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Abstract. Heterogeneous ice nucleation is an important
mechanism for the glaciation of mixed phase clouds and may
also be relevant for cloud formation and dehydration at the
cirrus cloud level. It is thought to proceed through differ-
ent mechanisms, namely contact, condensation, immersion
and deposition nucleation. Conceptually, deposition nucle-
ation is the only pathway that does not involve liquid wa-
ter, but occurs by direct water vapor deposition onto a sur-
face. This study challenges this classical view by putting
forward the hypothesis that what is called deposition nucle-
ation is in fact pore condensation and freezing (PCF) oc-
curring in voids and cavities that may form between aggre-
gated primary particles and host water at relative humidity
RHw < 100 % because of the inverse Kelvin effect. Homoge-
neous ice nucleation is expected to occur below 235 K when
at least one pore is filled with water. Ice nucleation in pores
may also happen in immersion mode but with a lower prob-
ability because it requires at least one active site in a water
filled pore. Therefore a significant enhancement in ice nu-
cleation efficiency is expected when temperature falls be-
low 235 K. For a deposition nucleation process from water
vapor no discontinuous change in ice nucleation efficiency
should occur atT = 235 K because no liquid water is in-
volved in this process. Studies on freezing in confinement
carried out on mesoporous silica materials such as SBA-
15, SBA-16, MCM-41, zeolites and KIT have shown that
homogeneous ice nucleation occurs abruptly atT = 230–
235 K in pores with diameters (D) of 3.5–4 nm or larger
but only gradually atT = 210–230 K in pores withD = 2.5–
3.5 nm. Pore analysis of clay minerals shows that kaolin-
ites exhibit pore structures with pore diameters (Dp) of 20–
50 nm. The mesoporosity of illites and montmorillonites is
characterized by pores withDp = 2–5 nm. The number and

size of pores is distinctly increased in acid treated montmo-
rillonites like K10. Water adsorption isotherms of MCM-
41 show that pores withDp = 3.5–4 nm fill with water at
RHw = 56–60 % in accordance with an inverse Kelvin ef-
fect. Water in such pores should freeze homogeneously for
T < 235 K even before relative humidity with respect to ice
(RHi) reaches ice saturation. Ice crystal growth by water va-
por deposition from the gas phase is therefore expected to set
in as soon as RHi > 100 %. Pores withD > 7.5 nm fill with
water at RHi > 100 % forT < 235 K and are likely to freeze
homogeneously as soon as they are filled with water. Given
the pore structure of clay minerals, PCF should be highly
efficient for T < 235 K and may occur atT > 235 K in par-
ticles that exhibit active sites for immersion freezing within
pores. Most ice nucleation studies on clay minerals and min-
eral dusts indeed show a strong increase in ice nucleation effi-
ciency when temperature is decreased below 235 K in accor-
dance with PCF and are not explicable by the classical view
of deposition nucleation. PCF is probably also the prevailing
ice nucleation mechanism below water saturation for glassy,
soot, and volcanic ash aerosols. No case could be identified
that gives clear evidence of ice nucleation by water vapor de-
position onto a solid surface.

1 Introduction

Ice is the stable phase of water below 273 K and forms read-
ily by heterogeneous nucleation in the presence of surfaces
that promote the formation of ice embryos. In the absence
of such ice nuclei (IN) water can be supercooled to tem-
peratures below∼ 237 K when homogeneous nucleation sets
in. There is evidence that, at least in water droplets with
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radii larger than 19 µm, homogeneous nucleation occurs in
the volume of supercooled water (Duft and Leisner, 2004)
and shows a strong increase in nucleation rate with decreas-
ing temperature. Because IN are ubiquitous in large vol-
umes of water, it is hardly possible to supercool large water
drops to temperatures where homogeneous nucleation takes
place (Mossop, 1955; Bigg, 1953; Pruppacher, 1995). There-
fore, small volumes are needed to observe and analyze ho-
mogeneous ice nucleation. Airborne micrometer-sized par-
ticles can be investigated in electrodynamic balance experi-
ments (Krämer et al., 1999; Duft and Leisner, 2004; Kabath
et al., 2006), in continuous flow diffusion chambers (Hoyle
et al., 2011) or in the large cloud chamber AIDA (Benz et
al., 2005). On the other hand, small confined water volumes
can be realized in water-in-oil emulsions (Marcolli et al.,
2007; Liu et al., 2007) or in structured mesoporous materials
(Findenegg et al., 2008; Janssen et al., 2004; Morishige and
Kawano, 1999). There is ample evidence that cloud droplets
or aqueous aerosol particles may supercool in the atmosphere
until homogeneous nucleation sets in and leads to the glacia-
tion of a liquid cloud or the formation of a cirrus cloud from
aerosols, respectively (DeMott et al., 2003b; Hoyle et al.,
2005; Peter et al., 2006; Krämer et al., 2009). In the presence
of IN, cloud glaciation can occur at any temperature between
ice melting at 273 K and the onset of homogeneous ice nu-
cleation (∼ 235 K). Various insoluble particles such as min-
eral dust, soot, metallic particles, volcanic ash, or primary
biological particles may act as IN (Pruppacher and Klett,
1997; Szyrmer and Zawadzki, 1997; Hoose et al., 2010; De-
Mott et al., 2010). The properties needed for a surface to be
efficient as an IN are not well understood (Bartels-Rausch
et al., 2012). For some of the best IN, a structural match
with the ice lattice could be observed. Such materials include
ice nucleation proteins expressed by bacterial species such
as Pseudomonas syringae (Kajava and Lindow, 1993), and
self-assembled crystalline monolayers of long-chain alcohols
(Popovitz-Biro et al., 1994; Majewski et al., 1995; Zobrist et
al., 2007). However, for other materials like mineral dusts,
active sites that are usually associated with defects such as
steps and cracks are suspected to induce ice nucleation (e.g.,
Fletcher, 1969; Marcolli et al., 2007).

Heterogeneous nucleation has been suggested to pro-
ceed via different mechanisms: contact nucleation (when an
ice nucleus initiates freezing by contacting a supercooled
droplet), condensation nucleation (when ice formation oc-
curs during water condensation on a supercooled droplet),
immersion nucleation (when freezing of a water droplet oc-
curs on a foreign particle immersed in it), and deposition nu-
cleation (when an ice embryo forms directly by water vapor
condensation on a surface) (e.g., Murray et al., 2012; Pinti
et al., 2012). While contact, condensation, and immersion
nucleation all involve a liquid water phase, no liquid water
is thought to be involved in deposition nucleation because
it occurs at relative humidities (RHw) below water satura-
tion. However, cracks and pores fill with water below water

saturation due to the inverse Kelvin effect. This study puts
forward the hypothesis that what is called deposition nucle-
ation is in fact pore condensation and freezing (PCF) by ho-
mogeneous or immersion nucleation occurring in voids or
cavities of aerosol particles, which may host liquid water at
RHw < 100 %. Ice nucleation in clay minerals and mineral
dusts is taken as the prime example, because the database
for these materials is best. The idea that capillary condensa-
tion of water is essential for the ice nucleation ability of clay
minerals was already advanced in 1966 by Fukuta (1966) and
taken up again very recently by Christenson (2013).

The structure, phase behavior and dynamics of water con-
fined between closely spaced surfaces has attained consider-
able interest because of their relevance to areas such as frost
heave, weathering of rocks and various man-made materials,
the properties of porous media, oil recovery, ceramics and
materials science in general (Christenson, 2001). With the
development of new mesoporous materials of uniform pore
size and shape like MCM-41 and SBA-15 (Findenegg et al.,
2008; Kittaka et al., 2011), the investigation of freezing in
narrow cylinders and cavities has become possible and much
effort has been made to better understand how melting and
freezing depend on the nature of the confining surfaces, their
separation and geometry (Findenegg et al., 2008). To corrob-
orate the hypothesis that pore condensation is the prevalent
ice nucleation mechanism at RHw below water saturation,
the recent findings of freezing in confinement are summa-
rized and related to the pore structure.

This paper is structured as follows: Sect. 2 reviews water
adsorption, melting, and freezing in pores. Section 3.1 re-
lates the ice nucleation ability below water saturation to the
pore structure of clay minerals and mineral dusts. The effect
of coatings is discussed in Sect. 3.2. In Sect. 3.3, the anal-
ysis is extended to other types of IN like glasses, volcanic
ash, and Snomax™. Section 4 concludes by making sugges-
tions for studies to further explore the hypothesis of PCF.
More detailed information on Sects. 2 and 3 is given in ap-
pendices A–D.

2 Freezing in confinement

Melting and freezing of water in confinement has been in-
vestigated since the early part of the 20th century (Chris-
tenson, 2001) and gained increased interest with the avail-
ability of new mesoporous materials and increased capabil-
ities of molecular dynamic simulations. The materials that
are most frequently used for experimental studies are meso-
porous silica, zeolites, porous silicon, porous glass, and car-
bon nanotubes (Alba-Simionesco et al., 2006). The freezing
and melting of water confined in mesoporous materials of
different pore morphology and width has been studied by
a variety of techniques, including calorimetry, NMR spec-
troscopy, and X-ray and neutron diffraction. The character-
ization of the porous structures is obtained by combining
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TEM, X-ray and neutron diffraction, and adsorption exper-
iments.

2.1 Materials

Mesoporous silica materials of uniform pore size and shape
exist in a large variety, such as MCM-41 (Mobil Compo-
sition of Matter), SBA-15 (Santa Barbara Amorphous type
material), SBA-16, or KIT. They can be prepared by the con-
trolled condensation of a silica precursor in aqueous media,
using micellar aggregates of surfactants or amphiphilic block
copolymers as structure-directing templates (Findenegg et
al., 2008; Kittaka et al., 2011). The use of a template leads
to a highly uniform pore shape and width as shown, e.g.,
in Beck et al. (1992). These porous materials exhibit amor-
phous pore walls, while, e.g., zeolites and carbon nanotubes
are crystalline porous materials. MCM-41 is a porous oxide
ceramic exhibiting hexagonal arrays of uniform cylindrical
pores whose diameters may be engineered between 1 and
10 nm. The porous structure becomes unstable for pore sizes
larger than 5 nm due to constraints on the 0.5–1 nm-thick sil-
ica walls (Alba-Simionesco et al., 2006; Beck et al., 1992).
SBA-15 oxide ceramics exhibit a similar structure to that of
MCM-41, but with thicker pore walls (∼ 3–4 nm), improv-
ing the stability of the porous structure (Alba-Simionesco
et al., 2006) and can exhibit pores with diameters up to
10 or 20 nm that are connected via transverse microporous
channels. SBA-16 exhibits cage-like pores in the size range
from 6 to 11 nm diameters that are interconnected by chan-
nels whose dimensions depend on the hydrothermal treat-
ment temperature during synthesis (Kittaka et al., 2011). The
mesoporous KIT-5 silica has spherical cavities (10–20 nm di-
ameters) arranged in a face-centered cubic array and con-
nected through narrow necks (Morishige et al., 2007). Ze-
olites are microporous crystalline aluminosilicates with pore
diameters (Dp) between 0.3 and 1.2 nm. Mesopores with di-
ameters between 2 and 50 nm can be created in the zeolites
by steam and/or acid treatments. For steamed Y zeolites, up
to 30 % of these pores are connected to the external surface
via the micropore system only (Janssen et al., 2004). The
surfaces of the hydrophilic mesoporous silica can be turned
hydrophobic by treatment with surfactants, as demonstrated
by Deschamps et al. (2010) for MCM-41. To fill the hy-
drophobic pores with water, pressure has to be applied and
the amount of water adsorbed by the hydrophobic material
is drastically reduced (from 58 %w/w to 2 %w/w). Single-
walled carbon nanotubes are hydrophobic carbon cylinders
that can be filled with water when an external pressure is ap-
plied. The inner diameter of single-walled carbon nanotubes
can be varied from 0.5 to 2.4 nm (Alba-Simionesco et al.,
2006).

2.2 Water adsorption

Adsorption isotherms of MCM-41 and SBA-15 exhibit a
relatively weak and nearly linear increase in the adsorbed
amount of water up to the onset of pore condensation (Find-
enegg et al., 2008). In the case of MCM-41, pore condensa-
tion of water occurs when approximately one water molecule
per surface silanol group has been adsorbed. SBA-15 has
wider pores than MCM-41 and thus pore condensation starts
at a significantly higher relative humidity when 3–4 sta-
tistical monolayers of water have been formed. Pore con-
densation of water in these materials is connected with a
pronounced sorption hysteresis, indicating the existence of
metastable regions of the liquid-like states in the pores. The
mean density of water in completely filled pores is estimated
as 0.93± 0.03 g cm−3 at 20◦C for water in MCM-41 and in
SBA-15 (Findenegg et al., 2008).

Morishige and Iwasaki (2003) discussed in detail water
adsorption in the pores of SBA-15 as a function of pore
filling f = Vw/Vp, whereVp is the mesopore volume and
Vw the volume occupied by the adsorbed water. They devel-
oped the following conception for water adsorption at 270 K:
at f = 0.2, clusters of water form on the pore wall of the
main channels. Capillary condensation starts abovef = 0.4.
The liquid capillary condensate (the free water) coexists with
the film water atf = 0.6 and thin liquid bridges develop at
this pore filling. Atf = 0.8 the thin liquid bridges grow into
liquid domains and disappear close to a complete filling. A
small amount of vapor bubbles still remains close tof = 1.0
and eventually disappears beyond a complete filling.

Because of their small diameters, the pores of these ma-
terials fully fill with water well below a relative humidity
RHw = 100 %. Water uptake and release gives rise to hys-
teresis of 2–40 % in RHw. The largest hysteresis is found for
the cage-like pores of SBA-16 (Kittaka et al., 2011), while
the narrow cylinders of MCM-41 exhibit a much smaller
hysteresis (Kittaka et al., 2006). Adsorption and desorption
in cylindrical capillaries both appear to be thermodynami-
cally irreversible, with a delay in adsorption resulting from
the presence of cylindrical menisci in open-ended pores be-
ing followed by a delay in desorption due to the retention of
liquid behind narrow restrictions (Aylmore, 1974). Figure 1
compares the onset of water uptake for different mesoporous
silica materials with the decreased water vapor pressure in
capillaries predicted by the inverse Kelvin equation given by:

plc

pl
= exp(

−4γ ν l

DRT
). (1)

In this equation,plc is the water vapor pressure over the con-
cave surface,pl the water vapor pressure over a flat water
surface,γ is the surface tension of water,νl the molar volume
of liquid water,D the diameter of the curved water surface,
R the ideal gas constant, andT the absolute temperature.
Since the water adsorption isotherms were mostly measured
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Fig. 1. Onset of capillary condensation of water in pores of dif-
ferent mesoporous silica materials as a function of relative humid-
ity RHw. Data is from Kittaka et al. (2006) (measured gravimetri-
cally at 25◦C), Jähnert et al. (2008) (DVS (dynamic vapor sorption)
at 20◦C), Findenegg et al. (2008) (measurements at 20◦C), De-
schamps et al. (2010) (DVS), and Kittaka et al. (2011) (measured
gravimetrically). The black solid line indicates capillary condensa-
tion predicted by the Kelvin equation (forT = 298 K).

at ambient temperature,T was taken as 298 K for the calcu-
lation in Fig. 1. Best agreement with pore filling due to the
inverse Kelvin effect is obtained when RHw at the onset of
capillary condensation is related to the pressure reduction in
pores(plc/pl) described by the Kelvin equation. The gener-
ally good agreement with pore filling shows that the Kelvin
equation can be used to predict whether mesopores are filled
with water or not.

2.3 Melting and freezing in pores

Completely filled pores. When water melts or freezes in
pores, the melting as well as the freezing temperatures are
depressed compared to the values measured in bulk water.
Melting of water in completely filled pores of MCM-41 and
SBA-15 gives rise to a single heat flow peak (Findenegg
et al., 2008; Schreiber et al., 2001) in differential scanning
calorimetry (DSC). Completely filled pores (f ≥ 1) are ob-
tained by wetting the dry silica powders with an excess of
water, so that water is also present on the external surfaces of
the powder grains. This external water nucleates first when
temperature is decreased and may initiate freezing in pores.
Completely filled pores contain free (bulk) water in the mid-
dle of the pores and bound water adjacent to the pore walls
(Morishige and Nobuoka, 1997; Morishige and Kawano,
1999; Schreiber et al., 2001). Properties of this bound wa-
ter layer are discussed in Appendix A1. While the free water
freezes to ice at temperatures in accordance with homoge-
neous ice nucleation, the bound water remains as a disor-
dered “quasi-liquid” layer adjacent to the pore walls down
to around or below 200 K (Webber and Dore, 2004; Web-

ber et al., 2007). Crystal structures of ice in confinements
have been intensely studied (Morishige and Nobuoka, 1997;
Morishige and Iwasaki, 2003; Morishige and Uematsu, 2005;
Morishige et al., 2009; Dore, 2000; Liu et al., 2006; Webber
et al., 2007; Seyed-Yazdi et al., 2008). Results from these
studies are summarized in Appendix A2. They have shown
that nucleation of ice in pores with diameters < 30 nm leads to
ice-I, which shows predominantly features of cubic ice rather
than hexagonal ice, and contains numerous defects. Figures 2
and 3 summarize the melting and freezing temperatures, re-
spectively, as a function of pore diameter for different meso-
porous materials.

MCM-41. The lowest melting temperatures in DSC scans
were observed in hydrophobically coated pores of MCM-
41 (2.3 nm pore diameter) by Deschamps et al. (2010) with
melting onsets and maxima of 188 K and 206 K, respec-
tively. An X-ray diffraction study by Morishige and Nobuoka
(1997) showed that freezing of water in pores with diame-
ters of 4.2 nm occurs abruptly around 232 K and gives rise
to cubic ice, while the water confined in pores with diame-
ters of 2.4 nm freezes very gradually at lower temperatures.
The hysteresis width between melting and freezing decreases
for MCM-41 with decreasing pore diameter and vanishes for
Dp ≤ 2.9 nm (which is also evident from a comparison of
Figs. 2 and 3). Findenegg et al. (2008) take this as evidence
that freezing and melting lose their character as a first-order
transition when water is confined in such narrow pores. They
argue that the water and ice phases become more and more
similar with decreasing pore size because the disorder in the
ice phase and the short-range order in liquid water both in-
crease. Ice crystallites in MCM-41 samples of pore size be-
low 4 nm exhibit order only on a short-length scale and can
be viewed as proto-crystallites, i.e., clusters of hydrogen-
bonded molecules without well-defined lattice planes.

