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Abstract 7 

In spite of the resurgence in ice nucleation research a comparatively small number of studies deal with 8 

the phenomenon of pre-activation in heterogeneous ice nucleation. Already fifty years ago, it was shown 9 

that various mineral dust and volcanic ash particles can be pre-activated to become nuclei for ice crystal 10 

formation even at temperatures as high as 270 – 271 K.  Pre-activation was achieved under ice 11 

subsaturated conditions without any preceding macroscopic ice growth by just temporarily cooling the 12 

particles to temperatures below 228 K. A two-step mechanism involving capillary condensation of 13 

supercooled water and subsequent homogeneous freezing was proposed to account for the particles’ 14 

enhanced ice nucleation ability at high temperatures. This work reinvestigates the efficiency of the 15 

proposed pre-activation mechanism in temperature-cycling experiments performed in a large cloud 16 

chamber with suspended particles. We find the efficiency to be highest for the clay mineral illite as well 17 

as for highly porous materials like zeolite and diatomaceous earth, whereas most aerosols generated 18 

from desert dust surface samples did not reveal a measurable pre-activation ability. The pre-activation 19 

efficiency is linked to particle pores in a certain size range. As estimated by model calculations, only 20 

pores with diameters between about 5 and 8 nm contribute to pre-activation under ice subsaturated 21 

conditions. This range is set by a combination of requirements from the negative Kelvin effect for 22 
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condensation and a critical size of ice embryos for ice nucleation and melting.  In contrast to the early 23 

study, pre-activation is only observed for temperatures below 260 K. Above that threshold, the particles’ 24 

improved ice nucleation ability disappears due to the melting of ice in the pores.  25 

1. Introduction  26 

The microphysical processes leading to the formation of ice particles in the Earth’s atmosphere are 27 

still poorly understood. As emphasised by the most recent report of the Intergovernmental Panel on 28 

Climate Change (Boucher et al., 2013), the accurate parameterisation of such microphysical processes is 29 

essential for the reliable simulation of clouds in modern climate models. Only a minor subset of the 30 

atmospheric aerosol particles is able to act as ice nucleating particles (INPs), thereby promoting ice 31 

formation at lesser supersaturation or supercooling compared to homogeneous ice nucleation (Hoose 32 

and Möhler, 2012; Murray et al., 2012). Amongst this subset, an even smaller fraction of aerosol 33 

particles can trigger the glaciation of supercooled cloud droplets at temperatures higher than 258 K. INP 34 

measurements for various geographic locations indicate that the INP number concentration typically 35 

decreases by two orders of magnitude when the temperature increases from 253 to 263 K (Pruppacher 36 

and Klett, 1997). Most of the INPs that are active above 258 K are supposed to be composed of 37 

biological material (Murray et al., 2012; Prenni et al., 2009). 38 

A potential mechanism that can increase the number concentration of INPs at warm temperatures is 39 

pre-activation, denoting the enhanced ice nucleation ability of an INP after its exposure to low 40 

temperature and/or its prior involvement in an ice nucleation event (Knopf and Koop, 2006; Pruppacher 41 

and Klett, 1997; Vali, 2008). In the latter case, it is argued that small pockets of ice can survive in pores 42 

or cracks at the particle surface even in an ice-subsaturated environment after the sublimation of the ice 43 

cloud from the preceding nucleation event (Mossop, 1956). These ice pockets represent sites where 44 

macroscopic ice crystals can easily grow again when the INP is again exposed to ice-supersaturated 45 

conditions in a succeeding nucleation event. Almost 50 years ago, it was shown that by a two-step 46 

mechanism of pore condensation of supercooled water and subsequent homogeneous freezing, pre-47 

activated INPs with such ice pockets can also be formed in cold and dry air without the prior nucleation 48 
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of macroscopic ice crystals at high humidity (Higuchi and Fukuta, 1966). These experiments were 49 

conducted with the INPs deposited onto a metal foil. As an example, 10% of kaolin and even close to 50 

100% of montmorillonite particles were pre-activated to become INPs at 258 K by temporarily cooling 51 

them below 228 K in an environment that was subsaturated with respect to ice. After further warming 52 

above 258 K, the fraction of particles that retained their pre-activation decreased due to the melting of 53 

ice in the pores (Fukuta, 1966; Higuchi and Fukuta, 1966), but a 0.1% fraction of pre-activated INPs 54 

was still present at temperatures as high as 270 – 271 K.  55 

For decades, no follow-up studies on the suggested two-step pore condensation and freezing (PCF) 56 

mechanism were undertaken. Only three years ago, new experiments revealed that crystals of three 57 

organic model substances nucleated and grew in a surface cavity via the PCF mechanism from saturated 58 

vapour, i.e., without the need for supersaturation in the gas phase (Kovács et al., 2012). Shortly later, it 59 

was proposed that many observed ice nucleation events previously ascribed to the deposition ice 60 

nucleation mode, which by definition proceeds without prior formation of a liquid (Vali et al., 2015), 61 

could also be due to the PCF mechanism (Marcolli, 2014). This suggestion was based on the observation 62 

that many INPs reveal a strong increase in their ice nucleation ability just below the homogenous 63 

freezing temperature of supercooled water at 237 K. In cloud chamber experiments at our own 64 

laboratory, we have recently unravelled a pre-activation pathway which involves temperature cycling of 65 

INPs composed of solid organic and inorganic crystals that have crystallised from aqueous solution 66 

droplets (Wagner et al., 2014). Here, residuals of the aqueous solution are trapped within the crystals 67 

and can freeze when cooled below their respective homogeneous or heterogeneous freezing temperature. 68 

This leads to the formation of ice pockets in the crystalline INPs, which can act as efficient sites for ice 69 

growth even at warmer temperatures where the intrinsic heterogeneous ice nucleation ability of the 70 

unprocessed INPs is very low. In contrast to the PCF mechanism, however, the origin of the ice pockets 71 

in these experiments is residual water enclosed in the crystallised aqueous solution droplets and not the 72 

capillary condensation of water vapour on a dry particle surface at a relative humidity (RHw) below 73 

water saturation. In view of the resurged interest in the PCF mechanism, we considered it timely to 74 
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perform a novel experimental study on its efficiency using the large aerosol and cloud chamber facility 75 

AIDA (Aerosol Interaction and Dynamics in the Atmosphere), which enables long-term processing of 76 

suspended INPs under well-defined temperature and RHw conditions and where the modification of the 77 

ice nucleation ability of the INPs can be investigated by adiabatic expansion cooling experiments 78 

(Wagner et al., 2006). 79 

In this contribution, we report on the results of the first systematic study on the pre-activation of INPs 80 

under ice subsaturated conditions since the original work in 1966. As a benchmark, we first tested 81 

aerosol particles with a highly porous structure, like zeolite (Janssen et al., 2002) and diatomaceous 82 

earth particles (Korunic, 1998), where we expected the efficiency of the PCF mechanism to be highest.  83 

We then compared these results to those obtained for atmospherically abundant INPs like mineral dust, 84 

volcanic ash, and soot particles. Our article is organised as follows: Sect. 2 describes the instrumentation 85 

of the AIDA aerosol and cloud chamber and presents the investigated materials. In Sect. 3.1, we 86 

introduce the applied experimental procedure and the observed pre-activation phenomenon based on the 87 

measurement data for zeolite particles. Thereafter, we summarise the pre-activation efficiency measured 88 

for all substances in Sect. 3.2. Detailed measurement data for those substances are given in appendices 89 

A-E. In Sect. 4, we analyse the pre-activation data based on model calculations of the water 90 

condensation, freezing, and melting of ice in pores. Sect. 5 explores the atmospheric implications of our 91 

findings and Sect. 6 concludes our article with a summary. 92 

2. Methods 93 

2.1 Instrumentation 94 

The AIDA facility consists of a 84.3 m3 sized aluminium chamber that is housed in an isolating 95 

containment whose temperature can be controlled between 333 and 183 K (Möhler et al., 2003; Wagner 96 

et al., 2006). A powerful mixing fan placed at the bottom of the chamber was continuously in operation, 97 

providing homogeneous conditions in terms of temperature, relative humidity, as well as aerosol and 98 

cloud particle number concentrations throughout the chamber volume. The mean AIDA gas temperature 99 

was computed from the average of 11 thermocouple sensors arranged vertically at different height levels 100 
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of the chamber. Water vapour concentrations, transformed into RHw and RHice data based on the 101 

formulations by Murphy and Koop (2005), were measured in situ by a tunable diode laser spectrometer 102 

