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Abstract. In spite of the resurgence in ice nucleation re-

search a comparatively small number of studies deal with

the phenomenon of pre-activation in heterogeneous ice nu-

cleation. Fifty years ago, it was shown that various mineral

dust and volcanic ash particles can be pre-activated to be-

come nuclei for ice crystal formation even at temperatures

as high as 270–271 K. Pre-activation was achieved under

ice-subsaturated conditions without any preceding macro-

scopic ice growth by just temporarily cooling the particles to

temperatures below 228 K. A two-step mechanism involving

capillary condensation of supercooled water and subsequent

homogeneous freezing was proposed to account for the par-

ticles’ enhanced ice nucleation ability at high temperatures.

This work reinvestigates the efficiency of the proposed pre-

activation mechanism in temperature-cycling experiments

performed in a large cloud chamber with suspended parti-

cles. We find the efficiency to be highest for the clay mineral

illite as well as for highly porous materials like zeolite and

diatomaceous earth, whereas most aerosols generated from

desert dust surface samples did not reveal a measurable pre-

activation ability. The pre-activation efficiency is linked to

particle pores in a certain size range. As estimated by model

calculations, only pores with diameters between about 5 and

8 nm contribute to pre-activation under ice-subsaturated con-

ditions. This range is set by a combination of requirements

from the negative Kelvin effect for condensation and a crit-

ical size of ice embryos for ice nucleation and melting. In

contrast to the early study, pre-activation is only observed

for temperatures below 260 K. Above that threshold, the par-

ticles’ improved ice nucleation ability disappears due to the

melting of ice in the pores.

1 Introduction

The microphysical processes leading to the formation of ice

particles in the Earth’s atmosphere are still poorly under-

stood. As emphasised by the most recent report of the In-

tergovernmental Panel on Climate Change (Boucher et al.,

2013), the accurate parametrisation of such microphysical

processes is essential for the reliable simulation of clouds

in modern climate models. Only a minor subset of the atmo-

spheric aerosol particles is able to act as ice-nucleating par-

ticles (INPs), thereby promoting ice formation at lesser su-

persaturation or supercooling compared to homogeneous ice

nucleation (Hoose and Möhler, 2012; Murray et al., 2012).

Amongst this subset, an even smaller fraction of aerosol par-

ticles can trigger the glaciation of supercooled cloud droplets

at temperatures higher than 258 K. INP measurements for

various geographic locations indicate that the INP number

concentration typically decreases by 2 orders of magnitude

when the temperature increases from 253 to 263 K (Prup-

pacher and Klett, 1997). Most of the INPs that are active

above 258 K are supposed to be composed of biological ma-

terial (Murray et al., 2012; Prenni et al., 2009).

A potential mechanism that can increase the number con-

centration of INPs at warm temperatures is pre-activation,

denoting the enhanced ice nucleation ability of an INP after

its exposure to low temperature and/or its prior involvement

in an ice nucleation event (Knopf and Koop, 2006; Prup-

pacher and Klett, 1997; Vali, 2008). In the latter case, it is ar-

gued that small pockets of ice can survive in pores or cracks

at the particle surface even in an ice-subsaturated environ-

ment after the sublimation of the ice cloud from the preced-

ing nucleation event (Mossop, 1956). These ice pockets rep-

resent sites where macroscopic ice crystals can easily grow
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again when the INP is again exposed to ice-supersaturated

conditions in a succeeding nucleation event. Fifty years ago,

it was shown that by a two-step mechanism of pore conden-

sation of supercooled water and subsequent homogeneous

freezing, pre-activated INPs with such ice pockets can also

be formed in cold and dry air without the prior nucleation

of macroscopic ice crystals at high humidity (Higuchi and

Fukuta, 1966). These experiments were conducted with the

INPs deposited onto a metal foil. As an example, 10 % of

kaolin and even close to 100 % of montmorillonite parti-

cles were pre-activated to become INPs at 258 K by tem-

porarily cooling them below 228 K in an environment that

was subsaturated with respect to ice. After further warming

above 258 K, the fraction of particles that retained their pre-

activation decreased due to the melting of ice in the pores

(Fukuta, 1966; Higuchi and Fukuta, 1966), but a 0.1 % frac-

tion of pre-activated INPs was still present at temperatures as

high as 270–271 K.

For decades, no follow-up studies on the suggested two-

step pore condensation and freezing (PCF) mechanism were

undertaken. Only 3 years ago, new experiments revealed that

crystals of three organic model substances nucleated and

grew in a surface cavity via the PCF mechanism from sat-

urated vapour, i.e. without the need for supersaturation in the

gas phase (Kovács et al., 2012). Shortly later, it was pro-

posed that many observed ice nucleation events previously

ascribed to the deposition ice nucleation mode, which by def-

inition proceeds without prior formation of a liquid (Vali et

al., 2015), could also be due to the PCF mechanism (Mar-

colli, 2014). This suggestion was based on the observation

that many INPs reveal a strong increase in their ice nucle-

ation ability just below the homogeneous freezing tempera-

ture of supercooled water at 237 K. In cloud chamber exper-

iments at our own laboratory, we have recently unravelled

a pre-activation pathway which involves temperature cycling

of INPs composed of solid organic and inorganic crystals that

have crystallised from aqueous solution droplets (Wagner et

al., 2014). Here, residuals of the aqueous solution are trapped

within the crystals and can freeze when cooled below their

respective homogeneous or heterogeneous freezing tempera-

ture. This leads to the formation of ice pockets in the crys-

talline INPs, which can act as efficient sites for ice growth

even at warmer temperatures where the intrinsic heteroge-

neous ice nucleation ability of the unprocessed INPs is very

low. In contrast to the PCF mechanism, however, the origin

of the ice pockets in these experiments is residual water en-

closed in the crystallised aqueous solution droplets and not

the capillary condensation of water vapour on a dry particle

surface at a relative humidity (RHw) below water saturation.

In view of the resurged interest in the PCF mechanism, we

considered it timely to perform a novel experimental study on

its efficiency using the large aerosol and cloud chamber fa-

cility AIDA (Aerosol Interaction and Dynamics in the Atmo-

sphere), which enables long-term processing of suspended

INPs under well-defined temperature and RHw conditions

and where the modification of the ice nucleation ability of

the INPs can be investigated by adiabatic expansion cooling

experiments (Wagner et al., 2006).

In this contribution, we report on the results of the first

systematic study on the pre-activation of INPs under ice-

subsaturated conditions since the original work in 1966. As

a benchmark, we first tested aerosol particles with a highly

porous structure, like zeolite (Janssen et al., 2002) and di-

atomaceous earth particles (Korunic, 1998), where we ex-

pected the efficiency of the PCF mechanism to be highest.

We then compared these results to those obtained for atmo-

spherically abundant INPs like mineral dust, volcanic ash,

and soot particles. Our paper is organised as follows. Sec-

tion 2 describes the instrumentation of the AIDA aerosol

and cloud chamber and presents the investigated materials.

In Sect. 3.1, we introduce the applied experimental proce-

dure and the observed pre-activation phenomenon based on

the measurement data for zeolite particles. Thereafter, we

summarise the pre-activation efficiency measured for all sub-

stances in Sect. 3.2. Detailed measurement data for those

substances are given in Appendices A–E. In Sect. 4, we anal-

yse the pre-activation data based on model calculations of

the water condensation, freezing, and melting of ice in pores.

Section 5 explores the atmospheric implications of our find-

ings and Sect. 6 concludes with a summary.

2 Methods

2.1 Instrumentation

The AIDA facility consists of a 84.3 m3 sized aluminium

chamber that is housed in an isolating containment whose

temperature can be controlled between 333 and 183 K (Möh-

ler et al., 2003; Wagner et al., 2006). A powerful mixing

fan placed at the bottom of the chamber was continuously

in operation, providing homogeneous conditions in terms of

temperature, relative humidity, as well as aerosol and cloud

particle number concentrations throughout the chamber vol-

ume. The mean AIDA gas temperature was computed from

the average of 11 thermocouple sensors arranged vertically

at different height levels of the chamber. Water vapour con-

centrations, transformed into RHw and RHice data based on

the formulations by Murphy and Koop (2005), were mea-

sured in situ by a tunable diode laser spectrometer (Fahey

et al., 2014). The number concentrations of the aerosol par-

ticles were measured with a condensation particle counter

(CPC3010, TSI), and their size distributions recorded by a

scanning mobility particle sizer (SMPS, TSI) and an aero-

dynamic particle spectrometer (APS, TSI). Cloud hydrom-

eteors (supercooled water droplets and ice crystals) were

counted and sized with two optical particles counters (type

WELAS 2000, Palas, size ranges 0.7–46 and 5–240 µm). The

uncertainties for the measurement data are estimated to be

±0.3 K for temperature, ±5 % for RHice, and ±20 % for the
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Figure 1. ESEM images of filter-collected zeolite CBV400 particles (a, b, c).

ice particle number concentration. For some experiments, fil-

ter samples of the aerosol particles from the AIDA chamber

were investigated with an environmental scanning electron

microscope (ESEM, FEI Quanta 650 FEG).

