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The formation of ice particles in the Earth’s atmosphere strongly affects the properties of clouds
and their impact on climate. Despite the importance of ice formation in determining the
properties of clouds, the Intergovernmental Panel on Climate Change (IPCC, 2007) was unable to
assess the impact of atmospheric ice formation in their most recent report because our basic
knowledge is insufficient. Part of the problem is the paucity of quantitative information on the
ability of various atmospheric aerosol species to initiate ice formation. Here we review and assess
the existing quantitative knowledge of ice nucleation by particles immersed within supercooled
water droplets. We introduce aerosol species which have been identified in the past as potentially
important ice nuclei and address their ice-nucleating ability when immersed in a supercooled
droplet. We focus on mineral dusts, biological species (pollen, bacteria, fungal spores and
plankton), carbonaceous combustion products and volcanic ash. In order to make a quantitative
comparison we first introduce several ways of describing ice nucleation and then summarise the
existing information according to the time-independent (singular) approximation. Using this
approximation in combination with typical atmospheric loadings, we estimate the importance of
ice nucleation by different aerosol types. According to these estimates we find that ice nucleation
below about —15 °C is dominated by soot and mineral dusts. Above this temperature the only
materials known to nucleate ice are biological, with quantitative data for other materials absent
from the literature. We conclude with a summary of the challenges our community faces.
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T Part of the atmospheric chemistry themed issue.

Clouds in the Earth’s atmosphere substantially modify climate.'
They interact with both incoming shortwave and outgoing
longwave radiation and can strongly influence local and
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regional wind patterns. Additionally, clouds are an integral
part of the hydrological cycle and are responsible for water
transport and precipitation, which controls water availability
and drives numerous environmental processes. Ice formation
in clouds strongly impacts their properties and plays a major
role in precipitation formation. However, ice nucleation on
solid aerosol particles remains poorly understood and quanti-
fied. In this review we assess our current state of knowledge of
heterogeneous ice nucleation under conditions relevant for
mixed phase (water and ice) clouds between 0 °C and about
—37 °C.

There are several reviews of ice nucleation in the atmosphere
which incorporate findings from field measurements, labora-
tory studies and modelling work,*® as well as a recent article
on ice throughout nature.” These reviews cover multiple
modes of ice nucleation for many cloud types including tropo-
spheric mixed phase and ice clouds as well as clouds in the
polar stratosphere and mesosphere. In contrast, this review is a
detailed assessment of laboratory studies of ice nucleation
by particles immersed in supercooled water and how this
fundamental information can inform our quantitative under-
standing of mixed phase clouds.

We start with a general discussion of the importance of ice
nucleation in mixed phase clouds and the cloud types in which
ice nucleation is important. Our theoretical understanding and
methods of describing ice nucleation are then presented. We
then go on to examine laboratory studies of mineral dusts,
carbonaceous combustion aerosol, biological species and
volcanic ash in some detail. The ice nucleation efficiency
of these materials is quantified using a time-independent
temperature-dependent parameter, which allows comparison
between different experimental methods and aerosol species.
Using estimated concentrations of these aerosol species in the
atmosphere we evaluate the potential concentration of ice
particles (or the potential ice nuclei concentration) which they
could produce. This highlights which aerosol species are most
important for ice nucleation in mixed phase clouds and also
where experimental data is lacking.

1.1 Aerosol—cloud interactions and ice formation

The radiative properties and lifetime of clouds are particularly
sensitive to aerosol concentration, composition and size.! This
sensitivity arises because the nucleation of droplets and ice
crystals directly from the vapour phase is never favourable in
the troposphere. Instead, aerosol particles are required to
serve as cloud condensation nuclei (CCN) to form liquid cloud
droplets or as ice nuclei (IN) to form ice particles. The number
of droplets which form in a cloud tends to increase with
increasing aerosol number, resulting in clouds containing a
greater number of smaller droplets which more effectively
scatter light, thus increasing albedo, and also increase cloud
lifetime.> Anthropogenic emissions have increased aerosol
concentration in the atmosphere and this is thought to have
increased the amount of solar radiation being reflected back to
space through increased albedo.! Ice nucleation causes further
changes to clouds which at present are difficult to quantify.
While the uncertainties associated with the indirect effects of
aerosol (i.e. changes in radiative properties of clouds due to
anthropogenic aerosols) on liquid clouds are large, the effect of
ice nucleation is even less well understood. In their latest
report, the Intergovernmental Panel on Climate Change (IPCC),
were unable to estimate the radiative forcing of aerosol on
clouds through ice nucleation.'

There are two broad categories of tropospheric clouds in
which ice is present: cirrus and mixed phase types. Cirrus
clouds form in the upper troposphere and typically form from
liquid solution droplets which may freeze homogeneously or
via heterogeneous mechanisms involving ice nuclei.'®'? While
these clouds are important in terms of climate,'? transport of
water vapour,'*!> and chemistry,'® for this review we focus on
mixed phase clouds.

Mixed phase clouds exist at temperatures between 0 °C
and about —37 °C and tend to occur in the low and middle
troposphere where clouds have an important impact on
climate,® and are integral to the hydrological cycle.” This can
include clouds which form in very different dynamical condi-
tions and are discussed in more detail in Section 1.3. The upper
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temperature limit of mixed phase clouds is defined by the
melting of ice at 0 °C, but cloud-sized water droplets can
persist in a supercooled state to below —37 °C in the absence of
particles which can catalyse ice formation.”!” These clouds
can glaciate at any temperature below 0 °C in the presence of
the right type of ice nucleating particle, but these particles tend
to be rare in comparison with CCN. This has profound
implications for cloud properties and precipitation.

1.2 Aerosol and ice nucleating particle concentrations

Aerosol concentrations vary substantially depending on loca-
tion and season.'®2° In general the aerosol concentration is
lower in remote marine locations than continental regions,
ranging from <10> cm™® in clean remote locations to
>10* em™? in urban locations and 10°>-10° cm ™ in the free
troposphere.'®!'” Only a subset of these aerosol particles can
serve as IN with typical IN concentrations ranging from 10~*
to 107! em™3,7?"2* with extreme values in excess of 1 cm™>
within desert dust plumes.”® These measurements indicate that
IN are rare in comparison to particles capable of serving as
CCN. In an aircraft campaign Rogers et al.> reported that a
fraction of 107> to 10™° of the background aerosol served as
IN; they also observed no correlation between IN and CCN
concentrations. The fraction of aerosol serving as IN in marine
air has been reported to be many orders of magnitude lower.
More recently it has been shown that in regions not influenced
by sea salt aerosol, IN concentrations are correlated to the
number of aerosol particles larger than 0.5 pm.' In addition,
observations show the number of particles capable of serving
as IN increases dramatically with decreasing temperature.”>>>
In summary, only a small proportion of aerosol particles can
serve as IN at all temperatures and considerable seasonal and
spatial variability exists.

1.3 Clouds containing supercooled water droplets

Clouds in the Earth’s atmosphere have been classified by the
meteorological community into types based largely upon
visual characteristics and altitude.”® These visual charac-
teristics are determined by a combination of dynamical and
microphysical behaviour.

Mid-level clouds, forming at altitudes of ~2-6 km (at mid-
latitudes), include altostratus and altocumulus, are usually
composed of ice crystals and supercooled water droplets.?®
Altostratus are uniform layer clouds which are thin enough to
allow the sun to be visible and can extend over thousands of
square miles. Altocumulus are patches of cloud in the shape of
rounded lumps or flattened globules which are often arranged
into groups, lines or waves.?® They form in regions of wide
scale ascent with velocities of 5-10 cm s ' (0.015-0.03 °C min~";
assuming a wet lapse rate of 5 °C km™"),*® although localised
updrafts can be substantially faster.?’

