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Abstract

In spite of the resurgence in ice nucleation regearcomparatively small number of studies deah wit
the phenomenon of pre-activation in heterogenemiaucleation. Already fifty years ago, it was show
that various mineral dust and volcanic ash pasdickn be pre-activated to become nuclei for icstaly
formation even at temperatures as high as 270 —KR71Pre-activation was achieved under ice
subsaturated conditions without any preceding nsaoqic ice growth by just temporarily cooling the
particles to temperatures below 228 K. A two-stepchanism involving capillary condensation of
supercooled water and subsequent homogeneousnige@as proposed to account for the particles’
enhanced ice nucleation ability at high temperatufiehis work reinvestigates the efficiency of the
proposed pre-activation mechanism in temperatucBagy experiments performed in a large cloud
chamber with suspended particles. We find theieffity to be highest for the clay mineral illitevasl|

as for highly porous materials like zeolite andtali@aceous earth, whereas most aerosols generated
from desert dust surface samples did not reveakasuarable pre-activation ability. The pre-activatio
efficiency is linked to particle pores in a certaize range. As estimated by model calculation; on
pores with diameters between about 5 and 8 nm ibatgr to pre-activation under ice subsaturated

conditions. This range is set by a combination exfuirements from the negative Kelvin effect for
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condensation and a critical size of ice embryosdernucleation and melting. In contrast to thdyea
study, pre-activation is only observed for tempeed below 260 K. Above that threshold, the pasicl

improved ice nucleation ability disappears dueéhtorhelting of ice in the pores.
1. Introduction

The microphysical processes leading to the formatibice particles in the Earth’s atmosphere are
still poorly understood. As emphasised by the niesent report of the Intergovernmental Panel on
Climate Change (Boucher et al., 2013), the accyratameterisation of such microphysical processes i
essential for the reliable simulation of cloudsmwdern climate models. Only a minor subset of the
atmospheric aerosol particles is able to act amimdeating particles (INPs), thereby promoting ice
formation at lesser supersaturation or supercoaimgpared to homogeneous ice nucleation (Hoose
and Mohler, 2012; Murray et al., 2012). Amongststkubset, an even smaller fraction of aerosol
particles can trigger the glaciation of supercodledid droplets at temperatures higher than 25BIR.
measurements for various geographic locations atelithat the INP number concentration typically
decreases by two orders of magnitude when the tetyve increases from 253 to 263 K (Pruppacher
and Klett, 1997). Most of the INPs that are actalmove 258 K are supposed to be composed of
biological material (Murray et al., 2012; Prennaéf 2009).

A potential mechanism that can increase the nurobecentration of INPs at warm temperatures is
pre-activation, denoting the enhanced ice nucleafbility of an INP after its exposure to low
temperature and/or its prior involvement in annceleation event (Knopf and Koop, 2006; Pruppacher
and Klett, 1997; Vali, 2008). In the latter cagesiargued that small pockets of ice can survivpares
or cracks at the particle surface even in an itesaturated environment after the sublimation ofitke
cloud from the preceding nucleation event (Mossi§h6). These ice pockets represent sites where
macroscopic ice crystals can easily grow again wihenINP is again exposed to ice-supersaturated
conditions in a succeeding nucleation event. Alnfiistyears ago, it was shown that by a two-step
mechanism of pore condensation of supercooled watdr subsequent homogeneous freezing, pre-

activated INPs with such ice pockets can also badd in cold and dry air without the prior nucleati
2
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of macroscopic ice crystals at high humidity (Higuand Fukuta, 1966). These experiments were
conducted with the INPs deposited onto a metal Al an example, 10% of kaolin and even close to
100% of montmorillonite particles were pre-activhte become INPs at 258 K by temporarily cooling
them below 228 K in an environment that was sulbatgd with respect to ice. After further warming
above 258 K, the fraction of particles that retditieeir pre-activation decreased due to the mehing
ice in the pores (Fukuta, 1966; Higuchi and Fuka@66), but a 0.1% fraction of pre-activated INPs
was still present at temperatures as high as Z7lK.

For decades, no follow-up studies on the suggesteestep pore condensation and freezing (PCF)
mechanism were undertaken. Only three years age, axperiments revealed that crystals of three
organic model substances nucleated and grew infacsucavity via the PCF mechanism from saturated
vapour, i.e., without the need for supersaturaitiothe gas phase (Kovacs et al., 2012). Shortéyr |att
was proposed that many observed ice nucleationtevereviously ascribed to the deposition ice
nucleation mode, which by definition proceeds withprior formation of a liquid (Vali et al., 2015),
could also be due to the PCF mechanism (Marcdlli42. This suggestion was based on the observation
that many INPs reveal a strong increase in therriacleation ability just below the homogenous
freezing temperature of supercooled water at 237InKcloud chamber experiments at our own
laboratory, we have recently unravelled a pre-atiom pathway which involves temperature cycling of
INPs composed of solid organic and inorganic ctysthat have crystallised from aqueous solution
droplets (Wagner et al., 2014). Here, residualthefaqueous solution are trapped within the crystal
and can freeze when cooled below their respectivedgeneous or heterogeneous freezing temperature.
This leads to the formation of ice pockets in thes@lline INPs, which can act as efficient sitesite
growth even at warmer temperatures where the gitriheterogeneous ice nucleation ability of the
unprocessed INPs is very low. In contrast to th& R@chanism, however, the origin of the ice pockets
in these experiments is residual water enclosetdrcrystallised agueous solution droplets andmst
capillary condensation of water vapour on a dntiglar surface at a relative humidity (RHbelow

water saturation. In view of the resurged inteiasthe PCF mechanism, we considered it timely to
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perform a novel experimental study on its effickensing the large aerosol and cloud chamber facilit
AIDA (Aerosol Interaction and Dynamics in the Atnpbere), which enables long-term processing of
suspended INPs under well-defined temperature ahgdenditions and where the modification of the
ice nucleation ability of the INPs can be invedighby adiabatic expansion cooling experiments
(Wagner et al., 2006).

In this contribution, we report on the results lué first systematic study on the pre-activatiohN®s
under ice subsaturated conditions since the ofigimak in 1966. As a benchmark, we first tested
aerosol particles with a highly porous structuike Izeolite (Janssen et al., 2002) and diatomaceous
earth particles (Korunic, 1998), where we expettedefficiency of the PCF mechanism to be highest.
We then compared these results to those obtaineatifiospherically abundant INPs like mineral dust,
volcanic ash, and soot particles. Our article gaarsed as follows: Sect. 2 describes the instrtetien
of the AIDA aerosol and cloud chamber and presémesinvestigated materials. In Sect. 3.1, we
introduce the applied experimental procedure aadtiserved pre-activation phenomenon based on the
measurement data for zeolite particles. Thereaftersummarise the pre-activation efficiency measure
for all substances in Sect. 3.2. Detailed measunetega for those substances are given in appendice
A-E. In Sect. 4, we analyse the pre-activation dagsed on model calculations of the water
condensation, freezing, and melting of ice in po&ext. 5 explores the atmospheric implicationsusf

findings and Sect. 6 concludes our article witlhiamary.
2. Methods

2.1 Instrumentation

The AIDA facility consists of a 84.3 rsized aluminium chamber that is housed in an iismja
containment whose temperature can be controllesdset 333 and 183 K (Mohler et al., 2003; Wagner
et al., 2006). A powerful mixing fan placed at thettom of the chamber was continuously in operation
providing homogeneous conditions in terms of terapee, relative humidity, as well as aerosol and
cloud particle number concentrations throughoutctie@mber volume. The mean AIDA gas temperature

was computed from the average of 11 thermocoupisoss arranged vertically at different height level
4
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of the chamber. Water vapour concentrations, toamsfd into RK and RH.. data based on the
formulations by Murphy and Koop (2005), were meadun situ by a tunable diode laser spectrometer
(Fahey et al., 2014). The number concentrationghef aerosol particles were measured with a
condensation particle counter (CPC3010, TSI), dmr tsize distributions recorded by a scanning
mobility particle sizer (SMPS, TSI) and an aerodyita particle spectrometer (APS, TSI). Cloud
hydrometeors (supercooled water droplets and igstals) were counted and sized with two optical
particles counters (type WELAS 2000, Palas, sizegea 0.7 — 46um and 5 — 240um). The
uncertainties for the measurement data are estintatee + 0.3 K for temperature, + 5% for giHand
+ 20% for the ice particle number concentrationt s@me experiments, filter samples of the aerosol
particles from the AIDA chamber were investigatedthwan environmental scanning electron
microscope (ESEM — FEI Quanta 650 FEG).