2.2 Materials

2.2.1 Reference samples: zeolite and diatomaceous

earth particles

Two types of zeolite powders (trade names CBV100 and

CBV400) were purchased from Zeolyst International and

used as reference materials to probe the efficiency of the

PCF pre-activation mechanism. The samples differ from the

dimension of the internal porous network and are therefore

suited to investigate the dependence of the pre-activation

ability on the pore size. The CBV100 particles are untreated

microporous NaY zeolites with pore diameters in the range

between 0.3 and 1.2 nm (Janssen et al., 2002, 2004). In

the CBV400 sample, an artificial mesoporous network was

generated by steam treatment of microporous zeolite crys-

tals. The mesopores in the CBV400 particles have a diam-

eter between 4 and 20 nm (Janssen et al., 2002). For both

the CBV100 and CBV400 particles, the homogeneous nu-

cleation of supercooled water and the melting of ice in

their cavities have been investigated by differential scanning

calorimeter (DSC) measurements (Janssen et al., 2004). We

will refer to these findings when analysing the results of our

pre-activation experiments.

Diatomaceous earth is a powdered sample of siliceous

skeleton remains of diatom algae, with the Bodélé Depres-

sion in Northern Africa representing a major natural source

for such material (Todd et al., 2007). For our study, we em-

ployed a commercially available diatomaceous earth sample

(Agrinova, item 709001) as another reference for particles

with a high degree of porosity. Exemplary ESEM images of

filter-collected CBV400, CBV100, and diatomaceous earth

particles are shown in Figs. 1 and 2. The ensemble image (b)

(Fig. 1) reveals that the overall shape of the CBV400 parti-

cles is rather compact. A common feature is the occurrence

of agglomerated crystals as exemplified in image (c). An in-

dication for the substantial porosity of the particles is their

high transparency to the electron beam. In image (c), e.g. one

can clearly discern one of the holes of the Nuclepore filter be-

hind the deposited CBV400 crystal. The enlarged image (a)

gives an idea of the mesopore system of CBV400, showing

numerous open pores at the surface of the particle.

The general habit of the CBV100 particles was observed

to be very similar to that of the CBV400 particles. Albeit

lacking the larger internal mesoporous network, the CBV100

particles’ surface is not completely smooth but reveals a cer-

tain degree of roughness due to small cracks and steps. In

addition to the microporous network of CBV100, these sur-

face sites as well as void spaces between crystal agglomer-

ates (in Fig. 2d) may also allow for the condensation of su-

percooled water at RHw < 100 % and explain a potential pre-

activation ability. The two selected ESEM images (e) and

(f) of diatomaceous earth (Fig. 2) underline the extremely

complex structure of these particles. Apart from large-scale

hole patterns, the recordings show clear evidence for small-

scale surface roughness and porosity. Our material is similar

to another commercial diatomaceous earth sample that was

recently probed for its light scattering properties (Alexander

et al., 2013).

www.atmos-chem-phys.net/16/2025/2016/ Atmos. Chem. Phys., 16, 2025–2042, 2016



2028 R. Wagner et al.: Pre-activation of ice-nucleating particles

Figure 2. ESEM images of filter-collected zeolite CBV100 (d) and diatomaceous earth particles (e, f).

2.2.2 Mineral dust, volcanic ash, and soot particles

In addition to the zeolite and diatomaceous earth particles,

we chose six further types of INPs for the pre-activation ex-

periments. The intrinsic heterogeneous ice nucleation abili-

ties of these substances have been characterised in previous

AIDA measurement campaigns. The materials include: (i) an

Illite NX sample (Arginotec, NX Nanopowder) that was re-

cently distributed as a surrogate for natural desert dusts in a

comprehensive laboratory study of ice nucleation measure-

ment techniques (Hiranuma et al., 2015); (ii) a Saharan dust

surface sample (SD2) collected about 50 km north of Cairo,

Egypt (Möhler et al., 2006); (iii) an Israeli dust sample (ID)

collected from Ramat Hasharon as sediment soil after a dust

storm (Kanji et al., 2011); (iv) a Canary Island dust surface

sample (CID) collected near the town of Mala on the Island

of Lanzarote as a proxy for settled Saharan dust after air-

borne transport (Kanji et al., 2011; Koehler et al., 2010);

(v) a volcanic ash surface sample (EY01) collected 58 km

from the Eyjafjallajökull volcano on Iceland 2 days after a

major eruption phase in April 2010 (Steinke et al., 2011);

and (vi) Graphite Spark Generator (GSG) soot particles from

a commercial graphite spark generator (GfG 1000, Palas)

(Möhler et al., 2005).

2.2.3 Aerosol generation

The CBV100, CBV400, diatomaceous earth, and Illite NX

powders were used as received for aerosol generation. The

SD2, ID, CID, and EY01 samples were sieved to obtain

the fraction of particles smaller than 75 µm in diameter that

were then used for aerosol generation. The powder samples

were dry-dispersed into the AIDA chamber with a rotating

brush generator (RBG 1000, Palas). The RBG was operated

with three impactor stages of a five-stage series cyclone sys-

tem developed at Southern Research Institute (Birmingham,

Alabama), yielding a cutoff d(50) aerodynamic diameter of

1.2 µm. For injecting the soot particles, the output of the

graphite spark generator was directed via two coagulation

tubes into the AIDA chamber.

The aerosol particle number concentrations were initially

on the order of 103 particles cm−3. The recorded number size

distributions of the aerosol particles were approximated by

unimodal log-normal functions (Hinds, 1999). The fit param-

eters for the count median diameters, CMD, and the mode

widths, σg , are summarised in Table 1. For the soot particles,

the CMD value corresponds to the mobility equivalent diam-

eter from the SMPS measurement. For the other compounds,

the size spectra from the SMPS and the APS were first com-

bined by converting the mobility and aerodynamic diameters

into the volume-equivalent sphere diameter and then fitted by

the log-normal function (DeCarlo et al., 2004; Hinds, 1999).

For illite NX, SD2, ID, CID, and EY01, the particle den-

sity, ρp, was set to 2.6 g cm−3 and 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 combine the size spectra of the porous zeo-

lite materials CBV400 and CBV100, respectively. The com-

bined size spectrum of the diatomaceous earth particles was

obtained with ρp = 2.3 g cm−3 and χ = 1.5.

2.3 Operation of the AIDA chamber

Before the start of aerosol injection, the inner walls of the

AIDA chamber were partially coated with an ice layer and

the vessel was filled with particle-free synthetic air to ambi-

ent pressure. The ice-coated walls controlled the prevailing

RHice value in the chamber interior to typically 95 %. The

slightly ice-subsaturated conditions are the result of some in-
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Table 1. Log-normal fit parameters for the number size distributions

of the investigated aerosol particles.

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

ternal heat sources, causing that the average gas temperature

of the chamber is a few tenths of a Kelvin higher than the

wall temperature.

After aerosol injection as described in Sect. 2.2.3, the

aerosol particles were either immediately probed on their in-

trinsic heterogeneous ice nucleation ability at a given temper-

ature, or they were probed after overnight temperature cy-

cling to investigate the efficiency of the PCF pre-activation

mechanism under ice-subsaturated conditions, as detailed in

Sect. 3.1. Temperature adjustments of the AIDA chamber

during temperature cycling were usually accomplished at a

rate of 5 K h−1 during cooling and 2.5 K h−1 during warm-

ing. To achieve ice formation, supersaturations with respect

to ice were induced by expansion cooling, i.e. a controlled re-

duction of the chamber pressure with a mechanical pump op-

erated at a volume flow rate of typically 2.5 m3 min−1. This

established initial cooling rates for the chamber atmosphere

of about 3 K min−1. The cooling rates were then steadily de-

creasing during continued pumping due to the increasing heat

flux from the chamber walls, whose temperature remained al-

most unchanged. For a particular experiment (Sect. 5.3), we

used an evacuated, 4 m3 sized aerosol preparation chamber

as an additional expansion volume, inducing an almost in-

stantaneous drop of the gas temperature by another 2 K in

the later course of expansion cooling.

