the coatings. eady before the 1950s (see eMpnnegut 1947). Despite

In the immersion freezing mode, ice nucleation rate co-many decades which have gone by since scientists started to
efficients jnet from both instruments agreed well with each work on ice in clouds, our understanding of even the basic
other, particularly when the residence times in the instru-related processes is still incompletduiray et al, 2012.
ments were accounted for. Fluka kaolinite particles coatedn the atmosphere, ice-containing clouds (meaning both pure
with either levoglucosan or succinic acid showed the samdc€ clouds and mixed-phase clouds) play important roles.
IN activity as pure Fluka kaolinite particles; i.e., it can be They cover a significant fraction of the Earth at any time and
assumed that these two types of coating did not alter thdrence influence radiative processes and also the formation of
ice-active surface chemically, and that the coatings were diPrecipitation. Of the latter, the majority is produced via the
luted enough in the droplets that were formed prior to the iceiC€ phase in mixed-phase clouds, particularly outside of the
nucleation, so that freezing point depression was negligible!ropICS.
However, Fluka kaolinite particles, which were either coated The first step on the way to having ice in clouds is ice
with pure sulfuric acid or were first coated with the acid and formation, and therefore this process is of large interest.
then exposed to additional water vapor, both showed a relt is known that ice can form by primary or secondary
duced ability to nucleate ice compared to the pure particlesprocesses, an example for the latter being rime splinter-

For the CMS kaolinite particles, the ability to nucleate ice INd (Hallett and Mossop1974). The primary processes are
either homogenous or heterogenous ice nucleation, where
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heterogeneous ice nucleation involves ice nuclei (IN) whichsion freezing byAtkinson et al.(2013 but did not act as
lower the energy barrier that has to be overcome to formgood IN for immersion freezing in measurements done with
a stable ice cluster. Mixed-phase clouds form at temperaturethe Leipzig Aerosol Cloud Interaction Simulator (LACIS,
above those for which homogenous ice nucleation can occutunpublished results). There, quartz particles nucleated ice
And as these clouds are also the ones responsible for forminglearly less efficiently than particles from different kaolinite
much of the globally occurring precipitation, the heteroge- samples. IrZolles (2013, quartz samples bought from dif-
nous ice nucleation mechanisms are of particular interestferent companies were found to vary much in their ice nucle-
Additionally, it has been claimed that, even for cirrus clouds, ation ability for immersion freezing, showing median freez-
heterogenous formation mechanisms might be of large iming temperatures betweer24 and—37°C. Silicates gener-
portance §pichtinger and Czicz&01Q Cziczo et al.2013. ally are ice active (see e.grchuleta et al.2005 Kanji et al,
There are different pathways for heterogenous freezing2008 Zimmermann et al.2008 Welti et al, 2009, and e.g.
generally discriminated into immersion, condensation andSullivan et al. (20103 andNiedermeier et al(2011) explic-
contact freezing and deposition ice nucleation. For mixed-itly mentioned that it might be the aluminosilicate minerals
phase clouds, it has been stated that immersion freezing i&hich are the most efficient ice-active component in the test
the most important ice-forming mechanisAnémann eta).  dust examined in their studies (Arizona Test Dust, or ATD).
2009 Wiacek et al.201Q de Boer et a].2011), while for cir- Recently it has been proposed that the potassium feldspar
rus clouds deposition ice nucleation and condensation freezeontent may play the most important role for the IN ability
ing are additionally considered as ice-forming mechanismsof mineral dusts worldwideAtkinson et al, 2013.
For the fourth heterogenous ice nucleation process, contact A uniform description or parameterization which would
freezing, few data are available, but new results on this topienable an easy incorporation of the heterogenous freezing
are currently emerging, e.g. idoffmann et al.(2013 and processes in models still needs to be developed, if this will
Ladino Moreno et al(2013. be possible at all. Understanding the processes underlying
The difference between condensation and immersiorthe freezing and learning about the nature of IN can help shed
freezing is poorly defined, and in the Appendix (Ap- light onto this. Particularly for the deposition ice nucleation,
pendixA), a more detailed description of different definitions the review byHoose and M6hle¢2012 shows that reported
is given, based oRukuta and Schallgf1982), Vali (1985, onset temperatures scatter over a large range with respect to
Pruppacher and Kle{tLl997) andHoose and Mohle(2012). both observed temperature and water vapor saturation ratios.
In our study, we will use the term immersion freezing for Some of this scatter can be explained by different thresholds,
all cases when an insoluble particle is immersed in a diluted.e., by different frozen fractions, which were reported for
droplet. Condensation freezing will denote the case when atthe different measurements that have been included in the
insoluble particle is immersed in a concentrated solution (i.e.comparison or by other issues specific to the different in-
in the case of haze particles), which principally can occur forstruments. However, open issues remain for the understand-
Sw < 1aslong as the deliquescence relative humidity (DRH)ing of heterogeneous ice nucleation. A new suggestion con-
of the soluble material which was on the insoluble core priorcerning deposition ice nucleation was recently discussed in
to forming a solution is overcome. This is similar to the “im- Marcolli (2013, viewing this particular heterogenous ice nu-
mersion freezing of solution droplets” frohipose and M6éh-  cleation mode as either homogeneous or as immersion freez-
ler (2012 or e.g. to a term called “deliquescent-heterogenousing in pores and cavities. A part of this present study will

freezing” inKhvorostyanov and Curr{2004). be devoted to a related discussion. It has previously been de-
Much has been learned about the nature of IN (see thecribed that coatings, particularly of sulfuric acid, on mineral
two reviews given byHoose and Mo6hler2012 and Mur- dust particles containing aluminium silicates can largely re-

ray et al, 2012. However, on a process scale, it is still not duce their ice nucleation ability for deposition ice nucleation
known what exactly it is that makes a particle act as IN. Min- (e.g. inArchuleta et al.2005 Cziczo et al. 2009 Eastwood

eral dust particles are known to be an important IN sourceet al, 2009 Sullivan et al, 2010k Tobo et al, 2012, and for

in the atmosphere (e.deMott et al, 2003 Sassen et al. immersion freezing (e.gZuberi et al, 2002 Koop and Zo-
2003 Cziczo et al.2004 Hoose and Mohler2012 Murray brist, 2009 Niedermeier et a].201Q Sullivan et al, 2010k

et al, 2012 Atkinson et al, 2013. Particularly desert soils Niedermeier et al2011 Tobo et al, 2012. However, a coat-

but also fertile soils of the Earth are abundant sources foiing of nitric acid inhibited deposition ice nucleation for rela-
mineral dust, and the respective aerosol is distributed worldtive humidities below~ 97 % but not for immersion freezing
wide, with a stronger abundance in the Northern HemisphergSullivan et al, 20103, and the observed sharp increase in
(see e.gAtkinson et al, 2013 Burrows et al, 2013. Differ- ice nucleation ability at- 97 % was interpreted as a change
ent minerals have been examined with respect to their role as the heterogenous ice nucleation mode, namely from depo-
IN (see the summary iNlurray et al, 2012, among them at-  sition ice nucleation to condensation/immersion freezing. In
mospherically relevant minerals like clay and feldspar andthe present study, we will explicitly show that the ice nucle-
also quartz. Quartz was found to act as IN for depositionation for some coated mineral dust particles can be described
ice nucleation bZimmermann et al(2008 and for immer-  as immersion freezing, with the mineral dust particle being
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immersed in a concentrated solution for which then a freez- | H —
corona = fluidized bed P

ing point depression has to be assumed.
water bath

In the present work we will show results for heteroge-
nous ice nucleation measured with either LACIS in its im-
mersion freezing moddHartmann et a).2011) and a CFDC
(continuous-flow diffusion chambeiRogers et aJ. 200%;
DeMott et al, 2010 measuring both deposition ice nucle-
ation and condensation/immersion freezing. Examined par-
ticles consisted of two different kaolinites with and without
coatings (details are described in S&¥t.In all cases, size-

