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Abstract of the Dissertation

Heterogeneous Ice Nucleation from
Laboratory–Generated and Field–Collected

Aerosol Particles

by

Bingbing Wang

Doctor of Philosophy

in

Marine and Atmospheric Science

Stony Brook University

2011

Aerosol particles can serve as atmospheric ice nuclei (IN) and
thus initiate ice formation resulting in the formation of cirrus and
mixed-phase clouds and thereby indirectly affect the global radia-
tive budget, hydrological cycle, and climate. Atmospheric ice crys-
tal formation by heterogeneous nucleation is poorly understood
and poses one of the largest uncertainties in predicting future cli-
mate. Here I present a laboratory study on heterogeneous ice nu-
cleation efficiency and water uptake by various types of laboratory-
generated and field-collected organic-containing particles for tem-
peratures and relative humidity typical of the troposphere and
lower stratosphere.

Laboratory–generated Suwannee river standard fulvic acid (SRFA)
and Leonardite standard humic acid (Leonardite) particles served
as surrogates of HUmic LIke Substances typically found in atmo-
spheric particles. These organic particles nucleate ice efficiently
via deposition mode (ice crystals form directly from the supersatu-
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rated water vapor) and immersion freezing (ice crystals form from
the ice nucleus suspended in supercooled aqueous droplets) at rel-
evant atmospheric conditions. Oxidation of Leonardite and SRFA
particles by O3 led to a decrease in deposition nucleation efficiency
and to water uptake at lower temperatures for the former and to an
increase in the lowest temperature at which deposition nucleation
was observed for the latter. Thus, particle hygroscopicity may not
be the only factor determining particle’s ice nucleation efficiency.

Laboratory–generated amorphous secondary organic aerosol (SOA)
particles from anthropogenic precursor gases such as naphthalene
serving as surrogates of ubiquitous SOA in the atmosphere demon-
strated the potential to act as deposition IN at temperatures below
230 K and at relative humidity (RH) with respect to ice (RHice)
below the homogeneous freezing limit. Water uptake was observed
above 230 K followed by immersion freezing at temperatures be-
tween 230 and 242 K. The bulk atomic oxygen–to–carbon (O/C)
ratio of these SOA particles did not show a significant effect on
deposition ice nucleation but on water uptake. Above 230 K par-
ticles with higher O/C ratio take up water at lower RH than par-
ticles with low O/C ratio. These SOA particles may form a glassy,
i.e. solid state, and nucleate ice via deposition mode below 230 K
whereas they adopt a semi–solid state with lower viscosity at higher
temperatures and take up water. Thus, phase state and viscosity
affect the interaction of SOA with water vapor.

Different types of anthropogenic and marine impacted particles
collected within and around the urban environments of Los An-
geles and Mexico City were investigated for their potential to nu-
cleate ice. To relate the particle’s ice nucleation efficiency with
chemical composition, micro–spectroscopic single particle analyses
were applied by using computer controlled scanning electron mi-
croscopy with energy dispersive analysis of X–rays (CCSEM/EDX)
and scanning transmission X–ray microscopy with near edge X–
ray absorption fine structure spectroscopy (STXM/NEXAFS). The
chemical composition was found to play a crucial role in determin-
ing the water uptake and immersion freezing but less for deposition
nucleation. Overall, these field-collected particles can serve as ef-
ficient IN at atmospheric conditions typical for cirrus and mixed
phase cloud formation and exhibit distinctly different ice nucleation
efficiencies compared to the laboratory generated organic proxies.

The experimentally derived ice nucleation data were analyzed us-
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ing classical nucleation theory (CNT) and the singular hypothesis
approach (SH) providing heterogeneous ice nucleation rate coeffi-
cients (Jhet) and cumulative IN spectrum (K), respectively, allow-
ing either approach to be implemented in cloud resolving models.
The experimentally derived Jhet and corresponding contact angles
were determined as a function of temperature and RHice and used
to parameterize heterogeneous ice nucleation. Atmospheric impli-
cations of these findings and the proposed parameterizations are
discussed.
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Chapter 1

Introduction

1.1 The Atmosphere

Earth’s atmosphere can be characterized by the variations of pressure and
temperature with altitude. As altitude increases, the number of molecules
decreases resulting in an exponential decrease of atmospheric pressure. The
temperature profile with height can be used as a basis to distinguish the layers
of the atmosphere. The atmosphere is divided into lower and upper regions.
The lower atmosphere includes the troposphere and the stratosphere which ex-
tends to the stratopause (∼45–55 km). The troposphere is the lowest layer of
the atmosphere where the temperature decreases with height from the Earth’s
surface up to the tropopause. The tropopause is at ∼8–18 km height depend-
ing on latitude and time of year56,57. Temperature increases with height in
the stratosphere which extends from the tropopause to the stratopause. The
temperature of the upper troposphere and lower stratosphere (UT/LS) can
reach as low as ∼180 K, well below the ice melting point of 273.15 K.

In the atmosphere, the gas phase is composed primarily of nitrogen, oxy-
gen, and argon. Trace gases, such as carbon dioxide and water vapor, only
contribute less than 1% of the atmosphere by volume57. Water vapor is dis-
tributed throughout the atmosphere with highly variable concentrations. Air
is transported resulting in redistribution of water vapor in the atmosphere.
During transport, advection cools the air which can lead to the phase transi-
tion of water, e.g. condensation of water vapor, resulting in the formation of
clouds. The formation of cloud particles, either aqueous droplets or ice crys-
tals, always occurs on pre–existing aerosol particles associated with the air
parcel20. Regions of the atmosphere with temperatures below 273 K have the
potential to form ice crystals from pre–existing aerosol particles. This thesis
focuses on the efficiencies of different types of organic and organic–containing
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aerosol particles to interact with water vapor, i.e. water uptake and ice nucle-
ation at atmospheric conditions typical for the formation of cold clouds, such
as cirrus and mixed-phase clouds.