3 Results

3.1 The pre-activation phenomenon: detailed

measurement data for the CBV400 particles

Figure 3a and b show the intrinsic heterogeneous ice nucle-

ation ability of unprocessed CBV400 crystals that have been

dry-dispersed into the AIDA chamber at 251 and 228 K, re-

spectively. After injection, the aerosol particles were sub-

jected to an adiabatic expansion, as performed by a con-

trolled reduction of the chamber pressure (Sect. 2.3). This

leads to a decrease in the gas temperature (red lines) and an

increase in the relative humidity with respect to ice, RHice

Figure 3. Ice nucleation characteristics of unprocessed (a, b) and

pre-activated (c, d) zeolite particles (CBV400) during expansion

cooling. Each part shows the relative humidity with respect to ice

(black line) and supercooled water (green line), the chamber gas

phase temperature (red line), the aerosol and cloud particle size

distribution (dark-yellow dots), and the ice-active fraction of the

aerosol population (blue line).

(black lines), and supercooled water, RHw (green lines). The

expansion run started at 251 K (Fig. 3a) proved the CBV400

particles to be very inefficient INPs. There was no formation

of ice particles via deposition nucleation before water satu-

ration had been exceeded during the expansion, upon which

the aerosol particles acted as cloud condensation nuclei and a

dense cloud of supercooled water droplets was formed (ver-

tical dashed line). The cloud droplets grew to diameters of

about 10 µm, as inferred from the scattering signals of the op-

tical particle counters (OPCs, dark-yellow dots). Nucleated

ice crystals grew to larger diameters than the cloud droplets

and can therefore separately be identified in the OPC data

sets, enabling the calculation of the ice-active fraction of

the aerosol population, fice (blue lines). As evident from the

OPC data in Fig. 3a, only a tiny fraction of less than 0.1 % of

the immersed CBV400 particles is ice-active in the immer-

sion freezing mode in the temperature range of 246 to 243 K.

The heterogeneous ice nucleation ability changed profoundly

when the CBV400 particles were probed in an expansion run

that was started at a temperature below 237 K (Fig. 3b). Here,

almost immediately after the start of expansion cooling at

time zero, a dense ice cloud was formed at a RHice thresh-

old of only 102 %. More than 40 % of the CBV400 parti-

cles acted as INPs even though the peak RHice value during

the expansion run never exceeded a value of 105 %. It is the

sudden appearance of this extraordinarily high ice nucleation

ability just below 237 K which puts in doubt the assignment

of this nucleation mode to a deposition nucleation mecha-
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nism, given that there is no a priori reason why this pathway

should abruptly be inefficient for temperatures above 237 K

(Marcolli, 2014; Pruppacher and Klett, 1997). More likely,

the ice nucleation mode evident in Fig. 3b is due to the depo-

sitional growth of ice pockets which already form by the PCF

mechanism after injecting the CBV particles into the AIDA

chamber at 228 K and RHice = 95 %.

As an indirect proof for the PCF mechanism, we

performed the following pre-activation experiment. The

CBV400 particles were dry-dispersed into the AIDA ves-

sel at 253 K, upon which the chamber was cooled to 228 K

and warmed to 250 K. During temperature cycling, the cham-

ber air remained slightly subsaturated with respect to ice

with a typical RHice of 95 % (see Sect. 2.3). No interme-

diate expansion cooling runs were conducted, meaning that

the aerosol particles were not subjected to ice-supersaturated

conditions where macroscopic ice crystals could have grown.

After warming to 250 K, the zeolite particles were probed for

their ice nucleation ability in an expansion cooling run whose

data are shown in Fig. 3c. In contrast to the unprocessed

CBV400 particles that were almost ice-inactive when probed

at the same temperature (Fig. 3a), the pre-activated particles

gave rise to a pronounced nucleation mode that formed at a

RHice threshold of about 102 %. We assign this mode to de-

positional growth of ice held in the pores of the zeolite par-

ticles, which has been formed by the PCF mechanism dur-

ing temperature cycling. To our knowledge, this is the first

demonstration of pre-activation under ice-subsaturated con-

ditions in an experiment with suspended particles. The frac-

tion of ice-active CBV400 particles is about 4 %. The macro-

scopic ice crystals that had formed in the expansion run were

then rapidly sublimed by the addition of dry synthetic air,

which led to a temporary decrease in RHice to a minimum

value of about 90 %. As pore ice was shown to be stable even

down to much lower RHice values of 40 to 5 % (Knopf and

Koop, 2006), the experiment was continued with the same

aerosol load to investigate up to which temperature the pre-

activation behaviour can still be observed, i.e. to determine

when the pore ice starts to melt and the improved ice nucle-

ation ability disappears.

For that purpose, the AIDA temperature was stepwise in-

creased by about 3 K and expansion cooling runs were con-

ducted at the higher temperatures as well. When probed at

253 and 256 K, the CBV400 particles were still ice-active in

the depositional growth mode, however with reduced num-

ber fractions of only 1.7 and 0.2 % of the particles, respec-

tively. After further warming to 259 K (Fig. 3d), the depo-

sitional growth mode disappeared, and only a small number

of ice crystals was formed after the droplet activation of the

zeolite particles. Albeit small, the ice-active fraction is still

higher compared to the intrinsic ice nucleation ability when

the unprocessed CBV400 particles are directly probed at that

temperature without temporary cooling. We observed similar

behaviour for a variety of compounds (additional examples

are discussed in Appendices A–E), which leads us to con-

clude that the small ice nucleation mode shown in Fig. 3d is

due to pre-activation as well. We tentatively assign it to the

condensational growth of residual ice that is deeply captured

in pores and cannot grow by water vapour deposition on the

timescale of our experiments but only when getting in contact

with liquid supercooled water after the droplet activation.

We performed a further pre-activation experiment where

the CBV400 particles were again injected at 253 K, cooled

to 228 K, but then directly warmed to 259 K to perform an

expansion cooling run at that temperature. We observed a

similar nucleation mode due to condensational ice growth

after droplet activation as shown in Fig. 3d, underlining that

the intermediate expansion runs conducted at 250, 253, and

256 K in the previous experiment did not lead to a loss of

pre-activated particles, but that the pre-activation efficiency

is actually significantly reduced at 259 K.

3.2 Summary of the pre-activation behaviour for all

substances

Figure 4 summarises the pre-activation behaviour for the

other compounds investigated. For each aerosol type, we ap-

plied the same temperature cycling, i.e. injection at 253 K

and temporary cooling to 228 K. The filled bars denote the

ice-active fractions of the pre-activated particles in the depo-

sitional growth mode at RHw below 100 % at various temper-

atures after warming, and those without colour filling repre-

sent the condensational ice growth mode after droplet activa-

tion. Partly, both modes were observed successively in a sin-

gle expansion cooling experiment. This happened when the

number concentration of ice crystals formed by depositional

growth was so small that the water vapour supersaturation

was not efficiently depleted, so that water saturation was ex-

ceeded upon continued pumping and the condensational ice

growth mode could become active. Additional data from the

AIDA experiments are provided in Appendices A–E to sup-

port that the ice-active fractions depicted in Fig. 4 are due to

pre-activation and not related to the intrinsic heterogeneous

ice nucleation ability of the aerosol particles.

Let us first compare the pre-activation behaviour of the

mesoporous CBV400 particles with that of the second zeolite

sample, namely the microporous CBV100 particles. As the

melting temperature of ice is expected to decrease with the

pore diameter (Marcolli, 2014), we have performed the initial

pre-activation run with the microporous CBV100 particles

already at a lower temperature of 246 K after temperature cy-

cling. Here, 1 % of the pre-activated particles were ice-active

in the depositional growth mode (Fig. 4). At 250 K where

the first pre-activation run with the CBV400 particles was

conducted, only 0.08 % of the CBV100 particles still showed

the depositional ice growth mode, followed by a somewhat

larger condensational ice growth mode after droplet activa-

tion (fice = 0.6 %). After further warming to 253 K, the pre-

activation mode has almost disappeared, showing that the

pre-activation efficiency of the microporous CBV100 parti-
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Figure 4. Temperature-dependent ice-active fractions after pre-

activation for different aerosol types in the depositional ice growth

mode (filled bars) and the condensational ice growth mode (bars

without colour filling). Exemplary error bars denote the uncertainty

of ±20 % for fice. The estimated detection limit for fice is 0.04 %.