neutralizer

segregated particles were examined. CFDC |«
A subset of the data presented here was already showr
in Tobo et al.(2012, where data from the CFDC for Fluka | dilution ||CPC||CCNc ” dilution ” LACIS|

kaolinite particles (pure and coated with$Oy or levoglu-
cosan) were described. It was found that both coatings regjgyre 1. Setup of the particle generation.
duced the IN ability for the deposition ice nucleation while
only the SO, coating reduced the IN ability for conden-
sation/immersion freezing in the CFDC. Therefore the lev-be a tracer for biomass burningitmoneit et al. 1999 with
oglucosan coating was similar in its effect to nitric acid in a much higher solubility.
Sullivan et al (20103 in inhibiting deposition ice nucleation A sketch of the general setup can be seen in Eiglo
but allowing for condensation/immersion freezing once thedisperse kaolinite particles, a fluidized bed generator (TSI
coating is dissolved at relative humidities close to 100%.  3400A, TSI Inc., St. Paul, Minnesota, USA) was used. In or-
The present study extends frofobo et al.(2012). It in- der to reduce the number of charges carried on the particles,
cludes a comparison of the measured immersion freezing byind thereby to reduce the loss of charged particles to walls
LACIS and the CFDC, additional data on CMS (Clay Min- within the particle generation setup, a corona discharger was
erals Society) kaolinite and also data on coatings with sucput in line behind the fluidized bed. The corona was pro-
cinic acid. Furthermore, it discusses a model for describingduced on top of a needle to which high voltage (4 kV) was ap-
the heterogeneous ice formation of particles with sufficiently plied. It has been tested previously that the corona discharger
thick coatings at relative humidities below 100 %, interpret- did not influence the IN ability of the particleBligdermeier
ing this type of freezing as immersion freezing of IN im- et al, 2010. We wanted to examine size-selected particles,
mersed in concentrated solutions. and to facilitate the size selection a rough pre-selection was
done; i.e., particles with aerodynamic diameters above 560
or 1000 nm (for the generation of 300 or 700 nm patrticles, re-
spectively) were separated with a MOUDI impactor (Micro-
2 Samples, setup and instrumentation orifice Uniform Deposition Impactor, Model 100R, MSP
Corporation, Shoreview, Michigan, USA). Downstream of
In this study, two different kaolinites were examined. The the MOUDI, a neutralizer established a bipolar equilibrium
samples were provided by Fluka and by the CMS (KGa-1b).charge distribution on the particles.
In general, kaolinite belongs to the group of clay minerals. When a coating was applied to the particles, the aerosol
It is a phyllosilicate Deer et al. 1992 and occurs in atmo-  was then sent through one of three thermostated glass tubes,
spheric samples in amounts on the order of up to a few 10 %vhich contained either a reservoir filled with succinic acid
(seeMurray et al, 2012). However, the Fluka kaolinite ad- (C4HgO4, SuccA will be used as abbreviation for it from
ditionally contains about 5% of potassium feldspar, while here on), levoglucosan §El100s, abbreviated LG) or with
CMS kaolinite does not contain a detectable amoAtiti(- sulfuric acid (BSQOy). The temperature of the tubes was
son et al.2013. controlled via thermostats (HAAKE C25P, HAAKE GmbH,
Besides pure particles, also coated particles were studiearlsrune, Germany). The glass tubes were set to temper-
where the coatings consisted of either sulfuric or succinicatures between 45 and 90, depending on the material
acid or levoglucosan. Sulfuric acid is known to be a reac-and the desired coating thickness. For particles coated with
tive substance with the potential to decrease the IN ability ofH,SO4 at 70°C, a further treatment was sometimes applied;
dust particles, as mentioned above. It is of atmospheric reli.e., water vapor was added to the aerosol by sending it over
evance as atmospheric $Can be oxidized to pBOs dur-  a water bath at room temperature and subsequently sending
ing wet-phase chemistry. Succinic acid was chosen as it ist through a second diffusion drier (not shown in the sketch).
a slightly soluble substance with a high deliquescence rela-
tive humidity which is present in the atmosphevéek et al,
2007, while levoglucosan is an organic substance known to
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The coating section could also be bypassed, but, whetheter vapor saturation by stepwise scanning experimental con-
coated or not, particles were then sent through a DMAditions from ice saturation to a relative humidity (with re-
(differential mobility analyzer, type Vienna Hauke medium, spect to liquid water, RH) of about 107 %. It is assumed
aerosol-to-sheath air flow ratio of 1:10) to select particlesthat although all ice formation mechanisms are possible in
with one mobility. Selected mobility diameters were either the regime above 100 % R} this condition favors conden-
300 or 700 nm throughout the experiments described hereinsation/immersion freezing nucleation. Particularly close to
The aerosol was then distributed to the different instruments100 % RHy, it might be possible that the particles are not
In this part of the setup, two additional flows of particle-free activated to diluted droplets but form haze particles, instead,
air were added, where the particle number concentration waand the term condensation freezing should be understood
roughly halved in each of the steps. The different flows werecorrespondingly. To obtain frozen fractionfge, from the
controlled frequently, using a bubble flow meter, to enableCFDC measurements, measured total particle number con-
the calculation of particle concentrations delivered to the dif-centrations were used together with the IN number concen-
ferent instruments. It was also ensured that a small excess dfations; i.e., the same parameter was derived that was also
aerosol was produced. The small excess flow was vented inbtained from the LACIS measurements.
order to maintain the pressure in the whole particle genera-
tion setup close to laboratory pressure.

Directly downstream of the DMA, the aerosol was fed 3 Results and discussion
into LACIS, which was used to measure immersion freez-
ing (Hartmann et a).2011). LACIS consists of a 7m long 3.1 Coating thicknesses
flow tube where each 1 m section can be temperature con-
trolled separately. Temperatures can go dowr50°C. Be-  We first discuss the amount of coatings present on the ex-
fore entering the flow tube, by use of a humidifier (PH-30T- amined particles. Besides examining 300 nm particles from
24KS, Perma Pure), the sheath air stream is hydrated sucbither Fluka or CMS kaolinite samples, also 700 nm Fluka
that droplets form on the aerosol particles upon cooling, i.e. kaolinite particles were used. Different coating temperatures
during the passage of the flow tube. These droplets can sulwere applied for all three coating substances — SuccA, LG
sequently freeze, depending on the nature of the immersednd HSO; — where for the latter additionally water vapor
aerosol particle and the adjusted temperature. A detailedvas added in some cases. Particle generation was operated
analysis of thermodynamic profiles in LACIS can be found such that for the course of one experiment, which usually
in Hartmann et al(2017). At the LACIS outlet, a self-built  lasted around 2 h, one type of particle with one type of coat-
optical particle spectrometer (TOPS-I€&auss et a].2013 ing was produced, while the different instruments examined
determines if the arriving hydrometeors are liquid droplets orthe particles. The need for CFDC and LACIS to either re-
frozen ice crystals, resulting in the determination of a frozenice or defrost, respectively, determined the length of an ex-
fraction, fice, i.€., the number of frozen droplets divided by periment. Some particle types were generated repeatedly for
the total number of liquid and frozen droplets. more than one of these 2-hourly time spans.

Particle number concentrations were measured with a con- Scans of activated fractions vs. supersaturation were mea-
densation particle counter (CPC, TSI 3010), which was op-sured with the CCNCc for all the different particle types. The
erated in parallel to a cloud condensation nucleus countecritical supersaturations for droplet activation, i.e., the super-
(CCNc, Droplet Measurement Technologies) to determinesaturation at which 50 % of all particles were activated, were
the activation of the particles to cloud droplets and from derived applying an error function fit to the measured acti-
that the coating thicknesses. Using both data from CPC andated fraction curves.