1.2 Ice and Mixed–Phase Clouds and Aerosol–

Cloud Interaction

1.2.1 Ice and Mixed–Phase Clouds

Different types of clouds cover about two thirds of the global surface. A
cloud can contain aqueous droplets or ice crystals, or both. The classification
of clouds can be based on their phases, i.e. liquid, ice, or mixed phase. Mixed-
phase clouds contain both aqueous droplets and ice crystals. A cirrus cloud
which contains only ice crystals is one type of ice cloud. Other ice containing
clouds include high clouds which contain mainly ice crystals such as cirrostra-
tus and cirrocumulus and mid-level clouds that contain both droplets and ice
crystals such as altostratus and altocumulus53,58. Contrail cirrus which re-
sult from aircraft operations are purely anthropogenically induced clouds that
affect radiative forcing on regional scales.

Mixed-phase clouds are frequent in mid–latitude and polar regions58. Pre-
vious studies have indicated that mixed-phase clouds dominated low cloud
types within the Arctic region in winter59–61. Shupe et al.61 showed that
mixed–phase clouds occurred on average 41% of the time, with a maximum in
fall (>70%) and ice clouds were observed 38% of the time, with a maximum
of 52%. Cirrus clouds can account for one-third of the global cloud coverage
and can form at any latitude with suitable environmental conditions53,62,63.
Table 1.1 shows an example of the physical properties of mixed-phase clouds
observed in the Arctic54,64. The typical measured variation of the physical
properties of cirrus clouds is also listed53,65. Considering the high global cloud
coverage of cirrus and mixed–phase clouds, it can expected that these clouds
with inherently different properties will have different impacts on the global
radiative budget62,63.

1.2.2 Effects of Ice Crystal on Radiation and Precipita-
tion

Clouds can modulate the short–wave and long–wave radiative fluxes through
the atmosphere. Optical properties of ice crystals are determined by the re-
fractive index of bulk ice, size, shape, and orientation. The shape and size of
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Table 1.1: The average and the range of cirrus cloud properties adapted
from Lynch et al.53. Annual mean and range of mixed-phase cloud properties
observed in the Arctic in 1997–1998 adapted from Shupe et al.54. For mixed–
phase clouds, the range represents monthly averages and covers the 5th to
95th percentiles of the data from Shupe et al.54.

cirrus cloud mixed-phase cloud
Property Mean Range Mean Range

Thickness / km 1.5 0.1–8 1.9 0.4–4.4
Altitude / km 9 4–20 0.9 0–3.5

Concentration / L−1 30 10−4–104 1–6a 0.1–10a

Ice content / g m−3 0.025 10−4–1.2 0.027 10−4–0.11
Size / µm 250 1–8000 93 27–200

a Measurements from the Mixed-Phase Arctic Cloud Experiment (M-PACE)
in 200464.

ice crystals render the radiative forcing by ice–containing clouds significantly
more complicated than that of warm clouds which contain spherical aqueous
droplets66. The shapes of ice crystals are also responsible for some atmospheric
optical phenomena such as halos and sundogs.

Figure 1.1 shows highly simplified sketch for the radiative effects of different
types of clouds. All clouds can reflect short–wave radiation, and have a cooling
effect on the Earth–atmosphere system. For ice and mixed-phase clouds, the
absorption of long-wave radiation and re–emission at colder temperatures can
dominate the scattering of solar radiation if the clouds have sufficiently low op-
tical depth. As optical depth becomes larger, the solar albedo effect increases,
leading to a net cooling53. The radiative response of cold clouds is further
influenced by their coverage, altitude, thickness, spatial inhomogeneity, and
numerous other factors, including ice crystal number, size, shape, solar zenith
angle, and surface albedo53,66.

Mixed-phase clouds have been identified to have an important climatic
effect, especially in the polar regions67–70. In the Arctic, for example, the
dominant radiative effect of mixed–phase clouds during wintertime is due to
long–wave radiative fluxes because of the virtual absence of sunlight. The
optical depth for mixed–phase clouds was determined to range from 0.03 to
21 with annual average of 367.

Cirrus clouds can have varying effects on the radiation budget. Thin cir-
rus clouds can have a predominant warming effect by effectively trapping the
outgoing long–wave radiation63,71. Optically thick ice clouds still warm the
atmosphere on the whole but cool the surface and the upper atmosphere63.
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Figure 1.1: Simplified radiative effects of different types of clouds. Clouds
containing ice particles (stars) and/or aqueous droplets (dots) regulate the
long-wave (wavy arrows) and short-wave (arrows) radiative fluxes.

The optical depth for cirrus ranges from less than 0.03 for subvisual cirrus up
to 50 for anvil cirrus53.

To illustrate the effects of surface albedo, cloud and surface temperature,
and optical depth on radiative fluxes at the top of the atmosphere, different
types of clouds with various properties are calculated here, for illustrative
purposes, using a simple model proposed by Corti and Peter55. Table 1.2
demonstrates the net cloud radiative forcing at the top of atmosphere for
different types of clouds using various observed properties. These idealized
estimates clearly show the effect of different cloud properties on the net cloud
forcing.

The radiative properties of ice and mixed–phase clouds are determined
in part by the underlying ice nucleation mechanisms which can produce ice
crystals with different number concentrations, sizes, and shapes72–74. Inhomo-
geneities in the cloud structure affect radiative properties as well, rendering
radiative transfer calculations as very challenging66.