Low-level clouds, typically below 2 km, include strato-
cumulus and stratus clouds. Stratus are uniform featureless
clouds and form fog when they reach the ground. Arctic
stratus mixed phase clouds have received significant attention
in recent years due to their large spatial extent and substantial
impact on the Arctic climate.® Stratocumulus are low level
clumps or globules of cloud with well-defined bases as low as a

few hundred meters and tops at ~2 km. Vertical velocities in
these clouds are typically less than 10 cm s ™' (0.03 °C min~').%®

Other mixed phase cloud types have a much greater vertical
extent. Nimbostratus can extend from close to the ground into
the mid-troposphere and are associated with rain or snow.
These clouds are often caused by regions of large scale slow
ascent such as warm fronts. Cumulus clouds are detached
dense clouds with heaped tops and flat bottoms and can
extend from as low as ~0.5 km up to ~6 km. These clouds
are associated with areas of fast ascent, with updraft velocities
in the range of 1-5 m s~' (0.3-1.5 °C min™'), caused by
convection or cold fronts. If the ascent is strong enough
(sometimes referred to as deep convection), they can grow
into cumulonimbus clouds and begin to produce precipitation.
Such clouds can extend to altitudes of 12 km in the mid-
latitudes or even higher in the tropics.”® Cumulonimbus have
the greatest updraft speeds of all clouds, with velocities in the
10s of meters per second (10 m s~ !, or 36 km h™', is equivalent
to 3 °C min~') which are driven in part by the release of latent
heat from droplet and ice formation.

In addition, clouds can form as air is forced to ascend over a
hill or mountain. These orographic clouds include lenticular
clouds which are striking lens shaped clouds with sharp edges.
Downwind the air may be set into an oscillation with clouds,
known as wave clouds, forming in the uplift phase. These
clouds have received attention by the cloud community because
they provide a well-defined system and have been used as a
‘natural laboratory’ in aircraft field experiments.?! 3

Given that IN are rare in the Earth’s atmosphere it is
perhaps not a surprise that many clouds can persist in a
supercooled liquid state. In deep convective clouds liquid
water has been observed down to —37.5 °C,>* which is close
to the limit defined by laboratory experiments for homo-
geneous freezing. If we consider a cloud of supercooled
droplets 10 um in diameter, 99% of them will freeze within
1 minute at —37.5 °C according to measured nucleation rate
co-efficients.!” Significant amounts of supercooled water (not
including haze solution particles) are unlikely to persist at
lower temperatures and this probably defines the lower limit to
supercooled water in the troposphere. In other clouds with
weaker updrafts this temperature limit is several degrees
warmer due to an increase in time scales.

In many clouds glaciation occurs at much higher tempera-
tures. In general the fraction of clouds which contain super-
cooled water decreases with decreasing temperature;>>=° this
reflects the measurements discussed in Section 1.2 showing
that the number of aerosol particles capable of serving as IN
increases with decreasing temperature. The fraction of mid-
level stratus clouds containing ice in four locations around the
globe is shown in Fig. 1; there are some striking differences.
For example, the fraction of clouds containing ice is ~70% at
—19 °C above Leipzig (51° N, northern Germany); whereas at
a similar latitude in the southern hemisphere (Punta Arenas,
53° S) the same fraction frozen is only achieved below
—34 °C.3¥* Kanitz er al.*! suggest that this difference is due
to the presence of more extensive sources of IN in continental
Europe compared to Punta Arenas which receives air from the
Pacific Ocean. At Cape Verde off the west coast of Africa, cloud
glaciation only occurs with a frequency of about 5% at —20 °C.
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Fig. 1 The fraction of mid-level stratus clouds which contained ice
determined using polarization lidar in a number of locations. This data
is taken from Kanitz er al*' and is further discussed in other
articles.’”** The clouds examined in this work were mainly within
the altitude range 2-8 km and were mostly less than 1 km thick with
small optical depths.

This is remarkable considering its location in the path of dust
emissions flowing from Africa.>>** This is a similar finding to
that of Ansmann es al.*® who showed that clouds above
Morocco remained in a supercooled state down to —18 °C
despite being colocated with Saharan dust. In contrast, Sassen
et al® report that Saharan dust is capable of glaciating
altocumulus clouds at temperatures between —5 and —9 °C.

The global distribution of the fraction of clouds containing
supercooled water has been measured by satellite based
LIDAR (a technique comparable to RADAR, but using laser
light).>>*® These results highlight the regional and seasonal
variability of the occurrence of supercooled water in the
atmosphere. Based on this data Choi er al.*® suggest that the
presence of dust leads to a significant reduction in cloud
albedo, counteracting the direct effect of the dust.

1.4 Consequences of ice nucleation in supercooled clouds

Despite their rarity, IN have a substantial impact on the
properties of mixed phase clouds. In part this is because IN
are rare in comparison to particles capable of serving as CCN,
but it is also related to the fact that a liquid cloud below 0 °C is
thermodynamically unstable. In many systems, including
clouds, a transition to a more thermodynamically stable state
can happen promptly despite the system having previously
persisted in a metastable state for a long period of time.** Ice
nucleation in a small fraction of cloud droplets can trigger a
transformation in the whole cloud and substantially modify its
properties. Since ice is more stable than supercooled water
below 0 °C, ice crystals have a lower equilibrium vapour
pressure.*’ This causes a water vapour concentration gradient
to form between the air around ice crystals and the super-
cooled water droplets, leading to growth of the ice crystals at
the expense of the supercooled droplets. This is known as the
Bergeron—Findeisen (sometimes referred to as the Wegener—
Bergeron—Findeisen) process.”*® The timescale for glaciation
through this process depends on temperature and pressure and

in the middle troposphere at —20 °C the timescale is on the
order of minutes. This process is thought to be critical in many
low- and mid-level clouds, resulting in a cloud containing large
ice crystals of a considerably lower concentration than the
original liquid droplet concentration. In vigorous convective
systems a supersaturation with respect to liquid water may be
maintained, even in the presence of ice particles and under
these conditions both ice and supercooled droplets will
grow.*”*® If sufficiently large ice crystals form, they can collide
with supercooled droplets, which freeze on contact in a process
referred to as riming. This collision coalescence process is an
important mechanism in the formation of rain and hail.
Cloud glaciation is further complicated by ice multiplication
mechanisms (also termed secondary ice production processes).
The mechanism which has received most attention is the
Hallett-Mossop process* in which riming at around —3 to
—8 °C (most effective at —5 °C) leads to ice splinters being
ejected, yielding ice crystal concentrations that are orders of
magnitude higher than IN concentrations.?>** "> This process
requires supercooled water droplets with a diameter greater
than 24 pum and relative impact velocities need to be greater
than 1.4 m s'.**3 Pruppacher and Klett’ present data which
suggests ice multiplication mechanisms are important above
about —20 °C, which is significantly below the temperature
range where the Hallett—Mossop process is known to be active.
This is thought to be due to the break-up of fragile dendrites
which can form in this temperature range,”>* but ice multi-
plication mechanisms remain an area of significant uncer-
tainty. From the point of view of ice nucleation, any IN
active in a regime relevant for ice multiplication will have a
disproportionate impact on cloud glaciation.