(Fahey et al., 2014). The number concentrations of the aerosol particles were measured with a 103 

condensation particle counter (CPC3010, TSI), and their size distributions recorded by a scanning 104 

mobility particle sizer (SMPS, TSI) and an aerodynamic particle spectrometer (APS, TSI). Cloud 105 

hydrometeors (supercooled water droplets and ice crystals) were counted and sized with two optical 106 

particles counters (type WELAS 2000, Palas, size ranges 0.7 – 46 µm and 5 – 240 µm). The 107 

uncertainties for the measurement data are estimated to be ± 0.3 K for temperature, ± 5% for RHice, and 108 

± 20% for the ice particle number concentration. For some experiments, filter samples of the aerosol 109 

particles from the AIDA chamber were investigated with an environmental scanning electron 110 

microscope (ESEM – FEI Quanta 650 FEG).  111 

2.2 Materials 112 

2.2.1 Reference samples: zeolite and diatomaceous earth particles 113 

Two types of zeolite powders (trade names CBV100 and CBV400) were purchased from Zeolyst 114 

International and used as reference materials to probe the efficiency of the PCF pre-activation 115 

mechanism. The samples differ from the dimension of the internal porous network and are therefore 116 

suited to investigate the dependence of the pre-activation ability on the pore size. The CBV100 particles 117 

are untreated microporous NaY zeolites with pore diameters in the range between 0.3 and 1.2 nm 118 

(Janssen et al., 2002; Janssen et al., 2004). In the CBV400 sample, an artificial mesoporous network was 119 

generated by steam treatment of microporous zeolite crystals. The mesopores in the CBV400 particles 120 

have a diameter between 4 and 20 nm (Janssen et al., 2002). For both the CBV100 and CBV400 121 

particles, the homogeneous nucleation of supercooled water and the melting of ice in their cavities have 122 

been investigated by differential scanning calorimeter (DSC) measurements (Janssen et al., 2004). We 123 

will refer to these findings when analysing the results of our pre-activation experiments. 124 

Diatomaceous earth is a powdered sample of siliceous skeleton remains of diatom algae, with the 125 

Bodélé Depression in Northern Africa representing a major natural source for such material (Todd et al., 126 
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2007). For our study, we employed a commercially available diatomaceous earth sample (Agrinova, 127 

item 709001) as another reference for particles with a high degree of porosity. Exemplary ESEM images 128 

of filter-collected CBV400, CBV100, and diatomaceous earth particles are shown in Figs. 1 and 2. The 129 

ensemble image B (Fig. 1) reveals that the overall shape of the CBV400 particles is rather compact. A 130 

common feature is the occurrence of agglomerated crystals as exemplified in image C. An indication for 131 

the substantial porosity of the particles is their high transparency to the electron beam. In image C, e.g., 132 

one can clearly discern one of the holes of the Nuclepore filter behind the deposited CBV400 crystal. 133 

The enlarged image A gives an idea of the mesopore system of CBV400, showing numerous open pores 134 

at the surface of the particle.  135 

The general habit of the CBV100 particles was observed to be very similar to that of the CBV400 136 

particles. Albeit lacking the larger internal mesoporous network, the CBV100 particles’ surface is not 137 

completely smooth but reveals a certain degree of roughness due to small cracks and steps. In addition to 138 

the microporous network of CBV100, these surface sites as well as void spaces between crystal 139 

agglomerates (image D in Fig. 2) may also allow for the condensation of supercooled water at RHw < 140 

100% and explain a potential pre-activation ability. The two selected ESEM images E and F of 141 

diatomaceous earth (Fig. 2) underline the extremely complex structure of these particles. Apart from 142 

large-scale hole patterns, the recordings show clear evidence for small-scale surface roughness and 143 

porosity. Our material is similar to another commercial diatomaceous earth sample that was recently 144 

probed for its light scattering properties (Alexander et al., 2013). 145 

2.2.2 Mineral dust, volcanic ash, and soot particles 146 

In addition to the zeolite and diatomaceous earth particles, we chose six further types of INPs for the 147 

pre-activation experiments. The intrinsic heterogeneous ice nucleation abilities of these substances have 148 

been characterised in previous AIDA measurement campaigns. The materials include: (i) an Illite NX 149 

sample (Arginotec, NX Nanopowder) that was recently distributed as a surrogate for natural desert dusts 150 

in a comprehensive laboratory study of ice nucleation measurement techniques (Hiranuma et al., 2015); 151 

(ii) a Saharan dust surface sample (SD2) collected about 50 km north of Cairo, Egypt (Möhler et al., 152 
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2006); (iii) an Israeli dust sample (ID) collected from Ramat Hasharon as sediment soil after a dust 153 

storm (Kanji et al., 2011); (iv) a Canary Island dust surface sample (CID) collected near the town of 154 

Mala on the Island of Lanzarote as a proxy for settled Saharan dust after airborne transport (Kanji et al., 155 

2011; Koehler et al., 2010); (v) a volcanic ash surface sample (EY01) collected 58 km from the 156 

Eyjafjallajökull volcano on Iceland two days after a major eruption phase in April, 2010 (Steinke et al., 157 

2011); and (vi) Graphite Spark Generator (GSG) soot particles from a commercial graphite spark 158 

generator (GfG 1000, Palas) (Möhler et al., 2005). 159 

2.2.3 Aerosol generation 160 

The CBV100, CBV400, diatomaceous earth, and Illite NX powders were used as received for aerosol 161 

generation. The SD2, ID, CID, and EY01 samples were sieved to obtain the fraction of particles smaller 162 

than 75 µm in diameter that were then used for aerosol generation. The powder samples were dry-163 

dispersed into the AIDA chamber with a rotating brush generator (RBG 1000, Palas). The RBG was 164 

operated with three impactor stages of a five-stage series cyclone system developed at Southern 165 

Research Institute (Birmingham, Alabama), yielding a cutoff d(50) aerodynamic diameter of 1.2 µm. For 166 

injecting the soot particles, the output of the graphite spark generator was directed via two coagulation 167 

tubes into the AIDA chamber.  168 

The aerosol particle number concentrations were initially on the order of 103 particles cm-3. The 169 

recorded number size distributions of the aerosol particles were approximated by unimodal log-normal 170 

functions (Hinds, 1999). The fit parameters for the count median diameters, CMD, and the mode widths, 171 

σg, are summarised in Table 1. For the soot particles, the CMD value corresponds to the mobility 172 

equivalent diameter from the SMPS measurement. For the other compounds, the size spectra from the 173 

SMPS and the APS were first combined by converting the mobility and aerodynamic diameters into the 174 

volume-equivalent sphere diameter and then fitted by the log-normal function (DeCarlo et al., 2004; 175 

Hinds, 1999). For illite NX, SD2, ID, CID, and EY01, the particle density, ρp, was set to 2.6 g cm-3 and 176 

the dynamic shape factor, χ, was set to 1.2. Reduced ρp values of 1.9 and 2.3 g cm-3 were required to 177 

combine the size spectra of the porous zeolite materials CBV400 and CBV100, respectively. The 178 
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combined size spectrum of the diatomaceous earth particles was obtained with ρp = 2.3 g cm-3 and χ = 179 

1.5. 180 

2.3 Operation of the AIDA chamber 181 

Before the start of aerosol injection, the inner walls of the AIDA chamber were partially coated with 182 

an ice layer and the vessel was filled with particle-free synthetic air to ambient pressure. The ice-coated 183 

walls controlled the prevailing RHice value in the chamber interior to typically 95%. The slightly ice-184 

subsaturated conditions are the result of some internal heat sources, causing that the average gas 185 

temperature of the chamber is a few tenths of a Kelvin higher than the wall temperature.  186 

After aerosol injection as described in Sect. 2.2.3, the aerosol particles were either immediately 187 

probed on their intrinsic heterogeneous ice nucleation ability at a given temperature, or they were probed 188 

after overnight temperature cycling to investigate the efficiency of the PCF pre-activation mechanism 189 

under ice-subsaturated conditions, as detailed in Sect. 3.1. Temperature adjustments of the AIDA 190 

chamber during temperature cycling were usually accomplished at a rate of 5 K/h during cooling and 2.5 191 

K/h during warming. To achieve ice formation, supersaturations with respect to ice were induced by 192 

expansion cooling, i.e., a controlled reduction of the chamber pressure with a mechanical pump operated 193 

at a volume flow rate of typically 2.5 m3/min. This established initial cooling rates for the chamber 194 

atmosphere of about 3 K/min. The cooling rates were then steadily decreasing during continued 195 

pumping due to the increasing heat flux from the chamber walls, whose temperature remained almost 196 

unchanged. For a particular experiment (Sect. 5.3), we used an evacuated, 4 m3 sized aerosol preparation 197 

chamber as an additional expansion volume, inducing an almost instantaneous drop of the gas 198 

temperature by another 2 K in the later course of expansion cooling.  199 

3 Results 200 

3.1 The pre-activation phenomenon: detailed measurement data for the CBV400 particles 201 

Figs. 3A and 3B show the intrinsic heterogeneous ice nucleation ability of unprocessed CBV400 202 

crystals that have been dry-dispersed into the AIDA chamber at 251 and 228 K, respectively. After 203 

injection, the aerosol particles were subjected to an adiabatic expansion, as performed by a controlled 204 
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reduction of the chamber pressure (Sect. 2.3). This leads to a decrease in the gas temperature (red lines) 205 

and an increase in the relative humidity with respect to ice, RHice (black lines), and supercooled water, 206 

