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ABSTRACT: Predicting the formation of ice in the
atmosphere presents one of the great challenges in physical
sciences with important implications for the chemistry and
composition of the Earth’s atmosphere, the hydrological cycle,
and climate. Among atmospheric ice formation processes,
heterogeneous ice nucleation proceeds on aerosol particles
ranging from a few nanometers to micrometers in size,
commonly referred to as ice nucleating particles (INPs).
Research over the last two decades has demonstrated that
organic matter (OM) is ubiquitous in the atmosphere, present
as organic aerosol (OA) particles or as coatings on other
particle types. The physicochemical properties of OM make
predicting how OM can contribute to the INP population
challenging. This review focuses on the role of OM in INPs, summarizing and highlighting recent advances in our understanding
of the ice nucleation process gained from theoretical, laboratory, and field studies. Examination of ice residuals and INPs with
analytical techniques demonstrates that OM participates in atmospheric ice crystal formation. Molecular dynamic simulations
provide insight into the microscopic processes that initiate ice nucleation. The amorphous phase state of OM in the supercooled
and metastable regime is identified as a key factor in assessing the particles’ nucleation pathways and rates. A theoretical model is
advanced, based on particle water activity, to holistically predict amorphous phase changes and ice nucleation rates of particles
coated by OM. The goal of this review is to synthesize our current understanding and propose future research directions needed
to fully evaluate how OA particles contribute to INPs in the atmosphere.
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■ INTRODUCTION

Water and its solid crystalline form, ice, are ubiquitous on land
and in the air. Ice has not only been observed on Earth but also
on planets1,2 and moons3−5 throughout the solar system,
making it a particularly interesting subject because its melted
form can provide the means for life.6 The formation of ice in
the Earth’s atmosphere changes the radiative properties of
clouds by modulating their interaction with incoming short-
wave and outgoing longwave radiation, thereby impacting the
radiative balance and thus, climate.7−12 Greater than 50% of
Earth’s precipitation originates via the ice phase,13 and hence,
atmospheric ice nucleation plays a key role in the global
hydrological cycle.14 Ice crystals formed in the upper
troposphere and lower stratosphere (UT/LS) can sediment,
resulting in water removal and causing dehydration of the UT/
LS.15,16 This has consequences for water vapor distribution and
thus the radiation budget considering that water vapor is the
strongest greenhouse gas.17,18 Ice particles at the tropopause
control water transport into the LS affecting stratospheric
chemical composition. Surfaces of ice crystals can serve as

heterogeneous sites for reactions resulting in ozone destruction
and act as a sink of HNO3.

19−21 Despite recognition of the
importance of atmospheric ice formation, our predictive
understanding is still insufficient for its representation in
climate models.7,22

Cloud droplet and primary ice crystal nucleation proceed on
aerosol particles, which are suspensions of liquid or solid matter
having sizes of a few nanometers to hundreds of micrometers.
Ice multiplication mechanisms may proceed after some initial
ice is present.23−26 Whereas mineral dust particles and sea spray
aerosol (SSA) account for the greatest aerosol mass
concentrations, organic aerosol (OA) makes up a significant
fraction of the ambient global tropospheric aerosol.7,27−35 OA
can contribute 20−90% by mass to the submicrometer
aerosol.27 OA can be directly emitted from sources such as
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fossil fuel combustion and biomass burning, termed primary
OA (POA), whereas secondary organic aerosol (SOA) stems
from the oxidation of volatile organic compounds (VOCs), the
latter contributing significantly to the global OA burden.28,36−39

The impact of organic matter (OM) generally on atmospheric
ice nucleation is not well understood because its widespread
atmospheric presence has been only thoroughly established
with advancements of novel aerosol particle analytical
techniques.27−29,31,33 In contrast, biological particles (excluded
from our definition of OM) and insoluble inorganic material
such as mineral dust have been studied for their ice forming
propensity for a much longer time.40−47 The focus of this
review is on the role of OM in atmospheric ice nucleation,
concentrating on the last one to two decades of research that
have linked OA particles with ice nucleation. It builds upon
previous reviews that provide excellent overviews of various ice
nucleation data sets including inorganic (e.g., mineral dust) and
biological particle types and associated theoretical data
representations.10,48−57

This review is organized as follows. The presence of OA in
the atmosphere is first briefly surveyed followed by a discussion
of the unique physicochemical properties of OM and OA and
their effects on atmospherically relevant ice formation path-
ways. Then, the current microscopic understanding of
homogeneous and heterogeneous ice nucleation is summarized.
This is followed by a description of selected field measurements
that include chemical speciation of the ice nucleating particles
(INPs) and ice residuals (IRs). An INP represents a material or
object that is assumed to be the agent responsible for observed
heterogeneous ice nucleation,58 and an IR represents the
particle left over after the ice is sublimated. We further discuss
recent laboratory studies examining atmospheric OA and OM
surrogates for ice nucleation. Then, the current theoretical
descriptions of ice nucleation data are summarized, and a new

ice nucleation model is suggested to predict ice nucleation by
inorganic particles coated by amorphous OM. Finally, a
summary and suggestions for future research directions
responding to open questions on the contributions of OM
and OA to atmospheric INPs are presented.

Composition of Organic Aerosols. OA particles are
ubiquitous and have been observed in natural remote and
anthropogenically impacted regions as displayed in Figure 1.29

Sulfate compounds in significant amounts can be associated
with OA particles (Figure 1).59 The condensed-phase OM is
typically discriminated as hydrocarbon-like OA (HOA),
semivolatile (SV-) and low-volatile oxygenated OA (LV-
OOA), and extremely LV-OOA (ELV-OOA). Volatility
decreases as species’ oxidation level increases (O:C).60−62 For
example, POA from fossil fuel combustion and other urban
sources typically falls in the class of HOA.31 SOA forms as the
oxidation products of anthropogenically or biogenically emitted
VOCs partition to the condensed phase.60,63 OA can also form
via aqueous-phase chemical reactions between dissolved OM
and soluble trace gases within cloud droplets and subsequent
evaporation of the droplets.64−68

Atmospheric aerosol particles resemble a complex chemical
mixture of compounds.69−79 Gas−particle interactions and
coagulation of different particle types yield aerosol particles that
can be multicompositional and multiphase. Inorganic species
such as sulfates and nitrates can condense on particles, leading
to chemical modification, changes in hygroscopicity, and
changes in ice nucleation propensity.53,80−88 The mixing state
of a particle population is a quantitative measure of the number
of particles composed of one or any mixture of components. It
therefore describes the particles’ heterogeneous composition
and has important effects on the radiative scattering and
absorption cross sections.89−92 The particle mixing state is also
a crucial parameter for ice nucleation, yielding information

Figure 1. (left panel) Total mass concentration (in μg m−3) and mass fractions of nonrefractory inorganic species and organic components in
submicrometer aerosols and oxidation level expressed as oxygen to carbon ratio (O:C) measured with the aerosol mass spectrometer at multiple
surface locations in the Northern Hemisphere. (right panel) Organic aerosol (OA) to sulfate ratio (OA:sulfate) as a function of altitude derived from
17 field campaigns. (left) Reprinted from Jimenez et al. (2009).29 (right) Reprinted from Heald et al. (2011).59
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about the specific chemical species on the particle surface,
which will interact with a supercooled aqueous solution or
water vapor that is supersaturated with respect to ice. Chemical
analysis of IRs has shown the physicochemical complexity of
INPs.54,93,94 The recent advances in single particle micro-
spectroscopic analyses of aerosol particle populations further
demonstrate the complex morphology and composition of
ambient aerosol.70 In photochemically active environments
where oxidation of VOCs can occur or after long-range
transport, aerosol particles have been observed to be dominated
or coated by OM.69−74,79,95−102 In such dynamic processes, it is
expected that atmospheric aging could continuously alter the
chemical complexity of OM and its ice nucleation propensity.

Phase State of OM in the Atmosphere. It is commonly
assumed that INPs contain insoluble and/or solid substrates
that facilitate ice nucleation.40 However, it has been shown that
OM with varying phases, macromolecules, and organic
monolayers can initiate ice nucleation.103−112 A unique feature
of OA particles is that they can be amorphous and can exist in
different phases, including liquid, semisolid, and solid (or
glassy) states in response to changes in temperature (T) and
relative humidity (RH).113−116 This is in contrast to particles
comprised of inorganic salts that have a thermodynamically
defined phase transition from crystalline solid to liquid
(deliquescence),117 for instance. Phases of OA reflect different
particle viscosities and thus different substrate hardnesses, all of

Figure 2. Modeled SOA phase state in the global atmosphere (a) and characteristic mixing time scales of water (b) in SOA particles at the surface,
850 hPa, and 500 hPa. Reprinted and adapted from Shiraiwa et al. (2017).122

Figure 3. Schematic overview of different ice nucleation pathways, exemplary given as a function of temperature, relative humidity, and
supersaturation with respect to ice (RHice and Sice, respectively). (A) Homogeneous ice nucleation, (B) immersion freezing, (C) deliquescence and
water uptake followed by immersion freezing, (D) deposition ice nucleation, (E) contact ice nucleation, (F) inside-out freezing. Symbol forms and
sizes not to scale.
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which potentially impact ice nucleation.105,118,119 A character-
istic parameter is the glass transition temperature, Tg, that
describes the viscosity of a liquid on the order of 1012 Pa s,
where the molecular motion is so slow that it can be considered
a solid.113,120,121 Species with very low Tg, such as sulfuric acid
or water, can act as a plasticizer that significantly decreases Tg of
a particle if present among other components.113,114 At low
temperatures, e.g., in the UT/LS where the atmospheric
temperature can be as low as 180 K, it is conceivable that the
majority of OM can be present in a solid state.113 This has been
evaluated by a recent global modeling study of the SOA phase
state.122

Figure 2a displays global simulations of the annual average of
Tg/T that is taken as representative of the SOA phase state for
different altitudes.122 Although there are regions where SOA
can be solid in the surface boundary layer, the model results
suggest that most of the SOA particles are solid above 500 hPa
(∼5 km), whereas middle (440−700 hPa) and high (<440 hPa)
clouds can contain ice crystals and are present 18 and 33% of
the time globally, respectively.123,124 In the cold polar regions,
mixed-phase clouds that contain supercooled water droplets
and ice crystals can exist at much lower altitudes.125−128

The organic phase state impacts water diffusivity and typical
condensed-phase mixing time scales (Figure 2b) that ultimately
govern the time that solid OM needs to transition to a more
liquid state and come into equilibrium with water vapor.119,129

This organic solid-to-liquid transition is termed humidity-
induced amorphous deliquescence.130 Figure 2b shows that
mixing time scales, τcd, of OA particles with water can range
from several minutes to days at temperatures low enough for
ice formation. Thus, τcd can be longer than typical cloud
activation time periods (governed by the updraft velocity),
potentially inhibiting full deliquescence and allowing the OA to
serve as a substrate for ice nucleation.
Ice Nucleation Pathways. Figure 3 introduces the basic

ice nucleation modes40,58,131,132 for exemplary values of RH and
supersaturation with respect to ice (RHice and Sice, respectively),
where the temperature and humidity trajectories do not
necessarily depict all atmospheric conditions that allow for ice
formation. The purpose of Figure 3 is to provide a
differentiation between the nucleation modes and to introduce
which ice nucleation pathways are discussed in this review.
These definitions are based on a macroscopic viewpoint and
may not reflect the actual microscopic or molecular processes at
the particle interface.40,58 A supercooled water or aqueous
solution droplet can freeze by homogeneous ice nucleation
(Figure 3A). The presence of an insoluble particle such as a
mineral dust can act as INP when immersed in a supercooled
droplet (Figure 3B). Deliquescence of salts117 and water uptake
can precede immersion freezing (Figure 3C). Water con-
densation immediately prior to ice nucleation, termed
condensation freezing, is assumed to resemble the situation
of immersion freezing.55,133 Immersion freezing is suggested to
be the dominant ice nucleation pathway in the atmos-
phere.134−137 Pathways B and C can also occur at supercooled
temperatures. Pathway D displays deposition ice nucleation
where ice forms on an INP from the supersaturated gas phase.
Processes not discussed here that can also take place in the
atmosphere are contact ice nucleation (Figure 3E),53,131 inside-
out evaporation freezing (Figure 3F),132,138 and ice multi-
plication.23,24 Contact ice nucleation occurs when an INP
collides or comes into contact with a supercooled water or
aqueous solution droplet.139 Inside-out freezing occurs when an

INP is in contact with the liquid−air interface, establishing
three interfaces (i.e., gas, solid, liquid), at supercooled
conditions. Ice multiplication refers to the generation of ice
crystals via fracturing processes during droplet freezing or
riming of ice by supercooled droplets or from ice-ice collisions.