For the SD2, ID, EY01, and water-processed GSG soot particles,

the pre-activation efficiency is below this limit.

cles is much smaller compared to the mesoporous CBV400

sample.

Two samples that show a similar pre-activation efficiency

as CBV400 are diatomaceous earth and illite NX. Amongst

the CBV400, illite NX, and diatomaceous earth samples,

the illite NX particles show the highest ice-active fraction

of almost 6 % for pre-activation at a temperature of 250 K

(Fig. 4). The diatomaceous earth particles feature the most

dominant retention of the pre-activation behaviour at warmer

temperatures, being the only sample where even after warm-

ing to 259 K a small depositional ice growth mode could

still be observed. Amongst the four natural dust and vol-

canic ash samples, only the CID particles showed a small

pre-activation mode at 250 K with fice = 0.5 % in the depo-

sitional growth mode (Fig. 4). For SD2, ID, and EY01, the

heterogeneous ice nucleation ability was not enhanced after

temperature cycling. A small pre-activation ability was mea-

sured for the GSG soot particles at temperatures up to 250 K.

This pre-activation behaviour was only observed when the

freshly emitted, fractal-like soot agglomerates were imme-

diately subjected to the temperature cycling program. In a

second type of experiment, the soot particles were first pro-

cessed by a droplet activation run at 253 K before cooling

them to 228 K. Water condensation and evaporation leads to

restructuring and collapsing of the soot aggregates (Ma et

al., 2013). For these water-processed GSG soot particles, the

pre-activation ability disappeared.

4 Discussion

4.1 Theoretical considerations on the water

condensation, freezing, and melting of ice in pores

Figure 5a shows the time series of the AIDA temperature

during a typical pre-activation experiment. We have used

a colour coding to discriminate between the three individ-

ual processes that have to be considered for the interpre-

tation of the observed pre-activation behaviour. Process I

(red-hatched area) is the capillary condensation of super-

cooled water when the AIDA chamber is cooled from 253 K

(starting temperature for aerosol injection, point A) to 237 K

(homogeneous freezing temperature of supercooled water,

point B). Process II (yellow-hatched area) is the freezing of

capillary-held water when the AIDA temperature is further

reduced from 237 to 228 K (point C). Finally, process III

(green-hatched area) is the melting of ice in the capillaries

when again increasing the temperature of the AIDA chamber.

The humidity and temperature conditions for the occurrence

of these processes depend on the pore diameter. Process I is

quantitatively analysed based on the negative Kelvin equa-

tion that determines the onset of capillary condensation as

a function of the pore size (Fig. 5b). This sets a maximum

pore dimension for which condensation is just possible at the

prevailing RHw in the AIDA chamber. Process II is analysed

based on the temperature-dependent pore ice stability curve

(Fig. 5c), which is derived from the critical embryo size for

homogeneous ice nucleation as defined in Classical Nucle-

ation Theory. This sets a minimum pore dimension for which

freezing of the liquid is possible at the given AIDA temper-

ature. The same curve (Fig. 5c) applies for process III, the

melting of ice in the pores. This analysis yields the maxi-

mum temperature for which the pre-activation ability by the

PCF mechanism can still be observed in the AIDA chamber.

In the following three sections, we outline the details of our

calculations.
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Figure 5. (a) Exemplary time series of the AIDA wall temperature

for a pre-activation experiment with diatomaceous earth particles.

The three different stages of the experiment are (I) the capillary con-

densation of supercooled water (red-hatched area), (II) the freezing

of capillary-held water (yellow-hatched area), and (III) the melting

of ice in the capillaries (green-hatched area). Specific time marks

of the experiment (blue squares) are explained in the text. Process I

is analysed in terms of the pore-size-dependent onset RHw of cap-

illary condensation (b), whereas processes II and III are controlled

by the ice freezing and melting temperatures (c). The pore conden-

sation curves (b) were computed with the negative Kelvin equation

(Eq. 1) for 253, 243, and 237 K. The temperature-dependent pore

ice stability curve (c) is derived from the critical embryo size for ho-

mogeneous ice nucleation as defined in Classical Nucleation Theory

(Eq. 2). Ice in pores is assumed to be stable only at pore diameters

and temperatures below this line. See Sect. 4.1 for computational

details.

4.1.1 Process I: capillary condensation of supercooled

water

The concavity of the water surface in a pore results in a

Kelvin effect that is inverse compared to a convex liquid

droplet, meaning that water condensation can already occur

at RHw < 100 % (Sjogren et al., 2007). Quantitatively, this is

taken into account by adding a minus sign to the argument of

the exponential of the Kelvin equation:

ew

esat,w

= exp

(
−

2Mwσw/a

RT ρwa

)
. (1)

Equation (1) describes the reduction of the saturation water

vapour pressure over a concave water meniscus, ew, in rela-

tion to that over a flat water surface, esat,w (Pruppacher and

Klett, 1997). The quotient ew/esat,w equals the saturation ra-

tio of moist air with respect to a plane water surface. Mw is

the molecular weight of water, σw/a the surface tension for

a water/humid-air interface, R the universal gas constant, ρw

the density of water, T the absolute temperature, and a the

radius of curvature of the water surface in a capillary. For a

circular capillary, a is equal to D / (2cos2), where D is the

pore diameter and2 the contact angle between water and the

pore wall (Fukuta, 1966). In the case of fully wettable cap-

illaries with a zero contact angle, the radius of curvature is

equal to the pore radius.

As shown by Marcolli (2014), the measured onset relative

humidities for the capillary condensation of water in pores of

different mesoporous materials can adequately be described

by Eq. (1). We have therefore used this equation to calculate

the RHw values for the onset of capillary condensation of

supercooled water for three relevant temperatures to predict

the upper size limit of pores that can fill with water at the

RHw conditions prevalent in the AIDA chamber (Fig. 5b).

We took into account temperature-dependent parametrisa-

tions for σw/a and ρw given by Pruppacher and Klett (1997),

but ignored the Tolman correction for the size dependence

of surface tension (Rao and McMurry, 1990) and assumed a

zero contact angle.

Point A in Fig. 5b represents the starting point of the ex-

perimental trajectory, denoting the prevalent value of RHw

when the aerosol particles were injected into the chamber at

a temperature of 253 K (corresponding to RHice = 95 % at

the same temperature). Here, the maximum diameter of fully

wettable pores that can fill with water is about 11 nm. When

the AIDA chamber is cooled at constant RHice of 95 % to the

homogeneous freezing temperature of supercooled water at

237 K (point B), the relative humidity with respect to super-

cooled water decreases, meaning that water in larger pores

evaporates before it can freeze. When approaching 237 K,

capillary-held supercooled water will only be retained in

pores with diameters smaller than about 8 nm. Homogeneous

freezing could then lead to the formation of ice in such sized

pores. Ice formation could also involve slightly larger pores,

but this would require that the capillary-held water already

freezes heterogeneously at a temperature higher than 237 K

(e.g. at point B* with T = 243 K). We will further discuss

this issue in Sect. 4.1.3.

4.1.2 Process II: freezing of capillary-held water

In the next step, we analyse the freezing of the capillary-held

water when the AIDA temperature is lowered from the ho-
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mogeneous freezing limit (point B, 237 K) to the minimum

temperature of 228 K (point C). In particular, it has to be ex-

amined whether the homogeneous (or heterogeneous) freez-

ing of supercooled water is not impeded for narrow pore di-

ameters. Marcolli (2014) has adopted a quantity from Clas-

sical Nucleation Theory to describe the freezing and melting

of ice in pores, namely the critical embryo size for homoge-

neous ice nucleation in the pores. Only if the pore dimension

exceeds the critical embryo size, does the ice embryo have

a higher tendency to grow, which reduces the free energy of

the system, than to shrink, which increases the free energy

(Pruppacher and Klett, 1997). Ice formation should therefore

be inhibited in pores where an ice embryo cannot grow be-

yond the critical embryo size, even if the temperature is be-

low 237 K.