CCNc, the fraction of all particles activated was determined. The critical supersaturations for the pure particles were
During the measurements, the supersaturation in the CCN&ound to be 0.29 and 0.44 % for the 300 nm Fluka and CMS
was scanned such that full activation curves, i.e., from noneaolinite particles, respectively, and 0.17 % for Fluka parti-

to all particles activated, were obtained. cles of 700 nm. These critical supersaturations are lower than

Ice nucleation was also measured using a CFRGgers  expected for purely insoluble particles. Still, when using
et al, 2001 DeMott et al, 2010. The particle number con- Kd&hler theory Petters and Kreidenwei2007), these values
centrations delivered to this instrument were a few tens pecorrespond ta below 0.005. A comparable or even larger
cubic centimeter. The CFDC is operated with ice-coveredhas been reported for different mineral dusts e.gdémich
walls which are kept at different temperatures. Temperaturegt al. (2009 andKoehler et al(2009; i.e., mineral dust par-
can be set such that both sub- and supersaturation with rdicles generally were observed to be more easily activated to
spect to water vapor can be achieved for a focused aerosal droplet than expectetkumar et al.(201]) attributed this
lamina within the instrument. Evaporation of only liquid par- fact to adsorption of water on the insoluble component of the
ticles within the last section of the instrument facilitates op- dust particle. HoweveHlerich et al(2009 andKoehler et al.
tical detection of nucleated ice crystals. In this study, the IN (2009 both also found that of the mineral dust particles in-
number concentrations were determined as a function of waereased when the particles had been sprayed from an aqueous

Atmos. Chem. Phys., 14, 552%546 2014 www.atmos-chem-phys.net/14/5529/2014/



H. Wex et al.: Kaolinite particles as ice nuclei 5533

solution (instead of dispersing them from a dry powder), and . o CFDC o LACIS
argued that this was due to a redistribution of small amounts 107 ¢

of soluble material which had to have been present already on » S@\@ g
. . . 10 ¢

the dry particles. We follow that line of argument; i.e., we as- E

sume that a small amount of soluble impurities was present _8 1¢2[

on the kaolinite particles examined in this study. Based on , ]

the observed critical supersaturations it can be estimatedthat 10°¢ =~ = '+ .

b
T
j

this amounts to less than 1% of the mass of the examineds™ 10 e - S
particles. rIE 10"t Teof + 3 8

Coated particles activated at lower supersaturations than. 10" j g =
the pure ones, due to the larger soluble mass available. This_E & B
decrease in supersaturation between uncoated and coated 10°F 8+ 5
particles was used to derive the amount of soluble mate- T A S S S R
rial which had been added to the particle during coating. -36 -34 -32 -30 -28 -26  -36 -34 -32 -30 -28 -26
We assumed that the particles were spherical with an insol- T[°C] T[°C]

uble core and a mantle of soluble material of SuccA, LG

or H.ZSO4 around them, dgpen_ding on the coating. Dgrived 104 %< RHy <106 %) and LACIS (i.e., for immersion freezing)
coating thicknesses are given in TathleThe corresponding  tor o particle types. Left panels: 300 nm Fluka kaolinite coated

« for the coated particles is: 0.02 for thin and medium-  yith LG at 80°C; right panels: 700 nm Fluka kaolinite (no coating).
thick coatings and to up to 0.05 for the thickest coatings.

Coatings< 2 nm correspond to hygroscopic growth factors at

90 % relative humidity below 1.1, a value generally observed3.2 Immersion freezing

for the hydrophobic fraction of atmospheric aerosols. For a_ .

dryly dispersed Saharan mineral dust sample taken from &i9ure2 shows exemplary freezing results from both CFDC
surface soil layeriKoehler et al(2009 found ax of 0.054,  @nd LACIS for two particle types. Shown are values fie,
Herich et al.(2009 reported 0.02 and: 0.01 for dryly dis-  directly inferred from the measurements, and alsgifesthe
persed mineral dust samples from the Sahara and the Takf&eterogeneou_s free2|_ng rate coefficient, calcu_lated assuming
Makan Desert, respectively. In general, coated particles useBUre stochastic freezing. The latter was obtained following
in our study, particularly those with thin and medium-thick ©-9-Murray et al.(2012):

coatings, are comparable in their hygroscopicity to naturallyfice — 1— eXp(— jhet- 5 - 1), 1)
occurring mineral dust particles.

It should be mentioned that at least theS@®, coating with the surface area of the examined particteand the
most likely will have chemically reacted with the dust parti- freezing timer. While r was 1.6 s for the LACIS measure-
cles.Reitz et al.(2011) examined ATD particles coated with ments (seeHartmann et a).2011), a residence time of 5s
H>SOy, where the coating procedure was similar to the one inwas used for the CFDC, based on the maximum time for im-
the present study, and it was reported that both sulfuric acidnersion freezing (104-106 % RHin the CFDC, following
as well as sulfates were present on the particles. This sughe model oRogerg(1988 (seeDeMott et al, 2014).
gests a reaction between the$0, coating and the ATD. A stochastic approach for the description of immersion
As the derived amount of coating depends on the hygroscopfreezing induced by kaolinite has e.g. also been usédlir
icity of the coating material, and as sulfates commonly haveray et al. (2011), where a single type of active site was
a lower hygroscopicity than sulfuric acid, coating thicknessessufficient to describe the observed immersion freezing for
derived from our data could be up to a factor of 2 above thosea suite of different experimental conditions for a CMS kaoli-
given in Tablel for the bSOy coatings. Nevertheless, the nite sample, pointing towards homogeneity of active sites on
derived coating thicknesses still can give a rough estimateCMS kaolinite. For Fluka kaoliniteRinti et al. (2012 re-
and should only be viewed as such. ported two separate heterogeneous freezing peaks for mea-

With sizes of the molecules of SuccA, LG ang$0, surements done with a differential scanning calorimeter.
roughly in the range of 0.5nm, and with the shape of theWheeler and Bertrarf?012 examined the onset of ice nu-
particles likely being rather flaky than spherical, the coatingscleation for deposition ice nucleation of Fluka kaolinite.
that were obtained for the lowest coating temperatures caifhey found that a model using a single contact angle did
be expected to not cover the whole particle surface, while thenot reproduce their data well, while models using contact
highest coating temperatures are much more likely to haveangle distributions as well as a simple deterministic model
produced a complete coating in all cases. using a surface density of active sites were both able to

describe their data. The latter results are consistent with
Broadley et al.(2012, a study on immersion freezing of
illite particles, which are considered as a more representative

Figure 2. Measured fice and derived jhet for CFDC (at
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Table 1. Effective coating thicknesses, derived assuming spherical particles with a homogenous coating.

Fluka kaolinite, 300nm  CMS kaolinite, 300nm  Fluka kaolinite, 700 nm
Type of coating  coating thickness [nm]  coating thickness [nm]  coating thickness [nm]

HoSOy
45°C 0.44

70°C 1.3% 0.87 0.87
70°C+Hy0 1.77 1.48 1.57
LG

60°C 0.20

80°C 1.36

93°C 3.27 1.8% 1.22
SuccA

70°C 0.11

80°C 0.54

93°C 4,78 317 1.58

aandP indicate if data for particles with the respective coating are presented ib.Figndicates that data are displayed at both
temperatures shown thefkindicates that data were only measured at the lowest temperature at which measurements were
made.

surrogate for atmospheric dusts. There, the use of a multisulting fitting curves are displayed in Fig, while resulting
component stochastic model was required or, alternativelyyalues forA and B are shown in Fig4

the data could be approximated as freezing deterministically It has to be added that and B were derived for the tem-
(without time dependence) for the purpose of atmospherigerature range in which the measurements had been done
modeling. Therefore, while we mainly present and interpret(indicated by the grey shaded area in F3).and for res-

our data based on a stochastic approach, in AppeBdhe idence times on the order of a few seconds. Hence the
same data will be shown additionally when evaluated basegarameterizations underlying the curves shown for kaolinite
on a deterministic approach. IN in Fig. 3 are not necessarily valid outside the grey shaded