2.2 Materials

2.2.1 Reference samples: zeolite and diatomaceowastk particles

Two types of zeolite powders (trade names CBV100 @BV400) were purchased from Zeolyst
International and used as reference materials tbeprthe efficiency of the PCF pre-activation
mechanism. The samples differ from the dimensiothefinternal porous network and are therefore
suited to investigate the dependence of the preadicin ability on the pore size. The CBV100 pdesc
are untreated microporous NaY zeolites with por@rditers in the range between 0.3 and 1.2 nm
(Janssen et al., 2002; Janssen et al., 2004)e I6@Y400 sample, an artificial mesoporous netwoaks w
generated by steam treatment of microporous zeafytgtals. The mesopores in the CBV400 particles
have a diameter between 4 and 20 nm (Janssen, &08R). For both the CBV100 and CBV400
particles, the homogeneous nucleation of superdoséger and the melting of ice in their cavitieyda
been investigated by differential scanning calotanéDSC) measurements (Janssen et al., 2004). We
will refer to these findings when analysing theulessof our pre-activation experiments.

Diatomaceous earth is a powdered sample of silceateleton remains of diatom algae, with the

Bodélé Depression in Northern Africa representimgagor natural source for such material (Todd gt al
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2007). For our study, we employed a commerciallgilable diatomaceous earth sample (Agrinova,
item 709001) as another reference for particleb wihigh degree of porosity. Exemplary ESEM images
of filter-collected CBV400, CBV100, and diatomaceaarth particles are shown in Figs. 1 and 2. The
ensemble image B (Fig. 1) reveals that the ovetabe of the CBV400 patrticles is rather compact. A
common feature is the occurrence of agglomeratgstais as exemplified in image C. An indication for
the substantial porosity of the particles is tlégh transparency to the electron beam. In image. &,
one can clearly discern one of the holes of theléywe filter behind the deposited CBV400 crystal.
The enlarged image A gives an idea of the mesap@tem of CBV400, showing numerous open pores
at the surface of the particle.

The general habit of the CBV100 particles was oleskito be very similar to that of the CBV400
particles. Albeit lacking the larger internal mesous network, the CBV100 particles’ surface is not
completely smooth but reveals a certain degreewfhiness due to small cracks and steps. In adddion
the microporous network of CBV100, these surfadessas well as void spaces between crystal
agglomerates (image D in Fig. 2) may also allowtfe condensation of supercooled water af,RH
100% and explain a potential pre-activation ahilithe two selected ESEM images E and F of
diatomaceous earth (Fig. 2) underline the extrermaelyplex structure of these particles. Apart from
large-scale hole patterns, the recordings show dealence for small-scale surface roughness and
porosity. Our material is similar to another coman@r diatomaceous earth sample that was recently
probed for its light scattering properties (Alexandt al., 2013).

2.2.2 Mineral dust, volcanic ash, and soot particte

In addition to the zeolite and diatomaceous eaattiqgles, we chose six further types of INPs fa th
pre-activation experiments. The intrinsic heter@gers ice nucleation abilities of these substanags h
been characterised in previous AIDA measurementpeayns. The materials include: (i) an lllite NX
sample (Arginotec, NX Nanopowder) that was receditfyributed as a surrogate for natural desertsdust
in a comprehensive laboratory study of ice nuabeatheasurement techniques (Hiranuma et al., 2015);

(i) a Saharan dust surface sample (SD2) colleatsmlit 50 km north of Cairo, Egypt (Mdhler et al.,
6
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2006); (iii) an Israeli dust sample (ID) collecttdm Ramat Hasharon as sediment soil after a dust
storm (Kanji et al., 2011); (iv) a Canary Islandstisurface sample (CID) collected near the town of
Mala on the Island of Lanzarote as a proxy forlegtSaharan dust after airborne transport (Kargi.et
2011; Koehler et al., 2010); (v) a volcanic ashfaxeg sample (EY01) collected 58 km from the
Eyjafjallajokull volcano on Iceland two days afeemajor eruption phase in April, 2010 (Steinkelet a
2011); and (vi) Graphite Spark Generator (GSG) gquaticles from a commercial graphite spark
generator (GfG 1000, Palas) (Md6hler et al., 2005).

2.2.3 Aerosol generation

The CBV100, CBV400, diatomaceous earth, and INi*¢ powders were used as received for aerosol
generation. The SD2, ID, CID, and EY01 samples we&reed to obtain the fraction of particles smaller
than 75um in diameter that were then used for aerosol @gdioer. The powder samples were dry-
dispersed into the AIDA chamber with a rotating dtrigenerator (RBG 1000, Palas). The RBG was
operated with three impactor stages of a five-stagees cyclone system developed at Southern
Research Institute (Birmingham, Alabama), yieldingutoff dso) aerodynamic diameter of 1j2n. For
injecting the soot particles, the output of theptpite spark generator was directed via two coaguiat
tubes into the AIDA chamber.

The aerosol particle number concentrations wergallyi on the order of 1D particles crif. The
recorded number size distributions of the aeroadligles were approximated by unimodal log-normal
functions (Hinds, 1999). The fit parameters for ¢bent median diameters, CMD, and the mode widths,
gy, are summarised in Table 1. For the soot partidles CMD value corresponds to the mobility
equivalent diameter from the SMPS measurementti®other compounds, the size spectra from the
SMPS and the APS were first combined by convetiiregmobility and aerodynamic diameters into the
volume-equivalent sphere diameter and then fittedhie log-normal function (DeCarlo et al., 2004;
Hinds, 1999). For illite NX, SD2, ID, CID, and EYQthe particle densityy, was set to 2.6 g cfhand
the dynamic shape factgy, was set to 1.2. Reducgg values of 1.9 and 2.3 g chwere required to

combine the size spectra of the porous zeolite maiéeCBV400 and CBV100, respectively. The
7
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combined size spectrum of the diatomaceous eartltlea was obtained witp, = 2.3 ¢ et and y =
1.5.

2.3 Operation of the AIDA chamber

Before the start of aerosol injection, the inneftlsvaf the AIDA chamber were partially coated with
an ice layer and the vessel was filled with pagtitke synthetic air to ambient pressure. The azded
walls controlled the prevailing RH value in the chamber interior to typically 95%.eTslightly ice-
subsaturated conditions are the result of somenialteheat sources, causing that the average gas
temperature of the chamber is a few tenths of &iKdligher than the wall temperature.