1.5 Modes of ice nucleation in mixed phase clouds

There are a number of ways in which aerosol particles are
thought to trigger ice nucleation in the atmosphere. These are:
(1) deposition nucleation, which occurs when vapour directly
deposits onto a solid surface as ice. (ii) Immersion freezing,
which happens when ice nucleates on a solid particle immersed
within a supercooled liquid droplet. (iii) Condensation freez-
ing, which occurs when water vapour condenses on a solid
particle, possibly due to the presence of some hygroscopic
material, and then freezes (this is sometimes referred to as
deliquescence freezing® and is sometimes classed together with
immersion freezing®' or deposition freezing®®>"). (iv) Contact
freezing, in which a solid particle collides with a supercooled
liquid droplet, resulting in ice nucleation.”>® In addition to
these standard modes of nucleation, an ‘inside-out’ nucleation
process has been identified in which solid particles immersed
within a droplet come into contact with the air-water interface
and only then initiate freezing.>® ' It has been proposed that
this may occur while a droplet evaporates.>

In many situations field data and modelling studies indicate
that liquid water droplets are a prerequisite for ice formation.
This implies that deposition nucleation plays a secondary
role under mixed phase cloud conditions. Westbrook and
Illingworth® used radar and lidar measurements to show that
95% of ice particles which formed at temperatures above —20 °C
originate within supercooled clouds. In a study of altocumulus
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clouds over Cape Verde Ansmann et al.’” found that 99% of
clouds they probed had a liquid layer at their tops. They
concluded from this observation that deposition and condensa-
tion ice nucleation are not important mechanisms in these clouds.
In the majority of cases above —30 °C at high latitudes de Boer
et al.>” showed that for ice to form a liquid cloud was required to
form first. Ice supersaturated haze layers are observed in these
regions with no apparent ice formation, suggesting that deposi-
tion and condensation (below water saturation) nucleation is not
important.>’ In modelling mountain lee wave clouds Field er al.*!
concluded that ice formation required liquid water to form first.
Based on the same field study, Twohy er al.** stated that deposi-
tion nucleation in ice-supersaturated, but water-subsaturated,
conditions was not observed and that there was no evidence for
contact nucleation in the evaporating cloud. In contrast, Sassen
and Khvorostyanov®® concluded that ice formed below water
saturation in the formation of altocumulus clouds impacted by
smoke in Alaska. Nevertheless, most studies conclude that
water saturation is a prerequisite for ice formation in low-
and mid-level clouds and therefore either contact or immersion
freezing dominate. Phillips ef al.** suggest that contact mode
nucleation is of secondary importance because thermophoretic
effects (force exerted by a temperature gradient) favour contact
nucleation only in evaporating droplets, but these droplets tend
to disappear before they can freeze.

1.6 What makes an effective ice nucleating particle?

Pruppacher and Klett’ list a number of requirements for a
particle to be an effective IN. These are: (i) insolubility, water
absorption may cause the substrate to disintegrate; (ii) size, a
correlation between the number of ‘larger’ aerosol particles
and IN has been reported;”*! (iii) chemical bond requirement,
water must be able to make chemical bonds with the IN
surface; and (iv) crystallographic, a good IN should template
ice. These requirements might be met either on a particular
crystallographic face of a nucleant or at specific active sites
such as cracks or defects.

These criteria were set out in part to help the community
establish which atmospheric materials are likely to serve as IN,
but these criteria are perhaps too narrow. For example, it has
been shown that crystalline soluble salts such as ammonium
sulphate®® and oxalic acid®® nucleate ice in the immersion mode
(in saturated solution droplets). These results suggest that the
insolubility requirement of IN should be rephrased to be a
‘solid” requirement, although this would not include ice nuclea-
tion by ordered surfactants.®”” Hygroscopic solutions in a glassy
state,!!"%® atmospheric organic aerosol,*” and secondary organic
aerosol’® have also been shown to nucleate ice despite their
amorphous (non-crystalline) nature which challenges the con-
cept of a lattice match. Soot is also a poorly ordered solid
material which is known to catalyse ice formation.’*”"" In the
early literature ice nucleation by the clay mineral kaolinite was
ascribed to its lattice match with ice, which is thought to
template ice.” However, more recent computational work
indicates that this is not the case, suggesting kaolinite nucleates
ice for a different reason, possibly due to defects in the crystal
structure.”>” In summary, these commonly cited guidelines
need to be taken with caution since our basic understanding of

what makes an effective ice nucleating material remains limited.
At present the only way of determining if a particular material
is effective at nucleating ice is by quantitative experimentation.

1.7 Impact of ice nucleation in mixed phase clouds on climate:
aerosol indirect effects involving ice formation

There have been substantial changes in the amount and
composition of aerosol particles in the Earth’s atmosphere
since pre-industrial times.! In the present day atmosphere the
number of aerosol particles over the continental regions is
greatly enhanced due to human activity."’® It has been
suggested that in pre-industrial times, CCN loading in the
continental regions was of the same order of magnitude as in
oceanic regions (100-300 cm >, in the absence of dust storms or
fires).?>”""® Andreae e al.”® state that primary and secondary
biogenic sources dominated in the pre-industrial era. In contrast,
the present continental aerosol loading is orders of magnitude
larger than that over oceans due to proximity to significant
anthropogenic sources. The dramatic changes in aerosol loading
of the atmosphere from pre-industrial to present day are
illustrated in Fig. 2. In the pre-industrial atmosphere aerosol
concentrations were much more homogeneous between
maritime and continental regions than they are in the present
atmosphere, which illustrates the anthropogenic impact on
global aerosol concentrations.’”” Using modelled global distri-
butions such as this it is possible to estimate the impact
humankind has had on CCN concentrations,”®”” but it is
not known how the number of IN has changed due to human
activity. Hence, assessing the anthropogenic impact on cloud
glaciation remains a significant challenge.

In this section we discuss a number of potential indirect
effects involving ice in mixed phase clouds. Let us start with a
description of a cloud forming under ‘clean’ conditions, where
‘clean’ is defined as a natural aerosol loading in the absence of
dust storms, fires or volcanic activity. With the relatively few
CCN the resulting number of cloud droplets tends to be low
and these droplets tend to grow to larger sizes. For example,
Rosenfeld er al.” reported droplet sizes in marine clouds in
excess of 40 pm (effective diameter). In such clouds ice-free
warm rain processes, in which droplets grow large enough to
sediment, are feasible.”® During sedimentation, they can coalesce
with more water droplets and with sufficient time precipitation
forms. This leads to removal of liquid water from the cloud,
which has the effect of removing latent heat that would other-
wise be released if ice formation occurred and would lead to a
higher and colder cloud top. If IN are present ice crystals may
form, and if this occurs in the temperature regime required for
the Hallett-Mossop process*>* even a very small concentration
of IN may lead to rapid cloud glaciation.”*° Clouds are clearly
sensitive to the number of ice nuclei, but they are also sensitive
to the number of aerosol particles which can serve as CCN as
well as the ratio of CCN to IN. We will now consider a range of
cases with contrasting ratios of CCN to IN.

(1) Increased CCN and low IN: This might come about if the
overall aerosol concentration increases, through an additional
source of soluble aerosol particles, but where the number of
IN remain constant. In this case a greater number of CCN
leads to more, but smaller cloud droplets. In shallow clouds
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Fig. 2 Modelled global distribution of annual mean aerosol particle concentrations at low-cloud altitudes in the pre-industrial and present day
atmosphere (personal communication from Anja Schmidt and adapted from Schmidt er al.””). The aerosol particle concentration is equal to the
concentration of aerosol particles with a dry diameter larger than 70 nm (including sea salt, sulphate, black carbon, organic carbon and dust) which
contain a soluble component and therefore will potentially serve as CCN. Hence, any insoluble material in these droplets will potentially serve as

immersion mode ice nuclei.

this leads to a decrease in precipitation via the warm rain
process.78 In contrast, for convective clouds this inhibits the
warm rain process, allowing more water to arrive at the
freezing level and more latent heat to be released, leading
to a more vigorous updraft. This has a number of effects
including increased transport of water, particles and trace
gases into the mid and upper troposphere (and sometimes
the stratosphere), altering atmospheric dynamics and creating
more intense precipitation in convective systems.®'° The
latent heat released during droplet and ice formation is con-
sumed when the hydrometeors evaporate, but when condensed
water is removed via precipitation the heat is retained in the
atmosphere which energises convection and atmospheric cir-
culation.”® Andreae et al®' reported that the hail which
developed in a smoke-impacted cloud in the Amazon was so
large that it dented the nose of an aircraft, which is striking as
no hail was observed in clouds not impacted by smoke.
Increasing CCN in cumulus clouds has been shown to decrease
or eliminate precipitation through reduced droplet size and
consequently reduced efficiency of ice multiplication and warm
rain processes. > Clouds with an increased number of
smaller droplets scatter more incoming solar radiation and it
is this effect which is accounted for in the IPCC’s assessment of
radiative forcing.! In addition they also tend to have a longer
lifetime. Clouds with smaller droplets tend to have a lower
glaciation temperature (hence a higher glaciation altitude)
since droplets are not large enough for secondary ice
multiplication processes (see Section 1.4). Rosenfeld er al.”
reported convective clouds forming in a smoke plume over
China with droplet sizes of only 10-15 pum (effective radius)
and glaciation only occurring below —33 °C. In this case, the
smoke aerosol particles did not serve as an effective IN, but
did serve as CCN.