SBA-15. Fully wetted SBA-15 samples showed two
exothermic peaks in a DSC study performed by Kittaka at
al. (2011), a sharp one due to freezing of external water with
onsets between 268 and 256 K depending on the sample and a
broader one with onsets between 253 and 260 K due to freez-
ing of pore water. Melting of frozen pore water gave rise to
endothermic peaks with onsets between 254 and 261 K. The
freezing and melting temperatures increased with increasing
pore size. Schreiber et al. (2001) found similar results in their
DSC study of SBA-15, with somewhat larger hysteresis be-
tween melting and freezing peaks of 4.4–15 K. Freezing of
pore water in the cylindrical pores of SBA-15 is initiated by
the presence of the external ice. Findenegg et al. (2008) as-
sume that the ice penetrates as a solid front into the pore and
explain the hysteresis between melting and freezing by the
existence of constrictions at the pore entrances.

SBA-16.All SBA-16 samples that were exposed to DSC
cycles showed an exothermic peak around 232 K due to
freezing of water in the cage-like pores and one melting peak
in the temperature range 245–257 K, which shifts to higher
temperatures with increasing cage size (Kittaka et al., 2011).
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Two samples showed a complex freezing behavior because
the cage-like pores are interconnected by cylindrical chan-
nels with diameters of 3.9 and 10.5 nm, respectively, so that
ice can propagate through the channels. The sample with in-
terconnecting channels of 3.4 nm did not show such a be-
havior because the water remains unfrozen in these narrower
channels. One can therefore assume that freezing occurred
by homogeneous nucleation for those samples, in which the
cage-like pores are not interconnected or when the connect-
ing channels are too narrow for water to freeze within them.

KIT. For the KIT samples (Morishige et al., 2007) the
freezing temperature depended on the hydrothermal treat-
ment during synthesis, which influences the neck size of the
pores. For samples that were hydrothermally treated only for
one day, the neck size is smaller than 4 nm and the pore water
in the spherical cavities of KIT is isolated from nucleation
sites by the water remaining unfrozen in the narrow necks,
and thus the freezing takes place via homogeneous nucle-
ation at 232 K. For samples with wider necks the external
water acts as a nucleation site.

Zeolites. Similarly, Janssen et al. (2004) found that in
mesoporous cavities inside the zeolite crystals water can be
supercooled to ca.−40◦C, at which point homogeneous nu-
cleation occurred, while in mesopores that are connected to
the external surface, nucleation of ice was initiated by the ice
phase present on the surface of the crystals.

Microemulsions. Liu et al. (2007) measured the freezing
of water in microemulsions to derive the critical nucleus size.
They found a strong decrease in the freezing temperature for
water pool radii smaller than 2 nm and freezing at the homo-
geneous nucleation temperature for larger droplets.

Partially filled pores. Melting and freezing in partially
filled pores has been investigated by several groups (Mor-
ishige and Iwasaki, 2003; Schreiber et al., 2001; Findenegg
et al., 2008; Kittaka et al., 2011). DSC scans of partially filled
pores of SBA-15 (7.7 nm pore diameter) showed one melt-
ing peak at∼ 260 K whose position did not significantly de-
pend on the degree of pore filling (Schreiber et al., 2001) but
several freezing peaks. At filling levelsf ≥ 0.2 two freez-
ing peaks at∼ 233 K and∼ 236 K were present whose ex-
act peak positions were almost independent of pore filling.
For pore fillings off ≥ 0.55, an additional freezing peak at
∼ 245 K appeared whose exact position and shape showed
a complex dependence on both pore size and relative pore
filling. Schreiber et al. (2001) attributed the peak at∼ 245 K
to the freezing of pore water in completely filled sections of
the pores and the one at 236 K to the freezing of a liquid-
like film adsorbed on the pore walls and left the origin of
the peak at 233 K open. A similar freezing pattern was ob-
served by Findenegg et al. (2008) during DSC cooling scans
for partially filled pores of SBA-15 with a pore diameter of
9 nm. They ascribed the peaks at 236 and 233 K at filling lev-
els of f = 0.2–0.6 to the delayering of the liquid-like film
on the pore wall. At a pore filling off = 0.6, DSC scans
exhibited an additional peak with a maximum at∼ 245 K,

which they attributed to the freezing of pore water. Morishige
and Iwasaki (2003) studied freezing in partially filled pores
of SBA-15 with 7.8 nm pore diameter by X-ray diffraction.
For filling levels off = 0.4, they observed the formation of
microscrystals with∼ 4 nm diameter at 237 K and ascribed
them to the freezing of film water on the pore walls. These
microcrystals melted at 257 K upon heating. Atf = 0.6,
freezing occurred in two steps at∼ 242 and∼ 237 K. At this
pore filling, the film water seemed to coexist with free water
filled in the pores. The freezing temperature of the free wa-
ter increased to 248 K forf = 0.8 and 250 K forf = 1.0.
Kittaka et al. (2011) investigated freezing in SBA-15 and
SBA-16 as a function of relative pressurep/p0 (≡ RHw) in
a DSC study. For SBA-15 (8.9 nm diameter), they observed
a small exothermic peak at around 230 K for water adsorbed
at RHw = 25–74 %. With an increase in the adsorbed amount
(RHw = 74 and 80 %), a second peak appeared at 235–240 K.
When approaching the relative pressure for capillary conden-
sation, i.e., at RHw = 80 %, a large amount of pore water
started to freeze at a higher temperature of 252 K. When the
sample is desorbed to RHw = 48 %, only a single exother-
mic peak at∼ 232 K is seen. For the SBA-16 sample with
no interconnecting channels, a small exothermic peak can be
seen at∼ 232 K for RHw = 30 % that increases in intensity
with increasing pore filling. When water was desorbed at
RHw = 42–76 %, the freezing temperature and the peak in-
tensity remained almost constant. For the desorbed sample at
RHw = 35 % where about half the amount of pore water is
removed, the freezing peak at∼ 232 K is still clearly visible
but reduced in intensity. This shows that freezing in partially
filled pores is more complex than in completely filled pores.
DSC curves of partially filled pores are therefore difficult to
interpret and are discussed controversially.

Melting point depression.Most studies dealing with ice
melting in confinement relate the observed melting tempera-
tures to the thermodynamic equilibrium melting temperature
defined as the temperature at which a small spherical parti-
cle p confined by a foreign surfacef has the same Gibbs
free energy in the solid (s) and in the liquid (l) phase, i.e.,
Gps = Gpl (Faivre et al., 1999). Assuming spherical shape of
the solid and the liquid particles with radiirps andrpl, respec-
tively, the equality of the Gibbs free energy can be expressed
as:

4πr3
ps

3vs
µs+ 4πr2

psγsf =
4πr3

pl

3vl
µl + 4πr2

plγlf , (2)

whereµs andµl stand for the chemical potential in the liquid
and solid state, respectively. The interfacial tension between
the foreign surfacef and the particle in the solid and in the
liquid state is given byγsf andγlf , respectively. Assuming
that the molar volume in the solid and in the liquid state is
the same,vs = vl andrps = rpl = r; this equation simplifies
to
r

3vs
(µs− µl) = γlf − γsf. (3)
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Using Young’s equation and assuming perfect wetting of ice
by liquid water (i.e., cos(α) = 1) yieldsγlf −γsf = γsl, where
γsl denotes the interfacial tension between the solid and the
liquid phase. If the difference in chemical potentials is ex-
pressed as the vapor pressure ratio between the solid and the
liquid phase, i.e., (µl − µs) = RT ln(pl/ps), Eq. (3) trans-
forms to

ln
pl

ps
=

3vsγsl

rRT
, (4)

wherepl is the equilibrium vapor pressure above the liquid
andps the one above the solid phase. Using the Clausius–
Clapeyron equation, the vapor pressure ratio can be con-
verted to a melting point depression1T for the thermody-
namic equilibrium condition:

1T

T0
= −

3vsγsl

r1H f

(5)

whereT0 denotes the melting point of bulk ice and1Hf the
molar enthalpy of melting. This equation is similar to the
Gibbs–Thomson equation, but with a numerical coefficient
of 3 instead of 2.

An analogous derivation can be performed for the melt-
ing point depression in a cylinder of radiusr and lengthL,
neglecting the energies of the two ends (see Fig. 4a for illus-
tration of the equilibrium condition):

πLr2
ps

vs
µs+ 2πLrpsγsf =

πLr2
pl

vl
µl + 2πLrplγlf (6)

yielding

ln
pl

ps
=

2vsγsl

rRT
(7)

and

1T

T0
= −

2vsγsl

r1H f

. (8)

Equation (7) is identical to the Gibbs–Thomson (Kelvin)
equation, although it is derived in a different way. This is
the relationship that most studies treating pore melting use
to explain the melting point depression in cylindrical pores
(e.g., Schreiber et al., 2001; Christenson, 2001; Jähnert et al.,
2008; Kittaka et al., 2011). For parameterization, this equa-
tion is usually brought into the following form:

1T = −
C

r
with C = −

2T0vsγsl

1H f

. (9)

Often the pore radiusr is replaced by the term(r − t),
which accounts for the quasi-liquid layer of widtht that
forms at the pore wall and reduces the actual diameter of
the ice phase in the pores (i.e.,1T = −C/(r − t)). Jähnert
et al. (2008) calculated a value ofC = 51.9± 4 K nm
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Fig. 2. Ice melting in completely filled pores of different meso-
porous materials. Data is taken from Morishige and Kawano (1999)
(X-ray diffraction patterns in ca. 2 K steps), Schreiber et al. (2001)
(DSC curves at 0.5 K min−1, evaluation of peak maxima), Kittaka
et al. (2006) (DSC curves at 5 K min−1, evaluation of peak on-
set), Jähnert et al. (2008) (DSC curves at 0.5 K min−1, evaluation of
peak maxima), Deschamps et al. (2010) (DSC curves of hydropho-
bic pores at 0.5 K min−1, evaluation of peak maxima), Kittaka et
al. (2011) (DSC curves at 5 K min−1, evaluation of peak onset),
Morishige et al. (2007) (DSC curves at 0.5 K min−1, evaluation of
peak onset), and Janssen et al. (2004) (DSC curves at 0.5 K min−1,
evaluation of peak onset). Black dashed and dotted lines: melting
point depression from the Gibbs–Thomson equation (GT). Grey
dotted and solid lines: pore diameter needed to incorporate a critical
cluster of hexagonal (calculated with values from parameterization
by Zobrist et al., 2007) and cubic ice (calculated with values from
parameterization by Murray et al., 2010a), respectively.

by inserting T0 = 273.15 K, 1Hf = 6.01 kJ mol−1,
vs = 18.02 cm3 mol−1 and γsl = 31.7± 2.7 mJ m−2 and de-
termined empirically a very similar value ofC = 52.4 K nm
and t = 0.6 nm for their experiments on ice melting in
fully filled pores of MCM-41 (dotted black line in Fig. 2).
Schreiber et al. (2001) determinedC = 52± 2 K nm and
t = 0.38 nm, corresponding to 1–2 monolayers of bound
water (dashed black line in Fig. 2) by fitting the observed
melting point depression of fully filled MCM-41 and
SBA-15 pores. These values lead to a good description of
the experimental data and are in agreement with the directly
calculated value ofC = 51.9± 4 K and the assumption that
1–2 layers of bound water are present at the pore walls.
The value oft becomes important for pore radiir < 2 nm
(Schreiber et al., 2001).

Interestingly, Eq. (7) corresponds to the Kelvin equation
describing the pressure increase over small spherical parti-
cles, which is also of relevance in Classical Nucleation The-
ory (CNT, Pruppacher and Klett, 1997; see Fig. 4b for il-
lustration). CNT formulates the Gibbs free energy to create
a new solid phase from the liquid as the sum of a volume
term accounting for the energy released when a molecule is
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incorporated from the liquid into the solid phase and a sur-
face term accounting for the energy needed to build up the
interface between the solid and the liquid phases. The Gibbs
free energy (Gps) to form a spherical solid cluster with radius
r within the liquid phase is given by

Gps =
4πr3

3vs
RT ln

pl

ps
+ 4πr2γsl. (10)

The critical radiusrc of the cluster is defined as the one where
growth and shrinkage of the cluster of the solid phase both
lead to a decrease inGps and can be determined by setting
δGps/δr = 0:

rc =
2vsγsl

RT ln pl
ps

(11)

Homogeneous nucleation rates of micrometer-sized droplets
have been determined by many groups (e.g., Riechers et
al. (2013) and Murray et al. (2010a) for a compilation of
data) and can be used to parameterize CNT. Such parameter-
izations have been proposed recently by Zobrist et al. (2007)
and Murray et al. (2010a) and provide values for all quanti-
ties in Eq. (11). The pore diameters needed to incorporate a
critical cluster with a radiusrc and accounting for the pres-
ence of a non-freezing quasi-liquid layer between pore wall
and nucleus with widtht are given byDp = 2rc+ 2t and
shown as grey lines in Figs. 2 and 3 (fort = 0.6 nm). If the
pores are narrower, ice formation should be impeded during
cooling and the ice in the pores should melt at the temper-
ature where 2rc + 2t > Dp. The dotted and solid grey lines
give the pore diameters using the parameterization by Zo-
brist et al. (2007) for hexagonal and the parameterization by
Murray et al. (2010a) for cubic ice, respectively. The tem-
perature dependence ofDp = 2rc+2t reflects the increase in
the critical cluster size with temperature. Values taken from
the parameterization by Zobrist et al. (2007) lead to good
agreement with the measured melting point depressions in
the pores but to too high freezing temperatures for most ma-
terials with Dp > 4 nm. The parameterization by Murray et
al. (2010a) using the vapor pressure of cubic ice agrees well
with the observed melting point depressions shown in Fig. 2
for Dp ≤ 10 nm and the cage-like pores of SBA-16 (Kittaka
et al., 2011). These findings are in agreement with XRD mea-
surements by Kittaka et al. (2011), who showed that up to the
melting temperature ice is present as cubic ice in the cages of
SBA-16. Different XRD and neutron diffraction studies on
SBA-15 further confirm that ice in pores withDp = 7.8 nm
remains in its cubic form and that only for larger pore sizes
does the hexagonal ice component seem to increase (Kittaka
et al., 2011). Also shown in Fig. 3 are homogeneous ice nu-
cleation temperatures for water in spherical pores with the
diameters indicated on the x scale and assuming a cooling
rate of 0.5 K min−1. The freezing temperatures are given for
a nucleated fraction of 1 % and should correspond to the re-
ported onset of freezing in DSC experiments. The solid and

dotted black lines give the parameterization by Murray et
al. (2010a) withn = 0.3 and the parameterization by Zobrist
et al. (2007), respectively. The comparison of the calculated
homogeneous ice nucleation temperatures with the freezing
temperatures shows that homogeneous nucleation is not lim-
ited by the confinement for pore diameters larger than 3.5–
4 nm. For narrower pores, subcritical ice clusters may be pro-
duced at a high rate, but cannot grow to the critical size due
to the confinement. This view is supported by experimental
(Liu et al., 2007; Pradzynski et al., 2012) and modeling stud-
ies (Moore et al., 2012; Li et al., 2011; Reinhardt and Doye,
2012), which estimate that critical ice clusters consist of 70
to 275 molecules in the temperature range from 195 to 231 K
corresponding torc = 1.2–1.8 nm if one assumes a spheri-
cal shape of the critical clusters. Also for larger pores and
at higher temperatures, the radius of a critical cluster with
spherical shape seems to determine the melting and freez-
ing temperatures in pores. Ice present on the external sur-
faces of mesoporous silica powders seems to initiate nucle-
ation of the pore water (Schreiber et al., 2001; Liu et al.,
2006) only when the temperature is lowered to a value so
that Dp ≥ 2rc+ 2t. This is in agreement with XRD studies,
which show that microcrystallites rather than ice cylinders
grow in the pores. Analyzing the peak width of the X-ray
diffraction patterns, Morishige and Iwasaki (2003) found that
microcrystals with∼ 4 nm diameter formed in partly filled
pores of SBA-15 with diameters of 7.8 nm. They concluded
that microcrystals did not grow along the pore length but
that many nuclei formed in each cylindrical pore. Freezing
temperatures of KIT (Morishige et al., 2007) and SBA-16
samples (Kittaka et al., 2011) that lie between the solid grey
and the dotted black lines in Fig. 3 are indicative of hetero-
geneous freezing within the cage-like pores initiated by ice
that propagates through channels connecting the pores. The
freezing temperature depends on the width of these channels,
which can be influenced by the preparation procedure of the
mesoporous materials. The presence of a quasi-liquid water
layer between the pore wall and the critical cluster implies
that the freezing/melting behavior should not be notably in-
fluenced by the surface properties of the pore walls. This is
indeed confirmed by Deschamps et al. (2010), who investi-
gated hydrophobically coated MCM-41, by Morishige and
Nobuoka (1997), who incorporated aluminum into siliceous
MCM-41 resulting in the formation of Bronsted-acid sites,
and Findenegg et al. (2008), who investigated SBA-15 mate-
rials in which the pore walls had been decorated by propionic
acid, phosphonic acid and sulfonic acid. In all these studies,
the freezing/melting behavior of the free water confined in
the pores was almost independent of the surface properties
of the pore wall.