RHw (green lines). The expansion run started at 251 K (Fig. 3A) proved the CBV400 particles to be very 207 

inefficient INPs. There was no formation of ice particles via deposition nucleation before water 208 

saturation has been exceeded during the expansion, upon which the aerosol particles acted as cloud 209 

condensation nuclei and a dense cloud of supercooled water droplets was formed (vertical dashed line). 210 

The cloud droplets grew to diameters of about 10 µm, as inferred from the scattering signals of the 211 

optical particle counters (OPCs, dark-yellow dots). Nucleated ice crystals grew to larger diameters than 212 

the cloud droplets and can therefore separately be identified in the OPC data sets, enabling the 213 

calculation of the ice-active fraction of the aerosol population, fice (blue lines). As evident from the OPC 214 

data in Fig. 3A, only a tiny fraction of less than 0.1% of the immersed CBV400 particles is ice-active in 215 

the immersion freezing mode in the temperature range from 246 to 243 K. The heterogeneous ice 216 

nucleation ability changed profoundly when the CBV400 particles were probed in an expansion run that 217 

was started at a temperature below 237 K (Fig. 3B). Here, almost immediately after the start of 218 

expansion cooling at time zero, a dense ice cloud was formed at a RHice threshold of only 102%. More 219 

than 40% of the CBV400 particles acted as INPs even though the peak RHice value during the expansion 220 

run never exceeded a value of 105%. It is the sudden appearance of this extraordinarily high ice 221 

nucleation ability just below 237 K which puts in doubt the assignment of this nucleation mode to a 222 

deposition nucleation mechanism, given that there is no a priori reason why this pathway should 223 

abruptly be inefficient for temperatures above 237 K (Marcolli, 2014; Pruppacher and Klett, 1997). 224 

More likely, the ice nucleation mode evident in Fig. 3B is due to the depositional growth of ice pockets 225 

which already form by the PCF mechanism after injecting the CBV particles into the AIDA chamber at 226 

228 K and RHice = 95%. 227 

As an indirect proof for the PCF mechanism, we have performed the following pre-activation 228 

experiment. The CBV400 particles were dry-dispersed into the AIDA vessel at 253 K, upon which the 229 

chamber was cooled to 228 K and warmed to 250 K. During temperature cycling, the chamber air 230 
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remained slightly subsaturated with respect to ice with a typical RHice of 95% (see Sect. 2.3). No 231 

intermediate expansion cooling runs were conducted, meaning that the aerosol particles were not 232 

subjected to ice-supersaturated conditions where macroscopic ice crystals could have grown. Only after 233 

warming to 250 K, the zeolite particles were probed for their ice nucleation ability in an expansion 234 

cooling run whose data are shown in Fig. 3C. In contrast to the unprocessed CBV400 particles that were 235 

almost ice-inactive when probed at the same temperature (Fig. 3A), the pre-activated particles gave rise 236 

to a pronounced nucleation mode that formed at a RHice threshold of about 102%. We assign this mode 237 

to depositional growth of ice held in the pores of the zeolite particles, which has been formed by the 238 

PCF mechanism during temperature cycling. To our knowledge, this is the first demonstration of pre-239 

activation under ice-subsaturated conditions in an experiment with suspended particles. The fraction of 240 

ice-active CBV400 particles is about 4%. The macroscopic ice crystals that had formed in the expansion 241 

run were then rapidly sublimed by the addition of dry synthetic air, which led to a temporary decrease in 242 

RHice to a minimum value of about 90%. As pore ice was shown to be stable even down to much lower 243 

RHice values of 40 to 5% (Knopf and Koop, 2006), the experiment was continued with the same aerosol 244 

load to investigate up to which temperature the pre-activation behaviour can still be observed, i.e., to 245 

determine when the pore ice starts to melt and the improved ice nucleation ability disappears. 246 

For that purpose, the AIDA temperature was stepwise increased by about 3 K and expansion cooling 247 

runs were conducted at the higher temperatures as well. When probed at 253 and 256 K, the CBV400 248 

particles were still ice-active in the depositional growth mode, however with reduced number fractions 249 

of only 1.7 and 0.2% of the particles, respectively. After further warming to 259 K (Fig. 3D), the 250 

depositional growth mode has disappeared, and only a small number of ice crystals was formed after the 251 

droplet activation of the zeolite particles. Albeit small, the ice-active fraction is still higher compared to 252 

the intrinsic ice nucleation ability when the unprocessed CBV400 particles are directly probed at that 253 

temperature without temporary cooling. We observed similar behaviour for a variety of compounds 254 

(additional examples are discussed in appendices A-E), which leads us to conclude that the small ice 255 

nucleation mode shown in Fig. 3D is due to pre-activation as well. We tentatively assign it to the 256 
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condensational growth of residual ice that is deeply captured in pores and cannot grow by water vapour 257 

deposition on the time scale of our experiments but only when getting in contact with liquid supercooled 258 

water after the droplet activation.  259 

We performed a further pre-activation experiment where the CBV400 particles were again injected at 260 

253 K, cooled to 228 K, but then directly warmed to 259 K to perform an expansion cooling run at that 261 

temperature. We observed a similar nucleation mode due to condensational ice growth after droplet 262 

activation as shown in Fig. 3D, underlining that the intermediate expansion runs conducted at 250, 253, 263 

and 256 K in the previous experiment did not lead to a loss of pre-activated particles, but that the pre-264 

activation efficiency is actually significantly reduced at 259 K.  265 

3.2 Summary of the pre-activation behaviour for all substances 266 

Fig. 4 summarises the pre-activation behaviour for the other compounds investigated. For each aerosol 267 

type, we applied the same temperature cycling, i.e., injection at 253 K and temporary cooling to 228 K. 268 

The filled bars denote the ice-active fractions of the pre-activated particles in the depositional growth 269 

mode at RHw below 100% at various temperatures after warming, and those without colour filling 270 

represent the condensational ice growth mode after droplet activation. Partly, both modes were observed 271 

successively in a single expansion cooling experiment. This happened when the number concentration 272 

of ice crystals formed by depositional growth was so small that the water vapour supersaturation was not 273 

efficiently depleted, so that water saturation was exceeded upon continued pumping and the 274 

condensational ice growth mode could become active. Additional data from the AIDA experiments are 275 

provided in appendices A-E to support that the ice-active fractions depicted in Fig. 4 are due to pre-276 

activation and not related to the intrinsic heterogeneous ice nucleation ability of the aerosol particles. 277 

Let us first compare the pre-activation behaviour of the mesoporous CBV400 particles with that of the 278 

second zeolite sample, namely the microporous CBV100 particles. As the melting temperature of ice is 279 

expected to decrease with the pore diameter (Marcolli, 2014), we have performed the initial pre-280 

activation run with the microporous CBV100 particles already at a lower temperature of 246 K after 281 

temperature cycling. Here, 1% of the pre-activated particles were ice-active in the depositional growth 282 
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mode (Fig. 4). At 250 K where the first pre-activation run with the CBV400 particles was conducted, 283 

only 0.08% of the CBV100 particles still showed the depositional ice growth mode, followed by a 284 

somewhat larger condensational ice growth mode after droplet activation (fice = 0.6%). After further 285 

warming to 253 K, the pre-activation mode has almost disappeared, showing that the pre-activation 286 

efficiency of the microporous CBV100 particles is much smaller compared to the mesoporous CBV400 287 

sample.  288 

Two samples that show a similar pre-activation efficiency as CBV400 are diatomaceous earth and 289 

illite NX. Amongst the CBV400, illite NX, and diatomaceous earth samples, the illite NX particles show 290 

the highest ice-active fraction of almost 6% for pre-activation at a temperature of 250 K (Fig. 4). The 291 

diatomaceous earth particles feature the most dominant retention of the pre-activation behaviour at 292 

warmer temperatures, being the only sample where even after warming to 259 K a small depositional ice 293 

growth mode could still be observed. Amongst the four natural dust and volcanic ash samples, only the 294 