After aerosol injection as described in Sect. 2.2h@ aerosol particles were either immediately
probed on their intrinsic heterogeneous ice nuideatbility at a given temperature, or they werebed
after overnight temperature cycling to investigtite efficiency of the PCF pre-activation mechanism
under ice-subsaturated conditions, as detaileddat. 3.1. Temperature adjustments of the AIDA
chamber during temperature cycling were usuallpaished at a rate of 5 K/h during cooling and 2.5
K/h during warming. To achieve ice formation, sigagturations with respect to ice were induced by
expansion cooling, i.e., a controlled reductionthaf chamber pressure with a mechanical pump opkrate
at a volume flow rate of typically 2.5 %min. This established initial cooling rates foethhamber
atmosphere of about 3 K/min. The cooling rates wien steadily decreasing during continued
pumping due to the increasing heat flux from thancher walls, whose temperature remained almost
unchanged. For a particular experiment (Sect. &8)sed an evacuated, 4 sized aerosol preparation
chamber as an additional expansion volume, indu@ngalmost instantaneous drop of the gas

temperature by another 2 K in the later coursexpasion cooling.
3 Results

3.1 The pre-activation phenomenon: detailed measum@ent data for the CBV400 particles
Figs. 3A and 3B show the intrinsic heterogeneowesnacleation ability of unprocessed CBV400
crystals that have been dry-dispersed into the Aldhamber at 251 and 228 K, respectively. After

injection, the aerosol particles were subjectedricadiabatic expansion, as performed by a condrolle
8
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reduction of the chamber pressure (Sect. 2.3). [Bads to a decrease in the gas temperature (reg) li
and an increase in the relative humidity with respe ice, Rkl (black lines), and supercooled water,
RH,, (green lines). The expansion run started at 2%i¢¢ 3A) proved the CBV400 particles to be very
inefficient INPs. There was no formation of ice tpdes via deposition nucleation before water
saturation has been exceeded during the expangmmm which the aerosol particles acted as cloud
condensation nuclei and a dense cloud of supertouwder droplets was formed (vertical dashed line).
The cloud droplets grew to diameters of aboutub@ as inferred from the scattering signals of the
optical particle counters (OPCs, dark-yellow dok)cleated ice crystals grew to larger diameteas th
the cloud droplets and can therefore separatelydbetified in the OPC data sets, enabling the
calculation of the ice-active fraction of the a@lgsopulation fice (blue lines). As evident from the OPC
data in Fig. 3A, only a tiny fraction of less thar1% of the immersed CBV400 patrticles is ice-aciive
the immersion freezing mode in the temperature eaingm 246 to 243 K. The heterogeneous ice
nucleation ability changed profoundly when the CBU$articles were probed in an expansion run that
was started at a temperature below 237 K (Fig. 3B)e, almost immediately after the start of
expansion cooling at time zero, a dense ice cloasl farmed at a RH threshold of only 102%. More
than 40% of the CBV400 particles acted as INPs ¢veagh the peak RH value during the expansion
run never exceeded a value of 105%. It is the sudigearance of this extraordinarily high ice
nucleation ability just below 237 K which puts ioubt the assignment of this nucleation mode to a
deposition nucleation mechanism, given that therena a priori reason why this pathway should
abruptly be inefficient for temperatures above X37{Marcolli, 2014; Pruppacher and Klett, 1997).
More likely, the ice nucleation mode evident in.R3@ is due to the depositional growth of ice pdske
which already form by the PCF mechanism after iimjgcthe CBV particles into the AIDA chamber at
228 K and RKe = 95%.

As an indirect proof for the PCF mechanism, we haeeformed the following pre-activation
experiment. The CBV400 particles were dry-dispeliséal the AIDA vessel at 253 K, upon which the

chamber was cooled to 228 K and warmed to 250 KinQutemperature cycling, the chamber air
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remained slightly subsaturated with respect tovitth a typical RH of 95% (see Sect. 2.3). No
intermediate expansion cooling runs were conductedaning that the aerosol particles were not
subjected to ice-supersaturated conditions wheiaoseopic ice crystals could have grown. Only after
warming to 250 K, the zeolite particles were prolbedtheir ice nucleation ability in an expansion
cooling run whose data are shown in Fig. 3C. Inremt to the unprocessed CBV400 particles that were
almost ice-inactive when probed at the same teryeréFig. 3A), the pre-activated particles gawe ri

to a pronounced nucleation mode that formed at geRieshold of about 102%. We assign this mode
to depositional growth of ice held in the porestlté# zeolite particles, which has been formed by the
PCF mechanism during temperature cycling. To owwkedge, this is the first demonstration of pre-
activation under ice-subsaturated conditions irexgperiment with suspended patrticles. The fractibn o
ice-active CBV400 particles is about 4%. The mawpg ice crystals that had formed in the expansion
run were then rapidly sublimed by the addition of slynthetic air, which led to a temporary decraase
RHice to @ minimum value of about 90%. As pore ice wasas to be stable even down to much lower
RHice values of 40 to 5% (Knopf and Koop, 2006), theegkpent was continued with the same aerosol
load to investigate up to which temperature thegutévation behaviour can still be observed, ite.,
determine when the pore ice starts to melt andhipeoved ice nucleation ability disappears.

For that purpose, the AIDA temperature was stepwiseeased by about 3 K and expansion cooling
runs were conducted at the higher temperaturesedis\When probed at 253 and 256 K, the CBV400
particles were still ice-active in the depositiogadwth mode, however with reduced number fractions
of only 1.7 and 0.2% of the particles, respectivéifter further warming to 259 K (Fig. 3D), the
depositional growth mode has disappeared, andasiyall number of ice crystals was formed after the
droplet activation of the zeolite particles. Albsmall, the ice-active fraction is still higher cpaned to
the intrinsic ice nucleation ability when the unpeesed CBV400 particles are directly probed at that
temperature without temporary cooling. We obsersidilar behaviour for a variety of compounds
(additional examples are discussed in appendic&3, Avhich leads us to conclude that the small ice

nucleation mode shown in Fig. 3D is due to prevation as well. We tentatively assign it to the
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condensational growth of residual ice that is deepptured in pores and cannot grow by water vapour
deposition on the time scale of our experimentsonlit when getting in contact with liquid superceal
water after the droplet activation.

We performed a further pre-activation experimenerghthe CBV400 particles were again injected at
253 K, cooled to 228 K, but then directly warme®&9 K to perform an expansion cooling run at that
temperature. We observed a similar nucleation nthge to condensational ice growth after droplet
activation as shown in Fig. 3D, underlining tha thtermediate expansion runs conducted at 25Q, 253
and 256 K in the previous experiment did not lea@d foss of pre-activated particles, but that the p
activation efficiency is actually significantly neced at 259 K.

3.2 Summary of the pre-activation behaviour for allsubstances

Fig. 4 summarises the pre-activation behavioutierother compounds investigated. For each aerosol
type, we applied the same temperature cycling,ingaction at 253 K and temporary cooling to 228 K
The filled bars denote the ice-active fractionghsd pre-activated particles in the depositionaWwgho
mode at RK below 100% at various temperatures after warmargl those without colour filling
represent the condensational ice growth mode dftgriet activation. Partly, both modes were obsgrve
successively in a single expansion cooling expettmehis happened when the number concentration
of ice crystals formed by depositional growth wasmall that the water vapour supersaturation vaas n
efficiently depleted, so that water saturation wasceeded upon continued pumping and the
condensational ice growth mode could become acfidditional data from the AIDA experiments are
provided in appendices A-E to support that theactve fractions depicted in Fig. 4 are due to pre-
activation and not related to the intrinsic heterugpus ice nucleation ability of the aerosol pkegic

Let us first compare the pre-activation behaviduhe mesoporous CBV400 particles with that of the
second zeolite sample, namely the microporous CB\iditicles. As the melting temperature of ice is
expected to decrease with the pore diameter (Mar@f14), we have performed the initial pre-
activation run with the microporous CBV100 parteclelready at a lower temperature of 246 K after

temperature cycling. Here, 1% of the pre-activaiadicles were ice-active in the depositional gtowt
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mode (Fig. 4). At 250 K where the first pre-actisatrun with the CBV400 particles was conducted,
only 0.08% of the CBV100 particles still showed ttepositional ice growth mode, followed by a
somewhat larger condensational ice growth mode diteplet activation f,e = 0.6%). After further
warming to 253 K, the pre-activation mode has aintbsappeared, showing that the pre-activation
efficiency of the microporous CBV100 particles isch smaller compared to the mesoporous CBV400
sample.