Values for fice given in Fig.2 were fitted separately for area, nor for much longer timescales. It should also be added
the data from CFDC and from LACIS, and the curves arethat the approach of parameterizijg using the simple fit
shown as black and red lines in the upper panels. An apfunction given in Eq. 2) differs from calculation of nucle-
parent shift in the data from CFDC to LACIS of up to 2K ation rates based on classical nucleation theory (CNT) using
could be interpreted from these curves. The fact that an anala single contact angle. We parameterjggand therefore de-
ysis of jhet brings the data into better alignment in the lower scribe its temperature dependence as obtained from the mea-
panel of Fig.2 is consistent with the assumption of stochas- surements. Using CNT together with a single contact angle
tic freezing for kaolinite particles, i.e., with the assumption tends to deliver temperature dependencies of nucleation rates
that freezing is a time-dependent process, corroborating thevhich are too steep, unless all examined IN are identical.
results byMurray et al.(2011). This can be seen e.g. lugustin et al.(2013: a parame-

The two experiments shown in Fig.are similar to what terization of nucleation rates similar to the one done in our
was found for all coated and uncoated kaolinite particles ex-study described measured frozen fractions almost as well as
amined in this study. That is, analysis it always led to  calculations based on CNT using a contact angle distribution,
merger of data from CFDC and LACIS. Hence data from thewhile calculations based on CNT with a single contact angle
two instruments were combined and fitted as one data setould not reproduce the measured data at all (compare Figs. 5

This was done using and Al inAugustin et al, 2013.
The curves displayed in Fig8 roughly split into two
jhet=A-exp(B-T), (2) groups, with the grey curve, i.e., the one for 300 nm Fluka

kaolinite particles coated with the thinnest$0Oy coating,
whereT is the temperature (expressed®i), andA and B applied at only 43C, belonging to neither. The first group of
are the fitting parameters. Examples for the resulting fittingCurves includes data for pure Fluka kaolinite and data for all
curves are included as grey lines in the two lower panels of 1uka kaolinite particles which were pure or coated with ei-
Fig. 2. A and B were derived for all particle types for which ther SuccA or LG (corresponding to the top 10 curves given
data from both the CEDC and LACIS were available. All re- in the legend). Error bars depicting one standard deviation
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sorted following the
sequence at -25°C:

Fluka 300nm, SuccA 70°C
Fluka 300nm, SuccA 80°C
Fluka 300nm, LG 80°C
Fluka 300nm, SuccA 93°C
Fluka 300nm pure

Fluka 300nm, LG 60°C
Fluka 700nm pure

Fluka 700nm, LG 93°C
Fluka 700nm, SuccA 93°C
Fluka 300nm, LG 93°C

Fluka 700nm, H, SO, 70°C

Fluka 700nm, H, SO, 70°C + H,0
~=Fluka 300nm, HZSO4 70°C

CMS 300nm pure

Fluka 300nm, H,SO, 70°C + H,O

CMS 300nm, SuccA 93°C

10" ————

.
T[°C]

! CMS 300nm, LG 93°C
=25 CMS 300nm, H,SO, 70°C + H,0

Figure 3. Fitting curves forjnet for the different particle types, following Eq. (2). Corresponding values of the fit paramétensl B are
shown in Fig4. jnhetfor pure 300 nm Fluka kaolinite particles is shown in red, while black lines sipgyior coated 300 nm Fluka kaolinite
particles. A grey line indicates 300 nm Fluka kaolinite particles coated witB(4 at 45°C coating temperature. Pure and coated 700 nm
Fluka kaolinite are shown in green, while blue lines depigt for all CMS kaolinite particles. Error bars are given exemplarily for the red
line and two black lines (for particle type see legend to the right of the plot).
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Figure 4. Overview over fit parameterg and B for jhet for the

were added exemplarily to the curve for the pure 300 nm
Fluka kaolinite particles (shown in red). The second group
contains all CMS kaolinite particles, regardless of the coat-
ing, and additionally also the Fluka kaolinite particles which
had been coated with4$0, at 70°C (with or without addi-
tional water vapor) (corresponding to the lowest eight curves
given in the legend). Here, the two black curves in this group
have error bars added to them, exemplarily. (It should be
pointed out that the lowest black curve almost completely
coincides with the next lower blue curve; hence only three
different blue curves are clearly visible.) It can be seen that
the CMS kaolinite particles and particles coated wittsy
are generally less ice active than particles belonging to the
first group for temperatures above abet4°C. Among all
300 nm Fluka kaolinite particles coated with$0y, those
with the thinnest coating (grey curve) are clearly still the
most ice active, indicating that the respective smaller amount
of coating did not destroy the ice nucleation ability as thor-
oughly as did the thicker coatings.

We will now turn to Fig.4, which resolves details better

different particle types. Error bars are given for the same data setghan Fig.3. It can be seen that and B show the same ten-

for which they were shown in Fi@. Grey horizontal lines give the
average values fot Fiyka, BFiukas Acms and Bcus as given in the

text.
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dencies; i.e., when lower values were obtainedAotower
values were also obtained f@. When results were avail-
able for both 300 and 700 nm Fluka kaolinite, they were al-
ways similar, as is to be expected since the particle size is
accounted for when derivinghet.
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One of the most noticeable features in Higs thatthe pa-  causes a chemical reaction which alters the Fluka kaolinite,
rameters obtained for the CMS kaolinite particles are clearlymaking the remaining particles similar in their IN ability to
lower than those for the Fluka kaolinite for all particles ex- CMS kaolinite.
cept for those coated with4$0y. This agrees with the lit- These results can be further interpreted when consider-
erature available on immersion freezing of kaolinites, whereing a recent publication bytkinson et al.(2013. In that
generally CMS kaolinite was found to be less ice active thanstudy, potassium feldspar is considered to be the most effi-
the Fluka kaoliniteMurray et al.(2011) used CMS kaoli- cient ice-nucleating dusts under mixed-phase cloud condi-
nite in their study and reported that they found a lower icetions, globally. Atkinson et al.(2013 give the amount of
nucleation ability thah.tiond et al(2010, a study in which  potassium feldspar present in Fluka kaolinite to be roughly
Fluka kaolinite was usedinti et al.(2012 examined CMS 5%, while CMS kaolinite is reported to not contain any de-
kaolinite and kaolinite distributed by Sigma Aldrich (which tectable amount. In general, common clay minerals are the
is the same as that provided by Fluka) and found the Sigmaveathering product of feldspaBIum, 1994, and one trans-
Aldrich kaolinite to be more ice active. We will return to dis- formation occurring in the field is the reaction of e.g. potas-
cussing the differences in the two types of kaolinite later in sium feldspar with H and HO to form quartz and kaolinite.
this section. Therefore, the different fractions of feldspar in the two ex-

Coatings of SuccA or LG for all examined coating temper- amined kaolinite samples hint towards the fact that the Fluka
atures had no remarkable influence on the immersion freezkaolinite is not weathered quite as thoroughly as the CMS
ing; i.e.,A andB derived for the particles coated with SuccA kaolinite. The additional natural weathering likely is the rea-
or LG are similar to those for the respective uncoated parti-son for the reduced IN ability of the CMS kaolinite parti-
cles. This holds true for Fluka and CMS kaolinite particles. cles, and the feldspar contained in Fluka kaolinite might be
This is not surprising, as SuccA and LG are both soluble sub+esponsible for the larger IN ability of this sample. In our
stances, and for immersion freezing the droplets generated iexperiments, it could be the altering of this feldspar when
the CFDC and in LACIS had maximum sizes above 2 umcoating Fluka kaolinite with iSO, that causes the observed
(Hartmann et a).2011 DeMott et al, 2014); i.e., the soluble  lowering in the IN ability.
material on the particles was strongly diluted and freezing The above-presented results on immersion freezing of the
point depression is negligible. These results also suggest thawvo different kaolinites are consistent with a corroboration
SuccA and LG did not alter the surface of the particles chem-of the claim byAtkinson et al.(2013, i.e., that it might in-
ically. deed be the potassium feldspar which is responsible for an