CID particles showed a small pre-activation mode at 250 K with fice = 0.5% in the depositional growth 295 

mode (Fig. 4). For SD2, ID, and EY01, the heterogeneous ice nucleation ability was not enhanced after 296 

temperature cycling. A small pre-activation ability was measured for the GSG soot particles at 297 

temperatures up to 250 K. This pre-activation behaviour was only observed when the freshly emitted, 298 

fractal-like soot agglomerates were immediately subjected to the temperature cycling program. In a 299 

second type of experiment, the soot particles were first processed by a droplet activation run at 253 K 300 

before cooling them to 228 K. Water condensation and evaporation leads to restructuring and collapsing 301 

of the soot aggregates (Ma et al., 2013). For these water-processed GSG soot particles, the pre-activation 302 

ability disappeared. 303 

4. Discussion 304 

4.1 Theoretical considerations on the water condensation, freezing, and melting of ice in pores 305 

Fig. 5A shows the time series of the AIDA temperature during a typical pre-activation experiment. We 306 

have used a colour coding to discriminate between the three individual processes that have to be 307 

considered for the interpretation of the observed pre-activation behaviour. Process I (red-hatched area) is 308 
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the capillary condensation of supercooled water when the AIDA chamber is cooled from 253 K (starting 309 

temperature for aerosol injection, point A) to 237 K (homogeneous freezing temperature of supercooled 310 

water, point B). Process II (yellow-hatched area) is the freezing of capillary-held water when the AIDA 311 

temperature is further reduced from 237 to 228 K (point C). Finally, process III (green-hatched area) is 312 

the melting of ice in the capillaries when again increasing the temperature of the AIDA chamber. The 313 

humidity and temperature conditions for the occurrence of these processes depend on the pore diameter. 314 

Process I is quantitatively analysed based on the negative Kelvin equation that determines the onset of 315 

capillary condensation as a function of the pore size (Fig. 5B). This sets a maximum pore dimension for 316 

which condensation is just possible at the prevailing RHw in the AIDA chamber. Process II is analysed 317 

based on the temperature-dependent pore ice stability curve (Fig. 5C), which is derived from the critical 318 

embryo size for homogeneous ice nucleation as defined in Classical Nucleation Theory. This sets a 319 

minimum pore dimension for which freezing of the liquid is possible at the given AIDA temperature. 320 

The same curve (Fig. 5C) applies for process (III), the melting of ice in the pores. This analysis yields 321 

the maximum temperature for which the pre-activation ability by the PCF mechanism can still be 322 

observed in the AIDA chamber. In the following three sections, we outline the details of our 323 

calculations. 324 

4.1.1 Process I: Capillary condensation of supercooled water 325 

 The concavity of the water surface in a pore results in a Kelvin effect that is inverse compared to a 326 

convex liquid droplet, meaning that water condensation can already occur at RHw < 100% (Sjogren et 327 

al., 2007). Quantitatively, this is taken into account by adding a minus sign to the argument of the 328 

exponential of the Kelvin equation (Eq. 1). 329 
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Eq. (1) describes the reduction of the saturation water vapour pressure over a concave water meniscus, 331 

ew, in relation to that over a flat water surface, esat,w (Pruppacher and Klett, 1997). The quotient ew/esat,w 332 

equals the saturation ratio of moist air with respect to a plane water surface. Mw is the molecular weight 333 
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of water, σw/a the surface tension for a water-humid air interface, R the universal gas constant, ρw the 334 

density of water, T the absolute temperature, and a the radius of curvature of the water surface in a 335 

capillary. For a circular capillary, a is equal to D/(2cosΘ), where D is the pore diameter and Θ the 336 

contact angle between water and the pore wall (Fukuta, 1966). In the case of fully wettable capillaries 337 

with a zero contact angle, the radius of curvature is equal to the pore radius.  338 

As shown by Marcolli (2014), the measured onset relative humidities for the capillary condensation of 339 

water in pores of different mesoporous materials can adequately be described by Eq. (1). We have 340 

therefore used this equation to calculate the RHw values for the onset of capillary condensation of 341 

supercooled water for three relevant temperatures to predict the upper size limit of pores that can fill 342 

with water at the RHw conditions prevalent in the AIDA chamber (Fig. 5B). We took into account 343 

temperature-dependent parameterisations for σw/a and ρw given by Pruppacher and Klett (1997), but 344 

ignored the Tolman correction for the size dependence of surface tension (Rao and McMurry, 1990) and 345 

assumed a zero contact angle. 346 

 Point A in Fig. 5B represents the starting point of the experimental trajectory, denoting the prevalent 347 

value of RHw when the aerosol particles were injected into the chamber at a temperature of 253 K 348 

(corresponding to RHice = 95% at the same temperature). Here, the maximum diameter of fully wettable 349 

pores that can fill with water is about 11 nm. When the AIDA chamber is cooled at constant RHice of 350 

95% to the homogeneous freezing temperature of supercooled water at 237 K (point B), the relative 351 

humidity with respect to supercooled water decreases, meaning that water in larger pores evaporates 352 

before it can freeze. When approaching 237 K, capillary-held supercooled water will only be retained in 353 

pores with diameters smaller than about 8 nm. Homogeneous freezing could then lead to the formation 354 

of ice in such sized pores. Ice formation could also involve slightly larger pores, but this would require 355 

that the capillary-held water already freezes heterogeneously at a temperature higher than 237 K (e.g. at 356 

point B* with T = 243 K). We will further discuss this issue in Sect. 4.1.3. 357 

4.1.2 Process II: Freezing of capillary-held water  358 
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In the next step, we analyse the freezing of the capillary-held water when the AIDA temperature is 359 

lowered from the homogeneous freezing limit (point B, 237 K) to the minimum temperature of 228 K 360 

(point C). In particular, it has to be examined whether the homogeneous (or heterogeneous) freezing of 361 

supercooled water is not impeded for narrow pore diameters. Marcolli (2014) has adopted a quantity  362 

from Classical Nucleation Theory to describe the freezing and melting of ice in pores, namely the 363 

critical embryo size for homogeneous ice nucleation in the pores. Only if the pore dimension exceeds 364 

the critical embryo size, the ice embryo has a higher tendency to grow, which reduces the free energy of 365 

the system, than to shrink, which increases the free energy (Pruppacher and Klett, 1997). Ice formation 366 

should therefore be inhibited in pores where an ice embryo cannot grow beyond the critical embryo size, 367 

even if the temperature is below 237 K.  368 

The critical radius of a spherical ice embryo for homogeneous ice nucleation, rc, for which the Gibbs 369 

free energy of embryo formation within the liquid phase has its maximum, is given by (Murray et al., 370 

2012): 371 
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In Eq. (2), σi/w is the interfacial tension between water and the ice embryo, ρi the density of ice, and 373 

esat,i the saturation water vapour pressure over a flat ice surface. Using Eq. (2), we have calculated the 374 

temperature-dependent pore diameters needed to incorporate a critical ice embryo as 2rc + 2t, where t 375 

accounts for a non-freezing quasi-liquid layer between pore wall and ice embryo (Marcolli, 2014). In 376 

this computation, t was set to 0.6 nm (Marcolli, 2014), temperature-dependent ρi values were obtained 377 

from the parameterisation given by Pruppacher and Klett (1997), esat,w and esat,i were calculated 378 

according to the formulations by Murphy and Koop (2005), and σi/w was taken from the fit of measured 379 

homogeneous ice nucleation rate coefficients presented by Zobrist et al. (2007). 380 

The result of the computation is shown in Fig. 5C. Regarding our pre-activation experiments, this 381 

curve defines the lower threshold size of pores where ice formation due to freezing of capillary-held 382 
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water can occur at a given temperature. The yellow-hatched area defines the temperature range of 383 

process II as defined in Fig. 5A. At 237 K (point B), the minimum pore size threshold for freezing of the 384 

liquid is about 4 nm, and it further decreases to about 3 nm at 228 K, the minimum temperature during 385 

the experiment (point C). Here, all aerosol particles with pores in the diameter range from 3 to 8 nm 386 

therefore have the chance to incorporate ice due to the PCF mechanism even in an ice-subsaturated 387 

environment. 3 nm is the minimum pore size in which capillary-held water can freeze, and 8 nm is the 388 

maximum pore size in which condensation of supercooled water has been possible. These ice pockets 389 

can trigger the depositional ice growth mode when the aerosol particles are directly probed in an 390 

expansion cooling experiment started at 228 K. In our pre-activation experiments, however, we want to 391 

investigate the survival of such ice pockets and their contribution to depositional ice growth at warmer 392 

temperatures. Therefore, we have to consider as the third important process the melting of ice when 393 

increasing the temperature in the pre-activation experiments (process III, green-hatched areas in Figs. 5A 394 

and C). 395 

4.1.3 Process III: Melting of ice in pores 396 

For describing the temperature dependence of the melting of ice in pores, the same curve as for the 397 

freezing of ice applies (Marcolli, 2014). Once the diameter of a certain pore gets smaller than the critical 398 

embryo size during warming, the ice in the pore should melt because shrinkage of the ice phase would 399 

lead to a decrease in the free energy of the system. Point D at 257 K (Fig. 5C) therefore denotes the 400 

melting temperature of ice in the largest pores in which ice pockets could have been formed via the PCF 401 

mechanism in the case of homogeneous freezing at point B. Above that temperature, the pre-activation 402 

behaviour should disappear. In the case of heterogeneous freezing at point B*, the temperature threshold 403 

for the disappearance of the pre-activation ability could be a few degrees higher (point D*), because ice 404 

in larger pores with a higher melting temperature were present. The suggestion of heterogeneous 405 

freezing is, however, somewhat speculative because repeatedly a non-freezing layer of bound water next 406 

to the pore walls was found. Therefore, it remains unclear whether the material of the pore wall can 407 

actually trigger the freezing of the free water in the pore space. Marcolli (2014) summarises several 408 
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studies where freezing and melting of ice were insensitive to variations of the surface properties of the 409 

pore walls. However, heterogeneous freezing could explain some of our observations, as discussed in 410 