In summary, studies of water confined in mesoporous ma-
terials have shown that freezing occurs by homogenous nu-
cleation as predicted by CNT in isolated pores withD > 3.5–
4 nm, while freezing and melting temperatures drop off for
smaller pore sizes. The resulting ice phase is a defective
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Fig. 3. Freezing in completely filled pores of different mesoporous
materials. Data is taken from Hansen et al. (1996) (NMR spec-
tra measured in 2 K steps), Morishige and Kawano (1999) (X-
ray diffraction patterns in ca. 2 K steps), Schreiber et al. (2001)
(DSC curves at 0.5 K min−1, evaluation of peak maxima), Kittaka
et al. (2006) (DSC curves at 5 K min−1, evaluation of peak onset),
Jähnert et al. (2008) (DSC curves at 0.5 K min−1, evaluation of peak
maxima), Kittaka et al. (2011) (DSC curves at 5 K min−1, evalu-
ation of peak onset), Janssen et al. (2004) (DSC at 0.5 K min−1,
evaluation of peak onset), Morishige et al. (2007) (DSC curves
at 0.5 K min−1, evaluation of peak onset), Liu et al. (2007) (DSC
curves at 5 K min−1, DTD (differential temperature difference)
curves at 1 K min−1). Grey dotted and solid lines: pore diameter
needed to incorporate a critical cluster of hexagonal (calculated
with values from parameterization by Zobrist et al., 2007) and cu-
bic ice (calculated with values from parameterization by Murray et
al. (2010a), respectively. Black dotted and solid lines: parameteri-
zations of homogeneous ice nucleation by Zobrist et al. (2007) and
Murray et al. (2010a) withn = 0.3, respectively.

form of ice-I, which has predominantly cubic ice rather than
hexagonal ice features. The surface properties of the pore
walls have little influence on the freezing and melting tem-
perature because they are covered by a quasi-liquid layer of
bound water.

3 Deposition nucleation

Deposition nucleation has been investigated for a variety of
IN mainly by three different types of instruments: continuous
flow diffusion chambers, the large cloud chamber AIDA, and
static diffusion chambers. The working principles of these
instruments are summarized in Appendix B.

Among the particle types that have been studied as poten-
tial IN, clay minerals and mineral dusts are probably the best
investigated and characterized ones. Mineral dusts seem to be
the most relevant IN in the atmosphere, since they are always
enriched in residual particles of ice crystals (e.g., DeMott et
al., 2003a, b; Cziczo et al., 2013). Clay minerals have been
identified as major components of transported mineral dusts

 

 
Fig. 4. (a)Scheme representing equilibrium condition between wa-
ter phase (left) and ice phase (right) confined in a cylindrical pore
as formulated in Eq. (6).(b) Ice crystals limited to critical size in
cylindrical pores given by the critical radius (rc) derived from CNT.

(Murray et al., 2012). They will therefore serve as the prime
examples of PCF. A summary of sources and composition of
clay minerals and mineral dusts is given in Appendix C1.

3.1 Deposition nucleation on clay minerals and mineral
dusts

Deposition nucleation on clay minerals and mineral dusts of-
fers the best source to investigate the importance of PCF be-
cause pore structures of clay minerals have been well char-
acterized and can be used to predict the ice nucleation ability
assuming that ice formation starts from pores filled with wa-
ter. Clay minerals are hydrous aluminum silicates forming
sheet-like structures of lamellae that may aggregate to lamel-
lae stacks. The possible sources of porosity include crevices
in the particle surface, staggered layer edges, voids created
by the overlapping of stacked layers, and interlayer regions
(Rutherford et al., 1997). Slit- and wedge-shaped pores result
from the interleaving of crystal units of several lamellae in
thickness. Depending on RHw, mesopores (Dp = 2–50 nm)
fill with water due to capillary condensation. In slit-shaped
pores water adsorption appears to occur largely by multi-
layer formation on the flat surfaces of the clay particles; des-
orption is then governed by the curvature of the semicylin-
drical menisci formed. In so-called “ink-bottle” pores with
large chambers behind narrower pore openings, the adsorp-
tion branch shows a reversible filling of the pores, while the
desorption branch is characterized by spontaneous emptying
of the condensate governed by the curvature of the conden-
sate meniscus (Aylmore and Quirk, 1967).

In kaolinites the stacking of lamellae leads to platy parti-
cles with pores resulting from the interleaving of the plates.
The diameters of the pores are similar in size to the thick-
ness of the particles, which varies from 15 to 100 nm with
predominance in the range from 20 to 50 nm (Churchman et
al., 1995; Sills et al., 1973). Illites tend to be an agglomerate

Atmos. Chem. Phys., 14, 2071–2104, 2014 www.atmos-chem-phys.net/14/2071/2014/



C. Marcolli: Deposition nucleation 2079

of numerous individual crystals or clusters. Almost the en-
tire porosity arises from the void spaces between nearly par-
allel aligned plates resulting in pore diameters of 2–5 nm,
with the maximum in the pore peak occurring at about 3 nm
(Aylmore, 1974; Aylmore and Quirk, 1967). The porosity of
montmorillonites is more dependent on the type of mont-
morillonite. Aylmore and Quirk (1967) showed for Redhill
calcium montmorillonite (England) and Wyoming calcium
bentonite (clay minerals consisting mostly of montmoril-
lonite) that pores of 2–4 nm diameter predominate. Kumar
et al. (1995) found that raw clays of bentonites have a pore
size distribution with ca. 40 % of the total volume of meso-
pores in the diameter range 2–5 nm, while pores in the range
10–50 nm represent ca. 30 %. Acid treatment of montmoril-
lonite enhances mesoporosity, making it an effective catalytic
support. A more detailed discussion of the porosity of clay
minerals is given in Appendix C2.

Water adsorption isotherms show that pores of meso-
porous materials fill in accordance with an inverse Kelvin
effect (Sect. 2.2). Completely filled pores contain free (bulk)
water in the middle of the pores and bound water adjacent to
the pore walls. The water in the middle of the pores freezes
by homogeneous nucleation atT = 230–235 K forDp > 3.5,
as shown in Sect. 2.3. Since rates of homogeneous ice nucle-
ation at these temperatures are high, the presence of one pore
filled with water on a particle suffices to nucleate ice. For
T > 235 K, homogeneous ice nucleation rates decline rapidly
and freezing in pores has to occur by immersion nucleation
at active sites. The efficiency of immersion nucleation for
PCF depends on the density of active sites within pores and
is supposed to be drastically lower than the one of homoge-
neous nucleation. One can therefore assume that PCF occurs
when aerosol particles contain one pore filled with water for
T < 235 K and a pore with an active site immersed in water
for T > 235 K. This implies a strong increase in the ice nucle-
ation efficiency when temperature is decreased below 235 K.
Such dependence of ice nucleation efficiency on temperature
is not expected for deposition nucleation. PCF as the pre-
vailing ice nucleation mechanism can therefore be assumed
when particles become much better IN once the temperature
is decreased below 235 K.

3.1.1 Clay minerals

Deposition nucleation on clay minerals has been investigated
by several groups using different measurement techniques.
Figure 5 shows a compilation of literature data for kaolinite
(a), illite (b), and montmorillonite (c). The symbols are color
coded with respect to particle size (d < 1 µm, red;d ≈ 1 µm,
purple; d > 1 µm, green) and indicate the onset of freezing
as a function of temperature and relative humidity with re-
spect to ice (RHi). The solid black lines indicate RHi /T con-
ditions for water saturation (parameterization of Murphy and
Koop, 2005). The dashed black line gives homogeneous ice
nucleation for a nucleation rate of 108 cm−3 s−1 (Koop et al.,

2000). The water activity scale given in Koop et al. (2000)
is transformed to RHi using the parameterization by Murphy
and Koop and assuming equality between water activity and
RHw. The light blue lines delimit the onset of pore filling
with water for pores with diameters given on the lines cal-
culated using the Kelvin equation (Eq. 1) and transforming
from RHw to RHi using the parameterization by Murphy and
Koop (2005). Pores with diameters indicated on the light blue
lines are expected to be filled for RHi above the light blue
lines and empty for RHi below the blue lines. The differently
colored thick solid lines on the water vapor saturation line
give the temperature ranges of immersion freezing reported
by Pinti et al. (2012). There are differences between the dif-
ferent studies with respect to the definition of onset condition
of nucleation, residence time, type and size of the clay miner-
als. The legend to the symbols therefore states the exact type
of clay minerals, the particle diameter, and the active frac-
tion for which ice nucleation is specified. The importance of
the specified active fraction can be seen when comparing the
large difference in freezing conditions reported by Salam et
al. (2006) for the nucleation of the first crystal in their kaoli-
nite sample (Fig. 5a, purple stars) and freezing of 15 % of
the particles (Fig. 5a, purple crosses), which only occurred at
water saturation.

Ice nucleation results for kaolinite are summarized in
Fig. 5a. Welti et al. (2009), Salam et al. (2006), Tobo et
al. (2012), and Kulkarni et al. (2012) used a CFDC to in-
vestigate the submicrometer to micrometer particle fraction.
The other studies employed static diffusion chambers and in-
vestigated supermicron-sized particles. Most studies investi-
gated kaolinite from Sigma Aldrich (SA). Zimmermann et
al. (2007, 2008) used kaolinite from the Clay Mineral Soci-
ety (CMS), Salam et al. (2006) from City Chemicals (CC),
other studies did not specify the source of their kaolinite.
No obvious difference in ice nucleation between these clay
types can be observed. However, there is a strong depen-
dence on particle size. Micron-sized and supermicron par-
ticles nucleate ice at water saturation up to 263 K most prob-
ably in condensation-freezing mode. When temperature falls
below 255 K, supermicron particles start to nucleate ice in
small fractions below water saturation and forT < 244 K sub-
micron particles start to become efficient as IN below water
saturation. Larger particles being better IN than smaller ones
of the same material has also been observed by Gallavardin
et al. (2008) from the analysis of ice residuals. Tempera-
ture ranges for immersion freezing on active sites of kaoli-
nite from Sigma Aldrich (SA) reported by Pinti et al. (2012)
are indicated by the differently colored thick solid lines on
the water vapor saturation line of Fig. 5a. The brown and red
segments are due to ice nucleation by standard and best sites,
respectively, from DSC emulsion experiments. The orange
segment represents the temperature range of freezing from
DSC bulk experiments. The temperature range between the
red and orange lines is neither accessible by emulsion nor
bulk DSC experiments. Condensation freezing on kaolinites
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Fig. 5. Ice nucleation data as a function of temperature and relative humidity with respect to ice (RHi) for (a) kaolinites,(b) illites, and
(c) montmorillonites. Red, purple and green symbols encode nucleation on submicron, micron, and supermicron particles, respectively. The
solid and dashed black lines indicate liquid water saturation and homogeneous ice nucleation, respectively. The differently colored thick
solid lines on the water vapor saturation line give the temperature range for which immersion freezing on standard (brown), special (red)
and best sites (orange) has been observed by Pinti et al. (2012) for kaolinite SA(a), illite NX (b) and montmorillonite K10(c). The solid
light blue lines give pore filling in dependence on pore diameter. The legend lists the reference of the study, the diameter of the particles (D)
and the activated fraction (af). Abbreviations: md, mode diameter; SA, Sigma Aldrich; CC, City Chemicals; CMS, Clay Mineral Society.
Compositions of kaolinites SA, illites NX and SE (Arginotec), and montmorillonite K10 are given in Pinti et al. (2012). References: We2009,
Welti et al. (2009); Ku2012, Kulkarni et al. (2012); To2012, Tobo et al. (2012); Sa2006, Salam et al. (2006); Sch1979, Schaller and Fukuta
(1979); Bu2008, Bundke et al. (2008); Ro1968, Roberts and Hallett (1968); Dy2006, Dymarska et al. (2006); Ea2008, Eastwood et al. (2008);
Zi2008, Zimmermann et al. (2008); Kn2010, Knopf et al. (2010); Ch2010, Chernoff and Bertram (2010); Wa2011, Wang and Knopf (2011);
Ba2002, Bailey and Hallett (2002); Zi2007, Zimmermann et al. (2007); Cz2009, Cziczo et al. (2009); Ka2006, Kanji and Abbatt (2006).

falls into the same temperature range as immersion freezing
on best sites determined from bulk measurements performed
by Pinti et al. (2012) (thick orange line). Ice nucleation below
water saturation covers the temperature range for which Pinti
et al. (2012) observed immersion freezing on average (thick
brown line), special (thick red line) and best sites (thick or-
ange line) and extends to conditions where ice nucleates ho-
mogeneously.

Freezing in pores is expected to occur by homogeneous
ice nucleation forT < 235 K and by immersion freezing
for T > 235 K. Homogeneous ice nucleation should require
only a small pore volume of∼ 100 nm3 to be efficient (see
Sect. 2.3), while heterogeneous ice nucleation needs larger
pore structures to contain at least one active site. There is no
reliable information available concerning the distribution of
active sites within pores of clay minerals. It is therefore rea-
sonable to assume that they are of similar abundance as on
the outer surface of clay particles. Ice nucleation below wa-

ter saturation atT > 250 K is expected to occur on the rare
best sites (thick orange line), which seem to be abundant
enough within pores of supermicron particles to shift the on-
set of ice nucleation below water saturation forT < 255 K.
Pores withD > 30 nm are the most common ones in kaolin-
ites. At T > 250 K, these pores start to fill up with water
at RHi > 120 %, which corresponds to the onset of hetero-
geneous nucleation observed for supermicron particles. The
quite frequent standard sites are expected to induce freezing
at T < 238 K and this corresponds to the temperature range
for which deposition nucleation experiments performed with
submicrometer-sized particles showed freezing below wa-
ter saturation. It also agrees with the temperature range for
which Lüönd et al. (2010) observed immersion freezing of
submicrometer-sized kaolinite (SA). The higher RHi needed
for smaller particles to activate ice may therefore reflect the
lack of narrow pores in smaller kaolinite particles. For the
studies that investigated particles on a substrate (all the green
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data points, the purple triangles, diamonds and circles) ice
might also have formed by freezing of water that condensed
in voids and gaps between the substrate and the particles.
To account for ice nucleation under the observed RHi condi-
tions atT < 235 K, kaolinite particles should have pores with
diameters down to 7.5 nm. Pore structure analysis (see Ap-
pendix C2) showed that most pores in kaolinites are larger
than 20 nm. The lack of narrow pores in submicron kaolinite
particles is the most probable reason for the quite high RHi
needed for PCF. For 100 nm kaolinite particles (red squares
in Fig. 5a) the measured onset of freezing would imply that
less than 1 % of the particles have pores withD < 10 nm. RHi
needed to fill a pore of a given size increases with decreas-
ing temperature. This explains the shift of ice nucleation on-
sets to higher RHi with decreasing temperature. Given the
pore structure of kaolinites, PCF is expected to be an effi-
cient ice nucleation mechanism below water saturation. The
steep increase in ice nucleation efficiency of submicrometer
particles at temperatures where standard active sites become
available and homogeneous ice nucleation sets in (T = 235–
238 K) is an indication that PCF is the prevailing mechanism
for ice formation. A strong increase in the activated fraction
of kaolinite (SA) particles forT < 235 K has been observed
by Welti et al. (2014). They found that describing the ice nu-
cleation activity by assuming deposition nucleation to be the
governing mechanism below water saturation inadequate to
represent the experimental data in the investigated tempera-
ture range.

Ice nucleation on illites is summarized in Fig. 5b. Tem-
perature ranges for immersion freezing on active sites of il-
lite NX reported by Pinti et al. (2012) are indicated by the
differently colored thick solid lines on the water vapor sat-
uration line. Supermicron particles from Clay Mineral Soci-
ety (CMS) began to nucleate ice below water saturation for
T < 261 K (Zimmermann et al., 2008; Chernoff and Bertram,
2010). If ice nucleation is assumed to occur within pores,
the pore system of these particles needs to contain some
of the rare best sites that are responsible for ice nucleation
at these high temperatures. Alternatively, freezing in these
studies might also have started from capillary water that
condensed in voids between the substrate and the particles.
Submicrometer particles of illite NX have been investigated
by Welti et al. (2009) using a CFDC. These particles nu-
cleate ice below water saturation forT < 242 K. This is the
temperature range for which Pinti et al. (2012) observed ice
nucleation on the frequent standard sites of illite NX (thick
brown line on water vapor saturation line). Such sites seem to
be present in illite particles > 200 nm but missing in smaller
particles. 100 and 200 nm particles needT < 236 K for ice
nucleation below water saturation, which is indicative of the
onset of homogeneous ice nucleation occurring within pores.

Pore structure analysis of illites showed that most of the
porosity of this clay type arises from pores of 2–5 nm equiv-
alent plate separation (see Appendix C2). Studies on freezing
in confinement (Sect. 2.3) have shown that homogeneous ice

nucleation occurs abruptly forT = 230–235 K in pores with
diameters of 3.5–4 nm but only gradually atT = 220–230 K
in pores withD = 2.5–3.5 nm. Therefore, for freezing to oc-
cur during the limited residence times in CFDCs (4–12 s),
the wider pores withDp > 3.5 nm should be responsible. For
temperatures above 200 K, these pores are already filled with
water when supersaturation with respect to ice is reached.
Assuming a PCF mechanism, ice crystal growth should
therefore start immediately when RHi = 100 % is reached.
In all experiments the onset of ice freezing was observed at
RHi ≈ 105 % or higher in accordance with a PCF mecha-
nism. The relatively high ice supersaturation (RHi = 120 %)
needed for activated fractions of 1 % for 100 nm illite par-
ticles (red squares) might be an indication that only a frac-
tion of these small particles have pores in the right diameter
range. In summary, the sharp increase in ice nucleation activ-
ity for T < 235 K for illite particles withDp = 100–200 nm
observed by Welti et al. (2009) together with the pore struc-
ture reported for this clay mineral is strong evidence that PCF
is the prevailing ice nucleation mechanism for illite particles.