The critical radius of a spherical ice embryo for homoge-

neous ice nucleation, rc, for which the Gibbs free energy of

embryo formation within the liquid phase has its maximum,

is given by (Murray et al., 2012)

rc =
2Mwσi/w

RT ρi ln
esat,w

esat,i

. (2)

In Eq. (2), σi/w is the interfacial tension between water and

the ice embryo, ρi the density of ice, and esat,i the satu-

ration water vapour pressure over a flat ice surface. Us-

ing Eq. (2), we have calculated the temperature-dependent

pore diameters needed to incorporate a critical ice embryo

as 2rc+ 2t , where t accounts for a non-freezing quasi-liquid

layer between pore wall and ice embryo (Marcolli, 2014).

In this computation, t was set to 0.6 nm (Marcolli, 2014),

temperature-dependent ρi values were obtained from the

parametrisation given by Pruppacher and Klett (1997), esat,w

and esat,i were calculated according to the formulations by

Murphy and Koop (2005), and σi/w was taken from the fit of

measured homogeneous ice nucleation rate coefficients pre-

sented by Zobrist et al. (2007).

The result of the computation is shown in Fig. 5c. Re-

garding our pre-activation experiments, this curve defines the

lower threshold size of pores where ice formation due to

freezing of capillary-held water can occur at a given tem-

perature. The yellow-hatched area defines the temperature

range of process II as defined in Fig. 5a. At 237 K (point B),

the minimum pore size threshold for freezing of the liquid is

about 4 nm, and it further decreases to about 3 nm at 228 K,

the minimum temperature during the experiment (point C).

Here, all aerosol particles with pores in the diameter range

from 3 to 8 nm therefore have the chance to incorporate ice

due to the PCF mechanism even in an ice-subsaturated envi-

ronment. 3 nm is the minimum pore size in which capillary-

held water can freeze, and 8 nm is the maximum pore size

in which condensation of supercooled water has been possi-

ble. These ice pockets can trigger the depositional ice growth

mode when the aerosol particles are directly probed in an

expansion cooling experiment started at 228 K. In our pre-

activation experiments, however, we want to investigate the

survival of such ice pockets and their contribution to depo-

sitional ice growth at warmer temperatures. Therefore, we

have to consider as the third important process the melting of

ice when increasing the temperature in the pre-activation ex-

periments (process III, green-hatched areas in Fig. 5a and c).

4.1.3 Process III: melting of ice in pores

For describing the temperature dependence of the melting of

ice in pores, the same curve as for the freezing of ice applies

(Marcolli, 2014). Once the diameter of a certain pore gets

smaller than the critical embryo size during warming, the ice

in the pore should melt because shrinkage of the ice phase

would lead to a decrease in the free energy of the system.

Point D at 257 K (Fig. 5c) therefore denotes the melting tem-

perature of ice in the largest pores in which ice pockets could

have been formed via the PCF mechanism in the case of ho-

mogeneous freezing at point B. Above that temperature, the

pre-activation behaviour should disappear. In the case of het-

erogeneous freezing at point B*, the temperature threshold

for the disappearance of the pre-activation ability could be

a few degrees higher (point D*), because ice in larger pores

with a higher melting temperature were present. The sugges-

tion of heterogeneous freezing is, however, somewhat specu-

lative because repeatedly a non-freezing layer of bound wa-

ter next to the pore walls was found. Therefore, it remains

unclear whether the material of the pore wall can actually

trigger the freezing of the free water in the pore space. Mar-

colli (2014) summarises several studies where freezing and

melting of ice were insensitive to variations of the surface

properties of the pore walls. However, heterogeneous freez-

ing could explain some of our observations, as discussed in

Sect. 4.2.

Whereas heterogeneous freezing would increase the tem-

perature threshold for the loss of the pre-activation ability, the

opposite behaviour would be encountered if the capillaries of

the porous materials were only partially wettable. Here, the

factor cos2 would be less than unity, meaning that the ra-

dius of curvature of the water meniscus would be larger than

the pore radius, thereby reducing the Kelvin effect. The max-

imum pore size for water condensation would diminish, and

hence the upper threshold temperature for the disappearance

of the pre-activation behaviour would decrease.

Accurate values for the contact angles between water and

the pore walls of our investigated particles are not avail-

able. Rather low 2 values of equal to or less than 30◦ were

found for several clay minerals (Janczuk and Bialopiotrow-

icz, 1988). In order to estimate the effect of a non-zero con-

tact angle, we have redone our calculations for a contact an-

gle of 30◦. This reduces the 8 nm size threshold for capil-

lary condensation at 237 K to about 6.8 nm, yielding 253 K

instead of 257 K as the upper temperature for the loss of pre-

activation.
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4.2 Application of the model calculations to the

observed pre-activation behaviour

How do the theoretical considerations from Sect. 4.1 apply

to our experimental findings from Fig. 4? In good agreement

with theory, pre-activation, if observed, is only retained for

temperatures below 260 K. Let us consider e.g. the meso-

porous zeolite CBV400 particles that have a broad range

of pore diameters up to 20 nm. For a pore size of 20 nm,

the predicted pore ice melting temperature is about 267 K

(Fig. 5c). In previous experiments where the CBV400 parti-

cles were probed in a suspension and water could penetrate

in all pores regardless of their size, the maximum of the en-

dothermic peak in the DSC heating scan corresponding to the

melting of ice in the mesopores was indeed observed above

260 K (Janssen et al., 2004). In an ice-subsaturated environ-

ment, however, water condensation and subsequent homo-

geneous freezing is limited to pores with diameters smaller

than 8 nm (point B in Fig. 5b). In good accordance with the

expected upper ice melting temperature indicated by point

D in Fig. 5c, the improved ice nucleation ability for the

CBV400 particles in the pre-activation experiment is there-

fore already significantly reduced after raising the temper-

ature from 253 to 256 K, and the last small pre-activation

mode is observed at 259 K. The compound that shows the

highest pre-activation efficiency after warming to 259 K is di-

atomaceous earth. In contrast to the CBV400 particles which

do not possess any pronounced intrinsic heterogeneous ice

nucleation ability above 237 K, the unprocessed diatoma-

ceous earth particles showed a very strong immersion freez-

ing mode at about 240 K (see Fig. C1). This heterogeneous

ice nucleation mode, if mediated by the non-freezing layer

of bound water next to the pore walls, could increase the

freezing temperature of the capillary-held water during pre-

activation (freezing at point B* instead of B), and thereby

increase the upper melting temperature of ice in the pores

(melting at point D* instead of D).

Regarding the microporous CBV100 material, the previ-

ous experiments where the CBV100 particles were probed in

a suspension did not reveal any freezing peaks of pore wa-

ter down to a temperature of 213 K (Janssen et al., 2004).

Due to the smaller pore sizes of at most 1.2 nm compared to

the mesoporous CBV400 particles, freezing of capillary-held

water in CBV100 is inhibited for temperatures above 213 K

(Fig. 5c). How can we then explain the small pre-activation

ability observed for CBV100 (Fig. 4) although the minimum

temperature during our experiment was only 228 K? As pre-

activation cannot be ascribed to ice formation in the inter-

nal microporous network of CBV100, it must be related to

other, larger-scaled surface characteristics like cracks, steps,

or empty spaces between aggregate particles which could

also enable the PCF mechanism (see Sect. 2.1.1). Also in

the case of clay minerals like illite, the respective sites for

pore condensation and freezing are void spaces arising from

the interleaving of plates in the aggregate particle (Aylmore

and Quirk, 1967). For soot particles, capillary condensation

most likely occurs in the empty spaces between aggregate

primary particles (Marcolli, 2014). The compaction of soot

aggregates during droplet activation therefore destroys their

pre-activation ability. The pre-activation mode of the fractal

GSG soot particles already disappeared above 250 K, i.e. at a

temperature somewhat lower than observed for the CBV400,

diatomaceous earth, and illite NX particles. This might be

due to the fact that water contact angles on soot surfaces

tend to be higher than for mineral surfaces (Persiantseva et

al., 2004), thereby lowering the temperature threshold for the

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

Electron micrographs of the employed natural dust and

volcanic ash samples showed particles with irregularities in

the surface and partly aggregate-like structure (Linke et al.,

2006; Steinke et al., 2011), i.e. prerequisites for making these

materials prone to the PCF pre-activation mechanism as well.