Sect. 4.2. 411 

Whereas heterogeneous freezing would increase the temperature threshold for the loss of the pre-412 

activation ability, the opposite behaviour would be encountered if the capillaries of the porous materials 413 

were only partially wettable.  Here, the factor cosΘ would be less than unity, meaning that the radius of 414 

curvature of the water meniscus would be larger than the pore radius, thereby reducing the Kelvin effect. 415 

The maximum pore size for water condensation would diminish, and hence the upper threshold 416 

temperature for the disappearance of the pre-activation behaviour would decrease. 417 

Accurate values for the contact angles between water and the pore walls of our investigated particles 418 

are not available. Rather low Θ values of equal or less than 30° were found for several clay minerals 419 

(Janczuk and Bialopiotrowicz, 1988). In order to estimate the effect of a non-zero contact angle, we have 420 

redone our calculations for a contact angle of 30°. This reduces the 8 nm size threshold for capillary 421 

condensation at 237 K to about 6.8 nm, yielding 253 K instead of 257 K as the upper temperature for the 422 

loss of pre-activation. 423 

4.2 Application of the model calculations to the observed pre-activation behaviour 424 

How do the theoretical considerations from Sect. 4.1 apply to our experimental findings from Fig. 4? 425 

In good agreement with theory, pre-activation, if observed, is only retained for temperatures below 260 426 

K. Let us consider e.g. the mesoporous zeolite CBV400 particles that have a broad range of pore 427 

diameters up to 20 nm. For a pore size of 20 nm, the predicted pore ice melting temperature is about 267 428 

K (Fig. 5C). In previous experiments where the CBV400 particles were probed in a suspension and 429 

water could penetrate in all pores regardless of their size, the maximum of the endothermic peak in the 430 

DSC heating scan corresponding to the melting of ice in the mesopores was indeed observed above 260 431 

K (Janssen et al., 2004). In an ice-subsaturated environment, however, water condensation and 432 

subsequent homogeneous freezing is limited to pores with diameters smaller than 8 nm (point B in Fig. 433 

5B). In good accordance with the expected upper ice melting temperature indicated by point D in Fig. 434 
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5C, the improved ice nucleation ability for the CBV400 particles in the pre-activation experiment is 435 

therefore already significantly reduced after raising the temperature from 253 to 256 K, and the last 436 

small pre-activation mode is observed at 259 K. The compound that shows the highest pre-activation 437 

efficiency after warming to 259 K is diatomaceous earth. In contrast to the CBV400 particles which do 438 

not possess any pronounced intrinsic heterogeneous ice nucleation ability above 237 K, the unprocessed 439 

diatomaceous earth particles showed a very strong immersion freezing mode at about 240 K (see Fig. 440 

C1). This heterogeneous ice nucleation mode , if mediated by the non-freezing layer of bound water next 441 

to the pore walls, could increase the freezing temperature of the capillary-held water during pre-442 

activation (freezing at point B* instead of B), and thereby increase the upper melting temperature of ice 443 

in the pores (melting at point D* instead of D). 444 

Regarding the microporous CBV100 material, the previous experiments where the CBV100 particles 445 

were probed in a suspension did not reveal any freezing peaks of pore water down to a temperature of 446 

213 K (Janssen et al., 2004). Due to the smaller pore sizes of at most 1.2 nm compared to the 447 

mesoporous CBV400 particles, freezing of capillary-held water in CBV100 is inhibited for temperatures 448 

above 213 K (Fig. 5C). How can we then explain the small pre-activation ability observed for CBV100 449 

(Fig. 4) although the minimum temperature during our experiment was only 228 K? As pre-activation 450 

cannot be ascribed to ice formation in the internal microporous network of CBV100, it must be related 451 

to other, larger scaled surface characteristics like cracks, steps, or empty spaces between aggregate 452 

particles which could also enable the PCF mechanism (see Sect. 2.1.1). Also in the case of clay minerals 453 

like illite, the respective sites for pore condensation and freezing are void spaces arising from the 454 

interleaving of plates in the aggregate particle (Aylmore and Quirk, 1967). For soot particles, capillary 455 

condensation most likely occurs in the empty spaces between aggregate primary particles (Marcolli, 456 

2014). The compaction of soot aggregates during droplet activation therefore destroys their pre-457 

activation ability. The pre-activation mode of the fractal GSG soot particles already disappeared above 458 

250 K, i.e., at a temperature somewhat lower than observed for the CBV400, diatomaceous earth, and 459 

illite NX particles. This might be due to the fact that water contact angles on soot surfaces tend to be 460 
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higher than for mineral surfaces (Persiantseva et al., 2004), thereby lowering the temperature threshold 461 

for the loss of the pre-activation behaviour (see Sect. 4.1.3). 462 

Electron micrographs of the employed natural dust and volcanic ash samples showed particles with 463 

irregularities in the surface and partly aggregate-like structure (Linke et al., 2006; Steinke et al., 2011), 464 

i.e., prerequisites for making these materials prone to the PCF pre-activation mechanism as well. 465 

However, pre-activation by the depositional ice growth mode at temperatures between 245 and 260 K 466 

requires the availability of pores with diameters between about 5 and 8 nm (Fig. 5C). Apparently, most 467 

of the investigated natural dust and volcanic ash particles do not contain pores in this particular size 468 

regime due to the absence of pre-activation. The intrinsic heterogeneous ice nucleation ability of a 469 

certain compound at 228 K is a useful indicator to assess its potential pre-activation ability after 470 

temperature cycling. Amongst the SD2, ID, CID, and EY01 samples, all particles revealed a 471 

heterogeneous ice freezing mode below water saturation when injected and probed in an expansion run 472 

started around 228 K (Fig. E1). Only for the CID particles, however, the onset of ice formation was 473 

close to ice saturation as observed for the CBV400 particles (Fig. 3B). This indicates that ice-filled 474 

pores were already formed by the PCF mechanism at RHice < 100% before the start of the expansion run, 475 

which is the prerequisite for observing pre-activation under ice subsaturated conditions. For the other 476 

compounds, a distinct supersaturation threshold was needed to induce ice formation, indicating that 477 

there were initially no ice-filled pores available where ice crystals could immediately grow after 478 

exceeding 100% RHice upon expansion cooling. Consequently, these compounds did not reveal any pre-479 

activation behaviour after temperature cycling under ice subsaturated conditions.  480 

Even for the compounds where pre-activation was detected, only a small percentage of the overall 481 

aerosol population acted as pre-activated INPs between 245 and 260 K, showing that only a subset of the 482 

particles contained pores in the narrow range of appropriate diameters. The maximum of the differential 483 

pore-size distribution for an illite sample, e.g., was located at plate separations between 2 and 4 nm 484 

whereas pores larger than 5 nm were much less frequent (Aylmore and Quirk, 1967). Smaller ice-filled 485 

pores can contribute to the dominant depositional ice growth mode observed for illite NX particles at T 486 
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< 237 K (Fig. B1, fice = 58%), but only those larger than 5 nm are responsible for pre-activation at 250 K 487 