Impact of Organic Matter on Ice Nucleation Pathway.
When amorphous OA or OM are involved in ice nucleation,
the condensed-phase diffusion processes within OA particles
wi l l u l t imately govern the ice nucleat ion path-
way.105,113,118,119,121,140,141 Because amorphous OM does not
display a sharp deliquescence point, a layer of complexity to
above-described nucleation modes is added when predicting
the thermodynamic conditions under which ice nucleation
proceeds. A demonstration of this is given by Berkemeier et al.
(2014),119 who applied a numerical kinetic molecular flux
model to quantify the relationship between the ice nucleation
pathway and OA viscosity governed by diffusivity of both the
organic species and water. Figure 4 illustrates the different

stages during deliquescence of an amorphous OA particle as full
deliquescence relative humidity (FDRH) is approached.119 The
water activity, aw, of the aqueous solution surrounding the solid
organic particle core at FDRH is in equilibrium with the water
partial pressure. The formation of ice depends on the
propensity of the solid organic core to initiate ice nucleation
in the supercooled aqueous solution as depicted in Figure 4.
The existence of a glass transition and FDRH leads to the
following potential scenarios of atmospheric ice nucleation that
are uniquely attributable to the presence of amorphous
OM:112,119 (1) Ice formation in the glassy region may be due
to ice nucleation on the solid organic particle, i.e., deposition
ice nucleation. (2) During partial deliquescence (PD), a
residual solid core is coated by an aqueous shell, and immersion
freezing may proceed. (3) At FDRH, only homogeneous
freezing will occur at temperatures below ∼238 K. (4) The
presence of a glassy phase in disequilibrium with surrounding
water vapor (e.g., cloud activation at fast updrafts as discussed
below) may suppress or initiate ice nucleation beyond the
homogeneous ice nucleation limit.
Figure 5 presents atmospheric ice nucleation pathways

considering the ice nucleation modes discussed and the
presence of inorganic and amorphous organic aerosol particles.
It shows, in a more complete manner compared to Figure 3,

Figure 4. Transition of the amorphous organic phase upon increasing
RH from a solid (glassy) state via partial deliquescence relative
humidity (PDRH) to a liquid state at full deliquescence relative
humidity (FDRH). Potential ice nucleation pathways are indicated.
Adapted and reprinted from Berkemeier et al. (2014).119
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how particle composition impacts the formation of ice as a
response to changes in thermodynamic conditions expressed as
T, RH, and RHice. Figure 5 displays the thermodynamic
conditions of the condensed phase. In other words, if the
condensed phase is in disequilibrium with the gas phase, ice
nucleation may proceed at different T and RH. Immersion
freezing is depicted in pathways a−e (Figure 5). This
nucleation pathway can occur under condensed phase water-
subsaturated (Figure 5, pathway c−e) or -saturated conditions
(Figure 5, pathways a and b), where particle water activity, aw <
1 or aw = 1, respectively. Deposition ice nucleation can proceed
under ice-supersaturated gas phase and water-subsaturated
conditions (Figure 5, pathway g).
Three cloud phase regimes can be discriminated in the

atmosphere as indicated in Figure 5. At temperatures warmer
than the ice melting line of 273.15 K, only liquid clouds exist.
At temperatures cooler than the ice melting line and warmer
than the homogeneous freezing temperature of supercooled
water, mixed-phase clouds may form with coexisting super-
cooled droplets and ice crystals. Only ice crystals form at
temperatures colder than the homogeneous freezing of pure
water and RH larger than the homogeneous freezing limit,
which is typical of cirrus clouds. This review highlights
observations from laboratory and field studies of ice nucleation

by OA/OM under conditions of RH and T similar to cirrus and
mixed phase clouds while emphasizing the challenges in
predicting OA acting as INPs.
The physicochemical characteristics of the INPs in these

cloud regimes will govern the ice nucleation pathways. Figure 5
displays the equilibrium T and RH under which immersion
freezing or deposition ice nucleation proceed but also
exemplifies how initial chemical composition of the particle
can affect ice formation routes. The composition of liquid
droplets is constrained by the water saturation line where aw =
1 by definition, which represents pure water. Cloud droplet
solute concentration is typically low, on the order of 102 μM,142

for which aw ≈ 1 is a reasonable assumption. An increase in
humidity beyond liquid saturation leaves droplet aw = 1
unchanged. For colder temperatures, the homogeneous freezing
limit defines the humidity region above which only ice exists
(any solution droplet present will freeze). The Kelvin effect
leading to increased water vapor pressure143 is important to
consider for particles smaller than 0.2 μm but can be neglected
in this discussion because ambient INPs are typically larger.40,53

Mineral dust is a common particle type in the atmosphere
and serves as a large source of INPs.49,50 Dust particles may
take up water under subsaturated conditions and act also as
cloud condensation nuclei (CCN),144−155 in particular when

Figure 5. Potential immersion freezing and deposition ice nucleation under atmospheric thermodynamic conditions for particles of different
chemical compositions. Dotted lines give conditions of constant relative humidity with respect to water. Altitude is given as an estimate using a dry
adiabatic lapse rate of 10 K km−1. Particle trajectories are given as blue dashed lines. Red, green, and golden solid lines represent the glass transition
temperature for α-pinene SOA with and without the presence of sulfates (Charnawskas et al., 2017112) and naphthalene SOA (Wang et al., 2012105),
respectively. The green dashed line represents the full deliquescence relative humidity of α-pinene SOA (Charnawskas et al., 2017112). The symbol
forms and sizes do not reflect actual particle size and morphology changes but rather indicate the particles’ phase states. Trajectories d and f involve
deliquescence of the inorganic material followed by water uptake.
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coated with hygroscopic material due to aging processes.156,157

Dust particles may initiate immersion freezing under
subsaturated158,159 and saturated conditions49 (Figure 5,
pathways a−c). Dissolvable inorganic species present as
coatings or as a particle deliquesce promptly upon changes in
RH117 followed by water uptake (see Figure 5, pathways d and
f). However, amorphous OM can exhibit humidity-induced
amorphous deliquescence130 above the Tg or corresponding
RHice (e.g., the red, green, or golden lines in Figure 5, pathway
e) until full deliquescence (FD) occurs (Figure 5, dashed green
line). Also note how the presence of sulfates in SOA (Figure 5,
red line) decreases Tg as shown for the case of α-pinene SOA
(Figure 5, green line).112 These phase state changes present a
challenge for predictions of ice nucleation kinetics because of
the competition and relationship between the ice nucleation
rate and changes in organic phase state. When a single organic
species deliquesces, the solid OM surface area decreases as the
surrounding aw of the aqueous solution increases, both affecting
the ice nucleation rate as discussed in the next section.
Specific Effects of Organic Matter on Ice Nucleation.

Cooling and humidification rates of air masses complicate the
predictions of ice formation from amorphous OA particles.
These rates can change Tg and FDRH, which depend on
particle viscosity or diffusivity and thus are kinetic parameters.
This contrasts with typical thermodynamic parameters, e.g., the
melting temperature of a solid. Therefore, the atmospheric
conditions under which phase transitions occur depend also on
the updraft velocity, which directly impacts cooling and
humidification rates. A slower updraft velocity allows for
more time for deliquescence to proceed, potentially resulting in
full deliquescence of the OA particle at warmer and drier
conditions compared to when a faster updraft is active.
Therefore, the same OM can be present in different phase
states under the same atmospheric thermodynamic conditions
(i.e., T and RHice), resulting in different ice nucleation pathways
and corresponding ice nucleation rates. OA particle size or
coating thickness can also impact the rate and atmospheric
altitude of the organic phase change, as larger particles or
thicker coatings require more time to reach full deliquescence.
Another peculiarity of amorphous OM concerns the

potential change in particle morphology upon nucleation of
ice from an aqueous organic solution droplet. As water
crystallizes, a freeze-induced phase separation into pure ice
and a freeze-concentrated solution can occur.140,160−164 Hence,
ice nucleation may not necessarily result in a pure ice crystal
but an ice crystal with inclusions or one that is partially or fully
coated by the freeze-concentrated solution. This can have
implications for water vapor pressure, multiphase chemical
kinetics when the frozen particles act as reactive substrates, and
the particles’ radiative properties. The remaining highly
concentrated aqueous organic solution can also form a
glass.140,165 Subsequent ice sublimation can leave a highly
porous solid organic particle behind with implications for
particle radiative properties and cloud formation.165,166 In
addition, these cloud cycling processes may allow for
preactivation of the OA particles, thereby enhancing the
particle’s ice nucleation rate in subsequent ice activation
cycles.167−169

Upon solidification and crystallization, OM can display
different polymorphisms170−172 when undergoing temperature
changes.173,174 The expected interfacial changes upon transition
from one to another polymorphic phase have not yet been
examined with regard to water interaction, e.g., via interfacial

hydrogen bonding. Temperature can influence organic mixtures
where, e.g., mixtures of fatty acids175,176 can be miscible at
ambient conditions but immiscible at lower temperature,
resulting in demixing.177 However, as pointed out by Marcolli
et al. (2004),178 in the presence of a sufficiently high number of
miscible organic and inorganic components, a liquid (or
amorphous solid) is the thermodynamically stable phase. The
authors observed a decrease of the deliquescence RH with an
increasing number of components present in the solution. This
in turn would decrease the particle’s ability to act as an INP.
However, it has also been observed that, in complex inorganic/
organic particles, efflorescence (liquid-to-solid transition) can
occur upon increasing humidity.179 How these phase transitions
proceed at supercooled temperatures or in the metastable
regime is not known.
Lastly, the occurrence of liquid−liquid phase separation

(LLPS) in inorganic−organic particles180−183 and OM184−186

upon changes in humidity has been observed. LLPS can impact
droplet surface tension and as such potentially cloud droplet
activation.187 However, the occurrence of LLPS at temperatures
relevant for ice nucleation has not been investigated, except for
a study by You et al. (2015),181 and its impact on ice nucleation
in aerosol particles or cloud droplets in terms of organic phase,
interfacial tension, and water activity has not yet been
examined.