Two samples that show a similar pre-activationcedficy as CBV400 are diatomaceous earth and
illite NX. Amongst the CBV400, illite NX, and diateaceous earth samples, the illite NX particles show
the highest ice-active fraction of almost 6% foe-activation at a temperature of 250 K (Fig. 4)eTh
diatomaceous earth particles feature the most damhiretention of the pre-activation behaviour at
warmer temperatures, being the only sample whese after warming to 259 K a small depositional ice
growth mode could still be observed. Amongst the featural dust and volcanic ash samples, only the
CID patrticles showed a small pre-activation mod25i K withfice = 0.5% in the depositional growth
mode (Fig. 4). For SD2, ID, and EYO01, the heteregers ice nucleation ability was not enhanced after
temperature cycling. A small pre-activation abiliyas measured for the GSG soot particles at
temperatures up to 250 K. This pre-activation behawas only observed when the freshly emitted,
fractal-like soot agglomerates were immediatelyjetted to the temperature cycling program. In a
second type of experiment, the soot particles ieseprocessed by a droplet activation run at R53
before cooling them to 228 K. Water condensatiath @raporation leads to restructuring and collapsing
of the soot aggregates (Ma et al., 2013). For tixeter-processed GSG soot particles, the pre-dictiva

ability disappeared.

4. Discussion

4.1 Theoretical considerations on the water condeason, freezing, and melting of ice in pores
Fig. 5A shows the time series of the AIDA tempematduring a typical pre-activation experiment. We
have used a colour coding to discriminate betwdwnthree individual processes that have to be

considered for the interpretation of the observedaztivation behaviour. Process | (red-hatched)ase
12



309 the capillary condensation of supercooled watemathe AIDA chamber is cooled from 253 K (starting
310 temperature for aerosol injection, point A) to 23Thomogeneous freezing temperature of supercooled
311 water, point B). Process Il (yellow-hatched araafhie freezing of capillary-held water when the AID
312 temperature is further reduced from 237 to 228 &n(pC). Finally, process lll (green-hatched arsa)
313 the melting of ice in the capillaries when agaior@asing the temperature of the AIDA chamber. The
314 humidity and temperature conditions for the ocaweeof these processes depend on the pore diameter.
315 Process | is quantitatively analysed based on dgative Kelvin equation that determines the onget o
316 capillary condensation as a function of the poze ¢Fig. 5B). This sets a maximum pore dimensiaon fo
317 which condensation is just possible at the prevgiRH, in the AIDA chamber. Process Il is analysed
318 based on the temperature-dependent pore ice stahitive (Fig. 5C), which is derived from the @i

319 embryo size for homogeneous ice nucleation as elfin Classical Nucleation Theory. This sets a
320 minimum pore dimension for which freezing of theuiid is possible at the given AIDA temperature.
321 The same curve (Fig. 5C) applies for process (g, melting of ice in the pores. This analysiddge
322 the maximum temperature for which the pre-activatability by the PCF mechanism can still be
323 observed in the AIDA chamber. In the following thresections, we outline the details of our
324  calculations.

325 4.1.1 Process |: Capillary condensation of superctam water

326 The concavity of the water surface in a pore tesul a Kelvin effect that is inverse compared to a
327 convex liquid droplet, meaning that water conddnsatan already occur at RH 100% (Sjogren et
328 al., 2007). Quantitatively, this is taken into amebby adding a minus sign to the argument of the

329 exponential of the Kelvin equation (Eq. 1).
QN - _ 2M wawla
330 o eXF{ Ripa ] 1)

331 Eq. (1) describes the reduction of the saturatiatewvapour pressure over a concave water meniscus,

332 ey, in relation to that over a flat water surfaeg; w(Pruppacher and Klett, 1997). The quotientsatw
333 equals the saturation ratio of moist air with respge a plane water surfadd,, is the molecular weight
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of water, gy, the surface tension for a water-humid air integf& the universal gas constamt, the
density of water,T the absolute temperature, aadhe radius of curvature of the water surface in a
capillary. For a circular capillarya is equal toD/(2co%), whereD is the pore diameter arf@ the
contact angle between water and the pore wall (Ki966). In the case of fully wettable capillarie
with a zero contact angle, the radius of curvaisierjual to the pore radius.

As shown by Marcolli (2014), the measured onseitinet humidities for the capillary condensation of
water in pores of different mesoporous materials adequately be described by Eq. (1). We have
therefore used this equation to calculate the, RHElues for the onset of capillary condensation of
supercooled water for three relevant temperatwgsrddict the upper size limit of pores that cdh fi
with water at the R conditions prevalent in the AIDA chamber (Fig. 5BYe took into account
temperature-dependent parameterisationsdfgy and g, given by Pruppacher and Klett (1997), but
ignored the Tolman correction for the size dependei surface tension (Rao and McMurry, 1990) and
assumed a zero contact angle.

Point A in Fig. 5B represents the starting pointh@ experimental trajectory, denoting the prewale
value of RH, when the aerosol particles were injected into chamber at a temperature of 253 K
(corresponding to Rkl = 95% at the same temperature). Here, the maxidiameter of fully wettable
pores that can fill with water is about 11 nm. Witea AIDA chamber is cooled at constant Rief
95% to the homogeneous freezing temperature ofrsopled water at 237 K (point B), the relative
humidity with respect to supercooled water decrgaseeaning that water in larger pores evaporates
before it can freeze. When approaching 237 K, zagiheld supercooled water will only be retained i
pores with diameters smaller than about 8 nm. Hamegus freezing could then lead to the formation
of ice in such sized pores. Ice formation coula atevolve slightly larger pores, but this would veg
that the capillary-held water already freezes loggemeously at a temperature higher than 237 K é¢.g.
point B* with T = 243 K). We will further discuss this issue irc6&.1.3.

4.1.2 Process ll: Freezing of capillary-held water
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In the next step, we analyse the freezing of thelleay-held water when the AIDA temperature is
lowered from the homogeneous freezing limit (pdnt237 K) to the minimum temperature of 228 K
(point C). In particular, it has to be examined thiee the homogeneous (or heterogeneous) freezing of
supercooled water is not impeded for narrow poeenéiters. Marcolli (2014) has adopted a quantity
from Classical Nucleation Theory to describe theefing and melting of ice in pores, namely the
critical embryo size for homogeneous ice nucleatiothe pores. Only if the pore dimension exceeds
the critical embryo size, the ice embryo has adrigbndency to grow, which reduces the free enefgy
the system, than to shrink, which increases the éreergy (Pruppacher and Klett, 1997). Ice fornmatio
should therefore be inhibited in pores where areroéryo cannot grow beyond the critical embryo ,size
even if the temperature is below 237 K.

The critical radius of a spherical ice embryo formogeneous ice nucleatian, for which the Gibbs
free energy of embryo formation within the liquidgse has its maximum, is given by (Murray et al.,
2012):

2M 0,

= 2)
RTp, In—="

sat i

In Eq. (2), g is the interfacial tension between water and teeembryo,g the density of ice, and
esat,; the saturation water vapour pressure over adkatsurface. Using Eq. (2), we have calculated the
temperature-dependent pore diameters needed tporete a critical ice embryo as .2 2, wheret
accounts for a non-freezing quasi-liquid layer lestw pore wall and ice embryo (Marcolli, 2014). In
this computationt was set to 0.6 nm (Marcolli, 2014), temperaturpethelentg values were obtained
from the parameterisation given by Pruppacher atett K1997), esarw and esqr; Were calculated
according to the formulations by Murphy and Koop(32), andagy, was taken from the fit of measured
homogeneous ice nucleation rate coefficients pteddry Zobrist et al. (2007).