However, pre-activation by the depositional ice growth mode

at temperatures between 245 and 260 K requires the avail-

ability of pores with diameters between about 5 and 8 nm

(Fig. 5c). Apparently, most of the investigated natural dust

and volcanic ash particles do not contain pores in this partic-

ular size regime due to the absence of pre-activation. The

intrinsic heterogeneous ice nucleation ability of a certain

compound at 228 K is a useful indicator to assess its poten-

tial pre-activation ability after temperature cycling. Amongst

the SD2, ID, CID, and EY01 samples, all particles revealed

a heterogeneous ice freezing mode below water saturation

when injected and probed in an expansion run started around

228 K (Fig. E1). Only for the CID particles, however, was

the onset of ice formation close to ice saturation as observed

for the CBV400 particles (Fig. 3b). This indicates that ice-

filled pores were already formed by the PCF mechanism at

RHice < 100 % before the start of the expansion run, which

is the prerequisite for observing pre-activation under ice-

subsaturated conditions. For the other compounds, a distinct

supersaturation threshold was needed to induce ice forma-

tion, indicating that there were initially no ice-filled pores

available where ice crystals could immediately grow after ex-

ceeding 100 % RHice upon expansion cooling. Consequently,

these compounds did not reveal any pre-activation behaviour

after temperature cycling under ice-subsaturated conditions.

Even for the compounds where pre-activation was de-

tected, only a small percentage of the overall aerosol pop-

ulation acted as pre-activated INPs between 245 and 260 K,

showing that only a subset of the particles contained pores

in the narrow range of appropriate diameters. The maxi-

mum of the differential pore-size distribution for an illite

sample, for example, was located at plate separations be-

tween 2 and 4 nm whereas pores larger than 5 nm were much

less frequent (Aylmore and Quirk, 1967). Smaller ice-filled

pores can contribute to the dominant depositional ice growth

mode observed for illite NX particles at T < 237 K (Fig. B1,

fice = 58 %), but only those larger than 5 nm are responsible

for pre-activation at 250 K (fice = 6 %). In an earlier study by
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Higuchi and Fukuta (1966), much higher number fractions

of the investigated particles were found to retain their pre-

activation ability upon warming, even at temperatures above

260 K where in the present study the improved ice nucleation

ability had completely disappeared. We currently cannot give

an explanation for this difference.

5 Atmospheric implications

5.1 Mechanism of heterogeneous ice nucleation at

T < 237 K

Apart from the impact on heterogeneous ice formation above

237 K, our results provide new insights into the microphysics

of the ice nucleation mechanism at lower temperatures. The

temperature cycling experiments prove that the pores of cer-

tain compounds like illite NX, CBV400, and diatomaceous

earth can fill with ice at RHice < 100 % and T < 237 K. Cloud

ice crystals can then easily form on the pre-activated par-

ticles by depositional ice growth at RHice > 100 % without

any activation threshold or specific nucleation site as needed

for the actual deposition nucleation process. For compounds

that do not have ice-filled pores at ice-subsaturated condi-

tions like SD2 and ID, it remains unclear whether ice forma-

tion at higher supersaturation thresholds is due to the PCF

mechanism or “true” deposition nucleation without the par-

ticipation of a liquid phase. An important factor may be the

timescale of pore condensation in an uplifting air parcel, i.e.

whether this process occurs instantaneously once the thresh-

old relative humidity for a given pore size is surpassed or

whether it proceeds more slowly and makes the contribution

of the PCF mechanism to ice nucleation less probable. In this

regard, it would be important to investigate whether other

extensively used INP counters like continuous flow diffusion

chambers (CFDCs), which only have particle residence times

of the order of a few seconds, would detect the same high ice

nucleation efficiency for e.g. unprocessed CBV400 particles

at T < 237 K as inferred from the AIDA, where the aerosol

particles reside at least for several minutes before the expan-

sion run is started. In any case, the kinetics of the PCF mech-

anism needs to be studied in greater detail.

5.2 Heterogeneous ice nucleation at T > 237 K

Based on the pre-activation efficiencies shown in Fig. 4,

it seems unlikely that the PCF mechanism under ice-

subsaturated conditions provides a substantial number of ad-

ditional INPs at very high temperatures above 258 K. In

agreement with theoretical considerations on the pore-size-

dependent thresholds for water condensation and ice melt-

ing, only narrow pores with ice melting temperatures below

260 K can contribute to pre-activation after temperature cy-

cling at RHice < 100 %. This is different from the previously

detected pre-activation mechanism for crystallised aqueous

solution droplets (Wagner et al., 2014). In that case, larger

sized frozen solution pockets can remain encapsulated in the

effloresced particles and survive up to the eutectic melting

temperature, which for low-soluble compounds like dicar-

boxylic acids is close to 273 K (Wagner et al., 2014).

The PCF pre-activation mechanism, however, can increase

the efficiency of INPs at moderately high temperatures be-

tween 245 and 258 K where most unprocessed INPs only

promote ice formation via immersion freezing above water

saturation (DeMott et al., 2011). In contrast, pre-activation

allows for depositional ice growth at a much lower ice super-

saturation threshold. We identify three key issues for future

experimental studies to elaborate the atmospheric importance

of this process:

i. Focus on natural dust samples from the Bodélé Depres-

sion, consisting of fragments of diatomite sediments.

Based on the outcome of our temperature cycling ex-

periments with diatomaceous earth, we expect such dust

samples to show a much higher pre-activation efficiency

than those probed in the present study (ID1, SD2, and

CID).

ii. Coating experiments with inorganic (sulphate, nitrate)

and organic material. Will atmospherically relevant

coating thicknesses reduce or even completely inhibit

the pre-activation ability?

iii. Variation of the relative humidity. Up to which lower

RHice threshold pore ice will be stable (Knopf and

Koop, 2006)?

In principle, the PCF pre-activation mechanism does not ne-

cessitate prior involvement in an ice nucleation event. Un-

like in the laboratory where temperature cycling of aerosol

particles without the formation of ice crystals can easily

be performed, a preceding ice nucleation event might be

necessary in the atmosphere to enable the transport of pre-

activated aerosol particles to lower altitudes (Knopf and

Koop, 2006; Roberts and Hallett, 1968). In other words, pre-

activated particles with ice-filled pores may first contribute to

high-altitude cirrus formation by the depositional ice growth

mode. Larger ice crystals then fall out by sedimentation and

release the pre-activated particles at lower altitudes after the

sublimation of the ice crystals, but conserving the ice-filled

pores.

Such cycling process was also proposed for the well-

established pre-activation mechanism where INPs are in-

volved in succeeding ice nucleation events (Roberts and Hal-

lett, 1968), and it was suggested that pre-activation should

be considered when modelling the long-range transport of

INPs and their impact on cloud formation (Knopf and Koop,

2006). In a study on the atmospheric cycling of oxalic acid

aerosol particles (Zobrist et al., 2006), it was stated that there

was no suitable method to estimate which percentage of cir-

rus clouds in the atmosphere has previously undergone ice

formation. To our knowledge, such modelling effort to es-
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timate how often pre-activation occurs and affects the over-