Concerning coatings of Y60y, the data as shown in Fig.  increased IN ability in some dusts.
reiterate and expand the point that this type of coating re-
duces the immersion freezing ability of Fluka kaolinite par- 3.3 Ice nucleation under water-subsaturated conditions
ticles, visible in the lowerd and B values. The addition of
water vapor was intended to intensify the reaction betweerNow we will introduce measurements of ice nucleation in the
the acid and the kaolinite, as had been observed previouslyegime below water saturation where deposition nucleation
for ATD (Niedermeier et a]2011), but this was not observed or freezing of haze particles may occur. These measurements
here. were done only with the CFDC. FiguBeshowsfice as deter-

Differently than for the Fluka kaolinite, a considerable de- mined with the CFDC for 300 nm Fluka, 300 nm CMS and
crease in the immersion freezing ability due tgS@, coat- 700 nm Fluka kaolinite particles for water-subsaturated con-
ing was not observed for the CMS kaolinite particles. A dataditions, for pure particles and those with medium-thick and
set sufficient for evaluation exists only for the CMS kaoli- thick coatings. Measurements for Fluka kaolinite were done
nite particles coated at P€ with additional water vapor, at—26,—30 and—34°C, while the CMS kaolinite measure-
which, however, should have been the most reactive coatingnents were made at30, —34 and—38°C. At the highest
produced. temperatures used for measurements for both kaolinites, ice

The group of Fluka kaolinite particles of both sizes, ei- was generally not detected. Compared to Fluka kaolinite par-
ther uncoated or coated with SuccA or LG, shows averagdicles, the CMS kaolinite particles were less active for ice
values ofApjuka = 1554m2s 1 and Brjyka= —0.57°C 1. nucleation in the water-subsaturated regime, similar to what
The second group including all CMS kaolinite particles, re- was observed for immersion freezing of particles in dilute
gardless of the coating, and the Fluka kaolinite particlessolutions above water saturation.

which had been coated withol804 at 70°C, with or without Results for 300 nm Fluka, 300 nm CMS and 700 nm Fluka
added water vapor have average valuesAgfis = 1.21 x kaolinite share some features in the observed ice nucleation
10°m2s1andBcus = —1.03°C~ L. in the water-subsaturated regime: (1) the uncoated kaolinite

The grouping of the data shows that although we usedarticles showed ice nucleation at a water vapor saturation
a strong acid we were not able to destroy ice nucleation sitegatio (Sw) below 0.95 clearly occurring at temperatures be-
on the CMS kaolinite much while we were able to do so onlow —34°C and even at-30°C for the 700 nm Fluka kaoli-
the Fluka kaolinite. It can be assumed that th&By coating  nite particles. (2) The coated particles examined here, which
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all had coating thicknesses above 0.5 nm, lost the ability tO fine colors:  medium thick coatings: thick coatings:
induce apparent deposition ice nucleatiorsatoelow 0.95.  Uneoated LG Succh HSO, H,SO.8H,O vapor
(3) These particles all started to induce iceatabove 0.95, 01200 nm Fluka 300nm CMS 1700 nm Fluka
with a steep increase in the measured ice fractions towards g §-30°C -34°C -30°C
saturation. The following paragraphs will show that for these H;o
particles with coating thicknesses above 0.5nm deposition
ice nucleation likely can not take place anymore, but thatin- _ .1, ‘ /
stead the measurements follow quantitatively what can be ex- -34°C
pected when immersion freezing in a concentrated solution %3 3
takes place. e

It is known that soluble material in a solution lowers the — %%'3
ice-melting temperature of that solution {,,) compared to /
pure water, and that this lowering depends on the concentra- "% sz 0o 005 085 09 095 085 09 095 1
tion, i.e., on the water activityu(y), of the solution. This low- water vapor saturation
ering is reflected in a lowering of the homogeneous freezing
temperature £ Thom). It was observed that there is a propor- Figure 5. fice measured with the CFDC fdfyy < 1. Thinner lines
tional relationship betweea Thom andA Tp, yielding the so- ?ndicate medium-thick co_ati_ng;; thicker lines represent thic_k coat-
called & approach:AThom = AhomA Tm. This approach was g]gs. The type of coating is |nd|catgd by color; the color coding can .
first described byMacKenzie et al(1977) andRasmussen ¢ S¢€ abﬂve_ the panels. SOTef"nesh‘.:O%’ erfo:]hers, a_mld therefore it
(1982 and was applied to model atmospheric homogenouq‘f addl_tl_ona_t y |nd|cate_d In Tabia, for whic ofthe particle types

g eposition ice nucleation was detected and is hence shown here.

freezing of droplets as early as Bassen and Dodd 988.
Following Koop and Zobris{2009 and the literature cited
therein,inom can be expected to be on the order of 2 to 2.5 calculated based on Eg. (2), using the values ahd B
for the soluble substances we examined in our study. as given in Fig4 and assuming that the ice nucleation takes

The j. approach can be extended to solutions with im- place at a temperature which is increased\fe; compared
mersed IN, as suggested alreadyDeMott (2002 and ap- o the temperature of the surrounding. This causgsto
plied e.g. inZuberi et al(2002), Archuleta et al(2003 and  pe shifted in the direction of the arrow in Fi§. The black
Koop and Zobris{2009 (where the latter gives an overview cyrve showsjne; for uncoated 300 nm Fluka kaolinite parti-
of publications on this topic, including both types of ap- ¢jes, based on the respectideand B given in Fig.4. The
proaches, time-dependent and deterministic ones). The exrves in different shades of grey show this same curve for
tended approach results in a relationship betwesim gych particles immersed in solutions witl99< ay < 0.94
and the freezing point depression for heterogeneous freezingy a ., of 2. The black vertical line indicates which values
(AThe): AThet= AnetATm, where generally k Anet < Anom  for jnerwould be expected at34°C for differently concen-

For our study, values fonTm vs. aw were taken from  rated solutions, showing that e.g. at @g of 0.95, jnet is
Koop and Zobris{2009. For the CFDC data, Kohler theory (educed by roughly 3 orders of magnitude.

was used to convesy as adjusted during the measurements oy our further analysis, a combination of Egs. (1) and (2),
to ayw. This was done based on particle hygroscopicitiesinciyding the freezing point depression, was used:

known from the CCNc measurements. With these, the Koh-

ler equation was solved separately for each particle type andice(aw) = 1 —exp(—A - exp(B - (T + AThet(aw)))s - 1). (3)

at the different values af,, at which CFDC measurements

had been done. This yielded the Kelvin term (K) and the cor-The average valuedfgka and Bryka Were used, together
respondingyy (WhereSy =K -ay). As the examined dry par-  with the residence time in the CFDC of 55, to calculfte
ticles were already at least 300 and 700 nm in diameter, that —34°C for the 300 and 700 nm Fluka kaolinite particles,
Kelvin term was below 1.006 and 1.003, respectively, and theas a function of water activity. Results are shown in Figs

=

difference betweeS, anday, was correspondingly small. grey shaded areas (panels a and b). These areas cover results
For a coated kaolinite particle exposed to water vapor, thefor Apetbetween 1 (left edge) and 2.5 (right edge), and a grey
soluble material on the particle will dissolve as soosaén line in their middle represenig,et= 1.7. Apet0f 1 and 2.5 are

the surroundings is above the deliquescence point of the sola conservative lower and upper bound, whereXfer= 1 it

uble material, and (providing equilibrium is reached) a solu-would be AThet= AThom= ATm, and therefore this bound
tion with ay, close tosS,, will then be present on the particle can be expected to underestimate the freezing point depres-
surface. Foray, of e.g. 0.95 (whereAT,, =5.3; Koop and  sion and likewise the suppression of freezingiif: of 1.7
Zobrist, 2009, the respective solution will causeAgdThet of was chosen as this value was foundZimberi et al.(2002