■ MICROSCOPIC DESCRIPTIONS OF ICE
NUCLEATION

Homogeneous Ice Nucleation. Homogeneous ice
nucleation in aqueous solution is considered to be a stochastic
process that depends on the volume of the solution and the
time that it remains supercooled as well as Sice > 1.40 The
presence of inorganic and/or organic solutes depresses the
freezing point from the one of pure water, resulting in freezing
temperatures lower than ∼238 K.188−190 The homogeneous ice
nucleation rate coefficient, Jhom, of pure water as a function of
temperature is still under investigation with a recent study
suggesting a maximum value of Jmaxhom ≈ (2 × 1012 ± 102)
cm−3 s−1 at ∼229 K.191 A change in the ice nucleation rate may
impact the evolution of clouds for temperatures as warm as 243
K.192 Recently, Lupi et al. (2017)193 showed that the ice
nucleation rate can depend strongly on the prevalent ice
polymorph, i.e., hexagonal ice, cubic ice,194 or a mixture of the
two referred to as stacking disordered ice.195 They found that
stacking-disordered critical crystallites at 230 K are more stable
than hexagonal ones by ∼14 kJ mol−1 of crystallite, which
corresponds to nucleation rates more than 3 orders of
magnitude larger than those predicted by classical nucleation
theory (CNT) assuming only hexagonal ice. When analyzing
experimental ice nucleation rates, assuming the presence of
hexagonal critical crystallites instead of stacking-disordered
critical crystallites will result in underestimation of the ice-liquid
interfacial free energy.
It has been shown experimentally that Jhom and median

freezing temperature can be predicted using solution aw as the
ice nucleation determinant independent of the solute’s
nature.140,190,196−199 Theoretical studies have corroborated
the applicability of aw to describe homogeneous ice
nucleation.200−202 The temperature dependence of aw in
aqueous inorganic or organic solutions is only established for
few solutes and remains a matter of current re-
search.140,190,196,198,203−211 An additional unanswered question
concerns the role of the vapor−liquid interface in initiating
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homogeneous ice nucleation based on arguments of partial
wettability following Young’s equation.212−215 Initial molecular
dynamics (MD) simulations indicated that nucleation does not
actually occur at the vapor−liquid interface but close to it (i.e.,
the subsurface).216,217 A recent computational study using a
nanofilm found that ice nucleation initiates away from the air−
water interface in a region that is more favorable to the
formation of cubic ice.218

Heterogeneous Ice Nucleation. The basic requirements
for a particle to initiate ice nucleation heterogeneously are
that40,58 (i) it must be insoluble, (ii) it must be larger than the
critical ice nucleus germ, estimated to be >0.1 μm, (iii) its
surface must have chemical bonds that can interact with and
arrange water molecules, (iv) it must have a crystallographic
match representing geometrical arrangement of bonds, or (v)
there must be active sites representing localized phenomena on
the substrate surface of varying quality. Despite advances in
instrumentation that allow for visualization of substrate
locations at which ice forms,219,220 in situ observations of ice
nucleation on the nanometer and subnanometer scale have not
yet been achieved. Recall that the ice nucleation pathways40,58

are macroscopically defined and the underlying microscopic
processes are not well understood. For example, it has been
suggested that deposition ice nucleation is the result of
homogeneous ice nucleation of water residing in nanosize
pores, the latter causing a strong “negative” Kelvin effect
thereby reducing the water vapor pressure and impacting
Sice.

221 This is in line with a so-called two-step nucleation
mechanism222 where a liquid condensate forms prior to
nucleation, which can explain nucleation of a solid phase
initiated by pockets and at wedges on substrate surfaces.223−226

When interpreting heterogeneous ice nucleation on the
molecular scale, one should keep in mind that substrate surfaces
can be readily covered by organic gases. For example, after ∼1 s
exposure to SV-VOCs at concentrations in the range of ∼1
ppb, an organic layer can form on a substrate, which is directly
proportional to the uptake coefficient of the adsorbing gas,227

termed adventitious carbon in surface science.228 Surface
tension studies on levitated single droplets demonstrate surface
contamination in minutes, even when purging with high purity
N2 gas.

229 Under very careful experimental conditions, VOCs,
ammonia, or amines can still be present and partition to the
condensed phase.230−232 The use of cold traps for carrier gases
to generate humidified gas flows can minimize contamination
by trace gas species.233 The choice of water source may also
impact cleanliness of INP surfaces, where the most commonly
applied water is Millipore water (resistivity of >18.3MΩ cm)
throughout various studies, but triple-distilled water234 or a
combination of Millipore water with an ion exchange
column231 are also used. How carbon contamination of surfaces
present as a monolayer or several monolayers affects ice
nucleation has not yet been systematically assessed. Hence,
microscopic interpretation of ice nucleation experiments should
be performed with caution.
Currently, computer experiments such as MD simulations235

and Monte Carlo calculations provide the best means to
improve our molecular understanding of heterogeneous ice
nucleation on a scale not yet feasible to examine in laboratory
experiments. Focus in these simulations has been placed on the
role of inorganic substrates such as mineral dusts or AgI acting
as INPs.236−246 In addition, how the presence of an electric
field and different surface geometries impact ice nucleation has
been examined.247−250 Despite these and other stud-

ies,242,243,251,252 a clear picture of which substrate features
represent key physicochemical parameters for description of
heterogeneous ice nucleation has not yet emerged. For
example, a good ice lattice match with the substrate seems
not to be required,251−253 whereas the degree of hydro-
phobicity and surface morphology may play important
roles.243,252 The ice nucleation propensity can be lost if
adsorption of water is too great.243 The formation of an ice
embryo may be favored away from the liquid−solid interface,
i.e., in the second overlayer of water from the substrate and not
on the substrate itself.244,252 Potentially, a combination of all
these factors could define the ice nucleation propensity of any
particular substrate, but the lack of defining parameters makes
developing theoretical descriptions of heterogeneous ice
nucleation challenging.
Fitzner et al. (2017)254 recently investigated precritical water

cluster formation from two substrates, either rough or smooth,
having the same ice nucleation rate. The rough surface yielded
pure hexagonal ice, and additionally, precritical cluster
formation mimicked homogeneous freezing. This can be
understood given that if hetero- and homogeneous ice
nucleation yield the same ice polymorph (hexagonal ice),
then condensation and evaporation of precritical clusters
should proceed similarly. In contrast, precritical clusters formed
within 5 Å of the smooth surface prior to ice nucleation lead to
stacking disordered ice (cubic and hexagonal ice) and
polymorphism. This implies that, when assessing the enhance-
ment of heterogeneous ice nucleation compared to homoge-
neous freezing, knowledge of the formed polymorph is crucial.
In other words, the crystal face unique to a respective
polymorph templated by the substrate may be more important
than the actual substrate structure itself in understanding what
does or does not make an ice nucleator.254

Computer simulations of ice nucleation initiated by carbona-
ceous or organic substrates have just begun to gain attention.
Molinero and co-workers255−258 and Cabriolu259 have used
MD simulations to study heterogeneous ice nucleation on
graphene or graphite substrates. These studies found that ice
nucleation follows classical nucleation theory (CNT)259 and
that the transition from liquid to crystal occurs in a single
activated step mainly controlled by the size of the ice
nucleus.255 In addition, they observed that the hydrophilicity
of the graphitic surface is not a good predictor of ice nucleation
ability, but that ordering of liquid water in contact with the
substrate plays an important role in the heterogeneous ice
nucleation mechanism.257 This could help explain the
experimentally observed insignificant increase in ice nucleation
by O3 oxidized Lamp Black 101 soot, a reference material for
soot.260 Hydrophobic and hydrophilic atomically rough surfaces
do not induce layering and thus do not promote heterogeneous
nucleation of ice.258 Figure 6 shows the structure of interfacial
water on a graphitic surface that has been modified by adding
OH groups every 1 nm, thereby enhancing surface hydro-
philicity determined from an MD simulation.257 Hexagonal
patches can be identified in the first and second layer of water
molecules. The authors suggest that the rare formation of
bilayer patches of hexagons (i.e., the fluctuations in the second
layer) may be associated with the nucleation of ice. However,
the water does not show a specific alignment or structure
associated with given OH surface features (Figure 6). This
finding is similar to recent simulations showing for different
hydroxylated substrates that neither the symmetry of the OH
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patterns nor the similarity between a substrate and ice correlate
well with the ice nucleation ability.261

It is well-known from experimental studies that organic
monolayers with alcohol head groups act as ice nucleating
surfaces, being more efficient at nucleating ice than monolayers
with the same chain length but with carboxyl head-
groups.106−109,111,262,263 A recent MD simulation study
captured these observed freezing trends and attributed the
variation in ice nucleation temperatures to spatial fluctuations
in the monolayer and lattice mismatch.264

Another microscopic model of ice nucleation by a solid in
contact with a liquid and surrounding gas phase is the three-
phase contact line concept.132,138,265−274 Under partial wetting,
the gas, solid, and liquid phases exist in contact with each other,
establishing a contact line in three dimensions. CNT can
explain why ice nucleation is preferred and faster at the contact
line compared to nucleation in the bulk.266 The free energy cost
of creating the interface around the nucleus is lowest at the
point of the three pre-existing interfaces compared to, e.g.,
creating an interface within the liquid phase.266,268 The contact
line concept was applied to help explain inside-out freez-
ing132,138 and the superior ability of proteins from the
bacterium Pseudomonas syringae to freeze water.271 Interface-
specific sum frequency generation (SFG) spectroscopy coupled
with MD simulations indicated that the protein features a
hydrophilic−hydrophobic−hydrophilic pattern.271 This pattern
imposes structural changes in the adjacent water, alternating
between liquid- and vaporlike water interfaces in contact with
the protein, thereby resembling a contact line.
Computer simulations on the order of nanometers and

nanoseconds will benefit our fundamental understanding of ice
nucleation but have yet to be validated by experimental
observations, which are typically on larger scales and proceed
over longer time periods. Relevant physicochemical parameters
and constraints to predict ice formation in clouds that spread
kilometers in size and take minutes to hours to evolve must be
acquired from ice nucleation studies performed in the field and
laboratory. Interface-specific experimental techniques such as
SFG and second-harmonic generation (SHG) spectroscopy can

yield information on water structure at supercooled temper-
atures.271,275,276 Experimental observations of changes in
interfacial water structure as ice nucleation is approached
allows for comparison and interpretation by MD simula-
tions.271,276

■ FIELD MEASUREMENTS OF ICE RESIDUALS AND
ICE NUCLEATING PARTICLES

Field measurements in the past decades have resulted in a
wealth of determined INP number concentrations and
examination of IRs.40,53,54,277−285 In this review, we focus on
recent field measurements that were accompanied by
techniques allowing for chemical speciation of INPs and IRs.
Furthermore, those of which that demonstrated any potential
or lack thereof of OA, carbonaceous particles, or OM to act as
INPs are included.93,94,96,98,101,102,219,278,286−303 In the follow-
ing, we will discuss selected studies in more detail.
Cziczo et al. (2013) examined IRs from cirrus clouds using a

Counterflow-Virtual-Impactor (CVI) coupled to Particle
Ablation by Laser Mass Spectrometry (PALMS) and found a
dominance of dust particles and a smaller portion of organic
containing particles, particularly organics associated with
sulfates, making up IRs.93 These findings corroborate earlier
observations by DeMott et al. (2003) also indicating that IRs
consisted of organics and sulfates.278 Froyd et al. (2010)290

examined the composition of IRs in subvisible cirrus clouds as
displayed in Figure 7. They found that internal mixtures of

neutralized sulfate with OM dominated the IRs and were
similar in size and chemically indistinguishable from their
unfrozen sulfate-organic aerosol counterparts. Mineral dust
particles were not enhanced in these subvisible cirrus IRs, and
biomass burning particles were depleted in the IRs (Figure 7a).
These organosulfate compounds, present in the free tropo-
sphere, have been identified as the sulfate ester of 2,3-epoxy-2-

Figure 6. Structure of interfacial water in contact with a modified
graphitic surface with OH placed in 1 nm distances. Carbon atoms of
the surface are shown with gray spheres, OH-like groups with red
spheres, and water as blue sticks that connect neighbors within 0.35
nm. Both first and second layers are shown to highlight the presence of
bilayer hexagonal patches (showing the surface in the left panel and
hiding it for clarity in the right panel). There is no apparent alignment
between the water molecules and the surface atoms, indicating that the
surface does not template the formation of ice. Reprinted from Lupi et
al. (2014).257