By transporting water vapor from Earth’s surface and redistributing it in
the atmosphere and back to the surface, clouds can affect and regulate the
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Table 1.2: The net cloud radiative forcing at the top of atmosphere for different
types of clouds for given properties including cloud top and surface temper-
ature, surface albedo, and optical depth assuming the global and daily mean
conditions approximated by a zenith angle of 60 degree in combination with a
solar constant of 684 W m−2 suggested by Corti and Peter55.

Cirrus Mixed-phase Warm
clouds clouds

Surface albedo 0.3 0.7 0.7 0.9 0.7
T(surface)/K 290 260 260 260 290

T(cloud top)/K 220 220 220 250 280
Optical depth 0.1 1 3 3 80

Net forcing (W m−2) 7 32 16 5 42
warming warming warming warming cooling

atmospheric hydrological cycle. In mixed-phase clouds, heterogeneous ice nu-
cleation is the only pathway for ice initiation and thus is crucial for the precip-
itation development75. This in turn defines the degree of cloud glaciation with
subsequent consequences for precipitation and the hydrological cycle64,66,70,76.

In mixed-phase clouds, the air is saturated with respect to supercooled
liquid water and is supersaturated with respect to ice. The imbalance be-
tween the vapor pressure over ice and over supercooled water leads to rapid
growth of the ice crystals at the expense of aqueous droplets, known as the
Wegener–Begeron–Findeisen process77–79. Therefore precipitation formation is
more efficient in mixed-phase clouds than in warm clouds80,81. The magnitude
of this glaciation effect depends strongly on assumptions of the ice nucleation
efficiency of the ice nuclei81,82. The important microphysical properties of
clouds include ice crystal number concentration, size, and shape which again
are significantly affected by the ice nucleation mechanisms and also the effi-
ciency of IN80. But the effect of IN on precipitation still remains a challenging
problem because of many uncertainties with respect to their concentration
under different environment conditions83.

Ice formation in the UT/LS region resulting in cirrus cloud formation, can
lead to dehydration of the UT/LS region by triggering grativational sedimen-
tation of ice particles84. This dehydration process affects the water vapor
distribution and thus changes the hydrological cycle and the global radiation
budget85,86. In the UT/LS region, this process also controls the amount of
water vapor transported into the stratosphere, resulting in important conse-
quences for stratospheric chemistry87,88.
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1.2.3 Formation of Ice and Mixed–Phase Clouds

Clouds are initiated by aerosol particles through cloud microphysical pro-
cesses which involve ice, liquid water, and water vapor. Aerosol–cloud in-
teractions pose one of the largest uncertainties in prediction of future cli-
mate changes due to the insufficient understanding of cloud microphysical
processes89. Whereas an increasingly better understanding of the role of CCN
on warm cloud formation is being achieved, the effect of aerosol particles serv-
ing as IN on the atmosphere is still not well understood66,89–96. This is mostly
due to the insufficient understanding of the ice nucleation mechanisms and the
ice nucleation efficiencies of aerosol particles66,89–91.

By serving as IN, aerosol particles can initiate ice nucleation and may in-
duce the formation of ice and mixed–phase clouds. The interactions between
aerosol and clouds will change the cloud microphysical processes, lead to the
formation of new clouds and modification of the existing clouds, and subse-
quently affect the distribution and lifetime of clouds and thus climate66,89,90,97–100.
The strength of these aerosol indirect effects depends on the propensity of the
particles to act as IN and corresponding ice nucleation mechanisms.

In the atmosphere, ice formation can proceed via homogeneous or het-
erogeneous nucleation from aerosol particles20,101. Homogeneous ice nucle-
ation proceeds from supercooled aqueous particles below ∼235 K20,33,101,102.
Heterogeneous ice nucleation is initiated by a pre–existing substrate, the ice
nucleus20,101. Heterogeneous ice nucleation occurs at warmer temperatures
and lower supersaturations with respect to ice than homogeneous ice nucle-
ation20,102 and hence renders IN an important role in atmospheric ice forma-
tion. The different nucleation mechanisms produce ice crystals with different
sizes, shapes, and number concentrations depending on the atmospheric con-
ditions and the available IN72–74.

Ice formation via heterogeneous ice nucleation can be further subdivided
into the following pathways: (a) deposition mode in which IN form ice crystals
directly from supersaturated water vapor, (b) immersion freezing in which ice
crystals form from immersed IN in supercooled aqueous droplets, (c) conden-
sation freezing in which ice crystals form during the condensation of water
vapor onto IN at supersaturated conditions, and (d) contact freezing in which
ice formation is trigged by collision of supercooled droplets with IN20,101. In
cirrus levels, the dominant nucleation modes include homogeneous ice nucle-
ation, immersion freezing, and deposition nucleation whereas for mixed–phase
clouds, immersion freezing, contact freezing, and secondary ice multiplication
may be dominant72.

The mechanism and effectiveness of contact freezing remains unknown, al-
though previous studies have shown that certain particles may nucleate ice at
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Figure 1.2: Homogeneous ice nucleation and heterogeneous ice nucleation.

higher temperatures via contact freezing compared to immersion freezing20.
Furthermore, the relative role of contact freezing in atmospheric ice formation
is also not clear91. Secondary ice multiplication (i.e. rime splintering, frag-
mentation during evaporation, or collisions between crystals) is also believed
to be important for the glaciation processes of supercooled water clouds. Both
contact freezing and secondary ice multiplication are much less understood91.
Condensation and immersion freezing cannot be completely separated since
IN are both suspended in aqueous droplets and also the formation of an im-
mersed particle in a droplet is often due to water uptake. Thus, immersion
and condensation freezing may be regarded as similar. This study only focuses
on immersion freezing and deposition ice nucleation.