Figure 5c shows the onsets of freezing of all studies that
investigated montmorillonites. The differently colored thick
lines on the water vapor saturation line give the ranges of
immersion freezing for montmorillonite K10 determined by
Pinti et al. (2012). Most studies used the acid-treated K10
as representative montmorillonite, which contains pores with
Dp = 4–50 nm (see Appendix C2). AtT < 235 K the pore
volume of pores withDp > 4 nm should be large enough for
PCF to be highly efficient. Ice is expected to form by homo-
geneous nucleation in pores and induce ice crystal growth as
soon as RHi = 100 % is reached. Most experiments showed
onsets of freezing at RHi = 110–120 % forT < 235 K in ac-
cordance with a PCF mechanism. Slow growth of ice crys-
tals to detectable sizes within the CFDC at RHi close to
100 % might explain why the onset of ice nucleation was
not observed at even lower supersaturation with respect to
ice. At T > 235 K, larger particles nucleated ice at lower
RHi , indicating that the availability of water-covered ac-
tive sites within pores determined the onset of ice nucle-
ation. There is also a distinct difference between montmo-
rillonite K10 investigated by Kanji et al. (2008) and Salam
et al. (2006) and the montmorillonites from the Clay Min-
eral Society (CMS) studied by Zimmermann et al. (2007,
2008). ForT > 250 K the clays from CMS needed water satu-
ration for freezing while K10 already showed first ice crystal
formation at RHi < 110 %. This can be explained by the in-
creased pore volume in the acid-treated K10 compared with
the natural samples. The pore structure of montmorillonite
particles and the low ice supersaturation needed to nucleate
ice atT < 235 K points to PCF as the prevailing ice nucle-
ation mechanism below watersaturation. However, the low
RHi needed to activate 400 and 800 nm particles by Welti
et al. (2009) at 243 K is rather unexpected given the ice nu-
cleation activity of montmorillonite K10 in immersion mode
observed by Pinti et al. (2012).
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In summary, studies performed on submicrometer parti-
cles provide the best support for PCF as the dominating
mechanism for ice formation below water saturation (Welti
et al., 2009; Kulkarni et al., 2012; Tobo et al., 2012), since
these studies clearly show a strong increase in ice nucleation
efficiency when temperature falls below 235 K.

3.1.2 Arizona test dust (ATD)

ATD from Powder Technology Inc. (Minnesota, USA) is
produced by grinding samples of sand from Arizona. It has
been used by different groups for comparison of results and
methods of ice nucleation. The mineralogical composition
of ATD is dominantly quartz, feldspars and a substantial
proportion of unidentified clay minerals (Broadley et al.,
2012; Murray et al., 2012). Many of the supermicron par-
ticles consist predominantly of Si. Connolly et al. (2009)
present an ESEM image of a typical ATD sample, showing
granular and smooth faceted morphologies. The ESEM im-
age also reveals aggregates of submicron particles and sub-
micron particles sticking to larger particles. Transmission
electron microscope images of submicrometer particles pre-
sented by Niedermeier et al. (2011) show ragged surfaces
featuring both crystalline and amorphous structures. Water
uptake isotherms at 298 K exhibited coverages of∼ 4 mono-
layers at 80 % RH (Gustafsson et al., 2005).

Figure 6a summarizes results of ice nucleation studies in-
vestigating ATD in deposition mode. The solid black lines
indicate RHi /T conditions for water saturation (parameteri-
zation of Murphy and Koop, 2005). The dashed black line
gives homogeneous ice nucleation (Koop et al., 2000) for a
nucleation rate of 108 cm−3 s−1. The light blue lines delimit
the onset of pore filling with water for pores with diame-
ters given on the lines calculated using the Kelvin equation
(Eq. 1). While many studies report ice nucleation below wa-
ter saturation forT < 241 K, water saturation was required in
most studies to induce ice nucleation at higher temperatures.
All studies show ice nucleation below water saturation for
T < 235 K. If ice crystal formation atT < 235 K is attributed
to homogeneous ice nucleation in pores, pores with diame-
ters of∼ 6 nm are required to account for the RHi at which
freezing occurred in the studies by Möhler et al. (2006) and
Mangold et al. (2005). Ice nucleation reported by Welti et
al. (2009) and Koehler et al. (2010) is in accordance with
freezing in pores with diameters of 7–10 nm. Considering
the mineralogical composition and morphology of ATD, the
share of clay minerals and aggregated particles should in-
deed be sufficient to account for activated fractions of 1–10 %
or even higher at the observed conditions. With their setup,
Knopf and Koop (2006) optically monitored individual ice
nucleation events on ATD particles spread on a hydrophobic
substrate. The nucleation events occurred over a large RHi
range that might be representative of the spread of pore di-
ameters in the sample.

Ice nucleation occurring on the water vapor saturation line
in Fig. 6a should be due to immersion or condensation freez-
ing and can be compared with the active site parameteriza-
tion of immersion freezing on ATD by Marcolli et al. (2007).
Kanji and Abbatt (2010) observed immersion nucleation of
100 nm ATD particles at temperatures up to 243 K. The data
point at 251 K probably arises from water droplets, which
cannot be discriminated from ice with the employed setup.
Ice nucleation at water saturation by 200–800 nm diameter
particles was observed by Welti et al. (2009) at∼ 246 K as
the highest temperature. The data points reported at 255–
256 K and 250–251 K are at or close to the breakthrough line
of the instrument where liquid droplets can still be present
and mistaken for ice crystals. Koehler et al. (2010) observed
ice nucleation at water saturation at highest temperatures of
237–243 K for 200–400 nm particles. An activated fraction
of 0.1 % at water saturation at∼ 251 K was observed by
Jones et al. (2011) for an aerosol containing ATD particles
with diameters < 1 µm. The data point at 256 K is uncertain
because it was measured at a supersaturation with respect to
water of 5 %. Connolly et al. (2009) reported freezing of a
normally distributed ATD aerosol with average mean diame-
ter of 350 nm and standard deviation of 1.65 (which includes
particles with diameters up to 2 µm) when water saturation
was reached at 255 K, but no freezing at 261 K. Ice nucle-
ation on ATD was observed by Knopf and Koop (2006) at
T = 260 K as the highest temperature for particles in the size
range 0.7–10 µm in diameter.

Based on the active site parameterization of Marcolli et
al. (2007), ATD particles with diameters of 200 nm should
exhibit on average active sites with contact angles of 98◦ or
larger. Such active sites would induce heterogeneous freez-
ing at ∼ 234 K within ∼ 10 s, which is below the homoge-
neous freezing threshold of∼ 235 K. This means that wa-
ter droplets containing an ATD particle that is smaller than
200 nm rather freeze homogeneously than heterogeneously.
Particles with diameters of 300 nm, 400 nm, 1 µm, 2 µm and
10 µm are expected to freeze within 10 s at 237 K (contact an-
gle ≥ 84°), 240 K (contact angle≥ 77◦), 245 K (contact an-
gle ≥ 65◦), 248 K (contact angle≥ 60◦), and 251 K (contact
angle≥ 54◦), respectively. Monodisperse aerosols of 100,
200, 300, 400, 1000, and 2000 nm diameters are expected
to yield activated fractions of 1 % at 239, 245, 247, 249,
251, and 252 K, respectively. This shows that the tempera-
tures for condensation/immersion freezing of ATD reported
by the different groups are largely consistent when the size
distribution of ATD, residence time in the instrument, and ac-
tivated fraction are taken into account and can be described
by the Marcolli et al. (2007) active site parameterization.
This is in accordance with the ICIS2007 intercomparison that
showed general agreement of ice formation for polydisperse
ATD with particle sizes up to 1–2 µm between measurements
performed with different types of CFDC setups, the AIDA
chamber and the FRIDGE instrument (DeMott et al., 2011).
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Fig. 6. Ice nucleation data as a function of temperature and relative humidity with respect to ice (RHi) for (a) Arizona Test Dust (ATD)
and(b) natural dusts. Red, purple and green symbols encode nucleation on submicron, micron, and supermicron particles, respectively. The
solid and dashed black lines indicate liquid water saturation and homogeneneous ice nucleation, respectively. The solid light blue lines give
pore filling in dependence on pore diameter. The legend lists the reference of the study, the source of the dust in the case of natural dusts,
the diameter of the particles (D) and the active fraction (af). Abbreviations: AD, Asian Dust; CID, Canary Island Dust; SD2, Saharan Dust
from Cairo; OLD: Owen Lake Dust; AD1, Asian Dust; SD, Saharan Dust; ID, Isreali Dust. References: Ka2010, Kanji and Abbatt (2010);
Ko2010, Koehler et al. (2010); We2009, Welti et al. (2009); Ku2012, Kulkarni et al. (2012); Jo2011, Jones et al. (2011); Co2009, Connolly
et al. (2009); Mo2005, Möhler et al. (2005b); Mo2006, Möhler et al. (2006); Ma2005, Mangold et al. (2005); Cz2009, Cziczo et al. (2009);
Kn2006, Knopf and Koop (2006); Ka2011, Kanji et al. (2011); Ar2005, Archuleta et al. (2005); Ko2007, Koehler et al. (2007); Fi2006, Field
et al. (2006); Ka2006; Kanji and Abbatt (2006); Ku2010, Kulkarni and Dobbie (2010).

When the active site occurrence probability is applied to
the surface of cylindrical pores, the total length of pores in
a particle required to initiate immersion freezing at a given
temperature can be calculated. Connolly et al. (2009) mea-
sured deposition freezing at 248 K and RHi = 116 % and
at 247 K and RHi = 121 %. Under these conditions, pores
with diameters≤ 30 nm are filled. Applying the active site
occurrence probability given by Marcolli et al. (2007) to
a cylindrical pore withd = 30 nm, a pore length of 30 µm
is needed to provide on average an active site that induces
freezing atT ≥ 248 K. This would imply that at least a part
of the ATD particles used in the experiments by Connolly et
al. (2009) (fraction < 2 µm) must exhibit quite porous struc-
tures. Koehler et al. (2010) observed no ice nucleation be-
low water saturation atT > 235 K for ATD particles in the
size range from 100 to 400 nm. Welti et al. (2009) report
ice nucleation below water saturation at∼ 240 K for submi-
cron ATD particles, which implies the presence of cylindrical
pores with a total length of 16 and 5 µm for pore diameters of
10 and 30 nm, respectively. These examples indicate that im-
mersion freezing in pores of ATD particles is limited by the
availability of active sites within pores. The strong increase
in RHi needed to initiate ice nucleation with decreasing parti-
cle size provides a further indication that the density of active
sites within pores is low. ATD becomes much more efficient
as an IN atT < 235 K because the pore volume needed for
homogeneous ice nucleation is much smaller than the one
for heterogeneous ice nucleation. The increase in ice nucle-
ation efficiency atT < 240 K for submicron ATD particles
with diametersDp < 400 nm is an indication that PCF is the

prevailing nucleation mechanism in this temperature range.
Moreover, most studies did not observe ice nucleation activ-
ity at T > 240 K, which is in accordance with PCF because
the density of active sites in pores seems to be rather low if
one applies the parameterization by Macolli et al. (2007) to
the pores of ATD.

3.1.3 Natural dust samples

Figure 6b summarizes ice nucleation measurements per-
formed on different samples of natural dusts. All studies
except that performed on 50 nm particles (Archuleta et al.,
2005) report ice nucleation below water saturation for tem-
peratures below 235 K. ForT > 235 K, only few samples
showed ice nucleation below water saturation, but most froze
in immersion/condensation mode at water saturation.

Many studies (Connolly et al., 2009; Field et al., 2006;
Möhler et al., 2006; Koehler et al., 2010; Kanji et al., 2011)
used a dust sample collected in the Saharan desert near Cairo
(SD2) for their ice nucleation experiments. X-ray fluores-
cence analysis indicated that the bulk fraction of this sam-
ple (diameter < 20 µm) is rich in silicon (26.8 %), calcium
oxides (22.9 %), and aluminum oxide (8.5 %), indicative of
the presence of layer silicates and quartz. Electron micro-
graphs showed mineral particles with irregular and partly
aggregate-like structures (Möhler et al., 2006). Koehler et
al. (2010) investigated size-selected particles of this sample
with diameters of 200–400 nm in a CFDC. All samples nu-
cleated ice below water saturation forT < 233 K, but required
cloud droplet activation forT > 237 K. 200–300 nm particles
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showed immersion/condensation freezing up to 248 K and
the 400 nm sample up to 253 K. Field et al. (2006), Möhler et
al. (2006), and Connolly et al. (2009) studied ice nucleation
on the fraction of the SD2 sample withD < 2 µm (normal dis-
tribution with average mean diameter of 350 nm and an av-
erage standard deviation of 1.85). For temperatures between
234 and 252 K, droplets formed at the same time as ice, im-
plying condensation freezing. Kanji et al. (2011) observed
immersion/condensation freezing up to 253 K investigating
the size range up to 2 µm. This is evidence that larger Saharan
dust particles contain more active sites and freeze at higher
temperatures than smaller ones. No clear case of freezing be-
low water saturation forT > 235 K has been observed. In the
temperature range 220–235 K, ice nucleation occurred over
a large RHi range, which would imply homogeneous freez-
ing in pores with diameters of 7–30 nm. For higher activated
fractions and smaller particle sizes ice nucleation occurred at
higher RHi . The large range over which ice nucleation was
observed suggests a large range of pore sizes present in this
sample. For temperatures below 213 K, Möhler et al. (2006)
observed ice nucleation close to ice saturation (100–110 %).
Asian dust (AD1) collected in the easterly parts of the Takla
Makan Desert has been investigated in the AIDA chamber
(Field et al., 2006; Möhler et al., 2006; Connolly et al., 2009)
using the aerosol fractionD < 2 µm (normal distribution with
average mean diameter of 400 nm and an average standard
deviation of 1.70). X-ray fluorescence analysis indicated that
the bulk fraction of this sample (diameter < 20 µm) is rich in
silicon (70.2 %) with minor shares of calcium oxide (11.5 %)
and aluminum oxide (8.5 %), indicating quartz as the major
component and minor contributions of layer silicates. AD1
showed freezing below water saturation forT < 235 K and
freezing at water saturation forT = 235–255 K. Dust sam-
ples that are rich in quartz are expected to have low densities
of active sites and pores (Eastwood et al., 2008). The sur-
face within pores is therefore most probably not large enough
to contain an active site on average per particle. Therefore
freezing in pores only becomes efficient when temperature is
decreased below 235 K and homogeneous nucleation sets in.
Ice nucleation in the temperature range 217–233 K occurred
over a large RHi range corresponding to freezing in pores
with diameters between 7 and 30 nm. The large difference in
RHi between onset of freezing and a frozen fraction of 8 %
suggests that only a minor fraction of AD1 particles – prob-
ably the layer silicates – contains pores narrow enough to be
filled with water at low RHi (Field et al., 2006).

The Asian dust sample used by Archuleta et al. (2005) was
collected from the Tengger desert of China. The composition
of the < 10 µm fraction contained the elements Si, Al, Fe,
P, K, Ca and Mg. Transmission electron microscope images
of 200 nm diameter particles revealed aggregate structures.
Pores and slits that form at the interfaces of such aggregated
particles could account for the observed activated fraction of
1 % atT = 210–230 K and RHi = 133–137 %. The absence
of ice nucleation below water saturation for 50 nm diameter

particles could be due to a low fraction of aggregated parti-
cles for this small size class. As another difference, the 50
and 100 nm particles contained relatively more soluble mat-
ter than the larger 200 nm particles (Archuleta et al., 2005).

Koehler et al. (2010) and Kanji et al. (2011) investigated
Canary Island dust (CID) collected on the Canary Island
of Lanzarote, which receives large annual deposits of Sa-
haran dust. It also likely contains beach sand and small an-
cient coral. This sample showed ice nucleation close to wa-
ter saturation forT = 237–247 K and distinctly below wa-
ter saturation forT = 220–232 K, indicative of the transi-
tion from immersion/condensation to homogeneous ice nu-
cleation within pores when the temperature is decreased be-
low the homogeneous ice nucleation threshold atT ≈ 235 K.
Kanji et al. (2011) investigated in addition a dust collected
from Ramat Hashron, Israel, following a dust storm (ID).
This sample needed water saturation for ice formation in the
investigated temperature range (T = 247–253 K).

Koehler et al. (2007) investigated a sample collected at
various locations around the dry lake bed of the Owens Lake
region (OLD). The dominant elements of the bulk sample
(≤ 300 µm) are Na, Ca, Fe, and K. No significant activity as
IN was observed forT > 236 K. ForT = 214–236 K, all in-
vestigated size classes (200, 300, and 400 nm) induced ice
nucleation below water saturation at RHi indicative of freez-
ing in pores and cracks with diameters of 15–30 nm.

Bulk elemental composition revealed silicon as the major
component in the Dakar, Dakar-1, and Nigeria samples in-
vestigated by Kulkarni and Dobbie (2010). The sample from
Spain was dominated by Ca (80 %). Electron micrographs
showed irregularities in the dust surface, including cracks,
steps or pores. The investigated sample fraction with diam-
eters up to 38 µm showed an activated fraction of 1 % at
RHi < 110 % and temperatures up to 256 K. Similarly low
RHi for an activated fraction of 0.01 % atT = 218–261 K
exhibited a Saharan dust sample from the Cape Verde is-
lands with diameters up to 5 µm, which was composed of
quartz and smectite clay minerals such as montmorillonite
and potassic feldspars (Kanji and Abbatt, 2006). This low
nucleation threshold might be due to the large particle sizes
and the applied nucleation onset criterion of only 0.01 %.

Most ice nucleation experiments with natural mineral
dusts have shown a significant increase in ice nucleation effi-
ciency when temperature is decreased below 235 K, which
is a clear indication that PCF is the prevailing nucleation
mechanism below water saturation. Most of the investigated
natural dust samples do not seem to be rich enough in ac-
tive sites and/or pores, so that heterogeneous freezing within
pores is not effective enough to lead to detectable nucle-
ated fractions below water saturation forT > 235 K. The only
studies that observed ice nucleation well below water sat-
uration for T > 235 K were performed on very large natu-
ral dust particles deposited onto a substrate (Kulkarni and
Dobbie, 2010; Kanji et al., 2011). An aggregated structure of
these large particles or water condensed between the particles
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and the substrate might explain the low ice nucleation onsets
(RHi < 110 %) in these studies.