Figure 7. Particle types in the tropical tropopause region. (a)
Subvisible cirrus residues at 16.0−17.4 km are compared to unfrozen
aerosols. (b) Residues from several anvil cirrus encounters at lower
altitudes, 12−14 km. Reprinted from Froyd et al. (2010).290
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methyl-1,4-butanediol (IEPOX, C5H10O3),
304 a second gen-

eration oxidation product of isoprene305−307 corroborating the
role of SOA in cloud ice formation.
During the Megacity Initiative: Local And Global Research

Observations (MILAGRO) field campaign,308 air masses were
tracked and sampled at various sites downwind from Mexico
City. From analysis of individual particles with scanning
transmission X-ray microscopy (STXM) coupled with near-
edge X-ray absorption fine structure spectroscopy (NEXAFS)

and computer-controlled scanning electron microscopy with an
energy-dispersive X-ray analyzer (CCSEM/EDX), Moffet et al.
(2010)74 showed that, as the aerosol plume evolved from the
city center, the organic mass per particle increased, the fraction
of carbon−carbon double bonds decreased, and organic
functional groups were enhanced indicative of photochemical
aging.29,61 These anthropogenic-dominated OA and SOA
particles initiated immersion freezing and deposition ice
nucleation, however, at different particle temperature and

Figure 8. Compositional summary of coarse (>2 μm) and fine (<2 μm) mode background aerosol particles and INPs collected at Storm Peak
Laboratory using both particle analysis by laser mass spectrometry (PALMS) and Raman analyses. Reprinted from Baustian et al. (2012).287

Figure 9. (A) ISDAC field campaign: Particle groups of ambient particles and in-cloud residual particles. CCSEM/EDX groups particles according to
major elemental composition. For STXM/NEXAFS analyses, the colors indicate particle classes distinguished by different combinations of organic
carbon (OC) and internally mixed with other components: inorganics (IO), black carbon (BC), and carbonates (CO3). The numbers in parentheses
represent the total number of particles analyzed. (B) High Alpine Research Station Jungfraujoch: Relative number abundance of particle groups
determined by SEM/EDX and laser ablation mass spectrometry (LA-MS) for IRs sampled by ice selective inlet (ISI) and ice counterflow-virtual-
impactor (Ice-CVI). (A) Adapted from Hiranuma et al. (2013).288 (B) Reprinted from Worringen et al. (2015).301
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humidity conditions than those of most particles studied in
laboratory experiments.101 These findings highlighted the
potential of chemically complex, anthropogenically impacted
OA and SOA particles to participate in ice cloud formation. An
improved sampling procedure was used during the California
Research at the Nexus of Air Quality and Climate Change
(CalNex) campaign,309 where ice nucleation experiments and
single particle analyses by STXM/NEXAFS and CCSEM/EDX
were conducted on concurrent particle samples.98 In this
photochemically active region, all examined particles possessed
OM, and the INPs were among those determined at a
statistically significant level, further corroborating the role of
OM in ice nucleation.
At the Storm Peak Laboratory (Steamboat Springs,

Colorado, elevation of 3210 m), Baustian et al. (2012) sampled
ambient aerosol in the fine and coarse mode for particles acting
as INPs using PALMS and Raman spectroscopy.287 In fine
mode, the INPs were dominated by mineral dust, though a
fraction of organic particles acted as INPs as well (Figure 8). In
contrast, INPs in the coarse mode were dominated by OM.
This difference in INP composition emphasizes the importance
of assessing the physicochemical properties of the entire aerosol
population, encompassing both accumulation and coarse mode
particles. Furthermore, the organic INPs of the coarse mode
showed exceptional ice nucleation propensity for temperatures
below 230 K, activating at significant rates close to RHice of
100%.
McCluskey et al. (2014)292 sampled laboratory prescribed

burns and wildfires, showing that biomass burning leads to the
release of particles that are active as immersion freezing INPs at
temperatures from 241 to 261 K using the Continuous Flow
Diffusion Chamber (CFDC) technique.310 The authors applied
transmission electron microscopy/energy-dispersive X-ray
(TEM/EDX) to examine morphology and composition of
IRs, observing that INPs from wildfires consisted largely of
carbonaceous particles such as tar balls or minerals rather than

soot particles. The authors hypothesized that either secondary
processes resulting in carbonaceous particles or uplifting of soil
matter could explain why these two particle types made up the
majority of INPs. Although a decrease in INP numbers was
observed in some experiments when removing refractory black
carbon (rBC) using laser ablation311,312 during prescribed
burns of some fuels, that does not explain why during wildfires
BC was a deficient INP type.
During the Indirect and Semi-Direct Aerosol Campaign

(ISDAC) field campaign313 conducted over Alaska near
Barrow, aerosol particles were examined for composition and
cloud formation including ice nucleation using CCSEM/EDX,
STXM/NEXAFS, and CFDC by means of a CVI288 (Figure
9A). In general, the authors found, in agreement with other
studies,96,98,101,102 that all ambient particles and cloud residuals
contain some OM.288 The analyzed IRs possessed an inorganic
or soot core and were coated by OM dominated by carboxylic
groups indicative of chemical aging. This study suggests that
particle size, composition, and chemical processing impact the
particles’ cloud nucleating ability. Worringen and co-workers
sampled IRs and INPs using three different techniques at the
High Alpine Research Station Jungfraujoch (Switzerland).301

Their measurements indicated that Ca-rich particles, carbona-
ceous material, and metal oxides made up the major fraction of
INPs and IRs (Figure 9B). This study emphasizes that
carbonaceous particles play a role in mixed-phase cloud
formation and that different sampling techniques such as the
ice selective inlet (ISI) and ice-CVI yield different particle type
contributions to ambient INPs and IRs. The application of
SEM with high-resolution instruments was found to be
particularly suited for investigation of INPs and IRs. At the
same site, Kupiszewski et al. (2017)302 observed that larger (up
to 1 μm in diameter) BC-containing IRs increased the activated
frozen fraction of particles. Furthermore, BC-containing IR
were found to have a thick coating, emphasizing the importance
of atmospheric particle aging for ice nucleation.

Figure 10. (1) INP identification and STXM/NEXAFS chemical imaging of INP and non-INPs. (1A, 1B) The ice formation and ice sublimation
event observed in the experiment, respectively. (1C) SEM image of the same sample area at higher magnification. (1D) Identified INP and (1E, 1F)
non-INP component images emphasizing the contrast between noncarbonaceous inorganic species (blue), organic carbon (green), and calcium
(orange). (1G) NEXAFS spectra of the particles with the major functionalities highlighted. (2) The two SEM images on each the left and right-hand
side represent identified INPs with organic coatings. (1) Reprinted from Knopf et al. (2014).96 (2) Reprinted and adapted from Knopf et al.
(2014)96 and China et al. (2017),102 respectively.
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Knopf et al. (2014)96 examined particles for their
physicochemical properties and ice nucleation propensity
during the Carbonaceous Aerosols and Radiative Effects
Study (CARES) campaign located in Central California.314 A
novel experimental procedure allowed identification of
individual INPs among hundreds or thousands of collected
particles not acting as INPs. Furthermore, the identified INPs
were chemically imaged and compared with the compositional
signature of the non-INPs present in the same air mass (Figure
10). This study found that all analyzed particles contained OM
though different particle type classes were identified. The
identified INPs belonging to a certain particle type class were
indistinguishable from the particles of the same class that did
not act as INPs. The authors suggested that this may be due to
the underlying stochastic nature of nucleation processes
necessitating knowledge about the entire particle population
to predict ice nucleation. This finding is similar to observations
by Froyd et al. (2010)290 and Wang et al. (2012).98 The same
technique was applied to examine free tropospheric particles as
potential INPs, sampled in the Azores (Figure 10B).102 At this
remote location, all particles possessed OM as partial or full
coating and initiated heterogeneous ice nucleation in the
immersion mode at saturated and subsaturated conditions for
temperatures between 235 and 246 and in the deposition mode
at ∼120% RHice and 222 K. These long-range transported and
chemically aged free tropospheric particles showed very similar
ice nucleation propensities among the different samples
collected at the Pico Mountain Observatory. It was
hypothesized that this is due to the similar nature of the
organic coating acquired by these particles.
These recent studies indicate that particle size and associated

particle composition are crucial parameters governing ice
nucleation. For example, limiting the sampled particle size
range may skew the identified numbers of ambient INPs.
Though chemical speciation was not achieved on individual
INPs, Mason and co-workers examined ambient aerosol
particles collected on substrates using an impactor for
immersion freezing in a size-segregated fashion spanning
particle sizes from 180 nm to 10 μm (determined by the cut-
points of the 10 impactor stages) and probed freezing
temperatures between 243 and 258 K.315−317 Correlations
between the INP concentration and measurements of total
particles, fluorescent bioparticles, BC, sodium, methanesulfonic
acid, and wind speed were performed. Employing this
technique at a marine coastal site, the greatest INP
concentrations were found in the supermicrometer size range
between 1.8 and 5.6 μm in diameter with less than half of the
INPs numbers at lower and larger particle sizes.315 Key findings
were that primary biological aerosol particles were likely the
major source of INPs at 248 to 258 K, mineral dust may have
also had an important contribution to INPs active at 243 K, and
BC and marine particles were negligible contributors. A
complementary study by these authors including sites in
North America and Europe indicated a similar trend where
supermicrometer particles yielded the highest INP numbers.317

In fact, it was concluded that, if either supermicrometer or
coarse-mode particles were not sampled at those ground sites,
approximately 78 and 53% of immersion-mode INPs,
respectively, may have been missed.317 Similar findings of
higher correlation of INP numbers with supermicrometer-sized
particles were observed during mountain-site INP measure-
ments.318−320

■ LABORATORY MEASUREMENTS OF ORGANIC ICE
NUCLEATING PARTICLES

Laboratory studies have tremendously aided in our under-
standing of ice nucleation by allowing ice formation to be
observed under controlled conditions of T and RHice,
identifying previously unknown and atmospherically relevant
INPs, and relating particle chemical composition and mixing
state to ice nucleation propensity.49,50,53 Experiments have
linked amorphous OA particle phase states with ice nucleation
ability.105,112,321−327 Other studies have emphasized a reduction
in the uncertainties of relevant physical parameters including T,
Sice, INP surface area and nucleation time to improve ice
nucleation descriptions.328−333 Novel technical approaches
have been applied to quantify the molecular interplay and
water structure at an ice nucleating interface271,276,334 and
monitor ice nucleation at submicrometer resolu-
tion.219,220,335,336 Despite current progress, there still exists a
knowledge gap to explain ice nucleation on a fundamental and
molecular level when considering amorphous OM.
Organic particle types that have recently gained more

attention for their ice nucleation ability are marine-derived
pa r t i c l e s , 2 7 9 , 3 3 7 i c e nuc l e a t ing mac romo l ecu l e s
(INMs),104,110,338−344 soil OM,345−349 plant-derived
OM,350−352 dissolved organic species,140,198,199,353−356

OA,103 ,162 , 168 , 233 ,312 ,322−324 , 357−366 and SOA par-
ticles.105,112,167,325−327,367

Ice Nucleation by SOA Particles. Previous studies have
observed ice nucleation on laboratory-generated SOA par-
ticles.105,167,321,325−327,367 For illustrating the challenging task of
predicting ice nucleation from SOA, Figure 11 shows a
compilation of experimentally obtained frozen fraction values