Figure 1.2 shows how ice crystals form via homogeneous and heterogeneous
ice nucleation. As temperature decreases and relative humidity increases, par-
ticles may take up water vapor and/or nucleate ice. Particles which dissolve
and subsequently take up water continuingly nucleate ice homogeneously. AN
insoluble particle immersed in an aqueous droplet can nucleate ice via im-
mersion freezing. Ice nucleation via condensation freezing undergoes a similar
process compared to immersion freezing. For deposition ice nucleation, ice
nucleates on particles directly from the supersaturated water vapor without
formation of macroscopic water layers.

The complexity and multipathways of ice nucleation render the determina-
tion of the ice nucleation efficiencies of particles very challenging, in particular
when consider the physical and chemical complexity of atmospheric aerosol
particles.
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To describe the ice nucleation processes, different theories or hypotheses
have been developed. The main descriptions include: (a) classical nucleation
theory (CNT)20,57,103–106, (b) singular hypothesis (SH)107–110, (c) activated IN
fraction9,111–113, (d) water-activity-based approach33,52,114–119,119, and (e) an
approach using a combination of CNT and SH120–122.

CNT states that homogeneous and heterogeneous nucleation are due to
stochastic processes and provides a physical model of ice nucleation applying
independent thermodynamic variables, such as temperature and RH 20. SH as-
sumes that heterogeneous ice nucleation occurs on active sites located on the
particle surface which become active at characteristic temperatures107. This
time–independent approach provides an overall phenomenological explanation
for heterogeneous ice nucleation. The approach arising from a combination of
CNT and SH can be essentially considered as a “modified singular hypothe-
sis”122. The IN activated fraction, i.e. the number of particles activating ice
formation of total particle number, is a measure commonly used to describe
ice nucleating efficiency of particles, neglecting the information of particle sur-
face area112. The water–activity–based approach has been used to describe
homogeneous ice nucleation and immersion freezing and to predict freezing
temperatures and nucleation rate coefficients if the water activities of aqueous
droplets are known33,52.

So far none of those approaches can provide perfect agreement between the-
ory and laboratory and field measurements20. Also disagreements among these
descriptions persist. One of the main longstanding debates is whether hetero-
geneous ice nucleation should be described by a stochastic or deterministic
process. And so the lack of physical theory for nucleation renders parameter-
izations of experimental results for weather and climate models more difficult
and challenging.

1.3 Aerosol Particles in the Atmosphere

1.3.1 Aerosol Particles

An aerosol is defined as a relatively stable suspension of solid or liquid
particles in a gas56,57,123. Aerosol particles are ubiquitous in the atmosphere
and their number concentrations can reach up to 108 cm−3 with sizes ranging
from ∼20 to ∼100 µm in diameter56. Particles smaller than 2.5 µm are iden-
tified as fine particles and those with diameters larger than 2.5 µm are defined
as coarse particles. Aerosol particles may be either directly emitted into the
atmosphere or formed in site in the atmosphere which are referred as primary
and secondary particles, respectively.
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Primary particles in the atmosphere stem from natural and anthropogenic
sources. Natural sources include sea spray, deserts, volcanos, forest fires, and
vegetation, among others. Major anthropogenic sources are fossil fuel com-
bustion, biomass burning, and industrial processes124–129. Secondary particles
are formed from natural or anthropogenic precursor gases by nucleation, con-
densation, and chemical reactions56,57. The chemical and physical properties
of particles can vary significantly depending on a number of factors, such as
their sources, size, location, and formation mechanisms56,57.

Particles of various complexities and chemical and physical properties emit-
ted or generated from different sources play important roles in air quality,
health–related issues, cloud formation, and climate56,57. Particles can affect
the global radiative budget directly by scattering and absorption of solar and
terrestrial radiation and indirectly by serving as cloud condensation nuclei
(CCN) and ice nuclei (IN)66,89,90,97–100. The efficiency of particles to act as
CCN and IN are determined by particle sizes, chemical composition, number
concentration, morphology, and phase state. Thus, knowledge about the CCN
and IN efficiencies of aerosol particles along with their chemical and physical
properties improves the understanding of the aerosol indirect effects and thus
their impacts on climate.

1.3.2 Chemical Composition of Particles

Atmospheric aerosol particles can be composed of an extremely diverse
mixture of chemical species which strongly depends on particle sources, for-
mation mechanisms, and atmospheric processing. The chemical components of
aerosol particles can be divided into inorganic and organic compounds which
are either internally or externally mixed. Abundant inorganic components
include water soluble substances such as ammonium sulfate, sulfuric acid, am-
monium nitrate, and sodium chloride and water insoluble substances such as
mineral dust56,57.

Organic materials in aerosol particles contain a myriad of different chemical
compounds, many of which have not been chemically identified yet130. The or-
ganic fraction of atmospheric particles can consist of water soluble organic ma-
terial typically represented by mono–, di– and poly–carboxylic acids, polyols,
aromatic acids, sugars, and other functional groups92,131–135. In addition, wa-
ter insoluble organics such as soot or black carbon are also present as common
constituent in aerosol particles136. Soot particles are emitted from combus-
tion processes such as transportation, biomass burning, domestic heating, and
cooking. One type of organic material with high molecular weight extracted
from atmospheric particles, termed HUmic LIke Substances (HULIS), include
both water soluble compounds such as fulvic acid and water insoluble sub-
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Figure 1.3: The average mass concentration and chemical composition of fine
particulate matter measured at various locations in the Northern Hemisphere
using aerosol mass spectrometer adapted from Zhang et al.1. Color coded
labels of sample location: urban areas (blue), location at less than 100 miles
downwind of major cites (black), and rural/remote areas at more than 100
miles downwind (pink). Pie charts show the average mass concentration and
chemical composition: organics (green), sulfate (red), nitrate (blue), ammo-
nium (orange), and chloride (purple) of non-refractory submicron particle.

stances such as humic acid135. HULIS have various sources including primary
terrestrial sources, biomass burning, secondary organic aerosol formation, and
marine sources135,137–146.