(fice = 6%). In the former study by Higuchi and Fukuta (1966), much higher number fractions of the 488 

investigated particles were found to retain their pre-activation ability upon warming, even at 489 

temperatures above 260 K where in the present study the improved ice nucleation ability had completely 490 

disappeared. We currently cannot give an explanation for this difference. 491 

5. Atmospheric implications 492 

5.1 Mechanism of heterogeneous ice nucleation at T < 237 K 493 

Apart from the impact on heterogeneous ice formation above 237 K, our results provide new insights 494 

into the microphysics of the ice nucleation mechanism at lower temperatures. The temperature cycling 495 

experiments prove that the pores of certain compounds like illite NX, CBV400, and diatomaceous earth 496 

can fill with ice at RHice < 100% and T < 237 K. Cloud ice crystals can then easily form on the pre-497 

activated particles by depositional ice growth at RHice > 100% without any activation threshold or 498 

specific nucleation site as needed for the actual deposition nucleation process. For compounds that do 499 

not have ice-filled pores at ice-subsaturated conditions like SD2 and ID, it remains unclear whether ice 500 

formation at higher supersaturation thresholds is due to the PCF mechanism or “true” deposition 501 

nucleation without the participation of a liquid phase. An important factor may be the time scale of pore 502 

condensation in an uplifting air parcel, i.e., whether this process occurs instantaneously once the 503 

threshold relative humidity for a given pore size is surpassed or whether it proceeds more slowly and 504 

makes the contribution of the PCF mechanism to ice nucleation less probable. In this regard, it would be 505 

important to investigate whether other extensively used INP counters like continuous flow diffusion 506 

chambers (CFDCs), which only have particle residence times on the order of a few seconds, would 507 

detect the same high ice nucleation efficiency for e.g. unprocessed CBV400 particles at T < 237 K as 508 

inferred from the AIDA, where the aerosol particles reside at least for several minutes before the 509 

expansion run is started. In any case, the kinetics of the PCF mechanism needs to be studied in greater 510 

detail.  511 

5.2 Heterogeneous ice nucleation at T > 237 K   512 
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Based on the pre-activation efficiencies shown in Fig. 4, it seems unlikely that the PCF mechanism 513 

under ice subsaturated conditions provides a substantial number of additional INPs at very high 514 

temperatures above 258 K. In agreement with theoretical considerations on the pore-size dependent 515 

thresholds for water condensation and ice melting, only narrow pores with ice melting temperatures 516 

below 260 K can contribute to pre-activation after temperature cycling at RHice < 100%. This is different 517 

from the previously detected pre-activation mechanism for crystallised aqueous solution droplets 518 

(Wagner et al., 2014). In that case, larger sized frozen solution pockets can remain encapsulated in the 519 

effloresced particles and survive up to the eutectic melting temperature, which for low soluble 520 

compounds like dicarboxylic acids is close to 273 K (Wagner et al., 2014).  521 

The PCF pre-activation mechanism, however, can increase the efficiency of INPs at moderately high 522 

temperatures between 245 and 258 K where most unprocessed INPs only promote ice formation via 523 

immersion freezing above water saturation (DeMott et al., 2011). In contrast, pre-activation allows for 524 

depositional ice growth at a much lower ice supersaturation threshold. We identify three key issues for 525 

future experimental studies to elaborate the atmospheric importance of this process:  526 

(i) Focus on natural dust samples from the Bodélé Depression, consisting of fragments of diatomite 527 

sediments. Based on the outcome of our temperature cycling experiments with diatomaceous earth, we 528 

expect that such dust samples show a much higher pre-activation efficiency than those probed in the 529 

present study (ID1, SD2, and CID).  530 

(ii) Coating experiments with inorganic (sulphate, nitrate) and organic material. Will atmospherically 531 

relevant coating thicknesses reduce or even completely inhibit the pre-activation ability?  532 

(iii) Variation of the relative humidity. Up to which lower RHice threshold pore ice will be stable 533 

(Knopf and Koop, 2006)? 534 

In principle, the PCF pre-activation mechanism does not necessitate prior involvement in an ice 535 

nucleation event. Unlike in the laboratory where temperature cycling of aerosol particles without the 536 

formation of ice crystals can easily be performed, a preceding ice nucleation event might be necessary in 537 

the atmosphere to enable the transport of pre-activated aerosol particles to lower altitudes (Knopf and 538 
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Koop, 2006; Roberts and Hallett, 1968). In other words, pre-activated particles with ice-filled pores may 539 

first contribute to high-altitude cirrus formation by the depositional ice growth mode. Larger ice crystals 540 

then fall out by sedimentation and release the pre-activated particles at lower altitudes after the 541 

sublimation of the ice crystals, but conserving the ice-filled pores. 542 

Such cycling process was also proposed for the well-established pre-activation mechanism where 543 

INPs are involved in succeeding ice nucleation events (Roberts and Hallett, 1968), and it was suggested 544 

that pre-activation should be considered when modelling the long-range transport of INPs and their 545 

impact on cloud formation (Knopf and Koop, 2006). In a study on the atmospheric cycling of oxalic acid 546 

aerosol particles (Zobrist et al., 2006), it was stated that there was no suitable method to estimate which 547 

percentage of cirrus clouds in the atmosphere has previously undergone ice formation. To our 548 

knowledge, such modelling effort to estimate how often pre-activation occurs and affects the overall ice 549 

particle number concentrations has not yet been attempted. In lack of quantitative model simulations on 550 

the contribution of pre-activation to ice cloud formation, we encourage studies to quantify the number 551 

concentration of pre-activated particles in atmospheric air masses by in situ measurements. In situ 552 

detection of pre-activated INPs by e.g. airborne CFDC instruments requires an inlet tube with the 553 

temperature kept at ambient conditions so that ice in the pores cannot melt prior to the actual 554 

measurement. At present, we are not aware of such studies in the literature. 555 

5.3 Pre-activation in a deep convective cloud system 556 

Another potential pathway for altitude and thereby temperature cycling of atmospheric aerosol 557 

particles which is of relevance for pre-activation includes deep convective clouds (Adler et al., 2013). In 558 

such a cloud system, the aerosol particles are first activated to cloud droplets at warm temperatures. The 559 

cloud droplets can freeze when the temperature drops below the homogeneous freezing temperature of 560 

supercooled water, and the cloud-processed aerosol particles are released in ice-subsaturated areas in the 561 

outflow of deep convection (Adler et al., 2013). In contrast to the PCF pre-activation mechanism at 562 

RHice < 100%, droplet activation enables all pores of CCN active particles to be filled with water, 563 

regardless of their size. After homogeneous freezing and sublimation of the ice crystals, ice-filled pores 564 
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with diameters larger than 8 nm and a concomitantly higher ice melting temperature should be 565 

conserved. We have simulated such cycling in deep convective clouds with zeolite CBV400 particles in 566 

the AIDA (Fig. 6A). For that purpose, an expansion cooling run with freshly injected CBV400 particles 567 

was started at 242 K. After about 4 K of cooling, the relative humidity has exceeded water saturation 568 

and the seed aerosol particles were activated to a cloud of supercooled water droplets (first vertical line). 569 

Only a small number fraction of the zeolite particles thereafter acted as immersion freezing ice nuclei. 570 

After further cooling by about 1 K, the gas temperature had approached the homogeneous freezing 571 

temperature of supercooled water (second vertical line). At that instance, a valve to an evacuated 572 

chamber of 4 m3 volume was opened (see Sect. 2.3). The additional expansion led to a rapid decrease of 573 

the gas temperature by another 2 K, causing the entire droplet cloud to glaciate. Afterwards, the ice 574 

crystals were sublimed by the addition of dry synthetic air and the AIDA chamber was warmed to 250 K 575 

and above to quantify the enhanced ice nucleation ability of the pre-activated, cloud-processed CBV400 576 

particles.  577 

In Fig. 6B, we compare the temperature-dependent ice-active fractions of CBV400 after PCF pre-578 

activation by temperature cycling with those after cloud-processing, comprising droplet activation, 579 

freezing, and sublimation. The latter mechanism profoundly increases the pre-activation efficiency, 580 

suggesting that pores can more easily fill with water by droplet activation than by the condensation of 581 

water vapour in a subsaturated environment. As expected, the pre-activation ability after cloud-582 

processing is conserved up to higher temperatures because larger pore diameters are involved, and 583 

thereby reaches the temperature regime where ice nucleation is usually ascribed to particles of biological 584 

origin only (Murray et al., 2012). Apart from deep convective clouds (Adler et al., 2013), recycling of 585 

ice nucleating particles was recently also taken into account to explain the maintenance of cloud ice 586 

production in Arctic mixed phase stratocumulus, however without considering pre-activation effects 587 

(Solomon et al., 2015). The potential importance of pre-activation by cloud-processing clearly 588 

stimulates further research of this mechanism with different aerosol types, with the AIDA chamber as an 589 

ideal platform to explore the processing of INPs in subsequent cloud formation cycles. 590 
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6. Summary 591 