The result of the computation is shown in Fig. Regarding our pre-activation experiments, this

curve defines the lower threshold size of poresrahee formation due to freezing of capillary-held
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water can occur at a given temperature. The yelatwhed area defines the temperature range of
process |l as defined in Fig. 5A. At 237 K (point Bie minimum pore size threshold for freezinghef
liquid is about 4 nm, and it further decreaseshioua 3 nm at 228 K, the minimum temperature during
the experiment (point C). Here, all aerosol pagclith pores in the diameter range from 3 to 8 nm
therefore have the chance to incorporate ice duba@dPCF mechanism even in an ice-subsaturated
environment. 3 nm is the minimum pore size in wtaelpillary-held water can freeze, and 8 nm is the
maximum pore size in which condensation of supdetbwater has been possible. These ice pockets
can trigger the depositional ice growth mode whie@ &erosol particles are directly probed in an
expansion cooling experiment started at 228 K.unpre-activation experiments, however, we want to
investigate the survival of such ice pockets amir tbontribution to depositional ice growth at wam
temperatures. Therefore, we have to consider ashttae important process the melting of ice when
increasing the temperature in the pre-activatiqgrearments (process lll, green-hatched areas in Biys
and C).

4.1.3 Process lll: Melting of ice in pores

For describing the temperature dependence of thengef ice in pores, the same curve as for the
freezing of ice applies (Marcolli, 2014). Once thameter of a certain pore gets smaller than tiiealr
embryo size during warming, the ice in the poreusthanelt because shrinkage of the ice phase would
lead to a decrease in the free energy of the syd®aint D at 257 K (Fig. 5C) therefore denotes the
melting temperature of ice in the largest poresfich ice pockets could have been formed via thE PC
mechanism in the case of homogeneous freezingiat BoAbove that temperature, the pre-activation
behaviour should disappear. In the case of hetasmges freezing at point B*, the temperature thriesho
for the disappearance of the pre-activation abddyld be a few degrees higher (point D*), becacse
in larger pores with a higher melting temperatureravpresent. The suggestion of heterogeneous
freezing is, however, somewhat speculative beceapssatedly a non-freezing layer of bound water next
to the pore walls was found. Therefore, it remainslear whether the material of the pore wall can

actually trigger the freezing of the free watertle pore space. Marcolli (2014) summarises several

16



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

studies where freezing and melting of ice werennsg®/e to variations of the surface propertieghef
pore walls. However, heterogeneous freezing coyfilagn some of our observations, as discussed in
Sect. 4.2.

Whereas heterogeneous freezing would increaseethperature threshold for the loss of the pre-
activation ability, the opposite behaviour woulddreountered if the capillaries of the porous nialter
were only partially wettable. Here, the factor®agould be less than unity, meaning that the radfus o
curvature of the water meniscus would be largen tha pore radius, thereby reducing the Kelvinaffe
The maximum pore size for water condensation wdadildinish, and hence the upper threshold
temperature for the disappearance of the pre-dicivaehaviour would decrease.

Accurate values for the contact angles betweenrveaig the pore walls of our investigated particles
are not available. Rather lo@ values of equal or less than 30° were found foesswlay minerals
(Janczuk and Bialopiotrowicz, 1988). In order toreate the effect of a non-zero contact angle, aeh
redone our calculations for a contact angle of J0fis reduces the 8 nm size threshold for capillary
condensation at 237 K to about 6.8 nm, yielding R98stead of 257 K as the upper temperature fer th
loss of pre-activation.

4.2 Application of the model calculations to the akerved pre-activation behaviour

How do the theoretical considerations from Sedt.apply to our experimental findings from Fig. 4?
In good agreement with theory, pre-activation,bferved, is only retained for temperatures belo® 26
K. Let us consider e.g. the mesoporous zeolite GEBVparticles that have a broad range of pore
diameters up to 20 nm. For a pore size of 20 neptkdicted pore ice melting temperature is ab6idt 2
K (Fig. 5C). In previous experiments where the CBV4articles were probed in a suspension and
water could penetrate in all pores regardless @f #ize, the maximum of the endothermic peak & th
DSC heating scan corresponding to the meltingefrcthe mesopores was indeed observed above 260
K (Janssen et al.,, 2004). In an ice-subsaturatedragrment, however, water condensation and
subsequent homogeneous freezing is limited to pwithsdiameters smaller than 8 nm (point B in Fig.

5B). In good accordance with the expected uppemietting temperature indicated by point D in Fig.
17
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5C, the improved ice nucleation ability for the CB)) particles in the pre-activation experiment is

therefore already significantly reduced after ragsthe temperature from 253 to 256 K, and the last
small pre-activation mode is observed at 259 K. ¢bmpound that shows the highest pre-activation
efficiency after warming to 259 K is diatomaceoastle. In contrast to the CBV400 particles which do

not possess any pronounced intrinsic heterogerieeusicleation ability above 237 K, the unprocessed
diatomaceous earth particles showed a very stnomgersion freezing mode at about 240 K (see Fig.
C1). This heterogeneous ice nucleation mode , diated by the non-freezing layer of bound watert nex

to the pore walls, could increase the freezing tnampre of the capillary-held water during pre-

activation (freezing at point B* instead of B), atiéreby increase the upper melting temperatureeof

in the pores (melting at point D* instead of D).

Regarding the microporous CBV100 material, the jptey experiments where the CBV100 patrticles
were probed in a suspension did not reveal anyifiggpeaks of pore water down to a temperature of
213 K (Janssen et al., 2004). Due to the smallee pizes of at most 1.2 nm compared to the
mesoporous CBV400 particles, freezing of capillagjd water in CBV100 is inhibited for temperatures
above 213 K (Fig. 5C). How can we then explainghmll pre-activation ability observed for CBV100
(Fig. 4) although the minimum temperature during experiment was only 228 K? As pre-activation
cannot be ascribed to ice formation in the intemadroporous network of CBV100, it must be related
to other, larger scaled surface characteristios Gkacks, steps, or empty spaces between aggregate
particles which could also enable the PCF mechafss® Sect. 2.1.1). Also in the case of clay misera
like illite, the respective sites for pore condditsa and freezing are void spaces arising from the
interleaving of plates in the aggregate particlghf®ore and Quirk, 1967). For soot particles, capyll
condensation most likely occurs in the empty spdmtg/een aggregate primary particles (Marcolli,
2014). The compaction of soot aggregates duringletroactivation therefore destroys their pre-
activation ability. The pre-activation mode of thactal GSG soot particles already disappeared ebov
250 K, i.e., at a temperature somewhat lower thasewed for the CBV400, diatomaceous earth, and

illite NX particles. This might be due to the fabhat water contact angles on soot surfaces terx to
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higher than for mineral surfaces (Persiantsevd. ef@04), thereby lowering the temperature thrésho
for the loss of the pre-activation behaviour (seet4.1.3).