Figure 11. Compilation of frozen particle fractions as a function of ice
supersaturation, Sice, for laboratory-generated α-pinene SOA particles
generated from α-pinene reaction with O3 and OH in the presence of
UV light (black, Ignatius et al., 2016327), α-pinene reaction with O3
(brown, Möhler et al., 2008;321 light green, Wagner et al., 2017;368 and
purple and orange, Ladino et al., 2014326) and α-pinene reaction with
OH (red, green, and blue, Charnawskas et al., 2017112). Vertical
dotted lines indicate the homogeneous freezing limit for particle sizes
used in each study (Koop et al., 2000197). Lighter-colored arrows for
all data sets point toward conditions in which homogeneous freezing
becomes drastically more favorable. Arrows for Wagner et al.
(2017368) are omitted for clarity.
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( f ice = number of nucleated ice crystals/aerosol particle
number) for ice nucleating SOA particles derived from α-
pinene as a precursor gas as a function of Sice. The
homogeneous freezing regime is included as dotted lines for
each data set dependent on T and RH. We note that these
studies all utilized particles with diameters on the order of 102−
103 nm. Ice formation by α-pinene SOA particles from
ozonolysis was investigated by Möhler et al. (2008)321 in a
cloud chamber over activation time scales of ∼90 s,
representing cooling rates of ∼1.5 K min−1. They observed
that only a few ice nucleation events occurred in the
heterogeneous freezing regime, whereas most were observed
at homogeneous freezing conditions. Cloud chamber data over
a wider temperature range of 205−235 K for the same particle
system are presented in Wagner et al. (2017),368 revealing that
ice nucleation occurred at or above homogeneous freezing
conditions. Similarly, Ladino et al. (2014)326 found α-pinene
SOA particles with different O:C generated at room temper-
ature to form ice in the homogeneous freezing regime when
using a CFDC having a 12 s residence time, resulting in very
short activation times (i.e., a cooling rate of 300 K min−1).
However, when precooling the SOA particles, an increased ice
nucleation propensity was observed attributed to the
transitioning of the particles into a more viscous phase state.
When using OH as the main oxidant for α-pinene,
Charnawskas et al. (2017)112 demonstrated that biogenic
SOA from the OH reaction with isoprene, α-pinene, and
longifolene formed ice only at the homogeneous freezing limit,
i.e., Sice of 1.45−1.65 for temperatures between 210 and 235 K.
This study applied typical cloud activation time scales on the
order of ∼20 min (or cooling rates of 0.1 K min−1) and
observed the least favorable conditions for ice formation as seen
in Figure 11. The cooling rate applied to SOA particles is likely
a significant parameter that affects observation of freezing and
allows for accessing lower frozen fractions.102,112 Application of
slower rates enhances the likelihood that particles reach
thermodynamic equilibrium resulting in PD or FD, both of
which may reduce SOA ice nucleation efficiency leading to
observed lower frozen fractions. Ignatius et al.327 generated
SOA particles by exposure of α-pinene to O3 and OH radicals
at various temperatures between 235 and 268 K. In contrast to
previous studies, exceptional heterogeneous ice nucleation
efficiency was observed, where all freezing events took place
below homogeneous freezing conditions. A possible explan-
ation is that the SOA particles changed into a highly viscous

glassy phase state prior to CFDC sampling as they were
transported through tubing at a warmer T than the particles’
formation temperature,327 potentially leading to drying of the
particles. The residence time in the CFDC was 10 s, likely
probing the ice nucleation ability of solid SOA particles because
the time for reaching FD was too short.112,119 This case
illustrates that, if SOA in a glassy state are exposed to
thermodynamic conditions in which they should be liquid,
residence times that are too short may result in those particles
maintaining their glasslike state and initiating deposition or
immersion freezing. On the other hand, particles that are liquid
and are too quickly exposed to conditions favoring a glassy
phase (e.g., from room temperature to a lower temperature
with too short residence time) may not have sufficient time to
equilibrate and solidify. In this latter case, no ice nucleation or
homogeneous ice nucleation would be expected to occur.
Although the α-pinene SOA particles summarized in Figure 11
may have different chemical compositions, the most significant
parameter that changes the ice nucleation propensity expressed
as f ice is hypothesized to be the particle phase state prior to ice
nucleation. When starting the ice nucleation experiment with
liquid α-pinene SOA particles, the particles do not show
significant ice nucleation propensity. However, if the SOA
particles are highly viscous or solid when entering an ice
nucleation experiment, higher f ice values may be observed. In
summary, unless the experimental T and RH trajectories or
history are well-known and compare close to atmospherically
relevant cloud activation conditions, it will be difficult to
ascertain the role of biogenically or anthropogenically derived
SOA in atmospheric ice formation processes.
Evaluation of the effect of different updraft velocities, which

will govern the particles’ RH and T trajectories, on the SOA
particle phase state was conducted by Charnawskas et al.
(2017).112 The authors modeled SOA particle phase and water
uptake for different updraft velocities resulting in different
humidification rates for the purposes of constraining heteroge-
neous ice nucleation regimes in the RH and T parameter space
as shown in Figure 12. These results were derived using a
numerical diffusion model that includes kinetics of gas-phase
diffusion, reversible adsorption, surface-to-bulk transfer, and
bulk diffusion of water through particles constrained by
observations of particle hygroscopicity and viscosity as a
function of RH and T.119 Figure 12 shows the thermodynamic
conditions at which lofted isoprene, α-pinene, and naphthalene
SOA particles experience glass transition and full deliquescence

Figure 12. Simulated Tg (solid lines) for isoprene (A), a-pinene (B), and naphthalene (C) SOA with (red) and without sulfate (green) and
corresponding FDRH for different updraft velocities of 0.03, 0.28, and 2.8 m s−1 as dotted, dash-dotted, and dashed lines, respectively. Black solid
and dashed lines represent water saturation and the homogeneous freezing limit,195 respectively. Reprinted from Charnawskas et al. (2017).112
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as a function of air parcel updraft velocity with implications for
the potential ice nucleation pathways. The simulation results
indicate that, for slow updraft velocities (lower humidification
rates, dotted green lines), the potential heterogeneous freezing
regime (RHice > 100%) starts at T < ∼230, ∼235, and ∼240 K
for isoprene, α-pinene, and naphthalene SOA particles,
respectively. Faster updrafts shift these conditions by 5−8 K
to warmer temperatures. Figure 12 also demonstrates the
impact of sulfates on the SOA phase state, resulting in
significantly lower glass transition points and FDRH,113,114 thus
limiting the conditions where heterogeneous ice nucleation can
proceed. The simulations suggest that the investigated biogenic
SOA (Figure 12A, B) does not act as INP for mixed-phase
cloud conditions and likely will serve as INP only at lower
temperatures and faster updraft velocities. This is qualitatively
in agreement with previous studies that based this conclusion
on derived water diffusion coefficients in α-pinene SOA
particles.118,141 Naphthalene SOA shows the highest FDRH
values and as such has the greatest potential to act as an INP
under mixed-phase cloud conditions. However, the simulations
of naphthalene SOA neglect the potential of condensed-phase
oligomerization reactions that can proceed in SOA forma-
tion.369,370 This may be the reason for the disagreement with
experimental data by Wang et al. (2012),105 who showed that
naphthalene SOA can act as INP in immersion mode for
temperatures up to 240 K and close to water saturation. Wang
et al. (2012)105 experimentally demonstrated that the glass
transition point modulates the ice nucleation pathway, resulting
in either immersion freezing or deposition ice nucleation. The
authors compared their laboratory data with ice nucleation
observations from the MILAGRO and CalNex campaigns.98,101

These ambient particles were all dominated by OM, likely due
to SOA formation in these photochemically active regions, and
the T and Sice at which either deposition ice nucleation or
immersion freezing occurred were constrained by predicted
naphthalene SOA glass transition as a function of aw.

105 In
summary, SOA derived from heavier precursor gases such as
naphthalene show higher glass transition points and therefore
can act as INPs over a greater range of T and RH. This is in line
with condensed-phase material with higher molecular weight
showing warmer glass transition temperatures.113 Furthermore,
the SOA particle oxidation state and the presence of plasticizing
material such as sulfates have a significant impact on the
conditions at which heterogeneous ice nucleation can
proceed.112−114,119,122

Humic-like Substances as INPs. Humic acids (HAs) and
humic-like substances (HULIS) are common Earth and
atmospheric constituents.371 It has been demonstrated that
those compounds can nucleate ice in the deposition and
immersion modes233,372 where the latter pathway follows a
water activity description.360,373 In the case of immersion
freezing, no correlation with droplet volume was observed.360

Chemical aging374,375 due to ozone exposure of the HULIS
compound Leonardite resulted in a decrease in deposition ice
nucleation ability.233 The authors hypothesized that this was
due to alterations of hydrophobic and hydrophilic functional
groups on particle surfaces.233 Investigations of solid ice
nucleating soil organic particles (such as HULIS) were
reviewed previously and in general agree that heat treatment
and hydrogen peroxide exposure of soils decreases their ice
nucleation ability, which is thought to be a result of the organic
digestion, i.e., chemical modification or dissolution and removal
of biogenic or organic from the soil particle surface.53 However,

it is important to note that ambient atmospheric HULIS may
take up organic vapors such as toluene and benzyl alcohol in
the presence of water vapor376 and that chemical aging by OH
radicals can impact HULIS particle composition by molecular
fragmentation with consequences for particle hygroscopicity.377

Smaller-sized oxidized molecules, like C2−C6 carboxylic acids
dissolved in water, have not been found to affect ice
nucleation353 similar to previous studies employing dicarboxylic
acids.354

Ice Nucleating Macromolecules. In contrast to ice
nucleating solid organic substrates hundreds of nanometers to
micrometers in size, INMs are on the order of 102 kDa or ∼3
nm in diameter.44,104,110,338−341,343,344,378−380 Pummer et al.
(2012)340 demonstrated that the water in which pollen was
previously suspended retains ice nuclei after the pollen grains
were removed and provided evidence that the responsible ice
nucleating agents are polysaccharide macromolecules. Other
studies have since confirmed this finding for the same type of
pollen.339,343,378 Observation of pollen and pollen-derived
components such as sugars and sugar-alcohols in atmospheric
particles have been made,381−383 highlighting the potential
relevance of INMs for atmospheric ice cloud formation.
However, other biogenic particles such as fungal spores and
bacteria can serve as a source of INMs,104,344,379 which may
imply that INMs in general are derived from a variety of
biological or biogenic particles. Figure 13 adapted from

Pummer et al. (2015)104 compiled INM size as a function of
observed ice nucleation temperature and found that their
relationship follows closely the prediction of the critical ice
cluster size given by CNT parametrized by Zobrist et al.
(2007).108 It may be that the size of a single INM determines
the temperature for it to nucleate ice. However, it should be

Figure 13. Size of ice nucleating macromolecules (INM) derived from
poly(vinyl alcohol) (PVA, magenta), birch INM (green), bacterial
INM (BINM, lime), bacterial ice nucleating/antifreeze proteins
(INAFP, cyan), and fungal spores from Acremonium implicatum
(Acr-INM, orange), Isaria farinose (Isa-INM, red), and Mortierella
alpine (Mor-INM, brown) as a function of the observed median ice
nucleation temperature. The blue line is the size of the critical ice
nucleus from classical nucleation theory.108 Assumed regions in one
and two dimensions of water molecular templating to form ice (1D-IN
and 2D-IN, respectively) are shown. Melting and homogeneous
freezing temperature of pure water, Tm and Thom, respectively, are
given. Reprinted from Pummer et al. (2015).104
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noted that, due to possibly different chemical properties of
INMs or aggregation from filtration, total concentration of
INMs is uncertain and leads to a range of ice nucleation
temperatures.104 For example, suspensions of INM at ≤1000
kDa derived from either the pollen Betula pendula or the fungus
Fusarium avenaceum were observed to nucleate ice from 253 to
258 K and 248−267 K, respectively,344 indicating that ice
nucleation temperatures should also depend on the total
concentration of INMs present.104,344 Dreischmeier et al.
(2017)110 observed not only heterogeneous ice nucleation from
pollen washing water but simultaneous ice binding properties,
both initiated by polysaccharides bearing carboxylate groups
where the former is due to macromolecules >100 kDa and the
latter <100 kDa. Polysaccharides may be an atmospheric ice
nucleating agent due to their ubiquity in organic and biogenic
matter. X-ray microspectroscopic evidence has shown that ice
nucleation can occur on atmospheric particles coated by OM96

that has a similar chemical signature to that of atmospheric
marine polysaccharide-like particles.384

Marine-Derived INPs. SSA particles composed of sea salts
and OM may dominate the number of INPs in regions where
atmospheric dust loadings are relatively low.337,385,386 Frag-
ments of marine phytoplankton cells, intact cells, and associated
exudate material nucleate ice, where immersion freezing
followed solution water activity.337,387−390 Immersion freezing
did not show a correlation with droplet volume.387 Cellulose is
a common constituent of cell walls in plants and algae in both
the marine and terrestrial environment and was recently shown
to nucleate ice as efficiently as desert dust.352 The authors also
claim that, although airborne cellulose is less abundant than
atmospheric minerals, it could play a role in cloud formation.
Wilson et al.337 found that droplets prepared from water
sampled from the sea surface microlayer (the uppermost 1−
1000 μm of the ocean surface) froze heterogeneously and
provided evidence based on particle size, heat treatment, and X-
ray microspectroscopy that the likely ice nucleating substrate
stemmed from phytoplankton exudate material. This material,
which can be polysaccharidic and proteinacoues,391 retained its
ice nucleation propensity when filtering through a 0.2 μm filter,
adding to the class of water-soluble INMs similar to findings of
INMs derived from fungi, bacteria, and pollen.104,340,378−380

DeMott et al.279 and McCluskey et al.392 showed that
aerosolized particles from a laboratory wave flume containing

cultures of phytoplankton and bacteria can also nucleate ice and
suggested that numbers of INPs over remote marine regions
may be linked to biological processes in the water.