(ii) Increased CCN and IN: DeMott et al.*! reported that the
concentration of IN in a number of locations is related to the
number of aerosol particles larger than 0.5 pm as well as
temperature. Hence, an increase in the number of larger
aerosol particles is generally associated with increased IN

number densities. As in case (i), increased CCN concentrations
suppresses the warm rain process. However, Rosenfeld ef al.”
suggested that enhanced IN could then trigger glaciation in
convective clouds which will enhance precipitation through
the Bergeron—Findeisen process. Hence, suppression of the
warm rain process by enhanced CCN may be counteracted by
the enhanced precipitation from IN formation.

(iii) Increased IN and low CCN: As discussed in Section 1.2,
concentrations of CCN are usually far greater than for IN. If
particles which are not only CCN but are also efficient IN are
introduced, the total IN number will increase substantially
with a minimal increase in CCN number. In this situation one
might not expect a dramatic change in cloud droplet size,
hence warm rain and also the Hallet-Mossop process may
remain active. Increased IN and increased glaciation temperature
would be particularly important if the initiation of freezing
were shifted into the regime important for secondary ice
production. However, Rosenfeld er al.” suggest that even
very small concentrations of IN can effectively glaciate a
convective cloud formed with few CCN (due to secondary
ice production) and that these clouds may therefore not be
particularly sensitive to increased IN.

There have been a limited number of studies at the global
scale investigating the impact of ice nucleation in mixed phase
clouds. Lohmann and Diehl®® explored the impact of mineral
dusts and black carbon as ice nuclei on mixed phase clouds.
They show that the lifetime of clouds is reduced due to ice
nucleation enhancing precipitation, resulting in a substantial
warming due to reduced cloud cover. Their sensitivity study
shows that ice nucleation by mineral dust (using ice nucleation
parameterisations,’’ based on laboratory data lacking any
quantification for surface area®®’) had a radiative forcing
of up to 2.1 W m 2. This significantly counteracts the impact
of increased CCN and similar results have been obtained in
other studies.”®°! In a later study, Storelvmo et al®? assessed
the impact of increased ice particle concentrations from
increased IN and showed that this created more reflective
clouds. This effect largely counteracted the positive radiative
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forcing from decreased cloud lifetime. In summary, the ice-
related aerosol indirect effects are complex and research in this
area is still in its infancy. There are many uncertainties in our
understanding of clouds and the lack of a quantitative under-
standing of heterogeneous ice nucleation by atmospheric
aerosol is a severe limitation.

2 C(lassical nucleation theory (CNT)

Classical nucleation theory has been applied in a wide range of
fields in which a new phase nucleates from the parent meta-
stable phase.”>** One of its strengths is that it makes use of
readily available macroscopic quantities to estimate the rate at
which the new phase nucleates. Although simplifying assump-
tions are made in CNT, it does a remarkably good job at
reproducing observed trends (e.g. see ref. 17, 93, and 95). This
theory can be applied to the nucleation of ice from super-
cooled water or from a supersaturated water vapour as well as
to the nucleation of amorphous materials (e.g. liquid) from
vapours. The equations set out below are written in a general
form that could be applied to any situation in which a new
phase nucleates from a metastable phase, but our focus here is
on ice nucleating in supercooled water.

2.1 Homogeneous classical nucleation theory

In pure water, clusters form and dissipate through the addition
and removal of water molecules.

H;O + (H,0),-1 s (H20), (1)

The size distribution of clusters is related to their stability as
well as temperature, but cluster formation above 0 °C is
always a thermodynamically unfavourable process. In super-
cooled water ice growth occurs spontaneously if the cluster is
above a critical size. Below the critical size the addition of a
new water molecule is an endothermic process, but above this
size it becomes exothermic and crystal growth can then occur.
The Gibbs free energy of forming a cluster, AG,, is the sum
of the Gibbs energy associated with making an interface
(AG, always positive, i.e. unfavourable) and the Gibbs energy
associated with forming bonds between water molecules
within the bulk of the cluster (AG,, negative if S, the saturation
ratio with respect to a specific condensed phase, is greater
than 1):%*

AGy = AG, + AG, )
It can be shown that

4mr3
A@F>75%1m5+mﬁy (3)

for a spherical cluster of radius r (containing i molecules),
where k is the Boltzmann constant, y is the energy of the
interface between the new and parent phases (sometime
referred to as surface tension or surface forming energy),
and v is the molecular volume of the condensed phase
(v = m/p; where m is the molecular mass of the substance
and p is its density).”* For ice nucleating from supercooled
water, S can be conveniently derived from the ratio of vapour
pressures of liquid water and ice (P/ P;..) which are available in
the literature.*

The radius of the critical cluster (1) is r; where dAG/dr; = 0,
hence, the critical radius is
2yv
. 4
"= kTS “

By substituting the expression for r, into eqn (3) an expression
for the Gibbs energy of formation of the critical cluster can be
written:
G — 16my31? i (5)
3(kT1nS)

This expression highlights the very strong dependence of the
nucleation energy barrier on interfacial energy. This provides a
physical explanation for Ostwald’s law of stages which states
that a metastable phase crystallises in preference to the stable
phase which has a greater interfacial energy.’*® In the case of
homogeneous nucleation of ice in water it has been shown that
a metastable phase of ice with a smaller interfacial energy
nucleates in preference to the stable hexagonal phase'’-*>7
(the structure of ice which initially crystallises is discussed in
more detail in Section 3). This also provides an explanation for
why liquid water droplets nucleate from the vapour phase in
preference to ice even below —73 °C, since liquid water has a
lower interfacial energy.”®'°!

It should be noted that classical nucleation theory has a
number of weaknesses. A significant issue is the assumption that
parameters such as interfacial energy, density and saturation
ratio are the same for a nanometre sized cluster of molecules as
they are for a macroscopic well defined material. For example, it
is thought that the interfacial energy is size dependent.'* In
addition, the assumption that the initial cluster is spherical
may be incorrect. Nevertheless, classical theory does provide a
theoretical framework with which to understand nucleation
and is capable of reproducing experimental observations.

The rate coefficient (J, nucleation events per unit volume per
unit time) at which ice crystals appear in supercooled water is
related to the Gibbs energy required to form a critical cluster
in an Arrhenius form:

A *
J:Aexp(f k?) (6)
On combining eqn (5) and (6) we can write:>*
w32
InJ=In4 - 16n—,u2 (7)
33T (In )

Fitting this equation to experimental data requires an estimate
of 4 and expressions for this exist in the literature for super-
cooled water.!”?> However, the expressions rely on quantities
such as viscosity which are poorly constrained. Another
approach is to assume the variables are only weakly dependent
on temperature, which is valid over a typical experimental
temperature range of a few degrees. This allows one to plot
In J vs. T3(In S)"2 and the resulting straight line has an
intercept of In 4 and slope

16my>1?
M=-—5 (®)

Since v is known for ice,'® this provides a convenient way of

determining y without the need to calculate 4.!7:193:104
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2.2 Heterogeneous classical nucleation theory

A suitable surface in contact with supercooled water can
reduce the energy barrier to nucleation and therefore catalyse
ice formation. The Arrhenius equation for homogeneous
nucleation can be adapted for the heterogencous nucleation
coefficient (Jpe/om 2 s71):

5

Jhet(T) = Ahet CXp (_ AlciT(l)) (9)
where Ay, is a pre-exponential factor in units of cm2s ' and
¢ is the factor by which the presence of a solid surface reduces
the height of the energy barrier relative to homogeneous
nucleation. This factor is often expressed in terms of an ice
nucleating efficiency parameter, m:

2
gD:(2—Q—m)é(11 m) (10)

The parameter m is equal to cos 6, where 0 is the contact angle
of a spherical ice nucleus in contact with a flat surface. While
this concept is useful in terms of deriving simple equations, its
physical significance is unclear since a critical ice cluster may
not adopt a hemispherical form. Hence, values of 6 reported in
the literature should be regarded as a semi-empirical measure
of how well a material catalyses ice nucleation. A value of
m = 1 (i.e. 8 = 0°) would correspond to a perfect ice nucleus
(@ = 0), whereas a value of —1 (i.e. § = 180°) would indicate
that a surface does not nucleate ice (¢ = 1). Combining the
above we can see that the heterogeneous nucleation rate can be
expressed as;*+103:104

1632 (24 m)(1 —m)?
313 T3(In S)? 4

InJ =1In Apet — (11)

Hence, over a narrow range of temperatures a plot of
In J verses T*(In S)~? yields a linear plot with slope

167302 (2 + m)(1 — m)?
3k 4

M=— (12)
thus providing a means of determining m if y is known,
without the need to estimate Aper.'9%1%° As with homogeneous
nucleation, one has to make assumptions about which phase
nucleates. Unfortunately, this is not straightforward, as is
discussed in Section 3.

3 The structure of ice which nucleates and grows

In many studies it is implicitly assumed that that stable
hexagonal phase of ice nucleates and grows when atmospheric
water droplets freeze. This is perhaps reasonable given older
literature (e.g. see Hobbs'%®), which indicate a metastable
phase of ice only exists below about —70 °C. However, it is
well known that in many systems a metastable phase will
nucleate and crystallise in preference to a stable phase and will
only later recrystallise to the stable phase at some finite rate;
this is known as Ostwald’s law of stages.”*%® In a recent study
Malkin et al.”” showed that pure water droplets of 0.9 pm
diameter exclusively crystallised to a metastable form of ice
at about —40 °C, consistent with Ostwald’s law of stages.

This supports the hypothesis that crystallisation of water
always proceeds through a metastable phase.

Let us now discuss the metastable phases of ice which might
form when water freezes. Out of the 15 crystalline phases of ice
that are known only ice I can form at atmospheric pressure.'?’
Traditionally it was thought that ice I came in two distinct
forms: the stable hexagonal phase (ice I,) and the metastable
cubic phase (ice I.). Both of these phases are made up of water
molecules arranged in layers consisting of puckered six-
membered rings. In ice Iy, each layer is a mirror image of the
previous layer, whereas in ice I, each successive layer is shifted
a distance of half of the diameter of the hexagonal ring.
However, diffraction data show that ice which forms from
pure water droplets is neither of these phases.®’ In fact, Malkin
et al.’” show that this ice is fully stacking disordered, i.e. it is
composed of randomly stacked layers of cubic and hexagonal
sequences. This ice is named stacking disordered ice (ice Iyy).”’
Furthermore, ice which was previously identified as ice I, was
in fact stacking disordered ice.”-1%%:1%°

The diffraction work of Malkin et al.”” showed that water
droplets crystallised to a stacking disordered ice, but it is important
to bear in mind that we do not know from experiments which
phase nucleated (i.e. the phase of the critical nucleus). This is
important because parameterisations based on classical theory
require some knowledge of the phase of the critical nucleus.
Usually it is implicitly assumed that ice I, forms,''®!!! but others
have suggested the metastable ice I, may form.'”*>!%5 Homo-
geneous nucleation rates are more consistent with a substantially
lower interfacial energy of ice I.,'"*>'°! but direct observational
evidence of the nucleating phase is lacking. However, computa-
tional studies indicate stacking disorder is present to scales
approaching that of the critical cluster,””'">""'> and it is possible
the critical cluster does not have a well-defined structure. In
summary, the crystallisation of an atmospheric droplet is a
poorly understood process and it is clear that the assumption
that ice I;, nucleates and initially grows may not be correct.

4 Descriptions of experimental ice nucleation data

In order to quantify ice nucleation in models and also to be
able to quantitatively state which materials are the most
import IN in the atmosphere we need a means of quantifying
how efficiently a particular material nucleates ice. In the early
days of ice nucleation research it was common to quote the
threshold temperature or relative humidity at which ice was
observed to form under a particular set of conditions (for
example see Mason®> and Pruppacher and Klett”). While a
threshold value might be useful when comparing different
materials within the context of a single experimental design,
it is much less useful when comparing results from different
experiments or attempting to estimate the number of ice
particles which will form under a given set of atmospheric
conditions. For example, on injecting kaolinite aerosol parti-
cles into a chamber containing supercooled droplets Mason
and Maybank''® reported a threshold temperature of —9 °C,
whereas Hoffer®® reported a very different freezing temperature
for 100 pm diameter droplets, containing an unspecified quan-
tity of kaolinite, of —32 °C. Given this data alone it is impossible
to assess the impact of glaciation by this material in clouds.
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The variation in freezing temperatures measured in these early
experiments most likely stems from differences in both the
amount of material in the droplets and the mode of nucleation.
In order to quantitatively compare ice nucleation by different
materials in laboratory studies it is essential to quantify how
much material is available for nucleation and to design the
experiment in a manner such that the mode of nucleation is
unambiguous.

There are two primary motivations for wanting to describe
heterogeneous ice nucleation. The first motivation is to
attempt to understand and describe ice nucleation from a
fundamental perspective, whereas the second is to describe
ice nucleation by complex natural materials in a way which
captures the dominant ice nucleating properties of natural
aerosol in a relatively simple way.

Nucleation is a stochastic process, meaning the probability
of nucleation occurring is dependent on time as well as the
amount of heterogeneous nucleating material. This is clear in
the classical theory described above. In some idealised labora-
tory experiments the sample being investigated was uniform
with each particle having much the same ice nucleating prob-
ability as the next.!%>!7"11% In contrast, natural atmospheric
aerosol tend to be much more complex, primarily for the
reason that natural aerosol is made up of a wide range of
different materials each with its own ice nucleating charac-
teristics. For example, droplets containing relatively pure
kaolinite froze over just a few degrees and freezing system-
atically shifted to higher temperatures as the amount of
kaolinite in the droplets was increased or cooling rate was
reduced; this data fitted a simple stochastic model.'”> In
contrast, droplets containing a dust more representative of
natural atmospheric mineral dust composed of a range of
minerals nucleated ice over a much broader temperature range
and required a much more complex model to describe the
data.'?*122 In order to simplify this complex behaviour it has
been suggested that the time dependence, or stochastic beha-
viour, of ice nucleation can be neglected, which has given rise
to the singular description. In the following sections we discuss
the stochastic and singular approaches.

4.1 The stochastic description

In this discussion we will consider an array of droplets each
containing material which could nucleate ice. The stochastic
model is often implicitly assumed to refer to a situation in
which each droplet in an array contains exactly the same
material and therefore has the same probability of freezing.
This case has been referred to as the single component
stochastic description, with ‘single component’ referring to
the uniformity of droplets, i.e. the freezing of all droplets can
be described by a single probability.'®>'?° The condition of
droplet uniformity often does not always hold and droplets
may contain different amounts of material or different particle
types. This heterogeneity leads to some droplets having a
greater probability of freezing at a given temperature and
freezing of the whole population of droplets cannot be
described by the single component stochastic description.
Instead each droplet will have a temperature and time depen-
dent probability of freezing and can then be described by a

stochastic model which includes multiple nucleating compo-
nents to account for the droplet to droplet inhomogeneity.
This section begins with a discussion of the single component
stochastic description and then expands to describe the how
various authors have developed this description to cope with
multiple ice nucleating components.