Organic materials in general contribute ∼20–50% to the total fine par-
ticle mass at continental mid-latitudes and up to 90% in tropical forested
areas1,92,123,130,147,148. The major sources of organic particles include fossil fuel
combustion, biomass burning emission, and secondary organic formation130.
Biomass burning is a major source of atmospheric particles with the source
strength similar to fossil fuel burning149,150. Biomass burning aerosol particles
consist of a complex mixture of organics and inorganics and can reach to the
UT/LS region151–153. Another type of organic particles, known as secondary
organic aerosol (SOA), are formed by oxidation of both anthropogenic and
biogenic semi–volatile and volatile organic compounds (VOCs). SOA can also
contribute to a significant fraction of total organic particles1,92,130.
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Figure 1.3 shows an overview of chemical composition of particles with size
smaller than 1 µm measured by aerosol mass spectrometry at various locations
in the Northern Hemisphere1. Organic compounds found in the condensed
phase comprise a major fraction of the submicron particle mass ranging from
18–70% with an average of 45%, while sulfate accounts for 32% on average and
other compounds account for the rest1. Zhang et al.1 showed that oxygenated
organic aerosol components on average account for 64%, 83%, and 95% of
the total organic mass in urban, urban downwind, and rural/remote sampling
sites, respectively. Zhang et al.1 also frequently identified highly oxygenated
organic components that exhibit a mass spectrum similar to fulvic acid which
is a suggested model compound for highly oxidized organics present in the
atmospheric particles1,154.

Organic compounds in the particle phase were also often found in the
UT/LS region where temperatures favor ice formation2,155,156. For example,
Murphy et al.2 measured the chemical composition of individual particles using
a laser ionization mass spectrometer at altitudes between 5 and 19 km in
the Northern Hemisphere. As shown in Fig. 1.4, in situ measurements of
the chemical composition of individual particles reveal the existence of an
extremely diverse set of particles in the troposphere and the stratosphere.
The particles usually consist of both organics and sulfates (internally mixed)
with different ratios depending on the altitudes2. Murphy et al.2 showed
that in the stratosphere sulfates are dominated by a small fraction of organics
while in upper troposphere aerosol particles often contained much more organic
material than sulfate. Previous studies have shown that IN residues indeed
contain organic materials112,156–158. This indicates that these organic particles
could affect the initiation of ice crystal formation but the exact effects are not
yet clear.

1.3.3 Atmospheric Aging of Particles

During their atmospheric lifetime, particles provide surfaces on which low
volatility compounds can condense and reactive trace gas species can react.
The related processes, known as atmospheric aging, can change the particle’s
chemical and physical properties which subsequently can affect the efficiency
of the particle to serve as CCN and IN92,159–162. Particles can undergo dif-
ferent physical and chemical aging processes in the atmosphere including, but
not limited to: 1) condensation of SOA on pre-existing particles57,92, 2) con-
densation of hydrophilic material such as inorganic acids, e.g., H2SO4 and
HNO3

140,163,164, and 3) heterogeneous oxidation by atmospheric trace gases
such as O3, NO3, and OH92,161,162,164–168.

Previous studies have investigated the effects of aging processes on ice nu-
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Figure 1.4: Average profiles of the percentage of ion current in sulfate (A)
and organic (B) peaks measured using a laser ionization mass spectrometry
operate in the troposphere and the stratosphere in the Northern Hemisphere
as a function of potential temperature adapted from Murphy et al.2. Each
mass spectrum from an single particle was normalized to a total ion current
of 100%. Several sulfur-containing peaks were summed to establish the sulfate
signal.

cleation using laboratory-generated particles3,9,11,13,169–174. The condensation
of SOA on available pre–existing particles during transport may change their
chemical and physical properties11,57,92. For example, Möhler et al.11 found
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that the ice nucleation efficiency of mineral dust such as illite was significantly
suppressed by a coating of SOA stemming from the reaction of α–pinene with
O3. Particles become more hydrophilic due to the condensation of inorganic
acids thus affect the propensity to interact with water vapor13,170,172,173. This
process can facilitate the water uptake, but also destroy ice nucleation active
sites due to chemical reaction by the strong acids. For example, the coating
of H2SO4 can significantly decrease the ice nucleation efficiencies of mineral
dust170,173 and soot9.

Another atmospheric aging process is due to the heterogeneous oxidations,
i.e. gas–to–particle reactions, involving gas phase oxidants and radicals. In
general, heterogenous oxidation can lead to the addition of oxygenated func-
tional groups to the condensed phase organic fraction resulting in the increase
of oxidation state and hygroscopicity or lead to the volatilization of organic
compounds92,162,164,165. These reactions will alter the chemical and physical
properties of the particle’s surface and thus are expected to change the ice nu-
cleation efficiency of the particle. Only a few studies so far have investigated
the effect of organic particle oxidation on ice nucleation and those are limited
to temperatures above 240 K3,174. Both studies showed that oxidation of soot
by gas phase O3 does not significantly change corresponding ice nucleation
efficiencies compared to unoxidized soot particles3,174. In other ice nucleation
studies particles were chemically aged by exposure to liquid oxidative agents
such as hydrogen peroxide169 and nitric and sulfuric acid mixtures13. Clearly,
the effects of different atmospheric aging processes on ice nucleation from or-
ganic particles are insufficiently investigated.