Understanding the microphysical processes that lead to the formation of ice particles in the Earth’s 592 

atmosphere is of vital importance for the reliable simulation of clouds in modern weather and climate 593 

models. Much effort has recently been made to identify new aerosol types contributing to the 594 

atmospheric abundance of ice nucleating particles, e.g. biological materials like cellulose, bacteria, and 595 

marine diatoms. In this work, we have addressed a less investigated subject, namely the enhancement of 596 

the ice nucleation ability of well-known and abundant ice nucleating particles like dust grains due to pre-597 

activation. Temporary exposure to a low temperature (228 K) provokes that pores and surface cracks of 598 

the particles are filled with ice, which makes them better nuclei for the growth of macroscopic ice 599 

crystals at high temperatures (245 – 260 K). This can in particular be important for the precipitation 600 

initiation in mixed-phase clouds because it potentially contributes to enhance the abundance of INPs at 601 

temperatures up to about 260 K. Above 260 K, the ice in the pores melts and the pre-activation of the 602 

aerosol particles by the PCF mechanism (intermediate cooling to 228 K, RHice < 100%) is lost. 603 

The pre-activation mechanism involves two steps: (i), the capillary condensation of supercooled 604 

water, and (ii), the subsequent homogeneous freezing of the capillary-held water. Pre-activation does not 605 

require that the aerosol particles are previously involved in an ice nucleation event. Once pre-activated, 606 

the ice kept in the pores can trigger ice formation just above ice saturation without requiring any distinct 607 

nucleation threshold or particular nucleation site. We showed that aerosol particles generated from 608 

powder samples of the clay mineral illite, diatomaceous earth, and zeolite could be pre-activated in this 609 

manner, whereas the majority of particles generated from natural dust and volcanic ash samples did not 610 

yield a measurable pre-activation. Model calculations suggest that the pre-activation ability by the PCF 611 

mechanism (intermediate cooling to 228 K, RHice < 100%) is linked to pores of a certain dimension with 612 

diameters from about 5 to 8 nm. Our exploratory study stimulates further research to elaborate the 613 

quantitative impact of pre-activation on primary ice formation in tropospheric clouds, including further 614 

laboratory experiments, in situ observations, and cloud modelling. 615 

 616 
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Appendix A 617 

Ice nucleation experiments with CBV100 618 

Fig. A1 compares the measurement data from the pre-activation experiments with CBV100 to those 619 

with CBV400, demonstrating the profoundly reduced pre-activation ability of the microporous zeolite 620 

material. Parts A and B show the expansion cooling runs started at 250 K after temporarily cooling the 621 

CBV400 and CBV100 particles to 228 K. Whereas the pre-activated CBV400 particles give rise to a 622 

pronounced depositional ice growth mode (part A, same data as in Fig. 3C, fice = 3.7%), the CBV100 623 

particles are barely ice-active (fice = 0.08) in the regime between RHice = 100% (first vertical line) and 624 

RHw = 100% (second vertical line). Only after the droplet activation of the CBV100 particles, 625 

significantly more ice crystals are observed with fice = 0.6%. This is another example for what we called 626 

the condensational ice growth mode after pre-activation, because ice formation at this temperature was 627 

only observed after temperature cycling but not for the unprocessed zeolite particles. After further 628 

warming the AIDA chamber to 253 K, the CBV400 particles retain a high activity in the depositional ice 629 

growth mode with fice = 1.7% (Fig. A1, part C), whereas the improved ice nucleation ability of the 630 

CBV100 particles almost disappeared (part D). 631 

Appendix B 632 

Ice nucleation experiments with illite NX 633 

In comparison with the zeolite particles, illite NX has a much higher intrinsic heterogeneous ice 634 

nucleation ability above 237 K (Hiranuma et al., 2015). It is therefore crucial to select an appropriate 635 

temperature where ice nucleation due to pre-activation can be clearly separated from the intrinsic ice 636 

nucleation behaviour. When probing the unprocessed illite NX particles in an expansion cooling 637 

experiment at 250 K (Fig. B1, part A), ice formation is solely due to immersion freezing after exceeding 638 

water saturation (vertical line). The ice-active fraction is below 1% for temperatures above 243 K, but 639 

then rapidly increases to 4% within a further Kelvin of cooling. Due to the absence of ice formation 640 

below water saturation, i.e., before water droplet formation, a temperature of 250 K is suitable to probe 641 
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the pre-activation ability of the illite NX particles in the depositional ice growth mode after temperature 642 

cycling. Similar to CBV400 (Fig. 3B), the unprocessed illite NX particles show massive ice formation 643 

with fice = 58% at very low ice supersaturation values when probed at T < 237 K (Fig. B1, part B). 644 

Two examples of the improved ice nucleation ability of the illite NX particles after temperature 645 

cycling are shown in parts C and D of Fig. B1. When probed at 250 K (part C), the pre-activated illite 646 

NX particles provoke a strong depositional ice growth mode that forms at RHice < 105%, in obvious 647 

contrast to the particles’ intrinsic heterogeneous ice nucleation ability shown in part A where ice was 648 

only formed via the immersion freezing mode after droplet activation. As for CBV400, the ice-active 649 

fraction of the pre-activated aerosol particles decreases by about 50% after warming the AIDA chamber 650 

from 250 to 253 K (part D). 651 

Appendix C 652 

Ice nucleation experiments with diatomaceous earth 653 

The intrinsic heterogeneous ice nucleation ability of the diatomaceous earth particles was probed at 654 

three different temperatures (parts A – C of Fig. C1). The data from parts A and C underline the 655 

transition from poor ice nucleation ability at T > 237 K to extraordinarily high ice nucleation ability at T 656 

< 237 K. The unprocessed diatomaceous earth particles do not promote ice formation in the deposition 657 

mode in an expansion run started at 250 K (part A), and even after droplet activation (vertical line) the 658 

number concentration of ice crystals formed by immersion freezing is initially very small. Only upon 659 

further cooling to 241 K, the ice-active fraction gradually increases to about 1%. In contrast, 80% of the 660 

aerosol population is activated at a peak RHice value of only 104% when the expansion run is started at 661 

233 K (part C). A peculiarity of the ice nucleation behaviour of the diatomaceous earth particles is 662 

shown in part B of Fig. C1. Here, the intrinsic immersion freezing ability was probed at a slightly lower 663 

temperature than in the expansion run shown in part A. Droplet activation of the aerosol particles during 664 

expansion cooling occurs at a temperature of about 241 K (first vertical line), and upon further cooling 665 

to 239.5 K (second vertical line) the ice-active fraction of the immersed aerosol particles gradually 666 
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increases to about 6%. Thereafter, the droplet cloud completely glaciates within a short time period of 667 

only 20 s although the gas temperature was still about 2.5 K above the homogeneous freezing 668 

temperature. This indicates that the diatomaceous earth material features some ubiquitous surface 669 

properties that induce the freezing of supercooled water at a temperature higher than the homogeneous 670 

freezing threshold. A higher freezing temperature means that larger pores can be filled with ice by the 671 

PCF mechanism during temperature cycling (Fig. 5), as a result of which the pre-activation ability is 672 

retained to higher temperatures. An example of the ice nucleation ability of the pre-activated 673 

diatomaceous earth particles is given in part D of Fig. C1, showing that even at 256 K a dominant 674 

depositional ice growth mode with fice = 1% can still be observed. Note that such behaviour could in 675 

principle also be expected for the illite NX particles due to their pronounced intrinsic heterogeneous ice 676 

nucleation ability above 237 K. The measurement data, however, reveal that the decrease of fice with 677 

increasing temperature is faster for illite NX compared to diatomaceous earth (Fig. 4). This might be due 678 

to the overall lack of larger void spaces in the clay mineral, meaning that such larger pores which could 679 

retain ice at higher temperatures are just not available.  680 

Appendix D 681 

Ice nucleation experiments with GSG soot 682 

GSG soot particles are an ideal candidate to probe the pre-activation efficiency because they are 683 

intrinsically even less ice-active than the CBV400 particles at T > 237 K. The expansion run with freshly 684 

injected GSG particles started at 246 K (part A of Fig. D1) discloses the absence of any ice formation in 685 

the deposition mode, and after droplet activation (first vertical line) only a minor nucleation mode due to 686 

immersion freezing with fice = 0.05% can be observed after the gas temperature has dropped below 239 687 

K. As shown by previous AIDA measurements, however, the GSG soot particles are very efficient 688 

deposition mode INPs below 237 K (Möhler et al., 2005), suggesting that the PCF mechanism becomes 689 

active for this kind of material as well. This is supported by our new experiments, showing that pre-690 

activated GSG soot particles reveal a clear depositional ice growth mode when probed at 246 K after 691 



 

28

temporary cooling to 228 K (part B of Fig. D1). The ice-active fraction is rather small with only about 692 