Almost all ice nucleation studies performed on natural dust
samples shown in Figure 6b observed ice nucleation below
water saturation only when temperature was below the ho-
mogeneous ice nucleation threshold, with the only exception
of the studies performed by Kulkarni and Dobbie (2010) and
Kanji and Abbatt (2006) on large particles deposited onto
a substrate. They can therefore be considered as direct evi-
dence of PCF as the dominating mechanism for ice formation
below water saturation.

3.2 Coatings

Airborne mineral dust particles may acquire coatings dur-
ing transport by deposition of semivolatile or nonvolatile
compounds such as sulfates, nitrates, and organic material
that form by oxidation of gas-phase species in the atmo-
sphere (Murphy and Thomson, 1997; Grassian, 2002; Mur-
phy, 2005). If the particles contain pores and cracks, these
fill up first due to the inverse Kelvin effect (e.g., Sjogren et
al., 2007) before the particles acquire an external coating.
Pores containing water-soluble materials fill with an aque-
ous solution when RHw is increased. RHw of complete fill-
ing is lowered compared with the pure water case and de-
pends on pore diameter and the water activity of the solution
(e.g., Sjogren et al., 2007). When the deposited semivolatile
materials are viscous, water uptake and release may be de-
layed (e.g., Zobrist et al., 2008b). The presence of a solution
instead of pure water within pores has consequences for ice
nucleation because aqueous solutions freeze at lower temper-
atures than pure water. Such a freezing point depression oc-
curs for homogeneous ice nucleation and for heterogeneous
ice nucleation in immersion mode and can be parameter-
ized as a function of water activity (Koop et al., 2000; Zo-
brist et al., 2008a). If the active sites on mineral dusts are
deactivated because of specific interactions with the solutes
such as chemical reactions or surface adsorption, the freez-
ing point depression may be larger than that predicted by a
water activity-based parameterization. If the pores are com-
pletely filled with viscous organic matter, ice nucleation in
pores might be completely impeded because the presence of
the organic material slows down or even inhibits water con-
densation in pores. Once the particles have obtained a full
coating the significance of freezing within pores should be
minor.

Several studies investigated the influence of coatings on
IN efficiencies, some studies observed a decrease in IN
efficiency, and other studies found no effect. Zobrist et
al. (2008b) provide data on immersion freezing of aqueous
solutions of ammonium sulfate, sulfuric acid, and organic
compounds containing ATD particles. They observed freez-
ing point depressions compared with the pure water sus-
pensions that could be parameterized as a function of the
solution water activity. Similar freezing point depressions

have also been observed by Zuberi et al. (2002) for kaoli-
nite and montmorillonite particles coated with ammonium
sulfate. Möhler et al. (2008a) and Cziczo et al. (2009) inves-
tigated ice nucleation on ATD and illite particles coated with
sulfuric acid (15–20 wt%), ammonium sulfate (15–20 wt%),
and SOA (fromα-pinene ozonolysis; 17 wt% for ATD and
41 wt% for illite) in AIDA cloud expansion experiments.
Analysis of ice residues at the single particle level suggests
that coating thickness shows large variations between parti-
cles (Cziczo et al., 2009). The ice nucleation efficiency of
ATD and illite particles coated with SOA was markedly sup-
pressed for expansion runs atT = 210–205 K. Almost all un-
coated ATD and illite particles acted as IN between 105 and
120 % RHi , but only about 20 % of the coated ATD parti-
cles were ice-active (at RHi between 115 and 130 %) and
10 % of the coated illite particles (at RHi between 160 and
170 %). This might indicate that the lower coating level of
ATD (17 %) was not sufficient to fill up all pores with SOA,
while the higher coating level of illite (41 %) led to mineral
particles completely immersed in SOA, leading to ice nu-
cleation at conditions even above the RHi threshold for ho-
mogeneous ice nucleation of solution particles. Eastwood et
al. (2009) and Chernoff and Bertram (2010) found that RHi
for ice nucleation of different clay mineral and quartz parti-
cles was increased by 20–30 % in the temperature range from
233 to 248 K when coated with aqueous sulfuric acid lay-
ers of 0.2–0.7 µm but still below water saturation. This may
indicate that nucleation occurs in pores filled with H2SO4
solutions. Archuleta et al. (2005) studied metal oxide parti-
cles with diameters between 50 and 200 nm, with and with-
out H2SO4 coatings atT = 213–228 K. No clear effect of the
coatings emerged, possibly because of the low level of coat-
ing that corresponds to 2.9–7.1 monolayers assuming spher-
ical particles. Also, Knopf and Koop (2006) did not observe
a clear influence of H2SO4 coatings with estimated thick-
ness of 67–1100 monolayers on ice nucleation of ATD parti-
cles forT = 200–260 K. Again at these coating levels, pores
fill with dilute H2SO4 solutions leading to a slight freezing
point depression, which is however difficult to detect given
the large scatter of freezing temperatures.

Koehler et al. (2007, 2010) observed that the IN efficiency
of different mineral dusts (ATD, CID, OLD) that were wet
generated by atomizing an aqueous suspension of particles
was reduced compared to the one of dry-generated parti-
cles. They ascribe this effect to soluble components that were
present in the dust samples and are likely to redistribute and
transform insoluble particles that were not initially associ-
ated with soluble material into internally mixed particles.
Wet-generated CID and OLD particles initiated ice forma-
tion at conditions similar to those required for homogeneous
solution freezing at temperatures colder than 237 K. This in-
dicates that the CID and OLD samples contained enough sol-
uble material to completely fill up the pores and coat the min-
eral dust surface. Wet-generated ATD froze at higher RHi
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than dry-generated ATD but below the conditions required
for homogeneous solution freezing.

3.3 Other ice nuclei

This study has so far focused on heterogeneous ice nucle-
ation on clay minerals and mineral dusts. To explore whether
PCF is in general responsible for ice nucleation below water
saturation, the ice nucleation characteristics of other types of
IN are critically reviewed in Appendix D and summarized in
this section.

Soot. There is no clear case of heterogeneous ice nucle-
ation on soot aerosols below water saturation forT > 235 K
(e.g., Dymarska et al., 2006), while the ice nucleation abil-
ity below 235 K seems to depend strongly on the type and
pretreatment of the soot. The ice nucleation ability of pure
soot is distinctly improved when temperature drops below
235 K, but clearly deteriorates when the soot has acquired an
organic coating. The occurrence of ice nucleation below wa-
ter saturation only forT ≤ 235 K points to PCF as an expla-
nation. Empty spaces between aggregated primary particles
may fill with water due to capillary forces and freeze ho-
mogeneously at RHw below water saturation. Coatings may
fill up the empty space between particles and compact the
aggregates, leading to decreased ice nucleation ability of the
soot. Freezing of water in carbon nanotubes produces ice-like
structures (Maniwa et al., 2005; Kyakuno et al., 2011), which
might be of significance for ice nucleation by soot aerosols
(for more information see Appendix D1).

Snomax™. Pseudomonas syringae, a bacterial species that
expresses a protein with a close lattice match with ice is re-
sponsible for the ice nucleation activity of Snomax™. This
clearly defines the ice nucleation site of Snomax™ as an ex-
tended surface. Pores should therefore not be involved in ice
nucleation on Snomax™ particles. Considering the soluble
material such as carbohydrates and nucleic acids that have
been identified in Snomax™ pellets (Lagriffoul et al., 2010),
the ice active proteins should be immersed in an aqueous
solution layer with bulk properties. In this case, ice nucle-
ation on Snomax™ would also occur by an immersion freez-
ing mechanism in the reported cases of deposition freezing
(Chernoff and Bertram, 2010; Jones et al., 2011; Kanji et al.,
2011). See Appendix D2 for more details.

Glassy aerosols.Zobrist et al. (2008b) predicted that the
smooth convex surfaces of glassy aerosols would be un-
suitable to nucleate ice heterogeneously. However, different
studies have shown that heterogeneous ice nucleation is a
general feature of glassy aerosols but occurs only on a small
subset of these particles (Murray et al., 2010b; Wilson et al.,
2012; Wang and Knopf, 2011; Knopf et al., 2010; Wang et
al., 2012). This experimental evidence suggests that some
glassy particles have special properties that render them ac-
tive as IN. These properties might be cracks or slits that may
form during glass transition and absorb water below water

saturation by capillary forces as discussed in further detail in
Appendix D3.

Volcanic ash.Hoyle et al. (2011) and Steinke et al. (2011)
investigated heterogeneous freezing on an ash sample col-
lected during the eruption of the Icelandic volcano Eyjafjal-
lajökull in April 2010. This material proved to be a rather
poor IN at temperatures above 235 K but similarly efficient as
ATD at low temperatures (T < 233 K). Typical volcanic ash
samples exhibit pore size distributions centered at pore di-
ametersDp ∼= 5 nm and comparatively low numbers of pores
of larger diameter (Delmelle et al., 2005). If one assumes a
similar pore structure for the ash sample of Eyjafjallajökull,
PCF can indeed account for the observed ice nucleation ac-
tivity below water saturation (see also Appendix D4).

Inorganic salts and dicarboxylic acids.Analysis of ice
nucleation data from aerosol particles consisting of dicar-
boxylic acids, AS or AgI, indicates that a nucleation mecha-
nism by direct deposition of water molecules from the gas
phase is unlikely. Rather, ice nucleation starts from a liq-
uid water phase that gathers in pores or at steps and consists
of an aqueous solution rather than pure water. This liquid
phase is expected to be a solution of the dicarboxylic acids
and AS, respectively, if crystallization of these solutes dur-
ing efflorescence was not complete. In the case of AgI, the
solutes are probably hygroscopic impurities. It is therefore
not clear whether the pore structure, stabilizing the liquid
phase against water subsaturation by the inverse Kelvin ef-
fect or the solutes present in the solution stabilizing the liquid
phase by the Raoult effect is more important for preserving a
liquid phase as medium for homogeneous or immersion ice
nucleation at RHw < 100 % (for more information, see Ap-
pendix D5).

4 Conclusions and outlook

This study challenges the classical view that ice nucleation
below water saturation occurs by direct water vapor deposi-
tion onto a surface and puts forward the hypothesis that what
is called deposition nucleation is in fact homogeneous or im-
mersion nucleation occurring in pores and cavities that may
form between aggregated primary particles. These voids fill
with water at RHw < 100 % because of the inverse Kelvin ef-
fect. Ice nucleation in clay minerals and mineral dusts of-
fers the prime example to corroborate this hypothesis, be-
cause these materials are characterized best with respect to
pore structures. The recent findings of freezing in confine-
ment were therefore reviewed and related to the pore struc-
ture of clay minerals. This analysis showed that ice nucle-
ation within pores of the clay minerals kaolinite, montmo-
rillonite and illite should indeed occur at temperature and
RHw conditions that were so far taken as indicative of depo-
sition freezing. Pores with diameters < 5 nm are filled with
water at ice saturation for temperaturesT > 200 K. Freez-
ing in such pores is expected to occur by homogeneous ice
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nucleation forT < 235 K and by immersion freezing on ac-
tive sites present in the pores forT > 235 K. Many clay min-
erals and mineral dusts indeed show a strong increase in ice
nucleation efficiency when temperature is decreased below
235 K. Such an increase is difficult to explain when ice nu-
cleation is supposed to occur by a deposition mechanism but
evident when assuming freezing in pores because only small
pore volumes are needed for homogeneous ice nucleation be-
low 235 K, while heterogeneous ice nucleation needs larger
pore structures to contain at least one active site for immer-
sion nucleation. All this evidence taken together leads to the
conclusion that pore condensation and freezing (PCF) should
be the prevailing freezing mechanism of clay minerals and
mineral dusts for RHw below water saturation. Extending the
analysis to other types of IN showed that freezing in pores
and cracks is probably the prevailing ice nucleation mecha-
nism for glassy and volcanic ash aerosols at RHw below wa-
ter saturation. No case could be identified that gives clear evi-
dence of ice nucleation by direct water vapor deposition onto
a solid surface. Inspection of IN with a close lattice match to
ice like silver iodide and Snomax™ show that for a high ice
nucleation efficiency the presence of water soluble impurities
on the surface may be essential.

Further work is needed to test and corroborate the hypoth-
esis that ice nucleation below water saturation occurs pre-
dominantly in water-filled pores and cavities. Ice nucleation
studies should be conceived that allow a direct correlation
of ice nucleation efficiency with pore structures of a mate-
rial. Therefore, materials that are investigated as IN should be
characterized with respect to their porosity. So far, freezing
and melting properties of mesoporous silica materials like
SBA-15, MCM-41, or zeolites have mostly been character-
ized for powders such that freezing in pores was initiated by
ice that had nucleated on the external surface of the particles.
If these materials were investigated as aerosols at RHw be-
low water saturation, nucleation should start from pore water.
Such studies could help to establish what degree of pore fill-
ing is needed for homogeneous ice nucleation and freezing
in pores. Freezing of water in carbon nanotubes might be of
significance for ice nucleation by soot aerosols. Further stud-
ies could reveal whether a high share of nanotubes improves
the ice nucleation potential of soot.

If such studies corroborate the hypothesis of PCF, model
parameterization that is based on the pore structure of an IN
as the relevant property that determines ice nucleation ef-
ficiency below water saturation should be elaborated. Pore
structure analysis would then be essential for a reliable pa-
rameterization.

Appendix A

A1 Interfacial water

Completely filled pores of, e.g., MCM-41 and SBA-15 con-
tain two phases of water, termed “free” and “bound”, with
free water in the middle of the pores and bound water adja-
cent to the pore walls (Morishige and Nobuoka, 1997; Mor-
ishige and Kawano, 1999; Schreiber et al., 2001). When the
water freezes to ice, a disordered “quasi-liquid” layer re-
mains adjacent to the pore walls down to around or below
200 K (Webber and Dore, 2004; Webber et al., 2007). The
diffraction profile obtained after the freezing of the free wa-
ter suggests that the bound water possesses little short-range
order and consists of randomly displaced water molecules
(Morishige and Nobuoka, 1997). The thickness of this layer
ranges from one to three molecular layers and its structure
is different from that of both the bulk crystal and liquid, but
is often considered as “liquid-like” or “quasi-liquid” based
on NMR relaxation times. The pore walls may therefore be
considered as wetted by the liquid phase and not by the solid
phase (Denoyel and Pellenq, 2002). The existence of a quasi-
liquid layer is also confirmed by molecular dynamics studies.
Solveyra et al. (2011) showed that above the melting temper-
ature partially filled hydrophilic and hydrophobic nanopores
of 3 nm diameter contain two water phases in coexistence:
a condensed liquid plug and a surface-adsorbed phase. They
found that only the liquid plug crystallizes on cooling, pro-
ducing ice I with stacks of hexagonal and cubic layers. The
confined ice is wetted by a premelted liquid layer that persists
in equilibrium with ice down to temperatures well below its
melting point. Moore et al. (2012) used molecular dynamics
simulations to investigate the coexistence between confined
ice and liquid water for a series of cylindrical nanopores, with
water-wall interactions ranging from strongly hydrophilic to
very hydrophobic. They found that the ice formed in the
nanopores is a hybrid ice I with stacks of cubic and hexagonal
layers and that the melting temperature of the nanoconfined
ice is strongly dependent on the radius of the pore but rather
insensitive to the hydrophilicity of the pore surface. A pre-
melted liquid layer in coexistence with the confined ice was
present down to the lowest investigated temperature, 50 K be-
low the melting temperatures of the confined ice.

X-ray diffraction showed that the thickness and mobil-
ity of the quasi-liquid layer gradually changes with de-
creasing temperature after the water in the middle of the
pores has crystallized and seems to undergo complete freez-
ing very gradually between 220 and 180 K, independent of
pore dimension (Morishige and Nobuoka, 1997). Hansen et
al. (1996) attribute a transition below 209 K that is appar-
ent from NMR spectra and does not show any hysteresis ef-
fect on the freezing of the interfacial water layer, for which
they estimate a thickness of 0.54 nm. In a neutron diffraction
and NMR relaxation study, Liu et al. (2006) give further evi-
dence that this disordered ice–water interfacial region can be
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incorporated into the ice phase provided that the temperature
is low enough. It seems to be in an equilibrium state that is
primarily dependent on temperature but not on sample his-
tory. Its thickness decreases by 0.9 nm between 250 K and
150 K, corresponding to two or three monolayers of water
molecules. It grows in thickness with increasing temperature
and leads to melting of the entire pore solid at a depressed
pore melting point (Jähnert et al., 2008).

A2 Ice crystal structures

Structural properties of ice in confinements have been in-
tensely studied by X-ray (Morishige and Nobuoka, 1997;
Morishige and Iwasaki, 2003; Morishige and Uematsu, 2005;
Morishige et al., 2009) and neutron diffraction (Dore, 2000;
Liu et al., 2006; Webber et al., 2007; Seyed-Yazdi et al.,
2008). These studies have shown that nucleation of ice in
pores with diameters < 30 nm leads to ice-I, which shows pre-
dominantly features of cubic ice rather than hexagonal ice,
and contains numerous defects. The regular ABABAB stack-
ing of hexagonal ice does not form. It has been suggested
(Webber and Dore, 2004; Findenegg et al., 2008) that in this
initial phase a proto-crystal develops, which is effectively a
disordered hydrogen-bonded cluster of water molecules that
does not possess well-defined crystallographic axes. As the
hydrogen-bonded cluster grows into a small crystallite, the
competition between the different growth axes in interac-
tion with the pore walls leads to stacking faults instead of
a regular formation of hexagonal (ABABAB) or cubic (AB-
CABC) lattice planes. Ice crystallites in MCM-41 samples
Dp < 4 nm do not significantly exceed the size of the small-
est proto-crystallites (Findenegg et al., 2008). Webber and
Dore (2004) therefore hypothesize that all ice crystals start
their life as a defective cubic ice crystallite and that this be-
havior is revealed in the confined geometry only because the
eventual size of the crystal is restricted to the limits imposed
by the pore dimensions. Morishige et al. (2009) found that
the stability of cubic ice in mesopores depends on the pore
geometry. Cubic ice confined to the interconnected spheri-
cal cavities of KIT-5 (diameter > 10 nm) is metastable with
respect to hexagonal ice. On the other hand, cubic ice con-
fined to the cylindrical pores of SBA-15 (Dp = 8 nm) is sta-
ble up to the melting point of the ice. This is in agreement
with a study by Johari (2005), who used the known enthalpy
and interfacial energy of hexagonal and cubic ice to calcu-
late the relative stability of the two ice forms. They found
that water droplets smaller than 15 nm radius and films thin-
ner than 10 nm would freeze to cubic ice in the 160–220 K
range, and only bigger droplets and thicker films would pre-
fer freezing to hexagonal ice. Water present on the external
surfaces of powders with completely filled pores nucleates
to hexagonal ice and may initiate the nucleation of the pore
water, which then grows as defective cubic ice along the cen-
ter of the cylindrical pore, possibly surrounded by a layer of
disordered ice (Schreiber et al., 2001; Liu et al., 2006).