1.3.4 Physical State of Particles

The physical state (phase) and morphology of aerosol particles play a cru-
cial role in determining their interaction with water vapor and thus affect
the abilities of the particles to serve as IN. Particles may adopt different
phase states including crystalline, liquid, and amorphous semi-solid and solid
(i.e. glassy)19,175. Depending on viscosity the amorphous state can be further
classified as glasses, rubbers, gels or viscous liquids176. A glass is an amorphous
solid which exhibits mechanical properties as a solid, but lacks the long-range
molecular order which is typical of the crystalline state177. The physical state
of atmospheric particles depends on the their chemical composition and sur-
rounding atmospheric conditions, such as temperature and RH 19,175,176,178.

Ice formation processes are very selective and one of the main require-
ments for IN is the insolubility requirement20, at least IN should be insoluble
or imcompletely dissolved to provide solid surfaces. Thus, the ice nucleation
efficiency of particles can show a strong sensitivity on initial particle phase
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states which also depend on composition, mixing state, and the surrounding
conditions6,19,46,50,175,176,178–180. Aqueous droplets or highly hygroscopic solu-
ble particles (e.g., H2SO4) without insoluble components may only freeze via
homogeneous ice nucleation whereas insoluble particles, such as mineral dust,
can nucleate ice via immersion freezing and deposition ice nucleation. The
importance of the phase state is also highlighted by recent observations that
the water soluble compounds ammonium sulfate and oxalic acid can nucle-
ate ice via deposition mode when being in a crystalline state6,50. Different
phases of organic particles may result in different interactions with water va-
por which in turn can influence particles to act as IN176. A recent study by
Murray et al.46 have shown that glassy citric acid particles at temperatures
below 212 K can nucleate ice via the deposition mode. But at temperatures
above 212 K, these citric acid particles adopt a liquid state and nucleate ice
homogeneously46. This indicates that the existence of different phase states
at different temperatures and RH can influence the ice nucleation pathways
of the particles.

As discussed above, not only the various ice nucleation pathways and the
complex nature of the particles but also atmospheric aging processes and par-
ticle phase states controlled by ambient temperature and RH, further compli-
cate the understanding of the effects of aerosol particles on cloud formation.

1.4 Ice Nucleation of Organics Particles

The efficiency of homogeneous ice nucleation from aqueous particles is well
constrained when the water activity of the aqueous solution is known whereas
the ice nucleation efficiencies of atmospheric aerosol particles via heterogenous
nucleation remain poorly understood20,33,66,89–91,115,116. In the atmosphere,
typical number concentration of IN ranges from ∼0.001 to 0.01 cm−3, although
values up to 1 cm−3 have been observed181. The very low IN number concen-
trations, compared with that of the total ambient aerosol, which can be as low
as 10 cm−3 in clean conditions, but are still four orders of magnitude higher
than the IN concentrations, presents unique measurement and modeling chal-
lenges.

Previous cirrus and mixed–phase cloud studies have shown that ice crystal
residues can contain organic material112,156,158,182–184, but the exact effect of
organics on ice nucleation is not clear. These field studies suggested that or-
ganic material may act as IN112,156,183 but also demonstrated that the organic
material can inhibit ice nucleation112,184,185. For example, DeMott et al.112 in-
vestigated the capability of particles to initiate cirrus clouds and showed that
both natural and anthropogenic particles contribute to the IN population.
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Figure 1.5: Blue squares represent ice nucleation onsets on kaolinite particles.
Reported heterogeneous ice nucleation onsets for laboratory generated prox-
ies of organic particles: I–soot aged by O3 from Dymarska et al.3; II–maleic
acid and mixed maleic acid-ammonium sulfate particles from Shilling et al.4;
III–glutaric acid and mixed glutaric acid-ammonium sulfate particles parti-
cles from Baustian et al.5; IV–crystalline oxalic acid in aqueous solution from
Zobrist et al.6; V–adipic acid from Prenni et al.7; VI–leonardite, oxalic acid,
sodium humic acid, and octyl-silica from Kanji et al.8; VII–soot coated with
sulfuric acid, and uncoated soot particles from Möhler et al.9; VIII–soot con-
taining different amounts of sulfur from Möhler et al.10; IX–Arizona test dust
coated by secondary organic aerosol (SOA), illite coated by SOA, pure SOA
from Möhler et al.11; X–soot, soot coated with a monolayer, and multiple lay-
ers of sulfuric acid from DeMott et al.12; XI–three different types of oxidized
soot surrogates from Koehler et al.13; XII–biomass burning particles from two
different studies from DeMott et al.14, Petters et al.15. Light grey shaded area
indicates bounds of continental cirrus formation from Heymsfield and Miloshe-
vich16. The RHice ranges between horizontal paired lines with corresponding
arrows indicate the lower limits for cirrus formation conditions in northern
( black dash-dotted lines) and southern hemisphere (pink dash-dotted lines)
from Ström et al.17 and Haag et al.18.
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Although these few in situ observations provided information of potential par-
ticles to serve as IN, the measurements were limited to a narrow range of
temperature and RH or were conducted at fix particle temperatures112,158,185.
There is still a shortage of information about the concentrations, sources, and
properties of IN in the atmosphere.

Early laboratory studies have already indicated that organic particles can
act as efficient IN but the measurements were limited to the determination of
temperature thresholds without information of corresponding RH 169,186–191.
More recent laboratory studies investigated the heterogeneous ice nucleation
efficiencies of different organic and organics-containing particles serving as
proxies of atmospheric aerosol particles4–9,12,14,15,46,49,117,119,158,171,174,192–201.