Organic Matter Mixed with Mineral Dust, Ammonium
Sulfate, and Soot. During atmospheric transport, mineral
dust can be coated by inorganic material or OM. Recent
experimental studies generally agree that coated mineral dust
(e.g., coated with sulfates, ammonium sulfate, ammonium
bisulfate, nitric acid, levoglucosan, or succinic acid) show
decreased ice nucleation ability below water satura-
tion.85,87,321,361,393−402 By increasing RH toward 100%, thereby
diluting the coating material, ice nucleation temperatures
approach those of uncoated mineral particles, indicative of
typical freezing point depression behavior.188,197,356,373,395,399

Modification of particle surfaces due to chemical reaction can
significantly alter the ice nucleation behavior as shown, e.g., for
sulfuric acid-coated feldspar394 and kaolinite.88,399 These
laboratory studies demonstrate that aging of particles that
acquire coatings can alter physical (solute effect) and chemical
(surface site) particle properties resulting in different ice
nucleation characteristics.
In a 2013 study by Schill and Tolbert,324 heterogeneous ice

nucleation was directly observed for mixed organic and
ammonium sulfate particles in which the organic was present
as a glass coating the inorganic core. Figure 14 shows optical
images of ice nucleation with Raman spectra acquired along a
cross section of the organic particle and ice crystal. Two organic
components, 2,2,6,6-tetrakis(hydroxymethyl)cyclohexanol and
1,2,6-hexanetriol referred to as C10 and C6, respectively, were
mixed with ammonium sulfate. The optical microscopy image
shows that ice nucleated on the surface of the mixed C6/C10
particle coating present in a glasslike state engulfing the
ammonium sulfate core (Figure 14, left panel). The Raman
spectra show that the N−H and sulfate stretching modes are
localized at the core whereas the C−H stretching modes
encompasses the particle, indicating that the organic is
completely coating the inorganic particle core (Figure 14,
right panel). Ice (O−H stretching mode) is located on the
glassy organic surface (C−H stretching mode). These
observations directly demonstrate that a highly viscous organic
surface can act as a substrate requirement for heterogeneous ice
nucleation. Surrogate SOA material such as sucrose, citric acid,
raffinose, and 4-hydroxy-3-methoxy mandelic acid among

Figure 14. Optical microscope images and Raman spectroscopy line scans (red hashed line) of a glassy organic particle with an ammonium sulfate
core nucleating ice at 215 K. Reprinted from Schill and Tolbert (2013).324
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others can be glassy at UT temperatures and have been shown
to nucleate ice.168,322−324,358 Murray et al.322 observed that
aqueous citric acid aerosol can be solid under typical cirrus
conditions inducing heterogeneous ice nucleation. The authors
suggest that ice nucleation by organic-rich particles may explain
observed low ice crystal numbers and high in-cloud humidity in
the tropical tropopause layer.
Soot or BC is ubiquitous in the atmosphere as a result of

biomass burning and fossil fuel combustion,403 and its ability to
nucleate ice has been previously discussed in detail.49,50,53

During atmospheric transport, soot can acquire OM, impacting
particle morphology and mixing state.404−407 Recently, Ullrich
et al. (2017)408 evaluated the ice nucleation propensity of
different types of soot using a cloud chamber. They observed
that soot particles with higher OC content (>20%) showed
lower deposition ice nucleation efficiency than that of soot with
lower OC content (<20%). Soot can be a more efficient INP
compared to the investigated desert dust in deposition mode at
temperatures between 215 and 235 K. Only a few studies have
investigated the ice nucleation propensity of organic-coated
soot particles.112,409−412 Kulkarni et al. (2016)411 emphasizes
that despite the wealth of observations the effect of different
atmospheric aging processes on the propensity of soot to
nucleate ice is not well established. Aging processes will be
discussed in more detail in the following section.
Biomass Burning Aerosol as INPs. Previous studies

observed that INPs were present in only some prescribed
laboratory burns of different biomass fuels reflecting south-
eastern and western U.S. flora.364,365 Ice nucleation was
observed at temperatures lower than 233 K but only at the
homogeneous freezing limit of aqueous solution.364 These
findings are similar to experimental ice nucleation results
applying biomass burning surrogate species.198,199 Levin et al.
(2016) observed measurable INP concentrations at 243 K from
combustion emissions from 13 of 22 different biomass fuel
types.366 When removing rBC via laser-induced incandes-
cence,311,312 they observed significant reductions in INP
numbers, emphasizing the role of rBC in INP for some
biomass fuels.
The Effects of Atmospheric Aging, Coating, and

Oxidation State on Ice Nucleation. Friedman et al.
(2011)409 investigated the effect of coatings of adipic, malic,
and oleic acid on soot on ice nucleation. In addition, oleic acid-
coated soot particles were exposed to ozone to simulate
atmospheric oxidation. The authors did not observe heteroge-
neous freezing at 253 and 243 K and only homogeneous
freezing at 233 K. Oxidation of oleic acid-coated soot particles
by ozone did not have a significant effect on ice nucleation.
Chou et al. (2013)410 did not observe changes in the ice
nucleation efficiency of soot particles from a vehicle diesel
engine that had been photochemically aged. However, addition
of α-pinene at 238 K led to a thicker organic coating with
higher organic carbon (OC) to BC ratio, increased particle size,
and enhanced ice nucleation. Schill et al. (2016)412 studied
immersion freezing at 243 K from particles emitted by a diesel
engine fueled with either petrodiesel and biodiesel. The exhaust
was aged up to 1.5 photochemically equivalent days using an
oxidative flow reactor. The authors found that aging of the
diesel exhaust did not impact INP numbers and that exhaust of
both fuels is not likely to contribute to atmospheric INP
concentrations under mixed-phase cloud conditions. Kulkarni
et al. (2016)411 investigated the ice nucleation ability of fresh
and aged diesel soot particles for temperatures between 223

and 233 K. They employed transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), and single
particle mass spectrometry to track morphological and
compositional changes of the soot particles. Bare, hydrated,
and compacted soot particles induced ice formation below the
homogeneous freezing threshold, whereas soot particles coated
with α-pinene SOA nucleated ice at homogeneous freezing
conditions in agreement with the study by Charnawskas et al.
(2017).112 However, soot particles coated with a similar SOA
formed at ∼80% RH conditions (high RH) had an ice
nucleation efficiency that was similar to that of bare soot
particles.411 This may be because the α-pinene SOA coating
under those initial high RH conditions was chemically different
compared to that of the α-pinene SOA coating generated under
dry conditions. Another reason may be due to SOA volatility.
Previous research has found that RH and T can impact SOA
volatility,33,413−418 implying that if SOA coatings were to
evaporate from soot particles, then their bare surface may be
exposed after some time, rendering their ice nucleation
efficiency like that of bare soot particles. This may point
again to the importance of the SOA generation conditions and
corresponding SOA phase state for understanding the potential
ice nucleation pathways.
During atmospheric transport, particles can age by

condensation of inorganic compounds and OM and by
multiphase chemical reactions involving, e.g., atmospheric
oxidants and radicals such as O3 and OH.374,375,419−424 The
impact of heterogeneous or multiphase chemical oxidation of
some organic substrates on ice nucleation has been previously
investigated.103,233,260,409,425 Exposure of soot surrogate materi-
al Lamp Black 101 to O3 simulating ∼2 weeks of atmospheric
residence did not change the ice nucleation propensity in a
temperature range from 242 to 257 K.260 Friedman et al.
(2011)409 exposed bare soot and soot coated with oleic acid to
O3 simulating 3.5 days of atmospheric aging and did not
observe a difference in the ice nucleation capability of either
particle type. Wang and Knopf (2011)233 exposed Leonardite, a
humic acid, and Suwannee River fulvic acid (SRFA) to O3
simulating ∼2 weeks residence under remote conditions. In
that study, they observed that O3 oxidation led to a decrease in
deposition nucleation efficiency and to water uptake at lower
temperatures for Leonardite particles and to an increase in the
lowest temperature at which deposition nucleation was
observed for the SRFA particles. Brooks et al. (2014)425

investigated ice nucleation in the contact mode using fresh and
oxidized soot and polycyclic aromatic hydrocarbon (anthra-
cene, pyrene, and phenanthrene) particles. O3 exposure was
conducted at ∼80 ppm for 24 h. Exposure to ozone facilitated
ice nucleation, on average, at 2−3 K warmer temperatures. For
similar O3 exposures, Collier and Brooks (2016)103 examined
the ice nucleating propensity of organic hydrocarbons including
octacosane, squalane, and squalene in contact with water. The
oxidized octacosane initiated contact freezing at 1.1 K warmer
temperatures than the fresh one, and the difference between
these temperatures was determined to be statistically significant.
Oxidized squalane initiated freezing at ∼2 K lower temper-
atures than the fresh one, whereas freezing initiated by oxidized
squalene did not differ from application of fresh squalene
particles.
In all these experiments, chemical aging was conducted at

room temperature under which the organic phase is likely
semisolid or liquid. However, particles acting as INPs are likely
to be found at higher altitudes and thus lower temperatures
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where particle oxidation may dominantly occur on solid organic
phases. Chemical aging by oxidation of a solid particle versus
that of a liquid particle will proceed differently426−429 with
different implications for the oxidized particles’ cloud formation
potential. Chemical processing of a solid organic particle by
atmospheric oxidants may be limited to the uppermost particle
surface layers420,428 and may proceed via different reaction
pathways, e.g., leading to higher degrees of molecular
fragmentation377,426,430,431 thereby impacting hygroscopic-
ity.84,377,432,433 This in turn affects water uptake, which is
necessary for immersion freezing to proceed.
A few studies have examined SOA formation from precursor

gases cyclohexene, α-pinene, and limonene reacting with O3 for
temperatures as low as 243 K.434−437 In general, these studies
found that the SOA yield increases at lower temperatures due
to lower vapor pressures and different particle chemical
compositions. For example, SOA particles from the ozonolysis
of α-pinene at 253 K had increased mass fraction of carboxylic
acids and lower O:C compared to SOA formed at 293 K.437

Furthermore, it was observed that dimer ester production was
suppressed at lower temperatures. These observations point to
different chemical compositions of SOA at lower formation
temperatures that will likely impact particle hygroscopcity,
viscosity, and reactivity toward atmospheric oxidants, which in
turn will affect ice nucleation. Considering that during
atmospheric transport OA is continuously exposed to
atmospheric oxidants and to condensing secondary OM, both
potentially altering the physicochemical properties of the
particle, more experimental and theoretical studies conducted
at atmospherically relevant temperatures investigating the
impact of chemical aging under atmospherically relevant
oxidant exposures and SOA formation on INPs are warranted.
Not explicitly discussed when describing the ice nucleation

potential of SOA particles or coatings is the fact that,
depending on the chemical formation pathway, SOA material
has different O:C ratios.29,33,62,420,438−440 Although Tg is
dominated by the molecular weight of the species,113 O:C
also impacts Tg.