Appendix B

Working principles of the different instrument types

B1 Continuous flow diffusion chambers (CFDC)

One instrument type in use for the study of deposition nucle-
ation are continuous flow diffusion chambers, which allow
real-time measurements of IN concentration from an aerosol
flow. An ice nucleus counter of this type consists of a main
chamber where the aerosols are exposed to an environment
with a defined temperature and supersaturation with respect
to ice (RHi), an optional evaporation section, and a detector
that counts the ice crystals that have formed in the chamber.
An ice supersaturation profile with a maximum roughly in
the center of the main chamber is maintained by holding two
opposing ice-covered walls with a gap between them (10–
20 mm) at different temperatures (e.g., Stetzer et al., 2008;
Koehler et al., 2007; Kanji and Abbatt, 2009). In some se-
tups, the opposing walls are arranged in a concentric cylin-
der geometry (Salam et al., 2006; Koehler et al., 2007; Jones
et al., 2011); others have a flat parallel plate design like the
Zurich Ice Nucleating Chamber (ZINC, Stetzer et al., 2008;
Welti et al., 2009), the UT-CFDC (Kanji and Abbatt, 2009)
and the Compact Ice Chamber (CIC, Friedman et al., 2011;
Kulkarni et al., 2012). By increasing the temperature gradi-
ent between the plates, supersaturation increases while the
temperature in the central aerosol location is held relatively
constant. Typical residence times of the aerosols in the cham-
ber are 4–12 s (Koehler et al., 2007; Welti et al., 2009; Kanji
and Abbatt, 2009, Friedman et al., 2011). The optional evap-
oration section is held at ice saturation in order to evaporate
water droplets that might condense in the nucleation section
when experimenting at relative humidities above water sat-
uration (Welti et al., 2009; Koehler et al., 2007, Kanji and
Abbatt, 2009; Jones et al., 2011; Friedman et al., 2011).

A continuous, stable aerosol flow is either generated dry
in a fluidized bed (e.g., Welti et al., 2009) or with a small-
scale powder disperser (e.g., Kulkarni et al., 2012) or wet by
atomization from solution followed by diffusion drying (e.g.,
Kanji and Abbatt, 2010). Generation of the aerosol flow from
solution carries the risk that insoluble particles that were not
initially associated with soluble material may transform into
internally mixed particles (Koehler et al., 2007). Submicron
particles are size-selected from the aerosol stream in a dif-
ferential mobility analyzer (DMA) and introduced into the
CFDC (e.g., Welti et al., 2009). Due to multiple charges,
larger particles with the same mobility are also present in
a size-selected sample, especially in the 100 nm and 200 nm
size range (Archuleta et al., 2005; Welti et al., 2009).

At the outlet of the CFDC, particles are measured and
binned by size with an optical particle counter (OPC) (e.g.,
Koehler et al., 2007; Stetzer et al., 2008). Ice crystals that
are nucleated in the CFDC are detected by their growth to
relatively large sizes (> 2 µm) compared with wet aerosol
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particles in equilibrium with the relative humidity conditions
and liquid droplets that may form when the humidity con-
dition in the main chamber is above water saturation (e.g.,
Archuleta et al., 2005; Stetzer et al., 2008). The activated
ice fraction is determined by comparing the ice crystal count
with a total particle count and referenced typically to the tem-
perature and RHi conditions at which 1 % of the particles ac-
tivate as ice nuclei.

The FINCH (Fast Ice Nuclei Counter) instrument de-
scribed by Bundke et al. (2008) has a similar working princi-
ple as a CFDC, but supersaturation is produced by the mix-
ing of humidified and dry air, allowing higher flow rates and
rapid changes in temperature and supersaturation. Ice crystal
detection occurs optically. Ice crystals can be directly dis-
criminated from cloud droplets based on their different de-
polarization of scattered light.

B2 Large AIDA cloud chamber

The AIDA aerosol vessel is an 84 m3 actively cooled cylin-
drical aluminum chamber with a diameter of 4 m that can be
operated as an expansion cloud chamber to investigate micro-
physical processes at simulated cloud conditions. This cham-
ber was used for the studies by Jones et al. (2011), Connolly
et al. (2009), Möhler et al. (2006, 2008a), Field et al. (2006),
Cziczo et al. (2009), Wagner et al. (2011), and Mangold et
al. (2005). A description of the design and operation princi-
ple can be found, e.g., in Möhler et al. (2006) and Connolly et
al. (2009). The aerosol vessel is brought to atmospheric pres-
sure by adding water vapor and synthetic air. A fan within
the vessel ensures well-mixed conditions with sample tem-
peratures within the volume varying by±0.2 K. For ice nu-
cleation experiments the interior wall of the AIDA chamber
is ice coated such that humidity conditions are near the sat-
uration pressure of ice at the wall temperature at the start
of an experiment. Aerosol samples are prepared dry with a
PALAS rotating brush generator, piped through a dispersion
nozzle and introduced into the chamber. The size distribu-
tion of the added aerosol typically covers the range from 0.1
to 2 µm with a median diameter of 0.3–0.5 µm. The number
concentrations are about 500 to 700 cm−3 (Field et al., 2006;
Mangold et al., 2005). To simulate the adiabatic cooling of
rising air parcels, the pressure within the chamber is reduced
by controlled pumping from 1000 hPa to 800 hPa over typi-
cal periods of 5 min. After pumping starts, the gas tempera-
ture drops almost adiabatically due to volume expansion. The
cooling in the aerosol vessel is not purely adiabatic because
the chamber wall temperatures remain approximately con-
stant throughout the expansion and as a consequence there
is a heat flux from the vessel wall into the chamber. With
the highest pumping speed, maximum initial cooling rates
of about 4 Kmin−1 can be achieved and the relative humid-
ity with respect to ice increases by up to 50 % min−1. Mean
cooling rates (close to the time of nucleation) are typically 1–
2 K min−1. The onset of ice formation is detected by the in-

creasing intensity and depolarization of laser light backscat-
tered by the growing ice particles. The concentration of total
water (gas and condensed phase) is measured with a fast-
scanning chilled mirror hygrometer and the FISH Lyman-α

fluorescence hygrometer. Both instruments are located out-
side the cold box and take their sample flow through a stain-
less steel tube. Simultaneously, the water vapor concentra-
tion in the AIDA vessel is measured in situ at 1370± 2 nm
by a tunable diode laser (TDL) absorption spectrometer. Ice
particle number concentrations and mean sizes are retrieved
from FTIR extinction spectra. The ice water content (IWC)
is directly obtained by subtracting the gas-phase water va-
por concentration measured by the TDL absorption from the
total water concentration measured by the FISH instrument.
The IWC is also retrieved from the FTIR extinction spectra.
Number concentrations and optical diameters of growing ice
crystals are determined with two optical particle spectrom-
eters. The total aerosol number concentration is measured
with a condensation particle counter. The ice crystal num-
ber concentration reaches its maximum shortly after ice nu-
cleation. Subsequently, the number concentration decreases
continuously due to the ongoing pumping and ice particle
sedimentation (Mangold et al., 2005).

B3 Static diffusion chambers

In this type of chamber, particles are deposited onto a sub-
strate and detected optically, usually with an optical micro-
scope. Typically, the investigated IN are particles of microm-
eter sizes. The setups differ in substrate size and material and
the way supersaturation with respect to ice is generated. De-
positing particles onto a substrate always carries the danger
of artifact due to sample–substrate interactions, e.g., water
vapor sorption at the particle–substrate interface and ice nu-
cleation induced by the substrate or at the particle–substrate
interface.

The studies by Dymarska et al. (2006), Eastwood et
al. (2008, 2009), Chernoff and Bertram (2010), Knopf et
al. (2010), Wang and Knopf (2011), and Wang et al. (2012)
employed a flow cell setup consisting of a cell with con-
trolled temperature and humidity and a reflected light mi-
croscope. Particles were deposited onto the bottom of the
flow cell, consisting of a glass cover slide treated with
dichlorodimethylsilane to make a hydrophobic layer. A typ-
ical sample held 200 to 800 micrometer-sized particles. The
flow cell was located on a cooling stage, ensuring that the
coldest portion of the flow cell is the glass substrate. In a
typical experiment, temperature was decreased at a rate of
0.1 K min−1 at a constant water vapor pressure provided by a
controlled humidified N2(g) flow leading to an increase in
RHi of around 1–2 % min−1. From the optical images the
RHi at which water droplets or ice particles first formed (i.e.,
onset of water or ice nucleation) was determined. Baustian
et al. (2010) and Wise et al. (2010) employed a similar setup
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with a Raman microscope for detection and hydrophobically
treated quartz discs as sample holders.

Kanji and Abbatt (2006) and Kanji et al. (2008) deposited
solid particles onto a Teflon-coated copper cold stage that
was housed in a temperature controlled vacuum chamber
with a constant flow of water vapor transiting through the
sample chamber. The cold stage was exposed to constant
partial pressure of water while its temperature was reduced
to increase RHi by 1 % every 6 s. The entire surface of the
cold stage was under observation by a digital camera to cap-
ture ice nucleation onset given when the first ice crystal had
grown to 100 µm, the minimum size needed for detection. By
varying the number of particles on the stage (up to 105), ice
onsets down to 1 particle in 105 could be measured.

The Thermal Gradient Diffusion Chamber (TGDC) em-
ployed by Kulkarni and Dobbie (2010) consisted of an opti-
cal microscope for ice crystal detection and a chamber made
up of two parallel horizontal plates with the inside of both
plates coated with ice. Heating of the top plate produced
a thermal and vapor diffusion gradient between the plates.
Particles were deposited onto a hydrophobic teflon substrate
(500 particles per mm2) affixed to a sample holder rod, which
could be raised to predefined heights that correspond to cali-
brated temperatures and humidities. The total number of dust
particles counted in the field of view varied between 5 and
15, giving a nucleation threshold for ice formation of around
10 %.

Roberts and Hallett (1968) scattered their samples (up to
104 micrometer-sized particles) on a glass cover slip within
a cold stage with ice-coated walls. Supersaturation with re-
spect to ice was achieved by cooling the glass cover slip.

The setup employed by Knopf and Koop (2006) consisted
of a microscope for optical observation of ice formation and
a vacuum cell with an upper temperature stage, which held
the hydrophobically coated quartz plate on which the sam-
ple was wet dispersed, and a lower temperature stage, which
controlled the temperature of a water reservoir. About 20 par-
ticles in the size range of 1–10 µm were observed simultane-
ously during an experiment. Before an ice nucleation exper-
iment started, the lower temperature stage was set to 20 K
below the temperature of the upper stage such that RHi at the
sample ranged between 5 and 40 %. To reach supersatura-
tion, the water reservoir was heated at 0.2–1 K min−1, giving
an increase in RHi at a rate of about 2–20% min−1.

The FRIDGE static vacuum vapor diffusion chamber em-
ployed by Bundke et al. (2008) was designed to measure ice
nucleation activity of aerosols sampled on filter substrates
(47 mm diameter cellulose nitrate membrane filters). Filters
were placed on top of a Peltier cooled plate housed within
a vacuum chamber connected to an external water vapor
source. Ice crystals were observed by a CCD camera and
counted by automatic picture analysis software. In a typical
experiment, the chamber was closed, evacuated (1 min), and
cooled to the desired temperature (2 min). Water vapor was
introduced by opening the connection to the vapor source.

The resulting water vapor supersaturation over the substrate
surface was calculated from the pressure in the chamber and
the temperature of the surface.

Schaller and Fukuta (1979) used a wedge-shaped ice ther-
mal chamber in which aerosols were introduced. The top and
bottom plates were covered with ice. A temperature differ-
ence between the plates was maintained by heating of the
top plate and cooling of the bottom plate leading to a profile
of supersaturation with respect to ice that can be calculated.
Ice crystals were visually counted with respect to their po-
sitions in the chamber. At least 50–100 ice crystals in 1 cm3

of air containing 5000 particles were observed at the defined
threshold supersaturation.

The thermal diffusion chamber used by Bailey and Hal-
lett (2002) consisted of two ice-coated stainless steel plates
separated by 2.8 cm, in which a glass filament was inserted
vertically. Glass filaments were coated with IN by drawing
them through finely powdered samples. The detectable parti-
cles left adhering to the filament were 5 to 10 µm in size and
were visible as tiny dark spots on the filament. To achieve
supersaturation with respect to ice, the temperatures of the
top and bottom plate were increased and decreased, respec-
tively, at a rate of approximately 0.3 K min−1 until one or two
crystals were observed to nucleate, corresponding to a nucle-
ated fraction of 0.1 %. Initial nucleation on the coated fila-
ments usually occurred in a few places simultaneously near
the middle of the chamber. This involved a temperature span
of about 1–2 K and a variation in supersaturation of 1–2 %.

Environmental scanning electron microscopy (ESEM) en-
ables in situ observation of interactions between water vapor
and aerosol particles in the submicrometer range. By vary-
ing the water vapor pressure and using a Peltier element to
realize temperatures below the freezing point it is possible to
obtain supersaturated conditions relative to ice in the sam-
ple chamber. In the studies by Zimmermann et al. (2007,
2008) the chamber gas consisted of almost pure water va-
por at variable pressures. Between approximately 200 and
400 micrometer-sized particles of a sample were spread on
a silicon plate (5× 5 mm), which was placed in a silanized
Cu adaptor (Zimmermann et al., 2007). Blank experiments
with this substrate showed no ice formation up to approx-
imately 140 % RHi . Ice nucleation experiments were per-
formed by changing the temperature in steps of 1 K, and in-
creasing at each temperature the H2O vapor pressure in steps
of 0.1 hPa from subsaturation to supersaturation with respect
to ice. These steps in pressure regulation are equivalent to a
change in the supersaturation on the order of 2 % at a temper-
ature of 273 K, and about 12 % at lower temperatures around
250 K. Therefore, precise determination of ice activation by
ESEM was restricted to temperatures above 250 K.
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Appendix C

C1 Sources and composition of mineral dust

The main source of airborne mineral dust is the global dust
belt, which covers the Sahara, the deserts of the Arabian
Peninsula, the Caspian Sea and Aral Sea regions in Central
Asia, and the Gobi and the Taklimakan in China. Sources
outside the global dust belt are located in the USA and
Mexico, Australia, Botswana and the Namibia desert, Bo-
livia, and desert areas in western Argentina (Formenti et al.,
2011). Recent model estimates indicate that global mineral
dust emissions by wind-driven erosion range between 1000
and 3000 Tg yr−1 (Zender et al., 2004; Cakmur et al., 2006;
Textor et al., 2007). The Saharan sources are considered by
far the most active ones in the world (Engelstaedter et al.,
2006). Dust from North African sources is transported across
the Atlantic Ocean to the United States, the Caribbean and
South America and towards the Mediterranean, Europe and
the Middle East.

Clay minerals have been identified as major compo-
nents of transported mineral dusts (Murray et al., 2012).
Composition analysis of particles that originated from dust
storms over the western deserts of the Tibesti mountains
and were transported over Israel showed high concentrations
of montmorillonite and mixed-layer minerals. In aerosols
from storms that originated in the Chad and Lybian plateau
deserts and the Great Sand Sea of the Ahaggar Massif, high
concentrations of illite were found (Ganor, 1991). Scanning
electron microscopy showed that most of the supermicron
aerosol particles collected in Tel Aviv after a dust storm con-
tained Si, Al, Mg, K, Ca, S, and Fe as the dominant ele-
ments and consisted of aggregates of different minerals in-
cluding calcite, quartz, dolomite, feldspar, gypsum, and the
clay minerals illite and kaolinite. Less than 10 % of the par-
ticles were pure minerals that contained only quartz, cal-
cite or dolomite. Sulfur was found in∼ 65 % of the parti-
cles and resided almost always on the surface of the particles
(Falkovich et al., 2001). Mineral dust advected to Cape Verde
was found to be in the size range from 2 to 4 µm and to con-
sist of kaolinite (25–5 wt%), K-feldspar (20–25 wt%), illite
(10–14 wt%), quartz (∼ 10 wt%), smectites (∼ 5 wt%), pla-
gioclase (1–6 wt%), gypsum (∼ 5 wt%), halite (2–17 wt%)
and calcite (∼ 3 wt%) (Kandler et al., 2011a, b). This com-
position is similar to the one of mineral dust measured by
X-ray powder diffraction in southern Morocco with quartz,
K-feldspar, plagioclase, calcite, hematite, chlorite, and the
clay minerals illite and kaolinite as major constituents (Kan-
dler et al., 2009). The clay minerals were found to be present
as large aggregates, which did not have a platy morphol-
ogy. Dust samples from rainfall residues collected in south-
east Italy revealed median diameter values between 1.7 and
2.4 µm (Blanco et al., 2003). The mineral composition was
similar to the one found during red rain events in Spain
(Avila et al., 1997), with illite > quartz > smectite > paly-

gorskite > kaolinite > calcite > dolomite > feldspars as the
main constituents. These examples show that atmospheric
mineral dust particles are typically micrometer-sized aggre-
gates consisting of a mixture of minerals with clay minerals
as an important component.