Electron micrographs of the employed natural dust @olcanic ash samples showed particles with
irregularities in the surface and partly aggredik-structure (Linke et al., 2006; Steinke et aD11),

i.e., prerequisites for making these materials @rém the PCF pre-activation mechanism as well.
However, pre-activation by the depositional icevgfomode at temperatures between 245 and 260 K
requires the availability of pores with diameteetvieen about 5 and 8 nm (Fig. 5C). Apparently, most
of the investigated natural dust and volcanic asttigges do not contain pores in this particulaesi
regime due to the absence of pre-activation. Thengic heterogeneous ice nucleation ability of a
certain compound at 228 K is a useful indicatorasess its potential pre-activation ability after
temperature cycling. Amongst the SD2, ID, CID, aB¥01 samples, all particles revealed a
heterogeneous ice freezing mode below water sainrathen injected and probed in an expansion run
started around 228 K (Fig. E1). Only for the ClDtudes, however, the onset of ice formation was
close to ice saturation as observed for the CBVdé@Qicles (Fig. 3B). This indicates that ice-filled
pores were already formed by the PCF mechanisnidgt R 100% before the start of the expansion run,
which is the prerequisite for observing pre-actmatunder ice subsaturated conditions. For therothe
compounds, a distinct supersaturation threshold messled to induce ice formation, indicating that
there were initially no ice-filled pores availablehere ice crystals could immediately grow after
exceeding 100% RK upon expansion cooling. Consequently, these congsodid not reveal any pre-
activation behaviour after temperature cycling unde subsaturated conditions.

Even for the compounds where pre-activation wasatled, only a small percentage of the overall
aerosol population acted as pre-activated INPsdmiv245 and 260 K, showing that only a subsetef th
particles contained pores in the narrow range pf@griate diameters. The maximum of the differdntia
pore-size distribution for an illite sample, exyyas located at plate separations between 2 and 4 nm
whereas pores larger than 5 nm were much lessdreqdylmore and Quirk, 1967). Smaller ice-filled

pores can contribute to the dominant depositiacglgrowth mode observed for illite NX particlesTat
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< 237 K (Fig. B1fice = 58%), but only those larger than 5 nm are resibba for pre-activation at 250 K

(fice = 6%). In the former study by Higuchi and Fukut®6), much higher number fractions of the
investigated particles were found to retain there-activation ability upon warming, even at
temperatures above 260 K where in the present shadynproved ice nucleation ability had completely

disappeared. We currently cannot give an explandtiothis difference.
5. Atmospheric implications

5.1 Mechanism of heterogeneous ice nucleation B 237 K

Apart from the impact on heterogeneous ice fornmatibove 237 K, our results provide new insights
into the microphysics of the ice nucleation meckanat lower temperatures. The temperature cycling
experiments prove that the pores of certain comgslike illite NX, CBV400, and diatomaceous earth
can fill with ice at Rk < 100% andl < 237 K. Cloud ice crystals can then easily formtoe pre-
activated particles by depositional ice growth #i(R> 100% without any activation threshold or
specific nucleation site as needed for the actepbsdition nucleation process. For compounds that do
not have ice-filled pores at ice-subsaturated d¢amd like SD2 and ID, it remains unclear whetlesr i
formation at higher supersaturation thresholds us tb the PCF mechanism or “true” deposition
nucleation without the participation of a liquidgse. An important factor may be the time scalecoé p
condensation in an uplifting air parcel, i.e., wigt this process occurs instantaneously once the
threshold relative humidity for a given pore sisesurpassed or whether it proceeds more slowly and
makes the contribution of the PCF mechanism tomimeation less probable. In this regard, it wdagd
important to investigate whether other extensiugded INP counters like continuous flow diffusion
chambers (CFDCs), which only have particle residetmmes on the order of a few seconds, would
detect the same high ice nucleation efficiencydg. unprocessed CBV400 particlesTat 237 K as
inferred from the AIDA, where the aerosol particleside at least for several minutes before the
expansion run is started. In any case, the kinefichke PCF mechanism needs to be studied in greate
detail.

5.2 Heterogeneous ice nucleation dt> 237 K
2C
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Based on the pre-activation efficiencies shownim B, it seems unlikely that the PCF mechanism
under ice subsaturated conditions provides a softstanumber of additional INPs at very high
temperatures above 258 K. In agreement with thieatetonsiderations on the pore-size dependent
thresholds for water condensation and ice meltondy narrow pores with ice melting temperatures
below 260 K can contribute to pre-activation afeenperature cycling at Rid< 100%. This is different
from the previously detected pre-activation meck@anifor crystallised aqueous solution droplets
(Wagner et al., 2014). In that case, larger sizedei solution pockets can remain encapsulatedein t
effloresced particles and survive up to the euteatielting temperature, which for low soluble
compounds like dicarboxylic acids is close to 278M¥agner et al., 2014).

The PCF pre-activation mechanism, however, carease the efficiency of INPs at moderately high
temperatures between 245 and 258 K where most cegsed INPs only promote ice formation via
immersion freezing above water saturation (DeMb#tle 2011). In contrast, pre-activation allows fo
depositional ice growth at a much lower ice sugaraion threshold. We identify three key issues fo
future experimental studies to elaborate the atimadpimportance of this process:

(i) Focus on natural dust samples from the Bodé&@rBssion, consisting of fragments of diatomite
sediments. Based on the outcome of our temperayatang experiments with diatomaceous earth, we
expect that such dust samples show a much higleeagtivation efficiency than those probed in the
present study (ID1, SD2, and CID).

(i) Coating experiments with inorganic (sulphatérate) and organic material. Will atmospherically
relevant coating thicknesses reduce or even coelpliethibit the pre-activation ability?

(i) Variation of the relative humidity. Up to wtin lower RH. threshold pore ice will be stable
(Knopf and Koop, 2006)?

In principle, the PCF pre-activation mechanism does necessitate prior involvement in an ice
nucleation event. Unlike in the laboratory whermperature cycling of aerosol particles without the
formation of ice crystals can easily be perforneegreceding ice nucleation event might be necessary

the atmosphere to enable the transport of preatetivaerosol particles to lower altitudes (Knopd an
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Koop, 2006; Roberts and Hallett, 1968). In otherdso pre-activated particles with ice-filled poraay
first contribute to high-altitude cirrus formatitwy the depositional ice growth mode. Larger icestalg
then fall out by sedimentation and release theapterated particles at lower altitudes after the
sublimation of the ice crystals, but conservingiteefilled pores.

Such cycling process was also proposed for the-estdlblished pre-activation mechanism where
INPs are involved in succeeding ice nucleation &/@Roberts and Hallett, 1968), and it was suggeste
that pre-activation should be considered when ntindethe long-range transport of INPs and their
impact on cloud formation (Knopf and Koop, 2008)al study on the atmospheric cycling of oxalic acid
aerosol particles (Zobrist et al., 2006), it waded that there was no suitable method to estimlieh
percentage of cirrus clouds in the atmosphere hasiqusly undergone ice formation. To our
knowledge, such modelling effort to estimate hotefpre-activation occurs and affects the ovecall i
particle number concentrations has not yet beematied. In lack of quantitative model simulatioms o
the contribution of pre-activation to ice cloudrfation, we encourage studies to quantify the number
concentration of pre-activated particles in atmesighair masses by in situ measurements. In situ
detection of pre-activated INPs by e.g. airbornedDCFinstruments requires an inlet tube with the
temperature kept at ambient conditions so thatimcehe pores cannot melt prior to the actual
measurement. At present, we are not aware of gudkres in the literature.