all ice particle number concentrations has not yet been at-

tempted. Given the lack of quantitative model simulations

on the contribution of pre-activation to ice cloud formation,

we encourage studies to quantify the number concentration

of pre-activated particles in atmospheric air masses by in

situ measurements. In situ detection of pre-activated INPs

by e.g. airborne CFDC instruments requires an inlet tube

with the temperature kept at ambient conditions so that ice

in the pores cannot melt prior to the actual measurement. At

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

5.3 Pre-activation in a deep convective cloud system

Another potential pathway for altitude and thereby temper-

ature cycling of atmospheric aerosol particles which is of

relevance for pre-activation includes deep convective clouds

(Adler et al., 2013). In such a cloud system, the aerosol par-

ticles are first activated to cloud droplets at warm tempera-

tures. The cloud droplets can freeze when the temperature

drops below the homogeneous freezing temperature of su-

percooled water, and the cloud-processed aerosol particles

are released in ice-subsaturated areas in the outflow of deep

convection (Adler et al., 2013). In contrast to the PCF pre-

activation mechanism at RHice < 100 %, droplet activation

enables all pores of CCN active particles to be filled with

water, regardless of their size. After homogeneous freez-

ing and sublimation of the ice crystals, ice-filled pores with

diameters larger than 8 nm and a concomitantly higher ice

melting temperature should be conserved. We have simu-

lated such cycling in deep convective clouds with zeolite

CBV400 particles in the AIDA (Fig. 6a). For that purpose,

an expansion cooling run with freshly injected CBV400 par-

ticles was started at 242 K. After about 4 K of cooling, the

relative humidity has exceeded water saturation and the seed

aerosol particles were activated to a cloud of supercooled wa-

ter droplets (first vertical line). Only a small number fraction

of the zeolite particles thereafter acted as immersion freez-

ing ice nuclei. After further cooling by about 1 K, the gas

temperature had approached the homogeneous freezing tem-

perature of supercooled water (second vertical line). At that

instance, a valve to an evacuated chamber of 4 m3 volume

was opened (see Sect. 2.3). The additional expansion led to a

rapid decrease of the gas temperature by another 2 K, causing

the entire droplet cloud to glaciate. Afterwards, the ice crys-

tals were sublimed by the addition of dry synthetic air and

the AIDA chamber was warmed to 250 K and above to quan-

tify the enhanced ice nucleation ability of the pre-activated,

cloud-processed CBV400 particles.

In Fig. 6b, we compare the temperature-dependent ice-

active fractions of CBV400 after PCF pre-activation by tem-

perature cycling with those after cloud-processing, compris-

ing droplet activation, freezing, and sublimation. The lat-

ter mechanism profoundly increases the pre-activation effi-

ciency, suggesting that pores can more easily fill with wa-

Figure 6. (a) AIDA expansion experiment with zeolite parti-

cles (CBV400), simulating aerosol-processing in deep convective

clouds. The data types are the same as shown in Fig. 3. (b)

Temperature-dependent ice-active fractions for CBV400 particles

after pre-activation by the PCF mechanism (identical to those shown

in Fig. 4) and by the cloud-processing mechanism (a).

ter by droplet activation than by the condensation of water

vapour in a subsaturated environment. As expected, the pre-

activation ability after cloud-processing is conserved up to

higher temperatures because larger pore diameters are in-

volved, and thereby reaches the temperature regime where

ice nucleation is usually ascribed to particles of biological

origin only (Murray et al., 2012). Apart from deep convec-

tive clouds (Adler et al., 2013), recycling of ice-nucleating

particles was recently also taken into account to explain the

maintenance of cloud ice production in Arctic mixed phase

stratocumulus, however without considering pre-activation

effects (Solomon et al., 2015). The potential importance of

pre-activation by cloud-processing clearly stimulates further

research of this mechanism with different aerosol types, with

the AIDA chamber as an ideal platform to explore the pro-

cessing of INPs in subsequent cloud formation cycles.

6 Summary

Understanding the microphysical processes that lead to the

formation of ice particles in the Earth’s atmosphere is of vi-

tal importance for the reliable simulation of clouds in mod-

ern weather and climate models. Much effort has recently

been made to identify new aerosol types contributing to the

atmospheric abundance of ice-nucleating particles, e.g. bio-

logical materials like cellulose, bacteria, and marine diatoms.

In this work, we have addressed a less investigated subject,

namely the enhancement of the ice nucleation ability of well-

known and abundant ice-nucleating particles like dust grains

due to pre-activation. Temporary exposure to a low temper-

ature (228 K) provokes that pores and surface cracks of the

particles are filled with ice, which makes them better nuclei

for the growth of macroscopic ice crystals at high temper-

atures (245–260 K). This can in particular be important for

the precipitation initiation in mixed-phase clouds because it

potentially contributes to enhance the abundance of INPs at
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temperatures up to about 260 K. Above 260 K, the ice in

the pores melts and the pre-activation of the aerosol parti-

cles by the PCF mechanism (intermediate cooling to 228 K,

RHice < 100 %) is lost.

The pre-activation mechanism involves two steps: (i) the

capillary condensation of supercooled water, and (ii) the sub-

sequent homogeneous freezing of the capillary-held water.

Pre-activation does not require that the aerosol particles are

previously involved in an ice nucleation event. Once pre-

activated, the ice kept in the pores can trigger ice formation

just above ice saturation without requiring any distinct nu-

cleation threshold or particular nucleation site. We showed

that aerosol particles generated from powder samples of the

clay mineral illite, diatomaceous earth, and zeolite could be

pre-activated in this manner, whereas the majority of parti-

cles generated from natural dust and volcanic ash samples

did not yield a measurable pre-activation. Model calculations

suggest that the pre-activation ability by the PCF mechanism

(intermediate cooling to 228 K, RHice < 100 %) is linked to

pores of a certain dimension with diameters from about 5

to 8 nm. Our exploratory study stimulates further research

to elaborate the quantitative impact of pre-activation on pri-

mary ice formation in tropospheric clouds, including further

laboratory experiments, in situ observations, and cloud mod-

elling.
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Figure A1. Comparison of the ice nucleation characteristics of pre-

activated CBV400 and CBV100 particles during expansion cooling

started at 250 K (a, b) and 253 K (c, d). The data types are the same

as shown in Fig. 3.

Appendix A: Ice nucleation experiments with CBV100

Figure A1 compares the measurement data from the pre-

activation experiments with CBV100 to those with CBV400,

demonstrating the profoundly reduced pre-activation ability

of the microporous zeolite material. Parts (a) and (b) show

the expansion cooling runs started at 250 K after temporar-

ily cooling the CBV400 and CBV100 particles to 228 K.

Whereas the pre-activated CBV400 particles give rise to a

pronounced depositional ice growth mode (part (a), same

data as in Fig. 3c, fice = 3.7 %), the CBV100 particles

are barely ice-active (fice = 0.08) in the regime between

RHice = 100 % (first vertical line) and RHw = 100 % (second

vertical line). Only after the droplet activation of the CBV100

particles are significantly more ice crystals observed with

fice = 0.6 %. This is another example for what we called the

condensational ice growth mode after pre-activation, because

ice formation at this temperature was only observed after

temperature cycling but not for the unprocessed zeolite parti-

cles. After further warming the AIDA chamber to 253 K, the

CBV400 particles retain a high activity in the depositional

ice growth mode with fice = 1.7 % (Fig. A1, part c), whereas

the improved ice nucleation ability of the CBV100 particles

almost disappeared (part d).

Appendix B: Ice nucleation experiments with illite NX

In comparison with the zeolite particles, illite NX has a

much higher intrinsic heterogeneous ice nucleation ability

above 237 K (Hiranuma et al., 2015). It is therefore crucial

Figure B1. Ice nucleation characteristics of unprocessed (a, b) and

pre-activated (c, d) illite NX particles during expansion cooling.

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

to select an appropriate temperature where ice nucleation

due to pre-activation can be clearly separated from the in-

trinsic ice nucleation behaviour. When probing the unpro-

cessed illite NX particles in an expansion cooling experi-

ment at 250 K (Fig. B1, part a), ice formation is solely due

to immersion freezing after exceeding water saturation (ver-

tical line). The ice-active fraction is below 1 % for tempera-

tures above 243 K, but then rapidly increases to 4 % within

a further Kelvin of cooling. Due to the absence of ice for-

mation below water saturation, i.e. before water droplet for-

mation, a temperature of 250 K is suitable to probe the pre-

activation ability of the illite NX particles in the deposi-

tional ice growth mode after temperature cycling. Similar to

CBV400 (Fig. 3b), the unprocessed illite NX particles show

massive ice formation with fice = 58 % at very low ice super-

saturation values when probed at T < 237 K (Fig. B1, part b).

Two examples of the improved ice nucleation ability of

the illite NX particles after temperature cycling are shown in

parts (c) and (d) of Fig. B1. When probed at 250 K (part c),

the pre-activated illite NX particles provoke a strong deposi-

tional ice growth mode that forms at RHice < 105 %, in obvi-

ous contrast to the particles’ intrinsic heterogeneous ice nu-

cleation ability shown in part (a) where ice was only formed

via the immersion freezing mode after droplet activation.

As for CBV400, the ice-active fraction of the pre-activated

aerosol particles decreases by about 50 % after warming the

AIDA chamber from 250 to 253 K (part d).
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Figure C1. Ice nucleation characteristics of unprocessed (a, b, c)

and pre-activated (d) diatomaceous earth particles during expansion

cooling. The data types are the same as shown in Fig. 3.