10.6 or 13.3K for apet Of 2 0or 2.5, respectively. Figuil- to fit their data for freezing of kaolinite and montmorillonite
lustrates what follows from this: the ice nucleation rates andparticles in aqueous solutions containiigHs)2SOy. Also
likewise jhetneed to be shifted to lower temperaturgg;can shown in Fig.7 in panels a and b igijce measured with the
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Figure 6. jhet estimated for different water activitiegy in a solu- § §
tion droplet surrounding a particle. The black line labeled “1”isthe  1E-3 4
one for the uncoated 300 nm Fluka kaolinite particles. The different iCMS 300 nm 0.93 0.96 0.99
grey lines indicate the curves fgge for such particles immersed in ] water activity
a solution with 094 < ay, < 0.99 (values fouyy indicated on every 0.1 E -
other line). The vertical black line at34°C was drawn as a guide _8 ] line colors:
for the eye, to indicate how muchpet changes for differendyy at Y— uncoated _
a fixed temperature (i.e., when measurements were done at a fixed 0.07 3 medium thick coatings
temperature but for differently concentrated solutions). ] X .
] thick coatings:
1E-3- A LG SuccA
0.93 0.96 0.99|Hgso0,
CFDC for medium and thickly coated particles with SuccA water activity | H.SO,&H,0 vapor

or LG coating.
The grey shaded areas now represent the range wheiigure 7. Measuredfice for deposition ice nucleation and expected
freezing induced by the pure particles can be expected wheite nucleation behavior for particles which are completely coated by
they are immersed in a solution. And indeed, both the ob-2 solution (grey areas for Fluka kaolinite coated with SuccA or LG,
served temperature range and slope of the measured freeziﬁ@d red striped areas for CMS kaolinite and Fluka ka_olinite coated
behavior for the Fluka kaolinite particles coated with SuccA With H2S0Os). The color code for the measured data with respect to
and LG are well captured. It should be noted here that thd® YP€ of coating is similar to that used in Fig.
CFDC has an uncertainty in relative humidity of roughly 3 %,
i.e., about 0.03 in water activity, so that measured and calcu-
lated values all agree within uncertainty. or without additional water vapor). Such a clear difference
It has to be noted here explicitly that the parametgfigka in fice between SuccA and LG coating to the two coatings
and Brjyka determined from the immersion freezing are valid with H,SOy is not seen for the 300 nm CMS kaolinite parti-
for the Fluka kaolinite in our experiments as long as it is notcles, where it would not have been expected. All in all, when
coated with HSQy, i.e., as long as it is not altered. Apply- considering the above-mentioned measurement uncertainty
ing the above-described model to Fluka kaolinite coated withof the CFDC and including all particles and coatings, mea-
H,SO or to CMS kaolinite requires use of the average val- sured and calculated values are well in agreement within un-
ues of Acus and Bcus. When this is done, the red striped certainty in the examinedhet range and even withpe; of
areas in Fig7 (panels c to e) are obtained. Again, a grey line 1.7. Unfortunately, the measurement uncertainties do not al-
represents results fahet= 1.7. For the Fluka kaolinite par- low for a more constrained determinationiog:.
ticles, the location of the red striped areas, compared to the Our results support that particles with medium-thick and
grey areas, reflect the fact that these particles showed a rehick coatings examined in our study did not show deposi-
duced immersion freezing ability upon coating with$0y; tion ice nucleation behavior anymore, in the whole range of
hence they are shifted to lowgie (or seemingly larger wa- Sy < 1. At relative humidities below the deliquescence point
ter activities). of the coating material, ice nucleation sites were covered and
When comparing the measured values for the two differ-freezing was inhibited. Above the deliquescence relative hu-
ent groups of IN, indeed, the 300 nm Fluka kaolinite particlesmidity, additional water was added to the coating and a solu-
coated with either SuccA or LG show an increased freezingtion shell formed around the particles, causing them to rather
ability compared to these particles coated withS@y (with nucleate ice from concentrated solutions via the immersion
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1.7 droplets taken fronkKoop et al.(2000. Furthermore, lines
S, cm—1 are inserted which are based on the above-presented param-
1.6 0.9 Koop et al. (2000) eterization (Eq. 3) for 300 and 700 nm Fluka kaolinite parti-
038 300nm Fluka kaolinite: cles with SuccA or LG coatings, assuming¢of 1.7. The
1.5 ; = 8-8(1)1 lines correspond to a frozen fractioffig) of 0.1 and 1 %.

These lines and the one f6y, = 1 limit the range in which

14 700nm Fluka kaolinite: the above-described effect, i.e., immersion freezing of con-
n 13l ;ice - 8'8;1 centrated solution droplets, can occur in our study. This range
e will become larger for larger nucleation ratgge- s), i.e., ei-
1.2+ ther for larger particles (as can be seen e.g. by comparing the
data for 300 and 700 nm in Fi@) or for more ice-active IN
110 (e.g biological IN; seeMurray et al, 2012. Deposition ice
10 . nucleation can still occur within this range when a potential

IN is not completely coated. However, in the literature the
range of freezing onsets (temperature @d reported for
deposition ice nucleation is very large for any one IN particle
Figure 8. The plot shows the relation between the water vapor sat-type (Hoose and M6hle2012), and besides instrumental and
uration ratio above ice) to that above wateSy. Lines are shown  experimental issues, some of this scatter might be explained
for Sw of 0.8, 0.9 and 1. Also shown is a line for homogeneous , \yrongly attributing immersion freezing in concentrated
freezing taken fronKoop et al.(200Q and lines indicating atfice ~ go|ytions to deposition ice nucleation instead.
of 1 and 0.1% for the 300 and 700nm particles with SuccA or LG 1o ap5ye-described results support the hypothesis that
coating examined in this study, calculated using Eqg. (3). . . . . . ; .
condensation and immersion freezing (i.e., the ice nucleation
of an insoluble core immersed in a haze particle or in a di-
luted droplet) might basically be the same process, with the
freezing pathway. The solutions were so concentrated thabnly distinction that a freezing point depression has to be
immersion freezing was quenched due to freezing point deaccounted for in the subsaturated regime (i.e., for the haze
pression. This is well in line with observations reported in particles). Eg. (3) (and likely also other temperature depen-
Archuleta et al(2005, Eastwood et al{2009 and Sullivan dent parameterizations; see e.g. Apperglixcould be used
et al. (20103, where it was concluded for the heterogenousto describe the freezing of droplets consisting either of con-
freezing of coated particles in the water vapor subsaturatedentrated or of dilute solutions with an immersed ice nucleus,
range that freezing could only be initiated once the coatingwhere care only has to be taken to include the freezing point
was dissolved. depression for the concentrated solutions correctly, whereas
An open issue is why also SuccA, a slightly soluble sub- AThet= 0 for diluted solutions. In e.g<hvorostyanov and
stance, seems to form a solution at water activities belowCurry (2004 it is argued that atmospheric IN are not neces-
0.99, where it should not dissolve. DRH of SuccA is 0.99% sarily insoluble but that rather a significant fraction is mixed
at room temperaturaNex et al, 2007 and can be expected with soluble material, motivating the development of a model
to be similar or even larger in our experiments due to adescribing “deliquescent-heterogenous freezing” following
decrease of solubility of SuccA with temperatuRafsons a concept comparable to the one we used here. Recently,
et al, 20049. However, as stated above, likely the applied Knopf and Alpert(2013 developed a model for describing
coatings were not the only soluble materials on the parti-immersion freezing of water and aqueous-solution droplets,
cle surfaces. Mixtures tend to deliquesce at lowgrthan  depending on the suspended IN types apdin which ki-
the pure substanceMércolli et al, 2004, and the coexis- netic effects were accounted for. Except for the latter, this is
tence of the coating material with impurities on the kaolinite comparable to an approach giverkimop and Zobris{2009),
surfaces might be an explanation for the observations. Anand it is very similar to the approach described in the present
other explanation would be that during the coating SuccAstudy, which is discussed in more detail in Appen@ixIt
did not condense in its crystalline form, but in a glassy stateis hence not a new idea when we argue that condensation
In this case, deliquescence of the coating might have ocand immersion freezing are similar, but by including a com-
curred at a lower DRH than if the SuccA had been crystallineparison of measured and modeled data for both the sub- and
(Mikhailov et al, 2009. supersaturated regime, we corroborated this assumption. Fu-
Figure8 shows the relation oy, to the water vapor satura- ture work should aim at testing our hypothesis, potentially
tion ratio above icey;) as a function of temperature, in away making a discrimination between the two modes, condensa-
which is typical for displaying results particularly for depo- tion and immersion freezing, unnecessary.
sition ice nucleation. A black, grey and light grey line cor-
respond taSy, of 1, 0.9 and 0.8, respectively. For reference,
a green line is shown for homogeneous freezing of solution