5.3 Pre-activation in a deep convective cloud syste

Another potential pathway for altitude and thergkynperature cycling of atmospheric aerosol
particles which is of relevance for pre-activatinoludes deep convective clouds (Adler et al., 2018
such a cloud system, the aerosol particles areafotsvated to cloud droplets at warm temperaturées.
cloud droplets can freeze when the temperaturesdoefpw the homogeneous freezing temperature of
supercooled water, and the cloud-processed agrastles are released in ice-subsaturated argag in
outflow of deep convection (Adler et al., 2013).dantrast to the PCF pre-activation mechanism at
RHice < 100%, droplet activation enables all pores ofNCé&xtive particles to be filled with water,

regardless of their size. After homogeneous frepaimd sublimation of the ice crystals, ice-filleargs
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with diameters larger than 8 nm and a concomitahtbher ice melting temperature should be
conserved. We have simulated such cycling in deepextive clouds with zeolite CBV400 particles in
the AIDA (Fig. 6A). For that purpose, an expansiooling run with freshly injected CBV400 particles
was started at 242 K. After about 4 K of coolingg trelative humidity has exceeded water saturation
and the seed aerosol particles were activatectkoua of supercooled water droplets (first vertioad).
Only a small number fraction of the zeolite padgthereafter acted as immersion freezing ice nucle
After further cooling by about 1 K, the gas temper@a had approached the homogeneous freezing
temperature of supercooled water (second vertioal).l At that instance, a valve to an evacuated
chamber of 4 rhvolume was opened (see Sect. 2.3). The additmznsion led to a rapid decrease of
the gas temperature by another 2 K, causing theeedtoplet cloud to glaciate. Afterwards, the ice
crystals were sublimed by the addition of dry setithair and the AIDA chamber was warmed to 250 K
and above to quantify the enhanced ice nucleatidityaof the pre-activated, cloud-processed CBV400
particles.

In Fig. 6B, we compare the temperature-dependentative fractions of CBV400 after PCF pre-
activation by temperature cycling with those aftdoud-processing, comprising droplet activation,
freezing, and sublimation. The latter mechanismfqunadly increases the pre-activation efficiency,
suggesting that pores can more easily fill withewddy droplet activation than by the condensatibn o
water vapour in a subsaturated environment. As aggde the pre-activation ability after cloud-
processing is conserved up to higher temperatueesuse larger pore diameters are involved, and
thereby reaches the temperature regime where meation is usually ascribed to particles of biatad)
origin only (Murray et al., 2012). Apart from deepnvective clouds (Adler et al., 2013), recyclirfg o
ice nucleating particles was recently also takén account to explain the maintenance of cloud ice
production in Arctic mixed phase stratocumulus, Begr without considering pre-activation effects
(Solomon et al., 2015). The potential importance pog-activation by cloud-processing clearly
stimulates further research of this mechanism diifierent aerosol types, with the AIDA chamber as a

ideal platform to explore the processing of INPsulbsequent cloud formation cycles.
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6. Summary

Understanding the microphysical processes that featie formation of ice particles in the Earth’s
atmosphere is of vital importance for the reliabilmulation of clouds in modern weather and climate
models. Much effort has recently been made to ifjemtew aerosol types contributing to the
atmospheric abundance of ice nucleating partiées, biological materials like cellulose, bacteaad
marine diatoms. In this work, we have addressedsihvestigated subject, namely the enhancement of
the ice nucleation ability of well-known and abunt&e nucleating particles like dust grains dupre
activation. Temporary exposure to a low temperatR28 K) provokes that pores and surface cracks of
the particles are filled with ice, which makes theetter nuclei for the growth of macroscopic ice
crystals at high temperatures (245 — 260 K). This m particular be important for the precipitation
initiation in mixed-phase clouds because it po&dlyticontributes to enhance the abundance of INPs a
temperatures up to about 260 K. Above 260 K, tleincthe pores melts and the pre-activation of the
aerosol particles by the PCF mechanism (intermediadling to 228 K, RkL < 100%) is lost.

The pre-activation mechanism involves two stepk: tfie capillary condensation of supercooled
water, and (ii), the subsequent homogeneous frgedithe capillary-held water. Pre-activation does
require that the aerosol particles are previouskplved in an ice nucleation event. Once pre-atgiya
the ice kept in the pores can trigger ice formajimt above ice saturation without requiring anstidct
nucleation threshold or particular nucleation sifée showed that aerosol particles generated from
powder samples of the clay mineral illite, diatoemaes earth, and zeolite could be pre-activatedis t
manner, whereas the majority of particles generited natural dust and volcanic ash samples did not
yield a measurable pre-activation. Model calculaisuggest that the pre-activation ability by tig-P
mechanism (intermediate cooling to 228 K,;RH 100%) is linked to pores of a certain dimensigtin
diameters from about 5 to 8 nm. Our exploratondgtatimulates further research to elaborate the
guantitative impact of pre-activation on primarg formation in tropospheric clouds, including fth

laboratory experiments, in situ observations, dadamodelling.
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Appendix A

Ice nucleation experiments with CBV100

Fig. A1 compares the measurement data from thegreation experiments with CBV100 to those
with CBV400, demonstrating the profoundly reduced-activation ability of the microporous zeolite
material. Parts A and B show the expansion coalumg started at 250 K after temporarily cooling the
CBV400 and CBV100 particles to 228 K. Whereas theegetivated CBV400 particles give rise to a
pronounced depositional ice growth mode (part Mesaata as in Fig. 3G = 3.7%), the CBV100
particles are barely ice-activg.{ = 0.08) in the regime between RH= 100% (first vertical line) and
RH, = 100% (second vertical line). Only after the debpactivation of the CBV100 particles,
significantly more ice crystals are observed viifh= 0.6%. This is another example for what we called
the condensational ice growth mode after pre-attinabecause ice formation at this temperature was
only observed after temperature cycling but not tfee unprocessed zeolite particles. After further
warming the AIDA chamber to 253 K, the CBV400 paés retain a high activity in the depositional ice
growth mode withfice = 1.7% (Fig. Al, part C), whereas the improved nceleation ability of the

CBV100 particles almost disappeared (part D).

Appendix B

Ice nucleation experiments with illite NX

In comparison with the zeolite particles, illite Nbas a much higher intrinsic heterogeneous ice
nucleation ability above 237 K (Hiranuma et al.12) It is therefore crucial to select an apprdpria
temperature where ice nucleation due to pre-atbivatan be clearly separated from the intrinsic ice
nucleation behaviour. When probing the unprocesigd NX particles in an expansion cooling
experiment at 250 K (Fig. B1, part A), ice formatis solely due to immersion freezing after excegdi
water saturation (vertical line). The ice-activachion is below 1% for temperatures above 243 K, bu
then rapidly increases to 4% within a further Kelaf cooling. Due to the absence of ice formation

below water saturation, i.e., before water drofdemation, a temperature of 250 K is suitable tobgr
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the pre-activation ability of the illite NX partes in the depositional ice growth mode after tepee
cycling. Similar to CBV400 (Fig. 3B), the unprocedsdllite NX particles show massive ice formation
with fice = 58% at very low ice supersaturation values wirebed afl < 237 K (Fig. B1, part B).

Two examples of the improved ice nucleation abibfythe illite NX particles after temperature
cycling are shown in parts C and D of Fig. B1. Wipeabed at 250 K (part C), the pre-activated illite
NX patrticles provoke a strong depositional ice gtowode that forms at R < 105%, in obvious
contrast to the particles’ intrinsic heterogenemasnucleation ability shown in part A where iceswa
only formed via the immersion freezing mode aftewplet activation. As for CBV400, the ice-active
fraction of the pre-activated aerosol particlesrdases by about 50% after warming the AIDA chamber

from 250 to 253 K (part D).