0.2%, and the pre-activation ability already disappears completely at temperatures above 250 K. This 693 

indicates that the void spaces in the soot aggregates are rather small so that the enclosed ice pockets 694 

have a low melting temperature. As already highlighted in our article, the pre-activation ability shown in 695 

part B is only observed when a fresh load of GSG soot particles is subjected to the temperature-cycling 696 

program. When the cloud-processed and thereby compacted particles from the experiment shown in part 697 

A are temporarily cooled to 228 K, their ice nucleation ability does not improve at 246 K. 698 

Appendix E 699 

Ice nucleation experiments with SD2, ID, CID, and EY01 700 

As emphasised in the discussion, pre-activation by the PCF mechanism at RHice < 100% requires the 701 

formation of ice-filled pores during the temporary cooling cycle to 228 K. These ice-filled pores 702 

facilitate the depositional growth of macroscopic ice crystals after warming the pre-activated aerosol 703 

particles to temperatures in the range from 245 to 260 K where the pre-activation ability was tested in 704 

succeeding expansion cooling experiments. The pronounced intrinsic heterogeneous ice nucleation 705 

ability at very low supersaturation thresholds of the zeolite CBV400, illite NX, and diatomaceous earth 706 

particles at T < 237 K can also be explained by the PCF mechanism. This observation indicates that the 707 

pores of the materials were already filled with ice before the start of the expansion cooling experiments, 708 

underlining the availability of pores in a size regime where water condensation can occur at relative 709 

humidities below ice saturation. Since the latter is the prerequisite for observing pre-activation at RHice 710 

< 100%, we can use the intrinsic heterogeneous ice nucleation ability of a certain compound at T < 237 711 

K as a proxy to estimate whether it is prone to pre-activation or not. 712 

In Fig. E1, we have compiled AIDA data for the intrinsic heterogeneous ice nucleation abilities of the 713 

SD2, ID, CID, and EY01 particles probed in expansion cooling experiments at T < 237 K. The 714 

experiments with the ID and CID particles were conducted in the present study, whereas the data for 715 

SD2 and EY01 were taken from preceding measurement campaigns (Möhler et al., 2006; Steinke et al., 716 
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2011). The SD2, ID, and EY01 particles promote heterogeneous ice nucleation below water saturation, 717 

but the RHice threshold for the initiation of ice formation is in the range between 110 and 120%, which 718 

is clearly higher than for the CBV400, illite NX, and diatomaceous earth particles. Consequently, these 719 

samples were found not to be susceptive to pre-activation at RHice < 100%, so that temperature cycling 720 

did not modify their intrinsic heterogeneous ice nucleation ability at temperatures between 245 and 260 721 

K. In contrast, a small pre-activation mode due to depositional ice growth was observed for the CID 722 

particles (Fig. E2). Unprocessed CID particles were shown to be ice-active only in the immersion 723 

freezing mode for temperatures above 240 K (Kanji et al., 2011). After temperature cycling, however, 724 

macroscopic ice growth starts at RHice = 105% (first vertical line in Fig. E2) when the particles are 725 

probed in an expansion cooling experiment at 250 K. In the later course of expansion cooling (second 726 

vertical line), the CID particles are activated to cloud droplets and additional ice crystals are formed due 727 

to the intrinsic immersion freezing ability of the material. The observation that the CID particles are 728 

prone to pre-activation manifests itself in their higher intrinsic heterogeneous ice nucleation ability at T 729 

< 237 K compared to SD2, ID, and EY01 (part C in Fig. E1). Ice formation initiates at RHice = 103% 730 

and 60% of the aerosol population gets activated although the peak relative humidity with respect to ice 731 

is limited to 108% during expansion cooling. Ice nucleation measurements for CID performed with a 732 

continuous flow diffusion chamber show much higher onset ice relative humidities at temperatures 733 

below 237 K compared to the AIDA where the dust particles are probed in situ after a longer residence 734 

time in a cold and humid environment (Koehler et al., 2010). This finding stimulates further research on 735 

the kinetics of the PCF mechanism because it could be important for the interpretation of ice nucleation 736 

efficiencies measured by INP counters at T < 237 K. 737 
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Table 1. Log-normal fit parameters for the number size distributions of the investigated aerosol 872 

particles 873 

Material CMD / µm σg 

Zeolite CBV400 0.38 1.56 

Zeolite CBV100 0.43 1.59 

Diatomaceous earth 0.26 1.81 

Illite 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 1.61 

Icelandic Volcanic Ash (EY01) 0.26 1.54 

GSG soot 0.29 1.69 

 874 

875 
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 876 

Fig. 1. ESEM images of filter-collected zeolite CBV400 particles (images A, B, and C). 877 

878 
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 879 

Fig. 2. ESEM images of filter-collected zeolite CBV100 (image D) and diatomaceous earth particles 880 

(image E and F). 881 

882 
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 883 

Fig. 3. Ice nucleation characteristics of unprocessed (parts A and B) and pre-activated (parts C and D) 884 

zeolite particles (CBV400) during expansion cooling. Each part shows the relative humidity with respect 885 

to ice (black line) and supercooled water (green line), the chamber gas phase temperature (red line), the 886 

aerosol and cloud particle size distribution (dark-yellow dots), and the ice-active fraction of the aerosol 887 

population (blue line). 888 

889 
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Fig. 4. Temperature-dependent ice-active fractions after pre-activation for different aerosol types in the 891 

depositional ice growth mode (filled bars) and the condensational ice growth mode (bars without colour 892 

filling). Exemplary error bars denote the uncertainty of ± 20% for fice. The estimated detection limit for 893 

fice is 0.04%. For the SD2, ID, EY01, and water-processed GSG soot particles, the pre-activation 894 

efficiency is below this limit. 895 
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 897 

Fig. 5. Panel A: exemplary time series of the AIDA wall temperature for a pre-activation experiment 898 

with diatomaceous earth particles. The three different stages of the experiment are (I) the capillary 899 

condensation of supercooled water (red-hatched area), (II) the freezing of capillary-held water (yellow-900 

hatched area), and (III) the melting of ice in the capillaries (green-hatched area). Specific time marks of 901 

the experiment (blue squares) are explained in the text. Process I is analysed in terms of the pore-size 902 

dependent onset RHw of capillary condensation (panel B), whereas processes II and III are controlled by 903 

the ice freezing and melting temperatures (panel C). The pore condensation curves (panel B) were 904 
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computed with the negative Kelvin equation (Eq. 1) for 253, 243, and 237 K. The temperature-905 

dependent pore ice stability curve (panel C) is derived from the critical embryo size for homogeneous 906 

ice nucleation as defined in Classical Nucleation Theory (Eq. 2). Ice in pores is assumed to be stable 907 

only at pore diameters and temperatures below this line. See Sect. 4.1 for computational details.  908 

909 
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 910 

Fig. 6. Part A: AIDA expansion experiment with zeolite particles (CBV400), simulating aerosol-911 

processing in deep convective clouds. The data types are the same as shown in Fig. 3. Part B: 912 

Temperature-dependent ice-active fractions for CBV400 particles after pre-activation by the PCF 913 

mechanism (identical to those shown in Fig. 4) and by the cloud-processing mechanism (Fig. 6A). 914 

915 
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 916 

Fig. A1. Comparison of the ice nucleation characteristics of pre-activated CBV400 and CBV100 917 

particles during expansion cooling started at 250 K (panels A and B) and 253 K (panels C and D). The 918 

data types are the same as shown in Fig. 3. 919 

920 
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 921 

Fig. B1. Ice nucleation characteristics of unprocessed (parts A and B) and pre-activated (parts C and D) 922 

illite NX particles during expansion cooling. The data types are the same as shown in Fig. 3. 923 

924 
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 925 

Fig. C1. Ice nucleation characteristics of unprocessed (parts A, B, and C) and pre-activated (part D) 926 

diatomaceous earth particles during expansion cooling. The data types are the same as shown in Fig. 3. 927 

928 
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 929 

Fig. D1. Ice nucleation characteristics of unprocessed (part A) and pre-activated (part B) GSG soot 930 

particles during expansion cooling. The data types are the same as shown in Fig. 3. 931 

932 
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 933 

Fig. E1. Comparison of the ice nucleation characteristics of unprocessed SD2 (part A), ID (part B), CID 934 

(part C), and EY01 (part D) particles during expansion cooling at temperatures below 237 K. The data 935 

types are the same as shown in Fig. 3. In the experiment with the SD2 particles, only the optical particle 936 

counter with the upper size threshold of 46 µm was operated. This means that larger ice crystals were 937 

still appropriately counted but not correctly sized (i.e., classified to the size channel 46 µm). 938 

939 



 

49

 940 

Fig. E2. Ice nucleation characteristics of pre-activated CID particles during expansion cooling. The data 941 

types are the same as shown in Fig. 3. 942 
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