C2 Pore structure of clay minerals

Clay minerals are hydrous aluminum silicates with a layer
(sheet-like) structure of lamellae. Depending on type and
size, airborne clay mineral particles may consist of a stack of
lamellae often with a high degree of parallel alignment or an
aggregate of lamellae stacks. The possible sources of poros-
ity include crevices in the particle surface, staggered layer
edges, voids created by the overlapping of stacked layers and
interlayer regions (Rutherford et al., 1997). Slit- and wedge-
shaped pores result from the interleaving of crystal units of
several lamellae in thickness, giving rise to discrete differ-
ential pore-size distribution peaks at or near plate-thickness
values (Aylmore and Quirk, 1967). The following classes of
voids can be discriminated, in agreement with the IUPAC
nomenclature: micropores, corresponding to the cations con-
taining interlayer space with spacing < 2 nm; mesopores, cor-
responding to the free space existing between particles, in
the range 2–50 nm; and macropores, corresponding to the in-
teraggregate voids > 50 nm. The interlamellar space may be
considered as an intraparticular porosity (Salles et al., 2008,
2009).

The sorption of N2 and other inert gases at temperatures
near their boiling points has been used by many workers
to study the nature and extent of void spaces within micro-
porous systems. The Brunauer, Emmett, and Teller (BET)
method of estimating the specific surface area from such ad-
sorption isotherms has received general acceptance (Aylmore
and Quirk, 1967). Estimations of pore sizes and their volume
distribution are usually based on the phenomenon of capil-
lary condensation and the application of the Kelvin equation
to either the complete adsorption or desorption isotherm after
correcting for the thickness of the physically adsorbed layer
(Aylmore and Quirk, 1967).

Water adsorption to clay minerals is thought to occur in
different steps (Salles et al., 2008): for RHw typically < 10 %
of the particle surfaces are hydrated with one layer wa-
ter molecules. For RHw > 10 %, water enters the interlayer
space and hydrates both the cations and the “internal” sur-
faces (the oxygen atom layers forming the walls of the in-
terlamellar space) with a discrete number (1, 2 or 3) of lay-
ers of water molecules. For swelling clays like montmoril-
lonite, concomitant with the hydration of the interlamellar
space, a stepwise increase in the interlamellar spacing is ob-
served. Increasing further RHw is thought to lead to cap-
illary condensation in the inter-particle mesopores and, in
the case of montmorillonites, to the onset of the so-called
osmotic swelling regime in the interlamellar space and the
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inter-particle mesopores. Osmotic swelling is an entropic
phenomenon and depends on the local ion concentration.

In slit-shaped pores adsorption appears to occur largely by
multilayer formation on the flat surfaces of the clay parti-
cles. With the filling of the pores, desorption is then governed
by the curvature of the semicylindrical menisci formed. Hys-
teresis in such systems thus results at least partly from a delay
in the formation of a meniscus during the adsorption process
(Aylmore, 1974). When irregular tubular and so-called “ink-
bottle” pores predominate, spontaneous emptying of conden-
sate retained in larger chambers behind narrower pore open-
ings produces irreversibility in the desorption branch of an
isotherm. The adsorption branch, on the other hand, corre-
sponds to a reversible filling of the pores, governed by the
curvature of the condensate meniscus (Aylmore and Quirk,
1967). In systems where the porous structure is such that
meniscus formation is delayed until the adsorbed multilay-
ers merge in the narrowest part of the void space, pore-filling
may occur by spontaneous nucleation at these points, thus
giving rise to irreversibility on the adsorption branch. This
“open-pore” concept (Foster, 1932) seems most applicable to
the open-sided, slit-shaped pores that occur in many systems
(de Boer, 1958). On the desorption branch, the meniscus is
present and, provided there are no bottle-shaped pores, the
relative pressure in the pore, and hence evaporation, is gov-
erned solely by the curvature of the meniscus and the cor-
rect pore radii can be obtained by applying the Kelvin equa-
tion to the desorption branch of the isotherm (Aylmore and
Quirk, 1967). In a system containing cylindrical capillaries,
adsorption and desorption processes appear both to be ther-
modynamically irreversible with a delay in adsorption result-
ing from the presence of cylindrical menisci in open-ended
pores being followed by a delay in desorption due to the re-
tention of liquid behind narrow restrictions (Aylmore, 1974).

Kaolinite. Kaolinites belong to the phyllosilicate
group and are represented by the chemical formula
Al2Si2O5(OH)4. Their lamellae consist of a tetrahedral
sheet linked through oxygen atoms to an octahedral sheet of
alumina octahedrals (a so-called TO structure) (Pinti et al.,
2012). They form platy particles. Pores are likely to occur
from the interleaving of the plates and should be similar
in size to the thickness of the particles, without a marked
concentration in any particular size range (Churchman et al.,
1995).

Aylmore and Quirk (1967) investigated the pore size dis-
tribution (< 10 nm) of two kaolinites by means of low-
temperature N2 sorption. The majority of the porosity was
contained in relative large plate separations of > 10 nm for
Rocky Gully kaolinite (Western Australia) and 20 nm for the
Merck kaolinite (Merck Chemical Company, Germany: la-
beled DAB-6), and falls outside the range to be examined
by N2 sorption. With the relatively large crystals in kaolin-
ites, surface separations of the order of 10 nm at least could
arise from steps in the crystal surface as well as from sep-
arations between neighboring crystals (Aylmore and Quirk,

1967). Diamond (1970) investigated Macon kaolinite (Geor-
gia) using the method of mercury intrusion, which can cover
a pore diameter range from several hundred microns down
to approximately 15 nm. Pores that were intruded under a
given pressure were referred to an “equivalent” cylindrical
diameter. They found that the bulk of the pores are about
30 to 200 nm in equivalent diameter with virtually no pores
< 30 nm. Sills et al. (1973) investigated mixtures of API-9
kaolinite (New Mexico) and Willalooka illite (South Aus-
tralia) using N2 sorption and mercury injection. For the
100 % kaolinite sample, they found plate separations from
15 to 100 nm with a predominance in the range from 20 to
50 nm (Sills et al., 1973).

Illite. Illites belong to the phyllosilicate and mica groups
and tend to be an agglomerate of numerous individual crys-
tals or clusters. Their structure is given by the repetition of an
octahedral layer sandwiched between two tetrahedral layers
(TOT) (Pinti et al., 2012). Electron microscopy of Willalooka
illite (South Australia) revealed this material to consist of
plate-shaped particles of 100 nm across the planar surfaces
and an average thickness of around 4 nm (Aylmore, 1974).
Gas sorption measurements showed that most of the poros-
ity of this clay arises from pores of 2–5 nm equivalent plate
separation, with the maximum in the pore peak occurring
at about 3 nm (Aylmore, 1974; Aylmore and Quirk, 1967).
Since almost the entire porosity arises from pores of less than
6 nm, the porosity must result largely from the void spaces
between nearly parallel aligned plates (Aylmore and Quirk,
1967). Mercury intrusion of Fithian illite was only able to
penetrate less than one-third of the pore volume (Diamond,
1970). The pore space that had been intruded was distributed
over the full range of pore sizes explored, with an upturn in
pore volume forD < 30 nm. It seems likely that most of the
residual pore space not assayed by this method is in pores
<16 nm in diameter.

Montmorillonite. Montmorillonites belong to the phyl-
losilicate group and are members of the smectite fam-
ily. They present a TOT structure containing interlamellar
cations that compensate for the negative charge of the sili-
cate layers and are responsible for the ability of these clays
to swell (Salles et al., 2009; Pinti et al., 2012). Aylmore and
Quirk (1967) investigated the pore structure of Redhill cal-
cium montmorillonite (England) and Wyoming calcium ben-
tonite using N2 sorption. They found that in both montmo-
rillonites, pores of 2–4 nm diameter predominate. In Red-
hill calcium montmorillonite almost all of the porosity was
contained in pore dimensions of < 6 nm. By contrast, only
ca. 60 % of the porosity of the Wyoming calcium bentonite
is held in pores of < 10 nm. Diamond (1970) found compar-
atively little intrusion by mercury for Clay Spur montmoril-
lonite (Wyoming) until pressure sufficient to intrude pores of
65 nm diameter was reached. About three-quarters of the to-
tal pore space could be intruded, i.e., existed in pores larger
in equivalent diameter than about 14 nm. Most of the residual
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unintruded pore space would be expected to lie in diameter
classes just beyond the limit (Diamond, 1970).

Salles et al. (2008) investigated the swelling of sodium
montmorillonite in the presence of water vapor using ther-
moporometry, a calorimetric technique in which the sample
was exposed to freezing/melting cycles. They found that wa-
ter froze in pores with equivalent cylindrical pore diameters
of 4.5–5 nm at 54 % RHw. At 75 and 90 % RHw, freezing was
observed in pores with diameters up to 6 and 8 nm, respec-
tively. The equilibrium between the filling of the mesopores
and the filling of the interlayer space seemed to be strongly
dependent on the interlayer cation. For K+ and other alkali
cations, the filling of the mesopores takes place only at high
RHw (97 %), and for cesium montmorillonite, the complete
filling of mesopores was not observed in the available exper-
imental range (< 97 % RHw) (Salles et al., 2009).

Acid treatment of montmorillonite enhances mesoporos-
ity, making it an effective catalytic support (Kumar et al.,
1995). N2 sorption showed that untreated bentonite clay con-
taining 90 % of montmorillonite possesses little porosity in
the range of ca. 2 nm radii, but following 1–4 N sulfuric acid
treatment there is an increase in the volumes of these pores.
Acid concentration beyond 5–6 N causes distinct enhance-
ment of mesoporosity and the pore radii increase from 2 to
5 nm (Kumar et al., 1995). It is thought that treatment with
acid (3–4 N) results in the broadening of slits or voids be-
tween the layers due to depleted cation concentration and
interlamellar attraction as well as destruction of octahedral
layers. Acid attack on the tetrahedral silica layer leads to
free silica, which may produce spheroidal ink bottle type
pores by depositing at pore openings. Similar results were
obtained for bentonites (clay minerals consisting mostly of
montmorillonite). For raw clay and clay activated with 1.5 M
HCl, pores in the diameter range 2–5 nm represented ap-
prox. 40 % of the total volume of mesopores, while pores
in the range 10–50 nm represented approx. 30 %. Activation
with 3–6 M HCl increased the contribution of small meso-
pores (2–5 nm) up to 52–55 % and decreased the contribu-
tion of coarser mesopores (10–50 nm) down to 22 %. The
highest concentration used for activation (7.5 M HCl) had a
lower effect on the transformation of coarser mesopores into
smaller ones (Vuković et al., 2005). Treatment with sulfuric
acid (1.5–6 M) strongly increased the pore volume and size
of the pores, resulting in pore size distributions with radii up
to 10 nm and a predominance of radii < 4 nm (Tomić et al.,
2011).

Appendix D

Other ice nuclei

D1 Soot

Results of ice nucleation studies with soot aerosols are sum-
marized in Kärcher et al. (2007) and Hoose and Möhler
(2012). There is no clear case of heterogeneous ice nucle-
ation below water saturation forT > 235 K (e.g., Dymarska
et al., 2006), while the ice nucleation ability below 235 K
seems to depend strongly on the type and pretreatment of the
soot. Untreated Degussa lamp black soot particles and those
with monolayer H2SO4 coverage activated ice only at a rel-
ative humidity close to water saturation in the temperature
range 213–233 K (DeMott et al., 1999). The Degussa lamp
black soot particles were aggregates of primary particles of
an average size of 95 nm with mean mobility equivalent di-
ameters of about 240 nm. Only a multilayer H2SO4 coverage
rendered the Degussa lamp black soot particles more effi-
cient as IN than liquid solution particles. On the other hand,
soot particles from a graphite spark generator showed nucle-
ated fractions from RHi = 130 % at 186 K to RHi = 140 % at
240 K, with minimum values of about RHi = 110 % at 215 K
(Möhler et al., 2005a). These particles had a fractal-like, ag-
glomerate structure with mean mobility equivalent diameters
of 70–140 nm consisting of primary particles with diameters
between 4 and 8 nm (Crawford et al., 2011). Coatings with
H2SO4 (volume fractions between 20 and 80%) increased
their nucleation threshold to RHi = 155 % atT = 185 K and
RHi = 140 % at 230 K. Similarly, increasing organic carbon
content (OC) made the soot particles more hydrophobic and
decreased their ice nucleation ability. Flame soot aerosol
particles with an OC mass content of 16 % showed ice nu-
cleation onset at RHi = 145 % atT = 207 K (Möhler et al.,
2005b).

Kanji et al. (2011) found activation below water saturation
for graphite spark generated soot atT < 235 K. At warmer
temperatures soot only activated via condensation freezing at
or above water saturation. Koehler et al. (2009) investigated
the ice nucleation behavior of soot aerosols with different
hydrophilicity. Soots from natural gas pyrolysis required rel-
ative humidity well in excess of water saturation at−40◦C
for ice formation. At−51 to−57◦C, ice formation occurred
in up to 1 in 1000 particles (withD ≈ 200 nm) for soot from
natural gas pyrolysis and from TCI kerosene flame soot at
relative humidities below those required for homogeneous
freezing in aqueous solutions. Oxidized soot from natural
gas pyrolysis showed a nucleated fraction of 1 % under the
same conditions. Soot from a turbulent diffusion flame in an
aircraft engine combustor nucleated ice near the conditions
for homogeneous freezing of water from aqueous solutions.
This suggests that heterogeneous ice nucleation is favored on
oxidized hydrophilic soot of intermediate polarity. Crawford
et al. (2011) studied the ice nucleation efficiency of propane
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flame soot particles with varying OC content in the AIDA
cloud chamber. The aerosol consisted of soot aggregates with
small individual particles of ca. 30 nm diameter, with larger
spherical particles of up to 120 nm also being present. For the
soot with the lowest OC content, ice nucleation occurred at a
minimum threshold of RHi = 122 % atT = 227 K. Soot with
OC content of 30 and 70 % required supersaturation with re-
spect to water for ice formation. Friedman et al. (2011) found
no ice nucleation below water saturation at temperatures of
243 K and 253 K for 100–400 nm core soot particles gener-
ated in a diffusion flame with propane as fuel under lean con-
ditions to keep organic content low. AtT = 233 K, the parti-
cles showed homogeneous ice nucleation.

The occurrence of ice nucleation below water saturation
only for T ≤ 235 K points to PCF as an explanation. Empty
spaces between aggregated primary particles may fill with
water due to capillary forces and freeze homogeneously at
RHw below water saturation. Coatings may fill up the empty
space between particles and compact the aggregates, leading
to a decreased ice nucleation ability of the soot.

Soot is composed of primary particles that can be amor-
phous carbon, fullerenic or quasi-crystalline carbon or
graphene (hexagonal graphitic) sheets, as well as curved
graphene layers forming closed-shell structures, including
concentric fullerene polyhdera, onions or nanotubes (Murr
and Soto, 2005). Soot structure depends on fuel identity,
temperature of combustion and combustion kinetics and
chemistry. While near optimally burning blue-flame com-
bustion sources appear to produce a preponderance of car-
bon nanotubes and related carbon nanopolyhedra, richer-
burning combustion regimes producing yellow flames typi-
cally form the more classical soot aggregates (Murr and Soto,
2005). Aggregates of carbon nanotubes and other concentric,
fullerenic polyhedra have been observed in the exhausts of
fuel-gas–air combustion sources, including natural gas and
propane kitchen stove-top burners, natural gas home water
heaters, furnaces, and industrial fuel gas–air combustion pro-
cesses, but also in the combustion of wood soot. Diesel soots
have generally amorphous microstructures (Murr et al., 2004;
Murr and Soto, 2005; Murr and Guerrero, 2006; Bang et al.,
2004).

Single-walled carbon nanotubes (SWCNTs) crystallize
into bundles with nanotube diameters typically in the range
of 1.1–2.4 nm. Although SWCNTs are made of hydrophobic
graphene sheets, experimental and theoretical/computational
studies showed that water can be drawn into open-ended nan-
otubes by capillary suction (Koga et al., 2001; Maniwa et
al., 2005). Water confined in SWCNTs undergoes a liquid-
solid-like transition below room temperature and forms or-
dered tubular ice structures, so-called ice nanotubes. In ice
nanotubes water molecules form a polygon through hydro-
gen bonds and are then stacked one-dimensionally. In ideal
polygonal ice nanotubes, each water molecule is bonded to
the four nearest-neighbor water molecules through a hydro-
gen bond, as in bulk ice. The melting/freezing temperature

of ice nanotubes decreases from 300 to 190 K with increas-
ing nanotube diameters from 1.09 to 1.52 nm (Maniwa et
al., 2005). Kyakuno et al. (2011) showed that water inside
nanotubes with diameters from 1.68 to 2.40 nm undergoes
a wet–dry type transition with the lowering of temperature.
Below the transition temperature water is ejected from the
nanotubes. The wet–dry transition and the freezing of water
inside the SWCNTs seem to take place simultaneously. Wa-
ter probably becomes unstable inside the SWCNTs when it
freezes and is ejected from inside the nanotubes. The wet–
dry transition temperature increased from 218 to 237 K with
an increasing nanotube diameter from 1.68 to 2.4 nm. This
shows that ice-like structures form in nanometer-sized pores
of carbonaceous materials and may serve as ice nuclei for
cubic or hexagonal ice.