Appendix C: Ice nucleation experiments with

diatomaceous earth

The intrinsic heterogeneous ice nucleation ability of the di-

atomaceous earth particles was probed at three different tem-

peratures (parts a–c of Fig. C1). The data from parts (a) and

(c) underline the transition from poor ice nucleation abil-

ity at T > 237 K to extraordinarily high ice nucleation abil-

ity at T < 237 K. The unprocessed diatomaceous earth par-

ticles do not promote ice formation in the deposition mode

in an expansion run started at 250 K (part a), and even af-

ter droplet activation (vertical line) the number concentra-

tion of ice crystals formed by immersion freezing is initially

very small. Only upon further cooling to 241 K does the ice-

active fraction gradually increase to about 1 %. In contrast,

80 % of the aerosol population is activated at a peak RHice

value of only 104 % when the expansion run is started at

233 K (part c). A peculiarity of the ice nucleation behaviour

of the diatomaceous earth particles is shown in part (b) of

Fig. C1. Here, the intrinsic immersion freezing ability was

probed at a slightly lower temperature than in the expansion

run shown in part (a). Droplet activation of the aerosol par-

ticles during expansion cooling occurs at a temperature of

about 241 K (first vertical line), and upon further cooling to

239.5 K (second vertical line) the ice-active fraction of the

immersed aerosol particles gradually increases to about 6 %.

Thereafter, the droplet cloud completely glaciates within a

short time period of only 20 s although the gas temperature

was still about 2.5 K above the homogeneous freezing tem-

perature. This indicates that the diatomaceous earth material

features some ubiquitous surface properties that induce the

Figure D1. Ice nucleation characteristics of unprocessed (a) and

pre-activated (b) GSG soot particles during expansion cooling. The

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

freezing of supercooled water at a temperature higher than

the homogeneous freezing threshold. A higher freezing tem-

perature means that larger pores can be filled with ice by the

PCF mechanism during temperature cycling (Fig. 5), as a re-

sult of which the pre-activation ability is retained to higher

temperatures. An example of the ice nucleation ability of the

pre-activated diatomaceous earth particles is given in part (d)

of Fig. C1, showing that even at 256 K a dominant deposi-

tional ice growth mode with fice = 1 % can still be observed.

Note that such behaviour could in principle also be expected

for the illite NX particles due to their pronounced intrinsic

heterogeneous ice nucleation ability above 237 K. The mea-

surement data, however, reveal that the decrease of fice with

increasing temperature is faster for illite NX compared to di-

atomaceous earth (Fig. 4). This might be due to the overall

lack of larger void spaces in the clay mineral, meaning that

such larger pores which could retain ice at higher tempera-

tures are just not available.

Appendix D: Ice nucleation experiments with GSG soot

GSG soot particles are an ideal candidate to probe the pre-

activation efficiency because they are intrinsically even less

ice-active than the CBV400 particles at T > 237 K. The ex-

pansion run with freshly injected GSG particles started at

246 K (part a of Fig. D1) discloses the absence of any ice

formation in the deposition mode, and after droplet activa-

tion (first vertical line) only a minor nucleation mode due to

immersion freezing with fice = 0.05 % can be observed after

the gas temperature has dropped below 239 K. As shown by

previous AIDA measurements, however, the GSG soot par-

ticles are very efficient deposition mode INPs below 237 K

(Möhler et al., 2005), suggesting that the PCF mechanism

becomes active for this kind of material as well. This is sup-

ported by our new experiments, showing that pre-activated

GSG soot particles reveal a clear depositional ice growth

mode when probed at 246 K after temporary cooling to 228 K

(part (b) of Fig. D1). The ice-active fraction is rather small

with only about 0.2 %, and the pre-activation ability already

disappears completely at temperatures above 250 K. This in-
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Figure E1. Comparison of the ice nucleation characteristics of un-

processed SD2 (a), ID (b), CID (c), and EY01 (d) particles during

expansion cooling at temperatures below 237 K. The data types are

the same as shown in Fig. 3. In the experiment with the SD2 parti-

cles, only the optical particle counter with the upper size threshold

of 46 µm was operated. This means that larger ice crystals were still

appropriately counted but not correctly sized (i.e. classified to the

size channel 46 µm).

dicates that the void spaces in the soot aggregates are rather

small so that the enclosed ice pockets have a low melting

temperature. As already highlighted, the pre-activation abil-

ity shown in part (b) is only observed when a fresh load of

GSG soot particles is subjected to the temperature-cycling

programme. When the cloud-processed and thereby com-

pacted particles from the experiment shown in part (a) are

temporarily cooled to 228 K, their ice nucleation ability does

not improve at 246 K.

Appendix E: Ice nucleation experiments with SD2, ID,

CID, and EY01

As emphasised in the discussion, pre-activation by the PCF

mechanism at RHice < 100 % requires the formation of ice-

filled pores during the temporary cooling cycle to 228 K.

These ice-filled pores facilitate the depositional growth of

macroscopic ice crystals after warming the pre-activated

aerosol particles to temperatures in the range from 245 to

260 K where the pre-activation ability was tested in succeed-

ing expansion cooling experiments. The pronounced intrin-

sic heterogeneous ice nucleation ability at very low super-

saturation thresholds of the zeolite CBV400, illite NX, and

diatomaceous earth particles at T < 237 K can also be ex-

plained by the PCF mechanism. This observation indicates

that the pores of the materials were already filled with ice

Figure E2. Ice nucleation characteristics of pre-activated CID parti-

cles during expansion cooling. The data types are the same as shown

in Fig. 3.

before the start of the expansion cooling experiments, under-

lining the availability of pores in a size regime where wa-

ter condensation can occur at relative humidities below ice

saturation. Since the latter is the prerequisite for observing

pre-activation at RHice < 100 %, we can use the intrinsic het-

erogeneous ice nucleation ability of a certain compound at

T < 237 K as a proxy to estimate whether it is prone to pre-

activation or not.

In Fig. E1, we have compiled AIDA data for the intrinsic

heterogeneous ice nucleation abilities of the SD2, ID, CID,

and EY01 particles probed in expansion cooling experiments

at T < 237 K. The experiments with the ID and CID parti-

cles were conducted in the present study, whereas the data

for SD2 and EY01 were taken from preceding measurement

campaigns (Möhler et al., 2006; Steinke et al., 2011). The

SD2, ID, and EY01 particles promote heterogeneous ice nu-

cleation below water saturation, but the RHice threshold for

the initiation of ice formation is in the range between 110 and

120 %, which is clearly higher than for the CBV400, illite

NX, and diatomaceous earth particles. Consequently, these

samples were found not to be susceptive to pre-activation at

RHice < 100 %, so that temperature cycling did not modify

their intrinsic heterogeneous ice nucleation ability at tem-

peratures between 245 and 260 K. In contrast, a small pre-

activation mode due to depositional ice growth was observed

for the CID particles (Fig. E2). Unprocessed CID particles

were shown to be ice-active only in the immersion freez-

ing mode for temperatures above 240 K (Kanji et al., 2011).

After temperature cycling, however, macroscopic ice growth

starts at RHice = 105 % (first vertical line in Fig. E2) when

the particles are probed in an expansion cooling experiment

at 250 K. In the later course of expansion cooling (second

vertical line), the CID particles are activated to cloud droplets

and additional ice crystals are formed due to the intrinsic im-
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mersion freezing ability of the material. The observation that

the CID particles are prone to pre-activation manifests itself

in their higher intrinsic heterogeneous ice nucleation abil-

ity at T < 237 K compared to SD2, ID, and EY01 (part c in

Fig. E1). Ice formation initiates at RHice = 103 % and 60 %

of the aerosol population gets activated although the peak

relative humidity with respect to ice is limited to 108 % dur-

ing expansion cooling. Ice nucleation measurements for CID

performed with a continuous flow diffusion chamber show

much higher onset ice relative humidities at temperatures be-

low 237 K compared to the AIDA where the dust particles

are probed in situ after a longer residence time in a cold and

humid environment (Koehler et al., 2010). This finding stim-

ulates further research on the kinetics of the PCF mechanism

because it could be important for the interpretation of ice nu-

cleation efficiencies measured by INP counters at T < 237 K.
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