Figure 1.5 shows heterogeneous ice nucleation data from previous studies
using laboratory generated organic or organic-containing particles as proxies of
atmospheric aerosol particles3,4,6,8,11,14,15,158,171,196,199,200. Previous studies have
shown that various type organics can serve as efficient IN, such as insoluble
soil substances199,202, organic monolayer coatings on aqueous particles6,118,192,
certain dicarboxylic acid particles in the crystalline state4–6,48, and soot parti-
cles9,12,200,203,204. Zobrist et al.6 showed that oxalic acid dihydrate can act as
heterogeneous IN in immersion freezing. Maleic acid, mixed maleic acid am-
monium sulfate, and mixed glutaric acid ammonium sulfate particles when in
the crystalline state can nucleate ice via deposition nucleation at similar RHice

and temperatures compared to the clay mineral, kaolinite, which is known to
be an efficient IN4–6,48. Only a few studies have investigated the ice nucle-
ation ability of HULIS which can be a major component of organic aerosol
particles8,199. Kanji et al.8 showed that sodium humic acid and Leonardite
(humic acid) can nucleate ice via the deposition mode. However this study
was limited to 233 K.

However other laboratory studies also observed that certain organic parti-
cles are not efficient IN. For example, some dicarboxylic acids particles such
as adipic acid7,195 and complex organic particles from biomass burning14,15.
The majority of the laboratory studies indicate that carbonaceous particles
(soot and organic particles) are inefficient IN under conditions relevant for
cirrus formation which is shown as the gray area and regions indicated by
paired dash-dotted lines16–18. Only a small part of reported ice nucleation
data coincides with onset conditions relevant for cirrus formation16–18.

Although atmospheric aging of organic particles can affect particle com-
position which in turn may change their ice nucleation ability, so far only
two studies have investigated the effect of chemical aging on ice nucleation
activity3,174. Dymarska et al.3 indicated that oxidation of soot by O3 did not
have a significant effect on the heterogeneous IN ability of soot particles at
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temperatures above 240 K. Friedman et al.174 showed that oxidation of soot
and oleic acid coated soot particle by O3 also did not significantly change the
ice nucleation of the corresponding uncoated particles at temperature between
233 K and 258 K. Clearly, there is an urgent need for more laboratory studies
on the effect of chemical aging on ice nucleation ability of different organic
particles.

Since SOA contribute to a significant fraction of the global organic particle
budget, it is extremely important to understand their ice nucleation efficiency.
But prior to this work only two studies have investigated the ice nucleation
efficiency of SOA and both showed that pure SOA are not efficient IN11,171.
Möhler et al.11 showed that the coating of SOA stemming from the reaction of
α–pinene with O3 suppressed the ice nucleation of mineral dust. Furthermore,
only one study has investigated the ice nucleation efficiency of an amorphous
solid organic particle under conditions of the upper troposphere46. Murray
et al.46 showed that glassy citric acid particles at temperatures below 212 K
can nucleated ice via deposition mode. But at temperatures above 212 K, the
citric acid particles adopted a liquid state and nucleated ice homogeneously46.
More studies are needed to investigate the IN potential of amorphous organic
particles since recent studies have indicated that biogenic SOA can be semi–
solid and glassy at high temperatures205,206.

The above discussion shows that ice nucleation investigations are needed
using laboratory generated organic and organic-containing particles serving as
amorphous organic particle surrogates. Although laboratory generated prox-
ies may not perfectly represent atmospheric aerosol particles, these studies
can significantly contribute to a better description of the underlying physi-
cal processes leading to the formation of ice. In addition, atmospheric or-
ganic particles should also be investigated at conditions typical for cirrus and
mixed-phase cloud formation to infer ice crystal formation from complex, nat-
ural occurring aerosol particles. This combined approach allows to relate ice
nucleation efficiencies of controlled laboratory–generated IN with atmospheric
IN.

1.5 Thesis Objectives

Aerosol particles affect the climate indirectly through aerosol-cloud inter-
actions. The exact effects of aerosol particles serving as IN on the atmosphere
are still not well understood, due to the insufficient understanding of the un-
derlying ice nucleation mechanisms and the complex nature of atmospheric
particles. This Ph.D. thesis focuses on heterogeneous ice nucleation and water
uptake by various types of organic and organic-containing aerosol particles and
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addresses the three main questions outlined below.
First, can organic particles from biomass burning serve as IN? How ef-

ficient and to what extent does oxidation by O3 change the ice nucleation
ability of these particles? Second, can organic particles from secondary or-
ganic formation serve as IN? How do the phase and oxidation state of these
particles affect their ice nucleation efficiency and water uptake? Third, how do
real atmospheric aerosol particles from different urban environments behave in
terms of ice nucleation? To address these three questions, this thesis focuses
on the following objectives: 1. Determination of heterogeneous ice nucleation
and water uptake by laboratory–generated Suwannee river standard fulvic acid
(SRFA) and Leonardite standard humic acid (Leonardite) particles serving as
surrogates of HULIS in atmospheric particles and the effect of particle oxida-
tion by O3 on corresponding IN efficiencies. 2. Determination of heterogeneous
ice nucleation and water uptake by amorphous SOA particles with different
O/C ratios generated from naphthalene serving as anthropogenic precursor
gas. 3. Determination of heterogeneous ice nucleation and water uptake by
particles impacted by anthropogenic and marine sources collected within and
around the urban environments of Los Angeles and Mexico City. The results
from these three objectives are presented in Chapter 4, 5, and 6, respectively.
The major findings are summarized and an outlook is given in Chapter 7.
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Chapter 2

Theory of Ice Nucleation and
Phase State of Particle

2.1 Water Vapor Pressure

An aerosol particle interacts with surrounding water vapor. When the
water or ice vapor pressure of the particle is lower than ambient water vapor
partial pressure, water uptake or ice deposition can occur. If it is greater, water
evaporation or ice sublimation can proceed. The measurements of water vapor
pressures over supercooled water are difficult in part due to homogeneous
freezing of supercooled water at temperatures below 235 K. But also larger
water samples will freeze at significantly higher temperatures rendering these
experiments very challenging. Therefore, for temperatures as low as 180 K, the
description of water vapor pressures over supercooled water and ice depends
on indirect measurements of molar heat capacity and the use of a physical
model. The most recent updated parameterizations for the saturated water
vapor pressure over a plane water and ice surfaces are provided by Murphy
and Koop25 as described below.