Appendix C

Ice nucleation experiments with diatomaceous earth

The intrinsic heterogeneous ice nucleation abditythe diatomaceous earth particles was probed at
three different temperatures (parts A — C of Fid).CThe data from parts A and C underline the
transition from poor ice nucleation ability Bt 237 K to extraordinarily high ice nucleation laiiat T
< 237 K. The unprocessed diatomaceous earth petolh not promote ice formation in the deposition
mode in an expansion run started at 250 K (partaAj, even after droplet activation (vertical litieg
number concentration of ice crystals formed by imsioa freezing is initially very small. Only upon
further cooling to 241 K, the ice-active fractioradually increases to about 1%. In contrast, 80%hef
aerosol population is activated at a peak:R¥alue of only 104% when the expansion run is sthet
233 K (part C). A peculiarity of the ice nucleatibehaviour of the diatomaceous earth particles is
shown in part B of Fig. C1. Here, the intrinsic iension freezing ability was probed at a slightyéw
temperature than in the expansion run shown infattroplet activation of the aerosol particlesidgr
expansion cooling occurs at a temperature of aBéutK (first vertical line), and upon further cadli

to 239.5 K (second vertical line) the ice-activaction of the immersed aerosol particles gradually
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667 increases to about 6%. Thereafter, the dropletdctmmpletely glaciates within a short time peridd o
668 only 20 s although the gas temperature was stidluat2.5 K above the homogeneous freezing
669 temperature. This indicates that the diatomace@uth enaterial features some ubiquitous surface
670 properties that induce the freezing of supercoalater at a temperature higher than the homogeneous
671 freezing threshold. A higher freezing temperatuesans that larger pores can be filled with ice ey th
672 PCF mechanism during temperature cycling (Fig.aS)a result of which the pre-activation ability is
673 retained to higher temperatures. An example of ite nucleation ability of the pre-activated
674 diatomaceous earth particles is given in part CFigf C1, showing that even at 256 K a dominant
675 depositional ice growth mode wifle = 1% can still be observed. Note that such behl@would in
676 principle also be expected for the illite NX pae& due to their pronounced intrinsic heterogeneceis
677 nucleation ability above 237 K. The measuremena,dabwever, reveal that the decreasdefwith
678 increasing temperature is faster for illite NX cargd to diatomaceous earth (Fig. 4). This mighduee
679 to the overall lack of larger void spaces in theyahineral, meaning that such larger pores whialidco

680 retain ice at higher temperatures are just notaviai.

681  Appendix D

682  Ice nucleation experiments with GSG soot

683 GSG soot particles are an ideal candidate to pthbepre-activation efficiency because they are
684 intrinsically even less ice-active than the CBV4@bticles afl > 237 K. The expansion run with freshly
685 injected GSG particles started at 246 K (part Aigf D1) discloses the absence of any ice formation
686 the deposition mode, and after droplet activatfost(vertical line) only a minor nucleation modeedto

687 immersion freezing withic. = 0.05% can be observed after the gas temperaasrelropped below 239
688 K. As shown by previous AIDA measurements, howetlee, GSG soot particles are very efficient
689 deposition mode INPs below 237 K (Mdhler et al.02)0 suggesting that the PCF mechanism becomes
690 active for this kind of material as well. This igpported by our new experiments, showing that pre-

691 activated GSG soot particles reveal a clear dapositice growth mode when probed at 246 K after
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temporary cooling to 228 K (part B of Fig. D1). Tiwe-active fraction is rather small with only abou
0.2%, and the pre-activation ability already dissgs completely at temperatures above 250 K. This
indicates that the void spaces in the soot aggesgate rather small so that the enclosed ice pocket
have a low melting temperature. As already highédhn our article, the pre-activation ability shown

part B is only observed when a fresh load of GS@ particles is subjected to the temperature-cgclin
program. When the cloud-processed and thereby ocdetgbaarticles from the experiment shown in part

A are temporarily cooled to 228 K, their ice nuti@a ability does not improve at 246 K.

Appendix E

Ice nucleation experiments with SD2, ID, CID, and K01

As emphasised in the discussion, pre-activatiothbyPCF mechanism at REH< 100% requires the
formation of ice-filled pores during the temporargoling cycle to 228 K. These ice-filled pores
facilitate the depositional growth of macroscope icrystals after warming the pre-activated aerosol
particles to temperatures in the range from 24860 K where the pre-activation ability was tested i
succeeding expansion cooling experiments. The proced intrinsic heterogeneous ice nucleation
ability at very low supersaturation thresholdslef zeolite CBV400, illite NX, and diatomaceous leart
particles afl < 237 K can also be explained by the PCF mechaniiis observation indicates that the
pores of the materials were already filled with liedore the start of the expansion cooling expenisie
underlining the availability of pores in a size ireg where water condensation can occur at relative
humidities below ice saturation. Since the latsethie prerequisite for observing pre-activatiomRBff.e
< 100%, we can use the intrinsic heterogeneousucéation ability of a certain compoundTak 237
K as a proxy to estimate whether it is prone tegurvation or not.

In Fig. E1, we have compiled AIDA data for the insic heterogeneous ice nucleation abilities of the
SD2, ID, CID, and EYO1 particles probed in expansaooling experiments at < 237 K. The
experiments with the ID and CID particles were amtdd in the present study, whereas the data for

SD2 and EY01 were taken from preceding measureganpaigns (Moéhler et al., 2006; Steinke et al.,
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2011). The SD2, ID, and EYO1 particles promote togfeneous ice nucleation below water saturation,
but the RH threshold for the initiation of ice formation is the range between 110 and 120%, which
is clearly higher than for the CBV400, illite NXn& diatomaceous earth particles. Consequentlyethes
samples were found not to be susceptive to preacn at Rkl < 100%, so that temperature cycling
did not modify their intrinsic heterogeneous iceleation ability at temperatures between 245 ar@l 26
K. In contrast, a small pre-activation mode duealépositional ice growth was observed for the CID
particles (Fig. E2). Unprocessed CID particles wehewn to be ice-active only in the immersion
freezing mode for temperatures above 240 K (Kangle 2011). After temperature cycling, however,
macroscopic ice growth starts at RH 105% (first vertical line in Fig. E2) when tharpcles are
probed in an expansion cooling experiment at 25MKhe later course of expansion cooling (second
vertical line), the CID particles are activatecttoud droplets and additional ice crystals are &utrdue

to the intrinsic immersion freezing ability of timeaterial. The observation that the CID particles ar
prone to pre-activation manifests itself in thaghter intrinsic heterogeneous ice nucleation abditT

< 237 K compared to SD2, ID, and EYO1 (part C ig.F1). Ice formation initiates at RE= 103%
and 60% of the aerosol population gets activatdbagh the peak relative humidity with respectd® |

is limited to 108% during expansion cooling. Icecleation measurements for CID performed with a
continuous flow diffusion chamber show much higbesset ice relative humidities at temperatures
below 237 K compared to the AIDA where the dustiples are probed in situ after a longer residence
time in a cold and humid environment (Koehler et2010). This finding stimulates further reseanch
the kinetics of the PCF mechanism because it doalonportant for the interpretation of ice nucleati

efficiencies measured by INP counter§ at 237 K.
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872

Table 1. Log-normal fit parameters for the number sizeriistions of the investigated aerosol

873 particles
Material CMD / pm Ty
Zeolite CBV400 0.38 1.56
Zeolite CBV100 0.43 1.59
Diatomaceous earth 0.26 1.81
lllite NX 0.26 1.61
Canary Island Dust (CID) 0.21 1.75
Saharan Dust (SD2) 0.24 1.65
Israeli Dust (ID) 0.25 161
Icelandic Volcanic Ash (EYO01) 0.26 1.54
GSG soot 0.29 1.69
874
875
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Fig. 1. ESEM images of filter-collected zeolite CBV400 fpdes (images A, B, and C).
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905 computed with the negative Kelvin equation (Eq.fd) 253, 243, and 237 K. The temperature-
906 dependent pore ice stability curve (panel C) isveerfrom the critical embryo size for homogeneous
907 ice nucleation as defined in Classical Nucleatitvedry (Eq. 2). Ice in pores is assumed to be stable
908 only at pore diameters and temperatures belowitlésSee Sect. 4.1 for computational details.
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processing in deep convective clouds. The datastype the same as shown in Fig. 3. Part B:
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