D2 Snomax™ and bacteria

A good summary of ice nucleation studies performed with
Snomax™ and ice-active living bacteria is presented in
Hoose and Möhler (2012). All studies performed with liv-
ing bacteria explored immersion mode ice nucleation and
found freezing temperatures between 252 and 271 K. Ice nu-
cleation properties of Snomax™ have been studied in immer-
sion and deposition mode. Möhler et al. (2008b) investigated
the IN activities of the bacterial strains Pseudomonas sy-
ringae, Pseudomonas viridiflava, and Erwinia herbicola bac-
terial species and of Snomax™ in the AIDA cloud cham-
ber. In the investigated temperature range between−5 and
−15◦C the bacterial cells and Snomax™ needed water sat-
uration to act as heterogeneous ice nuclei either in the con-
densation or the immersion mode. The size distribution of
the Snomax™ aerosol revealed a bimodal distribution of an
almost monodisperse peak of intact cells with diameters
around 0.8 µm and a polydisperse mode of smaller parti-
cles with diameters between about 0.01 and 0.5 µm, probably
composed of cell fragments. Chernoff and Bertram (2010)
measured ice nucleation onset values between 110 and 120 %
at temperatures ranging from 234 to 247 K for Snomax™ de-
posited onto a hydrophobic substrate. The Snomax™ parti-
cles had average sizes of 6–7 µm and were most likely ag-
glomerates of several Snomax™ cells and/or cell fragments.
Covering the Snomax™ particles with a sulfuric acid coat-
ing with an estimated weight fraction of 0.17 did not change
their ice nucleation ability. Similar ice nucleation thresholds
of RHi = 120 % at 247 K have also been observed by Jones et
al. (2011) and Kanji et al. (2011). Interestingly, these freez-
ing conditions in terms of water activity and temperature
align with the ones found by Koop and Zobrist (2009) for im-
mersion freezing of solution droplets containing Snomax™,
as shown in Fig. 5a of Hoose and Möhler (2012).

Snomax™ is used in artificial snow making with spray
guns and produced from strain Pseudomonas syringae 31R1
grown under conditions (proprietary information) to maxi-
mize the ice nucleation activity (Möhler et al., 2008b). The
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product is obtained by the culturing of the bacterial cells,
which are then centrifuged, frozen, lyophilisated, exposed
to γ radiation and pressed into pellets consisting of bacteria
cells, cell debris and a dried culture medium (Lagriffoul et
al., 2010; Koop and Zobrist, 2009). The pellets are predom-
inantly composed of proteins (30 to 50 %), carbohydrates
(15 %), nucleic acids (10 to 11 %), metals (5 to 9 %) with
alkaline earth salts (Ca, Fe, K, Mg, Na and P) and transition
metals (Zn, Mn, Cu, and Ni) (Lagriffoul et al., 2010).

A protein is responsible for the ice nucleation activity of
Pseudomonas syringae. This protein is located on the outer
membrane of the bacterium, with monomers of about 150
KDa (Lagriffoul et al., 2010). It contains a central repetitive
region (around 1000 amino acids), which shows a close lat-
tice match with ice and seems essential in the ice-producing
activity (Kajava and Lindow, 1993). The protein monomers
can bind together on the cell membrane to form larger ice
nucleation sites. The ice nucleation temperature increases
with increasing number of monomers building up the nu-
cleation sites. This clearly defines the ice nucleation site of
Snomax™ as an extended surface. Pores should therefore not
be involved in ice nucleation on Snomax™ particles. Con-
sidering the almost equal shares of proteins (30–50 %) and
soluble components (25 % carbohydrates and nucleic acids)
contained in Snomax™ pellets, the Snomax particles should
indeed possess a thick water soluble coating that takes up
water when relative humidity is increased. The ice nucleat-
ing proteins should therefore be totally immersed in an aque-
ous solution and induce ice nucleation in immersion mode
below water saturation. This would explain the agreement in
terms of RHi /aw and the temperature of the deposition freez-
ing conditions reported by Chernoff and Bertram (2010) and
Jones et al. (2011), and the immersion freezing conditions
observed by Koop and Zobrist (2009) shown in Fig. 5a of
Hoose and Möhler (2012). Moreover, the fact that the sulfu-
ric acid coating applied by Chernoff and Bertram (2010) did
not influence the freezing behavior of Snomax™ particles is a
further indication that the soluble material present in the pel-
lets is sufficient for a full coating with an aqueous solution.
In this case ice nucleation on Snomax™ would also occur by
an immersion freezing mechanism in the reported cases of
deposition freezing (Chernoff and Bertram, 2010; Jones et
al., 2011; Kanji et al., 2011).

D3 Glassy aerosols

Different studies have shown that glassy aerosols nucleate
ice heterogeneously, however, with a low activated fraction.
Murray et al. (2010b) and Wilson et al. (2012) found in
AIDA cloud chamber experiments that citric acid, raffinose,
4-hydroxy-3-methoxy-DL-mandelic acid, and levoglucosan
aerosols nucleate ice heterogeneously when they were in a
glassy state. Heterogeneous ice nucleation started typically
in the range 120–140 % RHi and continued gradually un-
til homogeneous nucleation set in. Typically, the fraction

of aerosol particles that nucleated ice heterogeneously in-
creased slowly with increasing RHi up to values of 0.003.
Secondary organic aerosol generated from the oxidation of
naphtalene with OH radicals and investigated on a hydropho-
bically coated substrate started to nucleate ice at RHi 10–
15 % below the homogeneous ice nucleation limit of solu-
tion droplets (Wang et al., 2012). Similarly, a small fraction
(0.01–0.2 %) of humic acid reference samples (Suwannee
River standard fulvic acid and leonardite) had the ability to
nucleate ice heterogeneously (Wang and Knopf, 2011; Kanji
et al., 2008). Further analysis showed that these aerosols
were indeed in a glassy state. Therefore, heterogeneous ice
nucleation seems to be a general feature of glassy aerosols,
but occurs only on a small subset of these particles. Zo-
brist et al. (2008b) predicted that the smooth convex sur-
faces of glassy aerosols would be unsuitable for nucleating
ice heterogeneously. However, experimental evidence sug-
gests that some glassy particles have special properties that
render them active as IN. These properties might be cracks
or slits that absorb water below water saturation by capillary
forces. If this is the case, drying and/or cooling conditions
during vitrification might be decisive for the fraction of par-
ticles that act as IN, since they influence the probability of
cracking or splitting of particles. However, since no detailed
characterization of the surfaces of glassy aerosols is avail-
able, a direct relationship between pores and ice nucleation
ability of particles is not possible.

D4 Volcanic ash

Heterogeneous ice nucleation on volcanic ash samples has
been mostly investigated in immersion mode at tempera-
tures above 250 K. Based on a review of literature values and
their own measurements, Durant et al. (2008) suggested that
fine-ash particles (1–1000 µm) from the majority of volca-
noes exhibit immersion freezing onsets between 250 K and
260 K. Hoyle et al. (2011) and Steinke et al. (2011) investi-
gated heterogeneous freezing on an ash sample collected on
15 April 2010, at a distance of 58 km from the eruption of
the Icelandic volcano Eyjafjallajökull. This ash sample can
be regarded as representative of material produced in most
volcanic eruptions involving explosive interaction with an
external water source (Hoyle et al., 2011). ESEM images
(Steinke et al., 2011) of the volcanic ash revealed particles
with relatively sharp edges, with smaller particles being at-
tached to the particle’s surface and also particles consist-
ing of several small particles (with sizes of∼ 0.2 µm). The
most abundant components were silicates along with alu-
minium oxide. The sulfate content was low (approximately
0.1 g per kg of ash mass). Hoyle et al. (2011) investigated
ice nucleation of this sample with a cutoff diameter < 1 µm
at RHw conditions below water saturation atT = 223–248 K
employing the ZINC CFDC and found that the ice nucle-
ation efficiency below water saturation strongly increased
for T < 238 K in accordance with PCF as the prevailing
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ice nucleation mechanism. Steinke et al. (2011) performed
AIDA cloud chamber experiments on the same sample, se-
lecting the fraction with diameters between 0.1 and 5 µm and
a median diameter of∼ 0.4 µm. They observed freezing be-
low water saturation at 242 K and RHi = 126 % with a low
nucleated fraction so that RHw reached water saturation lead-
ing to immersion freezing. At around 233 K ice nucleation
onset was observed at RHi = 116 % with an ice fraction of
0.1%, and continued, gradually reaching a nucleated frac-
tion of 1 % at RHi = 128 %. An expansion run performed at
around 224 K showed ice nucleation onset at RHi = 105 %
with an ice fraction of 0.1%, and a nucleated fraction of 40 %
at RHi = 117 %. This strong increase in ice nucleation activ-
ity with decreasing temperature is in line with PCF as the
dominating ice nucleation mechanism. Delmelle et al. (2005)
performed nitrogen and water vapor adsorption/desorption
experiments on six fine-ash samples (< 100 µm) from differ-
ent volcanoes. The ash samples had isotherms characteristic
of materials with unrestricted monolayer–multilayer adsorp-
tion and a low density of pores. The pore size distribution was
similar for all samples, with a small peak centered around
5 nm and comparatively low amounts of pores of larger diam-
eters. They concluded that fine-ash particles collected from
different volcanoes have relatively undifferentiated surface
textures, irrespective of the chemical composition and erup-
tion type. If we assume a similar pore structure for the ash
sample of Eyjafjallajökull, PCF can indeed account for the
observed ice nucleation activity at RHw below water satura-
tion.

D5 Inorganic salts and dicarboxylic acids

Inorganic salts and dicarboxylic acids are water-soluble sub-
stances that fully dissolve at high dilution and can be crystal-
lized from supersaturated solutions. Therefore, to judge their
ice nucleation ability it has to be made sure that they are in-
deed present in a solid state. If particles of these substances
are exposed to water vapor of varying RHw, their deliques-
cence and efflorescence properties have to be considered.
Numerous studies have been dedicated to the ice nucleation
properties of these substances.

Dicarboxylic acids.Zobrist et al. (2006) investigated im-
mersion freezing of emulsified water droplets containing in-
situ crystallized oxalic, adipic, succinic, phthalic and fumaric
acids with a differential scanning calorimeter. Out of these,
only the dihydrate of oxalic acid acted as a heterogeneous
IN with an increase in freezing temperature of 2 K compared
with homogeneous ice nucleation of solution droplets. Par-
sons et al. (2004) did not observe any ice formation on sat-
urated 2–40 µm sized particles of C3–C6 dicarboxylic acids
when exposed to increasing RHw at T > 243 K, rather, the
particles underwent deliquescence to form solution droplets.
Conversely, Shilling et al. (2006) found that a small fraction
of maleic acid particles deposited onto a gold substrate nu-
cleated ice heterogeneously below their deliquescence RHw

with onset RHi ranging from about 1.05 at 220 K to 1.30 at
190 K. The spray-deposited particles were micrometer-sized
(1–10 µm diameter) and contained numerous defects and ex-
tensive surface structure. The authors therefore hypothesized
that ice nucleation was likely to be initiated at these de-
fect sites. Baustian et al. (2010) observed that the nucle-
ation activity of micrometer-sized glutaric acid particles de-
posited onto a hydrophobic substrate declined with decreas-
ing temperature from RHi = 120 % at 235 K to RHi = 160 %
at 218 K. Ice nucleation was highly selective and occurred
preferentially on just a few glutaric acid particles in each
sample.

Wagner et al. (2010, 2011) performed AIDA cloud cham-
ber experiments to investigate the heterogeneous ice nucle-
ation potential of oxalic acid dihydrate. They observed that
solid oxalic acid dihydrate aerosols exhibited a remarkably
high variability in their ice nucleation ability from very effi-
cient to almost inactive depending on the crystallization con-
ditions of the injected oxalic acid solution droplets. The ice
nucleation ability was also dependent on whether the crystal-
lized particles were exposed to preceding droplet activation
and evaporation cycles or not. They found that an oxalic acid
dihydrate aerosol with diameters of about 800 nm that had
crystallized within 2000 s from a concentrated oxalic acid
solution (62–67 wt%) at conditions close to ice saturation at
244 K showed ice nucleation when reaching a threshold ice
saturation ratio RHi = 103 % at 244 K and a nucleated frac-
tion of 0.1 at RHi = 107 %. However, oxalic acid dihydrate
particles (40–120 nm) that were crystallized slowly at 266 K
(within 6.5 h) from solution droplets with estimated concen-
trations of 35 wt% proved to be a much less efficient IN
that nucleated ice close to water saturation atT = 244 K. Ex-
periments performed at 244 K with sodium oxalate particles
(400 nm) formed by immediate crystallization at 244 K led to
very few ice crystals before water saturation was reached and
a dense cloud of water droplets formed. With droplet cloud
formation, a clear and continuous increase in the ice particle
number concentrations was monitored, showing that sodium
oxalate was not completely dissolved during CCN activation
and subsequent droplet growth. Directly after the evaporation
of the cloud droplets, an ice nucleation event occurred on the
recrystallized sodium oxalate particles. In a succeeding ex-
pansion run the modified sodium oxalate crystals acted as
efficient ice nuclei in the deposition mode with RHi = 106 %
and a nucleated fraction of 0.07. Kanji et al. (2008) inves-
tigated the ice formation on micrometer-sized oxalic acid
dihydrate particles deposited as a dilute aqueous solution
onto a Teflon-coated, copper cold stage at 233 K and crys-
tallized under dry conditions. These particles nucleated ice
at RHi = 110–125 %.

Wagner et al. (2010) hypothesize that the discrepancy in
the ice nucleation ability between the various experiments is
caused by differences in the crystal structure and morphology
of the particles. Rapid crystallization could lead to the forma-
tion of a surface microstructure with numerous defects like
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cracks, steps, or dislocations, in which water can condense
and freeze. The slow growth of oxalic acid dihydrate crystals
from less supersaturated oxalic acid solution droplets lead to
a more regular surface microstructure with fewer defects.

Ammonium sulfate (AS). A compilation of results for
ammonium sulfate (AS) can be found in Hoose and Möhler
(2012). Ammonium sulfate has been investigated by Zuberi
et al. (2001) in immersion mode using optical microscopy
and differential scanning calorimetry. They found a large
variability of ice nucleation activity depending on the way
the freezing/cooling cycles were performed and on the re-
sulting morphologies of the AS crystals. If the crystallized
solid was in the form of microcrystals, the heterogeneous
ice-freezing temperature was close to the eutectic tempera-
ture and the critical saturation with respect to ice was close
to 1. However, if the solid was in the form of one or two large
crystals, the heterogeneous freezing temperature was close to
the homogeneous freezing temperature. Shilling et al. (2006)
found that spray-deposited solid ammonium sulfate particles
on a gold substrate nucleated ice at saturation ratios rang-
ing from RHi = 142± 4 % at 190 K to RHi = 104± 5 % at
240 K, with an estimated nucleated fraction of 1 in 105 parti-
cles at 240 K. The investigated particles (1–10 µm in diame-
ter) were polycrystalline and contained a significant number
of defects. An aqueous AS solution might form and freeze in
these defects. Baustian et al. (2010) observed ice nucleation
of micrometer-sized AS particles deposited onto a hydropho-
bic substrate for freezing temperatures between 214 K and
235 K at an average ice saturation ratio RHi = 110± 7 %.
Relative humidity measured at the onset of ice formation
ranged from 61 to 78 %, which is below the deliquescence
RHw of AS. Ice nucleation was highly selective and occurred
preferentially on just a few ammonium sulfate particles. Op-
tical images of the solid ammonium sulfate particles revealed
rough surfaces. Wise et al. (2010) investigated ice nucleation
on AS particles with typical diameters close to 5 µm that were
deposited onto a hydrophobic substrate using an atomizer.
At 235 K, ice nucleated on a small fraction of dry particles
while other particles deliquesced. For temperatures between
220 and 230 K ice nucleation on solid AS particles occurred
at RHi of approximately 110 %. In contrast to the findings
of Baustian et al. (2010), the same particle did not nucleate
ice twice if ice nucleation experiments were repeated. One
can therefore conclude that a nucleation mechanism by di-
rect deposition of water molecules from the gas phase is un-
likely. Rather, ice nucleation starts from an aqueous AS so-
lution that gathers in pores or at steps when crystallization
during efflorescence was not complete.

Silver iodide (AgI). The maximum temperature at which
silver iodide particles serve as IN is∼ 269 K for particles
one micron in diameter, and 265 K for particles 10 nm in di-
ameter. Ice formation below water saturation was observed
to be a relatively inefficient process. DeMott (1995) mea-
sured 1 % activation at water saturation at 253 K for AgI–
AgCl aerosols of sizes typically generated for cloud modifi-

cation. Detwiler and Vonnegut (1981) observed RHi = 106 %
at 257 K to 123 % at 206 K for activated fractions of 1 % of
AgI particles with estimated diameters of 100 nm generated
from a ventilated hot wire. However, for ice nucleation at
257 K water saturation was needed and the ice particles prob-
ably formed by a condensation freezing process. Schaller and
Fukuta (1979) found ice nucleation below water saturation
at RHi < 110 % for nucleated fractions of 6.4 % atT = 261–
248 K for AgI particles with diameters of∼ 300 nm gener-
ated from a smoke.

The unit cells of AgI and ice are the same to within ap-
proximately one percent. Vonnegut (1947) considered this
close match as the reason for the ice nucleation ability of
AgI and postulated that ice nucleation can be attributed to
an epitactic effect. However, closer investigation showed that
only a small fraction of the AgI surface is active as IN. An-
derson and Hallett (1976) observed by microscopy that nu-
cleation of ice crystals on large cleaved crystals of solution-
grown AgI reproducibly formed at specific nucleation sites.
Several groups investigated water adsorption isotherms of
AgI (Tcheurekdjian et al., 1964; Corrin and Nelson, 1968;
Bassett et al., 1970; Barchet and Corrin, 1972), revealing
that the AgI surface is largely hydrophobic with isolated hy-
drophilic sites. Barchet and Corrin (1972) assumed that wa-
ter vapor, which distributed patchwise on the AgI surface,
forms the foundations for nucleation embryos, while the re-
mainder of the silver iodide surface is relatively inactive in
the adsorption process and that the presence of a liquid-like
film at T > 263 K is supposed to inhibit direct nucleation of
ice from the vapor. Tcheurekdjian et al. (1964) related the hy-
drophilic patches to hygroscopic impurities mostly located in
geometrical heterogeneous locations such as steps. This no-
tion is in accordance with the observation that the surface of
“pure” silver iodide is a poor ice nucleant, while the surface
of contaminated silver iodide differs markedly in its interac-
tion with water vapor and is an excellent ice nucleant (Corrin
and Nelson, 1968).
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