122 Numerical diffusion modeling suggests that,
for α-pinene SOA, increases of O:C increase Tg, whereas for
naphthalene SOA, an increase in O:C results in a lower
Tg.

112,119 The reason for this trend is based on the produced
condensed-phase products accounted for in the model.119

Composition-determined changes in Tg will also impact FDRH
and thus the regime of potential ice nucleation pathways.
Furthermore, a solid SOA particle phase state at room
temperature is not a guarantee that this particle initiates ice
nucleation at lower temperatures as observed for the case of
longifolene SOA.112 A greater particle hygroscopicity likely
accelerates the amorphous deliquescence and thus decreases
the window in which immersion freezing can proceed. Clearly,
the chemical composition, phase state, and hygroscopicity of
SOA particles under typical mixed-phase and cirrus cloud
conditions must be well characterized to predict their potential
to act as atmospheric INPs.

■ ANALYSES OF ICE NUCLEATION DATA
Current State of Ice Nucleation Data Analysis. How

best to analyze heterogeneous ice nucleation data is currently
being debated with more studies focusing on immersion
freezing49,50,328,332,373,441,442 than deposition ice nuclea-
tion.221,233,333,443 Commonly, two approaches to explain the
data are used: a stochastic description based on CNT and a
deterministic or singular description. The stochastic description

assumes that cluster formation leading up to ice nucleation
occurs randomly over time on a substrate yielding a
heterogeneous ice nucleation rate coefficient, Jhet(T).

40,108

By measuring Jhet, CNT allows contact angles to be derived
that can be parametrized in different ways to reflect the
substrate’s propensity to nucleate ice. Different parametriza-
tions, however, result in different interpretation of the
underlying nucleation mechanism.40,108,328,360 Theoretical
calculation of any contact angle requires not only Jhet
observations but also a choice in free energy of ice nucleus
activation. This in turn necessitates knowledge of thermody-
namic and kinetic parameters relating to the critical water
cluster and parameters such as supersaturation and temper-
ature. A recent nonclassical method to calculate free energy of
critical cluster formation has been proposed based on changes
in entropy as water molecules transition from the bulk to the
ice cluster, rearranging their hydrogen bonding environment.331

In contrast, the singular hypothesis assumes that there are a
number of surface active sites on a particle, each of which has a
different ice nucleating efficiency depending on temperature
only. This explanation neglects ice nucleation kinetics, i.e.,
fluxes of water molecules and fluctuations of ice embryo
formation, and currently lacks a physical basis of the observed
events.328,444 The concept of ice active sites has been used to
parametrize ice nucleation data and implemented in CNT-
based analyses. These include the multicomponent model,445

the time-dependent freezing rate parcel model,446 parametriza-
tions of INPs per liter of air,277 the probability density function
(PDF) model,447,448 the active site model,447,448 the surface
site-based stochastic model,442 the singular or modified-singular
description,387,388,445,449−451 and the so-called soccer ball
model.444 However, because of the lack of observational
characterization as discussed above, it remains to be seen
whether active site distributions, though intriguing concep-
tually, are more than a mathematical construct to describe data.
Furthermore, fitting parameters for these schemes applied to
large-scale atmospheric models are always implicitly dependent
on the choice of laboratory-defined thermodynamic and kinetic
parameters.441 In cloud-resolving models, the role of time,
particle size, ice nucleation schemes, or contact angle
distributions on ice cloud formation have been investigated
and are currently under scrutiny as to which are or are not
appropriate to implement when predicting ice nuclea-
tion.452−456

In the atmosphere, the aerosol population is physicochemi-
cally diverse, and the chemical complexity of an entire aerosol
population may need to be considered to predict ice
nucleation.96 A nucleation probability dispersion function has
been applied in a previous study that describes the deviation of
individual particle ice nucleation coefficients from that of the
average particle population, which was successful to represent
laboratory freezing data and capable of predicting atmospheric
ice nucleation.333 Field measurements have indicated that INPs
can belong to a major particle type class, where the few particles
acting as INPs are chemically indistinguishable from the
remaining inactive same particle types.96,98,290 This may be
explained by the stochastic nature inherent to nucleation
according to CNT or specific particle features unresolvable with
current techniques.
During cloud activation that includes droplet activation and

ice nucleation, OA particles can experience amorphous phase
transition (e.g., see Figure 4), where the outer shell experiences
changes in aw.

119,130 Therefore, immersion freezing models that
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can account for changes in particle aw would be desirable to
implicitly account for amorphous phase changes. The majority
of parametrizations and models that apply the active sites
concept do not consider particle aw, though attempts have been
made using fit functions.399 Introduction of solution
aw

355,356,373 renders Jhet independent of the nature of the
solute in the aqueous solution and interfacial energies. Thus,
application of aw avoids the capillary approximation, which is
the main weakness of CNT.40 Currently, the water activity-
based immersion freezing model (ABIFM)328,373 might present
one approach to describe immersion freezing induced by
amorphous OA particles.

Illustration of Water Activity-Based Model for
Immersion Freezing. Previous reviews have discussed in
detail various ice nucleation parametrizations.49,50,53 Here, we
briefly demonstrate predictions of the change in immersion
freezing rate of inorganic particles coated by amorphous OM
using ABIFM373 as an alternative. These calculations only serve
the purpose to demonstrate the prediction of INP numbers by
immersion freezing, implicitly accounting for amorphous
deliquescence of the organic coating. Other cloud micro-
physical effects,9,457,458 including homogeneous ice nucleation,
liquid droplet growth, water vapor depletion due to the
Bergeron−Wegener−Findeisen process,459−461 ice crystal
growth, entrainment and mixing, and ice crystal sedimentation

Figure 15. Representation of immersion freezing from Illite dust particles coated by humic acid (HA) (a−c) and mixed ambient OM containing
particles and natural mineral dust (d−f). (a, d) The fraction that solid OM coats the mineral dust, forg(s), is shown as red lines. A visual representation
is illustrated under glasslike and partial and fully deliquesced conditions where blue is the mineral, dark green is the solid OM, and light green is the
deliquesced OM. Heterogeneous ice nucleation rate coefficients, Jhet, as a function Δaw for the solid OM and mineral dust are shown as green and
blue lines, respectively. (b, e) Calculated heterogeneous ice nucleation rates, ωhet, for mixed organic/dust particles (red) and the contribution from
either OM (green) or mineral dust (blue). ωhet calculated from only OM or mineral dust particles are shown as dotted green and blue lines,
respectively. (c, f) Simulated ice concentration, Nice, per liter of air. The shaded area represents the combined random error from stochastic freezing
and random sampling of particle size. Green and blue arrows indicate the range at which ice nucleation rates are dominated by solid OM or mineral
dust, respectively.
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are neglected. Jhet is parametrized as a function of Δaw,197,373
where Δaw is the difference between droplet solution aw and
the ice melting point, aw(T) − aw,ice(T).

355 In equilibrium
between gas- and condensed-phase, aw equals ambient RH.197

It is assumed that during amorphous deliquescence a solid
organic phase coexists with an aqueous organic solution.
We simulate a particle population composed of Illite mineral

dust particles coated with Leonardite, an HA, serving as a
surrogate of an amorphous HULIS depicted in Figure 15a−c.
For both components, Jhet has been determined in the
laboratory.360,373,462 Upon continuous cooling with 0.1 K
min−1, we assume that the HA in these mixed particles will pass
the glass transition similar to a fulvic acid105 at RH = 93% at T
= 240 K and reach FDRH similar to other studied OA particle
systems.112,113,119,377 Prior to the glass transition, ice formation
is only possible via deposition ice nucleation on the solid
(glassy) HA coating the Illite dust. Beyond the FDRH, ice
formation is only possible via immersion freezing on the
mineral surface. Between Tg and FDRH, an aqueous solution,
some glassy HA, and Illite surface are present, and immersion
freezing can occur on both organic and inorganic surfaces. The
fractional coverage of solid HA, forg(s), is parametrized with a
quadratic equation (see Figure 13a, red line), where forg(s) = 1
prior to glass transition and forg(s) = 0 at FDRH = 98%. Jhet is
calculated for Illite and Leonardite following ABIFM,373

displayed as blue and green lines, respectively, in Figure 15a.
The heterogeneous ice nucleation rate, ωhet, for a population of
HA/Illite dust particles is shown in Figure 15b as a red line,
where ωhet = Jhet,org Aorg + Jhet,dust Adust. This two-component
system uses forg(s) to calculate surface area, where the exposed
solid HA surface area is Aorg = Ap forg(s), the exposed Illite dust
surface area is Adust = Ap(1 − forg(s)), and the particle surface
area is Ap. We employ Ap on the order of 10−3 cm2, the total
particle surface area in 1 L of air for assumed bimodal log-
normally distributed spherical particles with mode parameters,
N1 = 95 cm−3, μ1 = 100 nm, σ1 = 0.5 and N2 = 5 cm−3, μ1 = 800
nm, σ1 = 1.0. This distribution is according to typical aerosol
sizes and numbers in the troposphere having an enhanced
accumulation mode with few coarse mode particles,463−465 but
the choice of aerosol size distribution will not affect the model
findings. Figure 15b shows the contribution of the HA and Illite
dust to ωhet in addition to upper limits of the nucleation rate
due to a particle population consisting of only solid organic or
mineral dust.
At a humidity slightly higher than the glass transition, the

solid HA and Illite dust surface exposed to aqueous solution
can nucleate ice with a combined rate ωhet = 0.09 min−1 at Δaw
= 0.2. At this condition, forg(s) = 0.999 and HA dominates ωhet
despite having lower Jhet compared to Illite as shown by the
green and blue lines, respectively. At Δaw = 0.24, the
contributions of HA and Illite to ωhet become equal as
indicated by the intersection of the green and blue lines. For
Δaw > 0.245, the contribution of the solid HA sharply decreases
until FDRH is reached at Δaw > 0.25, at which point no solid
HA is present to nucleate ice. Overall, Figure 15b shows that
when Δaw < 0.24, the solid HA acts as the INP, and for Δaw >
0.24, the Illite dust acts as INP. Knowledge of Jhet and forg(s)
allows calculation of the number of ice crystals produced, Nice,
given in Figure 15c. We assume individual binomial
distributions to simulate freezing for all 105 particles present
in 1 L of air and time step of 10 s. If a particle induces ice
nucleation, it is removed from the distribution, and a record is
kept of how many ice particles froze in the simulated volume,

or Nice, with units of L
−1. Figure 15c shows Nice as a function of

Δaw. Freezing is simulated with a frost point, Tf = 243.5 K. At
conditions where solid HA dominates immersion freezing,
indicated by the green arrow, Nice increases from 10−2 to 10
L−1. When Illite particles dominate, as indicated by the blue
arrow, Nice continues to rise, surpassing 100 L−1 due to
continued cooling and increasing Jhet and ωhet. We note that
homogeneous ice nucleation is negligible here and becomes
important only at Δaw > 0.313.197,355