4.1.1 Single component stochastic (SCS) description. The
probability of a critical cluster forming increases with larger
IN surface areas and with longer periods of time. This is valid
for particles on which water vapour deposits as ice or droplets
in which immersed particles catalyse ice formation. In the case
of deposition mode nucleation, Jy, should be derived as a
function of relative humidity and temperature, whereas for
immersion freezing Jy., should be derived as a function of
temperature (since the temperature of pure water defines the
supersaturation). Given the topic of this review article, we
focus on immersion freezing.

The rate (R) at which droplets freeze to form ice particles
can be defined as:

_dN

R=_—""
dt

= 7Jhe[SN (13)
where dN is the number of ice free liquid droplets containing
nucleant surface area s, which activate to ice in time 7. It is
assumed that a single nucleation event will lead to a droplet
freezing.

In a time interval from ¢, to f,, the number of droplets which
are liquid will decrease from N; to N»:

de 1

N

/W:/—Jhetsd[ (14)
N1 g

This integration yields
Ny = Nyexp(—JhetsA?) (15)

where At = t, — t;. Since the number of droplets which freeze
(An;..) in a time increment is equal to N; — N,, the fraction of
droplets frozen in At can be expressed:

Anice

N, 1 — exp(—JhetsA?) (16)

In this model the probability of droplets with the same
nucleant surface area remaining liquid (P = N,/N;) is equal
(i.e. droplet uniformity) and a population of identical ice-free
droplets will decay with time in a manner analogous to the
radioactive decay of atoms, i.e. the number of liquid droplets
should decay exponentially. This has clearly been shown to be
the case for pure water droplets freezing homogeneously,
where the condition of droplet uniformity is met.'?*!?* It
has also been shown to be the case for droplets of water
containing kaolinite (see Fig. 3a).'%> The repetitive freezing
of droplets containing silver iodide also produces a single
exponential decay of the probability of the droplet remaining
liquid with time (Fig. 3a)."'7 1

Some care needs to be taken in justifying the assumption of
droplet uniformity required to apply the SCS model. It is
not possible to decide if this approximation holds when
only a single population of droplets are cooled under a specific
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Fig. 3 Decay of liquid droplets with time under isothermal conditions. (a) Data are shown for kaolinite'®® and also silver iodide;''®1"? note that

the surface area and temperature were different in the two experiments. The kaolinite experiment was done with multiple kaolinite containing
droplets supported on a hydrophobic surface and freezing was monitored over time at —29 °C. The silver iodide experiment was done by repeatedly
cooling to —4.9 °C, waiting for freezing, and thawing a droplet containing a silver iodide crystal. Each point represents the time it took for the
droplet to freeze in one experiment. Freezing by material in both of these experiments is consistent with a single component stochastic model since
the decays are approximately exponential. However, multiple experiments would be needed to assess particle-to-particle variability in the case of
the silver iodide particles. (b) Data for an array of droplets held at —30 °C containing a dust which is made up of numerous minerals (NX-illite).
Each droplet has a different probability of freezing at this temperature which is consistent with the multiple component stochastic model. Note
that the axes displaying the fraction of droplets unfrozen are plotted on a log scale in both panels a and b (although this is difficult to see by
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eye in panel b).

set of conditions; other experiments are required.lzo’124 One
approach is to test the time dependence of nucleation under
isothermal conditions. A uniform population of liquid droplets
will decay exponentially with time as discussed above. The case
where the decay is not exponential is discussed in the next
section. Another test is to repeat the experiments at different
cooling rates. Results from an ice nucleation study by a
relatively pure kaolinite particles immersed in a population of
droplets were well described by the SCS model for experiments
with a wide range of cooling rates.'®> Hence, freezing by this
kaolinite sample is consistent with the SCS model. A con-
trasting study is that of Broadley er al.'*® who studied an illite
rich sample containing many minerals. They show that single
data sets (from a single population cooled at a constant rate)
can be parameterised with the SCS model. However, when
they compared their results for experiments at different cooling
rates the SCS model failed, indicating that the assumption of
droplet uniformity did not hold for this material. Instead the
description of ice nucleation by this complex mixture of minerals
must reflect droplet heterogeneity (i.e. different droplets have a
different probability of freezing).

4.1.2 Multiple component stochastic (MCS) description.
In many ice nucleating materials there is a mixture of particle
types, each with its own ice nucleating ability. In a given
sample of such a material, some particles would be expected to
initiate freezing sooner and at higher temperatures than
others. Accordingly, a plot of the number of ice free droplets
would not be exponential. An example of this is given in
Fig. 3b, where a dust composed of many minerals, and hence
many nucleation sites, was immersed in water droplets. In this
example the decay was clearly not exponential and only 30%
of the droplets froze over the course of the 650 second long
experiment. In this case the SCS description cannot be used

and instead the distribution of particle types must be accounted
for. We refer to this as the multiple component stochastic
(MCS) description.

There are a number of methods discussed in the litera-
ture which we place under the general heading of MCS
descriptions.'03120-122:1247128 1 geperal these methods sum
the effect of many different ice nucleating particles. Murray
et al.'® express the fraction of droplets which activate to ice in
a time interval where the droplets have a distribution of ice
nucleating abilities as:

A ic
%: 1 —exp(—Z]mAl) (17)

Ice nucleation by each ice nucleus of type i can be described
by a temperature dependent nucleation rate coefficient, J;.
Murray ef al.'® suggest determining J; for each major atmo-
spheric nucleus type in the atmosphere which would allow us
to calculate the ice activation spectrum for any atmospheric
situation if the aerosol composition were known. Alterna-
tively, others have characterised a continuous distribution
of J;. This has been done by defining a distribution of contact
angles in the context of classical nucleation theory.!?!:125-127
For example, Marcolli et al.'®' described ice nucleation by
Arizona Test Dust by fitting a lognormal distribution of
contact angles to describe particle to particle variability. This
was similar to Stoyanova et al.,'*® who used only three contact
angles to describe ice nucleation by their urban aerosol sample.
Welti er al.'®® found that a kaolinite sample from the Fluka
chemical supplier, which exhibited time dependence, was also
best described with a distribution of contact angles in the
context of classical theory. This is in contrast to Murray
et al.'® who showed that ice nucleation by a kaolinite sample
from the Clay Mineral Society fitted well to a single component
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stochastic model (i.e. a single contact angle). The difference
between the results of Murray et al. and Welti et al. is most
likely the source and purity of the clay samples used. Niedermeier
et al.'* proposed a model in which IN were described with a
conceptual soccer ball, with each panel of the ball having an
associated nucleation temperature dependent probability of
freezing. The freezing probability associated with each panel
was described using classical theory and controlled by a
distribution of contact angles. Broadley er al.'*® demonstrated
that the lack of cooling rate dependence of freezing by their
illite rich sample (containing a range of minerals) could not be
described using classical theory. They found that the nucleation
rate coefficient was not sufficiently steep to reproduce the
observed cooling rate independence when using the contact
angle approach. Instead they modelled their data with J; defined
by a linear equation in which the parameters could be adjusted.
Barahona'?* recently proposed a stochastic formulation which
encapsulates particle variability and time dependence in a form
more suitable for modelling studies. At present this description
is for deposition nucleation, but Barahona'** suggests it could
be extended to immersion freezing.

4.2 The singular description

An alternative way of dealing with the complexity of the
particle to particle variability is to make the assumption that
the time dependence of nucleation is of secondary importance
in comparison to the distribution of ice nuclei types. This has
given rise to the singular description.”!?!3% A result of this
assumption is that nucleation will occur at a particular site at a
characteristic set of conditions. Immersion mode freezing by a
particular IN type will occur at a characteristic temperature, 7T,
above which ice nucleation cannot occur. The temperature at
which an IN containing multiple nucleation sites activates to ice
is determined by the nucleation site with the highest 7.. A similar
statement can be made about the deposition mode, but where
there are two variables: temperature and relative humidity.