-40 -30 -20 -10 0
Temperature [°C]
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4 Summary and conclusions potassium feldspar was found to be the most important min-
eral dust for atmospheric ice nucleation.
Ice nucleation at below water saturation was found to

In the present study, we examined immersion freezing ande impeded by all coatings with coating thicknesses above
ice nucleation in the water-subsaturated regime for size0.5nm forS,, below about 0.95, while af,, > 0.95 a steep
segregated particles from two types of kaolinite, providedincrease in the observed freezing was seen. Consistent with
by Fluka and CMS. Pure particles were examined, and alsgrevious hypotheses, we showed that these observations can
particles with coatings of below up to a few nanometers ofbe explained by assuming that deposition ice nucleation
H2SOy, SuccA and LG. Freezing measurements were dondikely does not take place anymore for the examined parti-
using two different instruments, LACISH@rtmann et aJ.  cles, but that instead the measurements follow what can be
2017 and a CFDCDeMott et al, 2010, where both instru-  expected when immersion freezing in a concentrated solution
ments measured in the water-supersaturated regime, whiliakes place. The coatings examined in this case correspond
deposition ice nucleation or other mechanisms possible irto a hygroscopicity parameterof the overall dust particle
the water-subsaturated regime were only examined by thef about 0.05, showing that the amount of soluble material
CFDC. present on a particle which suffices to hinder deposition ice

Frozen fractions observed by the two instruments in thenucleation is small. This might explain some of the observed
immersion freezing regime differed, being seemingly apartscatter in the data for deposition ice nucleation reported in the
by up to 2 K. However, when considering a time dependencditerature in the past; i.e., some of the observation might not
of the freezing process based on a stochastic approach, i.éhave been deposition ice nucleation but immersion freezing
when comparing nucleation rate coefficients, these differ-in a concentrated solution, instead. This also points towards
ences were diminished; i.e., the data observed by LACIShe possibility that deposition ice nucleation might play an
and the CFDC were in good agreement. However, as wesven smaller role in atmospheric processes than so far ex-
used a simple formulation for describing the time depen-pected.
dence of the nucleation rate coefficients, our approach may The fact that the parameterization we derived for the im-
not be generally valid for all types of IN. For example, in mersion freezing regime could also be used to model the
Broadley et al(2012 heterogenous freezing induced by il- freezing behavior of the IN immersed in concentrated so-
lite particles could only be characterized by either a multi- lution droplets indicates that maybe all freezing processes
component stochastic model or a deterministic model. Alsowhich include a (more or less concentrated) solution shell
DeMott et al. (2014 discuss other instrumental factors for which formed around an IN prior to freezing might be treated
the CFDC that require clarification before all caveats may beas being the very same process. The term immersion freez-
removed in interpreting data from this instrument stochas-ing has generally been used for all cases when an insolu-
tically. Therefore, data analysis in this study was also doneble particle is immersed in a diluted droplet, and &gop
using a deterministic approach, and it was found that bothand Zobrist(2009 andHoose and Méhlef2012 addition-
the time-dependent and the deterministic approach yieldedlly used it for immersion freezing in (more concentrated)
similar results. aqueous solutions. Although the definition of condensation

Our results concerning the IN ability of the pure miner- freezing has previously been less well defined, we argue
als corroborate earlier findings; i.e., CMS kaolinite generallythat this should include all cases when an insoluble parti-
was found to be less ice active than Fluka kaolinite in bothcle is immersed in a concentrated solution (i.e., in the case
immersion freezing and in deposition ice nucleation, andof haze particles), which principally can occur 8 < 1
deposition ice nucleation generally was found to be the less@s long as the deliquescence RH of the soluble material
effective heterogenous freezing process, compared to immemwhich was on the insoluble core prior to forming a solu-
sion freezing. tion is overcome. We show in the present study that these

In the case of immersion freezing, the organic coatingstwo heterogenous freezing modes, i.e., condensation and
used in our study did not reduce the IN ability of either kaoli- immersion freezing, can be treated similarly, only by ac-
nite; i.e., these coatings did not alter the surface of the particounting for a freezing point depression for the haze parti-
cles irreversibly and formed a very dilute solution when thecles. This potentially reduces the number of heterogenous
particles were activated to droplets prior to freezing. On thefreezing processes which need to be considered separately
other hand, SO, coatings did reduce the IN ability of the in atmospheric models to three, namely deposition ice nu-
Fluka kaolinite remarkably, but left the IN ability of the CMS cleation, contact freezing and the here-examined condensa-
kaolinite almost unchanged. This observation could potention/immersion freezing. This is in line with what was al-
tially be explained by attributing the higher IN ability of the ready said byrukuta and Schalldfl982), i.e., that there are
Fluka kaolinite to its content of potassium feldspar, a mineralthree main mechanisms of heterogenous ice nucleation.
which is not present in the CMS kaolinite and which likely
is destroyed on contact withJd30,. This hypothesis aligns
with a recent publication bytkinson et al.(2013, where
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Appendix A 10° o CFDC o LACIS |_
Fukuta and Schallef1982 wrote that there “are presently ] 5

three main mechanisms of heterogeneous ice nucleation 10 -é% SSQ%

known by aerosol particles — deposition, condensation- q_.g 2?

freezing including immersion freezing, and contact- 107

freezing”. Nevertheless they try to distinguish between _35

condensation and immersion freezing as follows: “In the 1012?: e Ee e
process of condensation-freezing nucleation, liquid water 10 e ' ' ' ' ' '
forms on the ice nucleus surface before freezing nucleation ~ & _ 10" L “q 3

takes place in it. If the liquid has existed for some time on ‘_E 0 eg@

the nucleus surface before the freezing nucleation starts, the & 107 B

process is considered as immersion-freezingli (1985 8

listed four different heterogenous ice nucleation mechanisms
and distinguished between condensation and immersion

freezing, defining immersion freezing as “nucleation of £ 65 H

supercooled water by a nucleus suspended in the body of <« 10" , © 885

water”, where the “body of water” is not defined more = of B OC@

precisely and could hence include both diluted droplets as »10 3 8 8

well as haze particles (with haze particles being particles c 10°F B
with at least some soluble material on them, which are in of

an environment where the RH is above the deliquescence 107~ _3'5 3'0 ' ';2'5' 3'5 -C;O ';2'5
RH of the soluble material but below the value needed for T[°C] T[°C]

activation to a cloud droplet; see ald@li, 1985. Also

following Vali (1989, condensation freezing occurs when Figure B1l. Measured fice and derived jnet for CFDC (at

“a cloud condensation nucleus (CCN) init.iates freezing 104 9%5< RHy < 106 %) and LACIS (i.e., for immersion freezing)
of the condensate”. However, no further refinement of thefor two particle types. Left panels: 300 nm Fluka kaolinite coated

definition is given, e.g., with respect to the amount of the with LG at 80°C; right panels: 700 nm Fluka kaolinite (no coating).
condensate. It should also be pointed out here that this

definition overlaps with the one for immersion freezing as

cloud droplet activation is one way of getting a nucleusAppendix B

suspended in water. Followirgruppacher and KlettL997) o .