Repeating these simulations, each time sampling freezing
from a binomial distribution and particle size from the bimodal
log-normal distribution, yields 10th and 90th percentiles of Nice
to assess uncertainty ranges328 shown as the shaded region in
Figure 15c. Stochastic freezing and random sampling of aerosol
particle size distribution were the only contributors to this
uncertainty estimate. At warm and dry conditions, e.g., Δaw <
0.21, the uncertainty in Nice is more than 2 orders of magnitude
because only a few ice nucleation events occurred giving rise to
a large statistical uncertainty. At colder and more humid
conditions, more ice nucleation events are observed resulting in
less uncertainty.
We use the above model to evaluate another immersion

freezing system where natural dust particles are coated by OM
as shown in Figure 15d−f. Ice nucleation experiments
performed by China et al. (2017)102 employed ambient
particles that were predominantly dust coated by OM. The
authors suggested that the organic coating nucleated ice due to
the fact it was the only common constituent among those
particles individually identified and that all samples with organic
coatings nucleated ice at similar RH and T. As an analogue to
Figure 15a−c, we assume Jhet(Δaw) from China et al. (2017)102

in Figure 13d−f as representative of ambient organic coatings.
Natural dust466 and its corresponding parametrization for
Jhet(Δaw)328 is used for simulating ice nucleation by the dust
core. Figure 15d displays Jhet of the OM-coated dust and natural
dust particles where Tg and FDRH are assumed to proceed at
50 and 90% RH, respectively, based on water uptake
measurements by China et al. (2017).102 Figure 13e shows
that OM dominates ωhet until ∼80% RH. Figure 15f displays
the resulting Nice as a function of Δaw, RH, RHice, and T having
applied Tf = 237 K and the same aerosol population (size and
concentration) as in panels b and c. The particles with OM
dominate ice nucleation up to Nice = 3 L−1 in the range
indicated by the green arrow in Figure 15f. This region also
exhibits the most stochastic uncertainty due to a low number of
freezing events. At more humid conditions (RH > 80%),
natural dust dominates ice nucleation indicated by the blue
arrow, and the stochastic uncertainty is greatly reduced for Nice
= 10−103 L−1.
Although the simulations in Figure 15 do not represent real

cloud or aerosol processes, the uncertainty estimate can yield
understanding of observed ice nucleation. The uncertainty
estimates imply that instrumental uncertainty in T or RH may
play a greater role than stochastic uncertainty when large
numbers of INPs are measured. However, stochastic freezing
uncertainty should be considered when interpreting data in the
case of low Nice. For example, when ice crystals form in the
atmosphere with Nice = 0.2 L−1, then 80% of the time, due to
randomly occurring freezing events and variability of particle
size, actual Nice varies between 10

−3 and 10 L−1 (Figure 15c and
f), which is a typical reported range in field measurements.53,277

Given that observed INP concentrations are commonly <10
L−1 and concentrations are often near the detection limit,467
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resulting Nice concentrations should be expected to suffer from
stochastic (nucleation theory) and random (aerosol statistics)
uncertainty. Increasing the observed number of freezing events
and improving particle surface area measurements could
contribute to a resolution of this issue.328 Although the
simulations presented in Figure 15 are highly idealized, they
demonstrate that capturing the freezing efficiency, the glass
transition, FDRH, and freezing point depression of OM should
be important for quantifying atmospheric ice nucleation from
chemically complex aerosol particles.

■ SUMMARY AND FUTURE RESEARCH DIRECTIONS
Recognizing the abundance of OM in the atmosphere, this
article summarized recent findings dealing with the role of
airborne OM as a potentially significant contributor of ice
nucleating substrates. Considering the wide range of
thermodynamic conditions present in the Earth’s atmosphere,
OM will impact atmospheric ice nucleation in different ways
compared to “classically” regarded INPs such as insoluble
mineral dust particles. Despite the great advancements in
understanding ice nucleation processes, many challenges
remain to assess the importance of OM and OA particles in
atmospheric cloud glaciation. We highlighted the peculiar
physicochemical features of OM, which are modulated by
changes in ambient temperature and humidity, the current lack
of molecular level understanding of ice nucleation, the
challenges in analyses and measurements of INPs and IRs,
and the necessity of descriptive physical and chemical
approaches that include OM specific processes. A multi-
disciplinary approach is necessary covering molecular, labo-
ratory, field, and modeling scales to improve our predictive
understanding of atmospheric ice nucleation by OM. We have
identified the following key points that, we feel, warrant future
research to fill knowledge gaps in ice nucleation by OM:
1. Gain a sufficiently comprehensive molecular under-

standing of the interaction between liquid water and water
vapor with organic substrates of varying composition,
morphology, viscosity, and surface functional groups to
confidently predict OM nucleating behavior. Establish the
physical and chemical interfacial features that initiate and
govern the nucleation process. Molecular dynamic simulations
and Monte Carlo and density functional theory calculations
have been shown to be promising approaches. Further
validation of those model results by carefully designed
experiments, and applying controlled, artificial substrates will
be required to confirm the insights gained on ice nucleation
mechanisms.
2. Further develop techniques to rapidly image the dynamic

ice nucleation process and instrumentation to probe and
characterize the interfaces that initiate ice nucleation at the
subnanoscale. Complementary to current SEM and SFG
methods, further development of instruments capable of
measurements of the ice nucleating sites with high temporal
(because nucleation occurs rapidly) and spatial resolution is
necessary. INP measurements will benefit from improvements
in the detection limit, temporal resolution of the ice nucleation
event, and increases in the sampled number of ice nucleation
events.
3. Expand direct measurements of OM and SOA viscosity

and associated phase changes including liquid−liquid phase
separation processes under thermodynamic conditions relevant
for mixed-phase and cirrus clouds and relate those parameters
to ice nucleation. Evaluate the competition between diffusion

governed OM and SOA phase changes, ice nucleation
pathways, and ice nucleation kinetics. This requires a rigorous
humidity and temperature trajectory assessment in experiments
and will need to be applicable to actual cloud activation time
scales.
4. Establish a better understanding of how chemical aging of

OM by atmospheric oxidants and different SOA formations
pathways (e.g., low or high NOx conditions, oligomerization
reactions, SOA precursor gases with higher molecular weight,
etc.) impact ice nucleation by a combination of oxidant
exposure ice nucleation experiments, theoretical model
simulations, and field campaigns.
5. Expand measurements of INP spectra, i.e., for the entire

particle size distribution covering the supermicrometer mode,
including the physicochemical characterization of ambient INPs
containing OM in the planetary boundary layer and free
troposphere in different environments and geological locations.
Assess the INPs’ chemical complexity and mixing state.
Identification of ice nucleating macromolecules in nanometer
sizes and observation of high INP number concentrations in
supermicrometer particle sizes emphasize the need to expand
the measured INP size spectrum.
6. Continue to develop uncertainty assessment method-

ologies for any employed measurement technique sufficient to
rigorously establish statistical significance of gathered data. Low
INP concentrations relative to detection limits are associated
with a large data scatter irrespective of instrument accuracy. In
general, stochastic freezing and aerosol size variability can be
meaningfully reduced when probing a larger number of INPs.
Furthermore, best practices should be developed with regard to
potential contamination issues by trace gas exposure and
applied water sources.
7. Further develop and evaluate descriptive approaches to ice

nucleation (immersion, deposition, and contact modes)
considering the insufficient knowledge about the physicochem-
ical features of active sites. Theoretical models should represent
the amorphous phase changes of OM and the varying ice
nucleation kinetics as OA particles are advected in a cloud
system. Considering the kinetically driven amorphous OM
phase changes, evaluate the application of the time-independent
and time-dependent ice nucleation models. The kinetic flux
model and a water activity-based freezing description show
promise for a comprehensive representation of the amorphous
phase-ice nucleation relationship. Approaches also will depend
on the applied scale, i.e., cloud microphysics vs large-scale
atmospheric models and thus will differ in complexity. Future
field measurements would benefit from being explicitly focused
on constraining global model predictions over a wide range of
T and RH, ideally over the full range of INP sizes.
8. Better establish how important cloud recycling of organic

INPs and associated particle morphological changes and
preactivation are as contributors to ice nucleation in the
atmosphere. Establish the degree to which preactivation and
associated changes in ice nucleation propensity may occur using
laboratory particle surrogates. Identify atmospheric conditions
under which those effects are expected and can be confirmed in
field observations.
We hope that these suggestions spur novel and exciting

research, ultimately resolving how OM can act as ice nucleating
substrate in the atmosphere. There are likely many more
discoveries to be made when probing multicomponent and
multiphase OM or OA particles at supercooled temperatures
and metastable conditions for their interaction with water.
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■ NOMENCLATURE

ABIFM water activity-based immersion freezing
model

Adust surface area of mineral dust, [cm2]
Ap surface area of particle, [cm2]
Aorg surface area of organic compound, [cm2]
aw water activity
aw,ice ice melting point as a function of water

activity
CalNex California Research at the Nexus of Air

Quality and Climate Change
CARES Carbonaceous Aerosols and Radiative Ef-

fects Study
CCSEM/EDX computer-controlled scanning electron mi-

croscopy with energy-dispersive X-ray anal-
ysis

CFDC continuous flow diffusion chamber
CNT classical nucleation theory
CVI counterflow-virtual-impactor
Δaw water activity criterion
ELV-OOA extremely LV-OOA
FD full deliquescence
FDRH full deliquescence relative humidity
f ice number of nucleated ice crystals/aerosol

particle number
forg(s) fractional coverage of solid
HA humic acid
HOA hydrocarbon-like OA
HULIS humic-like substances
Ice-CVI ice counterflow-virtual-impactor
INM ice nucleating macromolecule
INP ice nucleating particle
ISDAC Indirect and Semi-Direct Aerosol Campaign
ISI ice selective inlet
Jhet heterogeneous ice nucleation rate coeffi-

cient, [cm−2 s−1]
Jhet,dust heterogeneous ice nucleation rate coefficient

of mineral dust, [cm−2 s−1]

Jhet,org heterogeneous ice nucleation rate coefficient
of organic compound, [cm−2 s−1]

Jhom homogeneous ice nucleation rate coefficient,
[cm−3 s−1]

LLPS liquid−liquid phase separation
LV-OOA low-volatile oxygenated OA
MD molecular dynamics
MILAGRO The Megacity Initiative: Local and Global

Research Observations
μ1, μ2 location parameter of log-normal distribu-

tion
N1, N2 particle numbers in bimodal log-normal size

distribution
Nice number of ice crystals, [L−1]
O:C atomic oxygen to carbon ratio
OA organic aerosol
OC organic carbon
OM organic matter
ωhet heterogeneous ice nucleation rate, [s−1]
PALMS particle ablation by laser mass spectrometry
PD partial deliquescence
PDF probability density function
POA primary organic aerosol
rBC refractory black carbon
RH relative humidity, [%]
RHice relative humidity with respect to ice, [%]
σ1, σ2 scale parameter of log-normal distribution
SFG sum frequency generation spectroscopy
SHG second-harmonic generation spectroscopy
Sice supersaturation with respect to ice
SOA secondary organic aerosol
SRFA Suwannee River fluvic acid
SSA sea spray aerosol
STXM/NEXAFS scanning transmission X-ray microscopy

coupled with near-edge X-ray absorption
fine structure spectroscopy

SV-OA semivolatile OA
τcd characteristic time scale of bulk diffusion
TEM transmission electron microscopy
TEM/EDX transmission electron microscopy/energy-

dispersive X-ray analysis
T temperature, [K]
Tf frost point, [K]
Tg glass transition temperature
UT/LS upper troposphere and lower stratosphere
VOC volatile organic compound
XPS X-ray photoelectron spectroscopy
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Schmuser, L.; Mauri, S.; Scheel, J. F.; Knopf, D. A.; Pöschl, U.; Bonn,
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