Let us consider the case where there is an array of droplets
where the ice-nucleating ability of the particles dispersed
through the droplets population is heterogeneous (i.e. different
droplets have nucleation sites with different 7, in them). In
this case freezing would occur over a range of temperatures,
i.e. a spectrum of ice activation temperatures. On cooling, the
fraction of droplets that freeze by temperature 7, fi.(7), can
be described by:!03120:131-133

1) =50

—l—exp(-n(T)s)  (18)

where ni.(7) is the cumulative number of frozen droplets at
temperature 7" and ny(7), the active site density, is the cumu-
lative number of nucleation sites per surface area that are
active between the ice melting temperature (0 °C for pure
water) and temperature 7.

The density of surface sites that become active per unit
temperature, k(7), is formally related to ny(7) by:

T

n(T)=— | Kk(T)dT (19)

Ty

where Ty is the melting point (for pure water: 0 °C).

Vali'** defined similar quantities, but rather than expressing
the cumulative nucleation sites per unit surface area, it was
expressed per unit volume and was termed the cumulative
nucleus spectrum K(7):

nice(T)

o=l exp(—K(T)V) (20)

If the mass concentration (Cy,, mass per volume of liquid) and
specific surface area (syp, surface area per unit mass) of the
material in the sample is known that K can be related to ns.

K = ngy,Cry 21

Another approach is to express the cumulative number of ice
active sites per unit dry mass (7,,, per unit mass):

K = npnCom (22)

When there are discrete ice nucleating particles, such as
bacterial cells, it is useful to express the cumulative number
of ice active sites per particle (n,,, per cell, grain, etc.) where the
number concentration of particles in water is Cy:

K = n,C, (23)

The above expression for ng can be simplified for situations
where fi.. < 0.1:1%

s
ng(T) === (24)

Stot
where s, is the total surface area available for nucleation.!3!3

4.3 Modified singular description

In order to test the assumption of time independence, Vali'*

conducted a sequence of experiments to study the repeatability
of freezing individual water droplets and found that the same
droplets tended to freeze within a few degrees on repeated
temperature cycling, although differences of up to 5 °C were
occasionally observed. According to the standard singular
description, if the same droplet is cooled and warmed repeatedly
it will always freeze at the same temperature. In comparison with
the broad spectrum of freezing temperatures (—5 to —24 °C)
this variability on repeated freezing is relatively small, but
nevertheless indicates that there is a non-negligible stochastic
element to freezing. The time dependent nature of nuclea-
tion was illustrated by an observed 0.4 °C shift in freezing
temperatures when the cooling rate was increased by a factor
of six. In an earlier study Vali and Stansbury'®” observed a
0.2 °C change in mean freezing temperature with a factor
of two change in cooling rate for the heterogeneous freezing
of distilled water droplets. This observation led Vali'®® to
propose a modification to the singular approximation, pre-
sented here in terms of surface area rather than droplet
volume:'%

~ Dice ( T)

fiee(T) = N oo exp(—ns(T — a)s) (25)

The variable o is the offset in temperature from a freezing
spectrum recorded at a cooling rate of 1 °C min~! and is
related to the cooling rate (r) with an empirical parameter f:

a = f log(Irl) (26)
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Vali'? calculated f to be 0.66 based on earlier observations'*’

of a 0.2 °C change in mean freezing temperature with a factor
of two change in cooling rate for the freezing of distilled water
droplets. Murray er al.'® found a stronger dependence on
cooling rate for droplets containing kaolinite, with a  of 2.01.
This results in a 2 °C decrease in freezing temperature on

increasing cooling rate from 1 to 10 °C min™".

5 Methodologies for quantifying ice nucleation by
particles immersed in supercooled water

The experimental techniques for the investigation of immersion
mode ice nucleation can be conveniently classified into two
broad categories where droplets are: suspended in gas (e.g. an
aerosol of liquid droplets) or immobilised on a surface or in oil.

5.1 Droplets suspended in gas

Cloud expansion chambers are large temperature and humidity
controlled vessels which are used to quantify deposition,
immersion and condensation mode ice nucleation.”!!3%138 A
typical experiment involves expanding the gas in the chamber
via pumping, resulting in a reduction of temperature and
enhanced saturation ratio. In order to observe immersion
mode freezing in a cloud chamber it is first necessary to
increase the humidity to water saturation to activate aerosol
particles as liquid droplets. If the sample nucleates ice below
water saturation this may not be possible. On continued
cooling, freezing can then be quantified by the appearance of
ice crystals.

Continuous Flow Diffusion Chambers (CFDCs) are com-
monly employed in the laboratory and field for quantification
of the concentration of IN in air samples.>"'*1** In order to
determine the IN concentration, aerosol particles are passed
into the chamber where the humidity is controlled by two ice
coated plates set at different temperatures.'*® Particles which
nucleate ice in the time the aerosol spends in the supersatu-
rated region are counted as they exit the chamber. A range of
relative humidities are accessible in these instruments which
allows studies of ice formation below water saturation and
also in aerosol particles which have activated to droplets at or
above water saturation. Another approach is to activate aerosol
to droplets in advance of admitting them to the CFDC, which
ensures that only the immersion mode is studied.'*®

Other techniques: Wind tunnels can be used to suspend single
droplets in a flow of gas at controlled temperature and freezing
probabilities are established as a function of temperature
through observations with many droplets.®'**1*> Laminar

flow chambers generate a supersaturation by mixing a cool

dry flow containing aerosol with warmer more humid
air."**1%® The proportion of aerosol which activated to ice
under varying conditions is then determined down-stream.
Free falling droplet systems have also been used to quantify
freezing in micron sized water and solution droplets.'*’
Streams of droplets are allowed to fall into a well characterised
cold chamber and freezing detected using a polarised laser
system. Electrodynamic levitation of micron sized droplets has
been used to study homogeneous nucleation of water,'** and
could also be used for heterogeneous studies. Aerosol flow tubes
have been used to study freezing by size selected nanometer

scaled solid particles immersed in solution droplets of know
composition.'*®

5.2 Droplets immobilised on a surface or in oil

Supporting droplets on a hydrophobic surface and subsequent
cooling is a common method of determining the efficiency with
which any suspended particles nucleate ice.'*® The droplets
used range from microlitre down to picolitre sizes, with
advantages at both ends of the range. Microlitre (millimetre
sized) droplets are better suited to detection of rare, but highly
efficient ice nuclei. A disadvantage is that droplets without any
added nucleating material can freeze tens of degrees above the
homogeneous limit, probably due to contamination in the
droplets or on the supporting surfaces.'*® In order to access
the full range of atmospheric temperatures, i.e. down to
homogeneous freezing, it is necessary to finely divide the
droplets which, substantially reduces the probability of finding
a contaminating particle in any one droplet. Division of
droplets into picolitre volumes (microns in scale — similar to
cloud droplets) and working with carefully prepared hydro-
phobic surfaces has been used to quantify heterogeneous
freezing down to ~ —37 °C.!7:103

Immersing droplets in oil is another method of immobilising
droplets for freezing studies. Droplets containing ice nuclei can
be supported between two immiscible oil layers,® or in an oil
emulsion with a surfactant to stabilise the suspension.'2!:15%-151
Droplets supported on hydrophobic substrates have also been
immersed by oil which blocks mass transfer between super-
cooled water and ice crystals.!>!? This technique has the
advantage that the time dependence of nucleation can be
quantified by exposing droplets to a well-defined set of condi-
tions for periods of hours (rather than seconds or minutes
which are possible in CFDCs or cloud chambers).'%>'?° Freezing
has commonly been monitored using microscopy,®'?° or differ-
ential scanning calorimetry.'*"!*! Microfluidic techniques have
also been applied to heterogeneous freezing in which droplets
were carried in a liquid fluorocarbon over a temperature
controlled stage, with freezing detected optically.'>?

6 Classes of ice nucleating aerosol
6.1 Mineral dusts

Large quantities of mineral dust are aerosolised into the
atmosphere from a range of sources, most notably from arid
regions in Africa, the Middle East and Asia, referred to as the
Dust Belt.*> Mineral dusts of varying types were shown to
serve as effective ice nuclei decades ago.”>*> Nevertheless, it is
only in recent years that quantitative measurements have been
made on their ice nucleation efficiency in the immersion mode.