(p. 309 in the second edition), where also four distinct Data|nth|§ study_ have been evqluated and interpreted b.ased
modes are described for heterogeneous ice nucleation, co?" Ed- ), i.€., using an stochastic approach. Here, now; itis
densation freezing denotes the process during which an INNOWn how itinfluences the results of our study when a deter-
is activated to a droplet below? G and subsequently freezes MiNistic approach (surface site densitig} is used instead:

(it is not clarified if this happens with or without further
cooling), while during the immersion freezing process the , _
IN enters the droplet above°C and the droplet then freezes fiee =1=e€xp(=ns-5). (B1)
once it is cooled sufficiently. A schematic in Fig. 1 in FigureB1 is a reproduction of Fig2, additionally showing
Hoose and M&hlef2012) suggests that immersion freezing data forns in the two lowest panels, obtained using EgLY.
represents a process by which a droplet with an immersed IMs before, for each of the 19 different particle types CFDC
freezes upon further cooling (seemingly independent fromand LACIS data were always combined to one data set, and
the temperature at which the droplet formed). Condensatioflitted usingns= A’-exp(B’- T). The corresponding fit is
freezing in this schematic is indicated as a process duringhown as a grey line in the two lower panels of FBg. For
which condensation of water onto the IN occurs at waterthe two partide types shown in F|@1 and also for all oth-

vapor saturation, leading to ice nucleation possibly uponers, the slope ofis versus temperature is slightly less steep
further cooling. A separate process is indicated in thisthan that Ofjhet.
schematic as “immersion freezing of solution droplets” (i.e., A’ and B’ for all 19 different particle types are shown in
haze particles). Fig. B2. This figure is comparable to Fig, only now the
fit parameters describes instead of jhet. Grouping of the
data is similar to that observed fgie. Similar values ofd’
and B’ are obtained for all Fluka kaolinite particles which
were either uncoated or coated with SuccA or LG. A second
set of A’ and B’ values which are similar to each other but
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Figure B2. Similar to Fig.4 in the main text, but values fot’ and B’ were obtained by fittings obtained from measureflce. A separate
fit was done for each of the 19 different particle types, each time accounting for all data available from both LACIS and the CFDC. Similar
to the fit done forjhet, the following equation was useds = A’ - exp(B’ - T).
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Figure B3. Similar to Fig.7 in the main text, i.e., showing measurggs for deposition ice nucleation and expected ice nucleation behavior
for particles which are completely coated by a solution. The difference t@ isghat the calculations done to obtain the grey and red striped
areas were based on average valuest\qy, .. Briuka Acms @ndBeys @s shown in FigB2, i.e., based ons, and on Eq.B2).

different from the first set are obtained for all CMS kaolin- served for subsaturated conditions, with an equation based
ite particles and Fluka kaolinite particles which were coatedon Eq. B1) together with a freezing point depression:

with sulfuric acid (with or without water vapor). Grey lines , ,

in Fig. B2 represent average values faf and B’ for these ~ fice(aw) = 1—exp(—A"-exp(B"- (T + AThet(aw))) ). (B2)

twO groups @, = 5.07x 10*m ™2, By, = —0.44°C™1, Figure B3 shows the respective results, comparable to what

Agps = 0.00127 72 and Beyg = _0-91°(?_1)- was obtained when the data analysis was basedinen
These average values df and B’ obtained for the two  (see Fig.7). Measured values (symbols) again agree with

groups were used to estimate the freezing that should be ole calculated ones (see grey and red striped areas) within

Atmos. Chem. Phys., 14, 552%546 2014 www.atmos-chem-phys.net/14/5529/2014/



H. Wex et al.: Kaolinite particles as ice nuclei 5543

measurement uncertainty. Hence, results are similar to those
described in the main body of the text; i.e., the ice nucleation
observed at subsaturated conditions for particles immersed
in a concentrated solution droplet can be described using a_g
parameterization of the observed immersion freezing when o
regarding the freezing point depression caused by the solu-@
tion. 21
Overall, the same results and conclusions are obtained,
based on our measured data, no matter if the data evaluation

N

020 025 030 020 025 030

is based on a stochastic approagifad or a deterministic one
(ns)- Aa, Aa
CMS-Kaolinite: Fluka-Kaolinite:
o +LG + LG (medium) O+ LG (thick)
. O + SuccA + SuccA (medium) O + SuccA (thick)
Appendix C A +H,S0, o +H,S0, 0 +H,S0,+H,0

0o +HSO0,+H.0
In the present study, we described the ice nucleation in-
duced by kaolinite particles in concentrated solution dropletsFigure C1. This figure reproduces a part of Fig. 4a frétmopf and
by using parameterizations obtained from immersion freez-Alpert (2013, showing data fronMurray et al.(2019) (filled blue
ing measurements, together with a temperature shift that dedots) andPinti et al.(2013 (filled orange dots). The solid black line
pended on the melting point depression, and thus water ads a linear fit through _the data, the das_he_d green and purpl_e lines
tivity of the solution. Two different parameterizations were represent confidence intervals and prediction bands, respec_tlvely, at
tested, including either a stochastic or a deterministic treat? 95% .'e.vel’ as calculated bgnopf and Alpe.rt(2013. The fig-
ment of the ice nucleation process. Comparable methodure additionally includes the data measured in our study for coated

. . . . articles with the CFDC for water-subsaturated conditions. The left
have been applied by a number of previous 'nveSt'gatorSand right panel include data for 300 nm CMS and Fluka kaolinite,

as summarized bKQOP and Zobris(200_9. Koop and Zo-  respectively. The figure is discussed in the text in Appei@iix
brist(2009 and studies referenced therein also compared and

contrasted this approach to one directly relating the immer-
sion freezing nucleation rate to the water- activity of solution coated with either SuccA or LG are better described by a
droplets in dependence on the type of ice nucleus. separate parameterization, due to their larger ice nucleation
Knopf and Alpert(2013 have now comprehensively ex- ability. A need for different parameterizations for different
amined to what extent it is possible to model immer- particle types can also be inferred from Fig. 4afopf and
sion freezing based onm,, based on a stochastic treat- Alpert(2013, where different types of IN presented in differ-
ment. Figure C1 reproduces a part of Fig. 4a from entpanels (kaolinite, aluminum oxide, iron oxide and fungal
Knopf and Alpert(2013 and shows nucleation rate coeffi- spores) show a different dependencyjigf on A ay,.
cientsjhetas a function ofA ay, whereA ay, is the observed This all corroborates what was found earlier by &gop
shift in ay, between the melting curve and the measurementand Zobris{2009 andKnopf and Alpert(2013 and again in
FigureC1 shows data for CMS kaolinite particles measuredthis study, i.e., that immersion freezing of solution droplets
by Murray et al.(2011) andPinti et al.(2012 and an addi- can be modeled when, is known, based on a parameteriza-
tional linear fit through the data, as giverkinopf and Alpert  tion of jhet (O ns, S€€ AppendiB) for the respective type of
(2013. Additionally included are CFDC data measured in IN.
our study for coated particles at water-subsaturated condi-
tions, separately for coated 300 nm CMS and Fluka kaolinite
particles in the left and right panel of Fig.1.
Data for coated CMS kaolinite particles are close to or
even overlay the data both froMurray et al.(2011) and
Pinti et al. (2012. This also applies for data for Fluka
kaolinite particles when they are coated with30, (with
and without water vapor). Data for Fluka kaolinite particles
coated with either SuccA or LG show somewhat larger val-
ues for the nucleation rate coefficiefiet with a tendency
to form a group of their own. This corroborates the results
obtained in our study: a parameterization describing coated
CMS kaolinite also represents Fluka kaolinite particles well
when they have been chemically altered due to a coating
with H,SO4. On the other hand, Fluka kaolinite particles
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