6.1.1 Mineral dust particles as important atmospheric
ice nuclei. Early electron microscope work on individual
snow crystals revealed that mineral dust particles were
often found in their centre.'>® This was consistent with
laboratory fog chamber experiments in which various mineral
dusts were found to effectively catalyse ice formation.”** More
modern instrumentation, capable of in situ detection and
characterisation of ice nuclei, confirm that mineral dust is an
important ice nucleus, usually accounting for tens of per cents
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Fig. 4 Relative contributions of different particle types in ice residual
particles sampled (46 were sampled) in a wave cloud ~8 km above
Wyoming as determined by aerosol time of flight mass spectrometry
(ATOFMS). This is an example from a single flight and there was
significant variability between different flights. Data taken from
Pratt et al.'>
of the total number of atmospheric ice nuclei.”* '3 An
example of the contribution of different particle types to the
residues of ice crystals (assumed to be the ice nuclei) in a wave
cloud over Wyoming is shown in Fig. 4; in this case 50% of the
residues were mineral dust.'>®

The importance of mineral dusts as ice nuclei is also
supported by studies within the modelling community. In
2004, Dichl and Wurzler®” produced parameterisations for
illite, kaolinite and montmorillonite based on experiments by
Hoffer®® and Pitter and Pruppacher.® Unfortunately the experi-
mental reports did not contain details of how much solid
material was inside the droplets and the resulting parameterisa-
tions were therefore independent of the surface area of ice
nucleating material. These parameterisations were used by
Lohmann and Diehl® in a general circulation model sensitivity
study on mixed phase stratiform clouds and showed that the
different mineral parameterisations had a significant effect upon
the simulation (these simulations are discussed in Section 1.7). A
parameterisation based on observations of ice nuclei using a
CFDC has been produced by Phillips ez al.,'>” who determined
that mineral dusts and metallic particles were responsible for a
large proportion of IN throughout the atmosphere. Further
supporting this conclusion, recent simulations using a global
climate model by Hoose er al.''® found that mineral dusts
accounted for 77% of IN active between 0 and —38 °C.

6.1.2 The sources of mineral dust. Mineral dust aerosols are
primarily eroded crustal rock which has been lifted into the
atmosphere by wind and turbulence. Rates of dust uplift are
dependent upon several different factors, such as wind speed
and land surface conditions;'”® arid areas with little vegeta-
tion, such as deserts, are important source regions.*>!> It has
been estimated that 1000 to 3000 Tg of mineral dust is
aerosolised each year'®® and up to 50% of this may be related
to anthropogenic activity primarily through land usage
changes such as desertification and deforestation.'®!!62

Mineral dust concentrations vary greatly on spatial and
temporal scales depending on the uplift process and distance

of transportation. Smaller scale features, such as dust devils of
1-10 m in size and lasting seconds to minutes,'®* are respon-
sible for the uplift of significant amounts of dust.'®* Large
scale convective systems and atmospheric circulations occur in
the hour-month and 0.1-1000 km scales and are able to
transport dust in the continental to global scale.'® For
example, it has been estimated that 50 Tg of dust is trans-
ported annually from Africa to the Amazon basin.'®® Surface
measurements, which at some locations have been on-going
for several decades, show large variations in dust concen-
tration depending upon location and season.!>*1¢’

As the nucleating efficiency of individual minerals differs
(see Section 6.1.4), knowledge of bulk dust concentration
alone is insufficient to understand the dust glaciation effect.
Proportional mineralogy of bulk powder samples can be
retrieved by X-ray Diffraction (XRD), however the lower limit
of detection for most minerals using XRD is typically
0.5-1%.'%® Electron microscopy can also be used to determine
mineralogy in much smaller masses of material.'® Fig. 5
provides a comparison of observations of atmospheric dust
mineralogies retrieved via XRD analysis, with the average
observed composition shown in Fig. 6. Atmospheric dust is
primarily composed of clay minerals (47%), quartz (29%) and
feldspar minerals (13%) with other minerals making up the
remainder. Dust mineralogy is determined by laboratory
analysis of filter samples collected either at the surface or
from aircraft. Some details can be retrieved by in situ mass
spectrometry,'>> but many minerals have chemically similar
compositions and mineralogy is not typically reported.

Global dust distributions can be retrieved using satellite
products (see for example Schepanski ef al.,'™®). Progress has
been made towards improving these retrievals to identify
individual minerals.!”! This would enable the study of how
the composition of a dust plume changes with time and, in
combination with laboratory studies, would enable a more
accurate estimation of global mineral dust IN concentrations.

6.1.3 Dust mineralogy. Minerals are naturally occurring
crystalline solid substances with a specified chemical composi-
tion and specific crystal structure. Silicates are the most
abundant mineral type, of which the feldspar group is one of
the most common.!”> Most minerals fall into two broad
categories: primary and secondary. Primary minerals are
igneous in origin and are chemically and structurally
unchanged since formation; notable examples include quartz
and the feldspars. Secondary minerals are components of
metamorphic and sedimentary rock, usually formed via
processing of minerals and include the clay minerals. An
example of a primary to secondary conversion process is acid
weathering, such as that of potassium feldspar to form illite or
kaolinite.'”

The group of minerals most frequently observed in the
atmosphere are the clays. Clays are part of the phyllosilicate
group which are secondary minerals with a highly laminated
(layered) structure. In the majority of clays, this structure is
made up of repeating layers of silicon dioxide tetrahedrals and
aluminium oxide octahedrals, with clays categorised by the
numbers of each type of layer within the repeating structure.
For example, the structure of kaolinite features single silicon
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Fig. 5 A summary of atmospheric mineral dust compositions from XRD analyses. The data are split into mineral dust which was sampled near
the source region (generally continental locations) and at locations a large distance from the source region (generally in marine locations). Dust
sampled close to source was richer in materials associated with the coarse fractions, whereas the clay minerals were relatively enhanced in samples
in remote locations. ‘Others’ includes materials such as gypsum, goethite, haematite, palygorskite and halite which were also identified in some
studies. In addition, for the LEI94 study the ‘other’ category also includes material which could not be identified with X-ray diffraction. From left
to right, GLA80: Glaccum and Prospero;331 PROS81: Prospero et al ;3% SCH87: Schiitz and Sebert;'’® LEI94: Leinen ef al.,>* small is particles
<2 pm, large between 2 um and 20 um; ARN9S: Arnold er al.*** sizes as in LEI94; KAN09: Kandler et al.;**®> KAN11: Kandler et al.**
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Fig. 6 Average of atmospheric dust compositions shown in Fig. 5.
Averaging is done without any weighting. Where mineralogy of
different particle size bins are provided in a particular study only the
smaller size is included. ‘Others’ is defined in the caption for Fig. 5.

and aluminium layers repeating and is referred to as a 1 : 1
clay mineral (see Fig. 7B). In montmorillonite, the aluminium
layer is sandwiched between silicon layers and is referred to as a
2 : 1 clay mineral (Fig. 8). Within these layers, ion substitutions
frequently occur, such as AI** for Si** and Mg?>* for AP*.
Any resulting charge imbalances caused by these substitutions
are balanced by cations located within the inter-layer region.

Fig. 7 Representations of the structure of kaolinite, a 1:1 clay
mineral (see Section 6.1.3). Fig. 7A (left) is a ball and stick structure,
explicitly showing the location of all atoms within the structure. Light
blue — A**, dark blue — Si*", red (large) — 0%, dark red (large) - OH™.
Fig. 7B is a polygonal representation: Light blue octagons represent
AlOy 5(OH),, dark blue tetrahedra representing SiO,. In each polygon,
the cation position is in the centre, with the anions on the points. The
OH groups, as shown in the spherical representation, occupy the lower
side of the Al layer, and the positions on the upper side of the Al layer in
the centre of the Si tetrahedral hexagons. Crystal structures are drawn