The saturated water vapor pressure over a plane supercooled water surface
(p0w) for 123 K < T < 332 K is calculated using the following equation with
temperature (T) in K and pressure in Pa,

ln(pw) ≈ 54.842763 − 6763.22/T − 4210ln(T ) + 0.000367T

+ tanh(0.0415(T − 218.8))(53.878 − 1331.22/T (2.1)

− 9.44523ln(T ) + 0.04025T ).

The saturated water vapor pressure over a plane surface of ice (p0ice) is
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calculated using the following equation for T > 110 K,

ln(pice) = 9.550426 − 5723.265/T + 3.53068ln(T ) − 0.00728332T. (2.2)

Small ice crystals and water droplets less than few micrometers have higher
vapor pressures than bulk phases due to the Kelvin effect. At 200 K, the differ-
ences are ∼ 0.5% to 5% for particles with 1 to 0.1 µm, respectively. At higher
temperatures, the differences are smaller25. For the investigated temperature
range in this study, these differences are smaller than the experimental uncer-
tainties.

The formation of a liquid droplet or an ice crystal in the atmosphere de-
pends on saturation or relative humidity and temperature. The saturation
ratio with respect to water (S) and to ice (Sice) and relative humidity with
respect to water (RH) and to ice (RHice) can be calculated using the following
equations:

S =
pw

p0w(T )
, (2.3)

Sice =
pw

p0ice(T )
, (2.4)

RH =
pw

p0w(T )
× 100%, (2.5)

RHice =
pw

p0ice(T )
× 100%, (2.6)

where pw(T ) and pice(T ) are the saturation vapor pressures over ice and water,
respectively. pw is the water vapor partial pressure. In this thesis, pw in the
ice nucleation experiments is determined by measuring the dew point (Td).
p0w(T ), p0ice, and p0w(Td) are calculated using the parameterizations given by
Murphy and Koop25 as described above.

2.2 Phase State of a Particle

The physical state and morphology of aerosol particles play a crucial role
in determining their interaction with water vapor. Water uptake and release
will affect the water content of the particle which eventually determines the
ice nucleation pathway. This section briefly demonstrates the phase states,
the changes in phase state caused by water uptake and release, and the glass
transition of organic particles.
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Figure 2.1: The approximate viscosities (η) and images for representative sub-
stances at room temperature adapted from Koop et al.19. The molecular
self-diffusion coefficient Dorg can be derived from η. In the lower panel the
corresponding e-folding times of equilibration as function of particle size are
shown.

2.2.1 Amorphous State of an Organic Particle

Aerosol particles may adopt different phase states including crystalline, liq-
uid, and amorphous semi-solid and solid which are determined by particle com-
position, viscosity, mixing state, temperature, and humidity19,46,175,176,178,180,205.
The amorphous states of organic particles are discussed in this section.

Viscosity (η), in units of Pa s, can be used to distinguish between liquid
(102 Pa s), semi-solid (102–1012 Pa s), and solid (>1012 Pa s) states19,207. The
approximate viscosities (η) of several familiar substances at room temperature
are shown in Fig. 2.1. The molecular self-diffusion coefficients (Dorg) are also
shown in the lower panel. η spans over fifteen orders of magnitude from liquid
water (10−3 Pa s), viscous liquids such as honey (10 Pa s), semi-solids such as
peanut butter (103 Pa s) and tar pitch (108 Pa s), and to amorphous solids such
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as glass marbles (>1012 Pa s)19. An amorphous substance with η larger than
1012 Pa s is termed glass which exhibits mechanical properties as a solid, but
lacks the long-range molecular order which is typical of a crystalline state177.

Recent studies have shown that atmospheric organic and organic-containing
particles can adopt an amorphous semi-solid or solid (i.e. glassy) state rather
than a liquid state19,176,180,205. For example, atmospheric relevant organic com-
pounds such as carboxylic acids, carbohydrates, and substances with high
molecular weight can adopt amorphous states at room temperature176,208.
Laboratory studies have shown that atmospherically relevant organic aque-
ous droplets can also be transferred into a glassy state by cooling or dry-
ing19,46,176,180. Recently, it has been shown that SOA particles formed from
the oxidation of biogenic VOCs can adopt amorphous semi-solid or solid states
at room temperature205,206.

In the lower panel of Fig. 2.1, the characteristic time of mass-transport
and mixing by molecular diffusion (τe) in an aerosol particle as a function of
particle size and D are shown according to

τe =
dp

2

4πD
, (2.7)

where dp is the particle diameter and D is diffusion coefficient207. For water
partitioning in the aerosol particle, τe is the e-folding time of equilibration,
i.e., the time after which the concentration in the particle core deviates by
less than a factor of 1/e from the equilibrium value. For example, an organic
particle with a diameter of 100 nm and η of 108 Pa s (similar to peanut but-
ter) would have a τe less than 1 s. The diffusion coefficient of water (DH2O)
in a glassy particle is typically about 10−10-10−12 cm2 s−1 at room tempera-
ture209,210. DH2O is significant smaller at lower temperatures. For example,
DH2O is less than 10−17 cm2 s−1 at 200 K209,210. Thus, the diffusion of water
into amorphous semi-solid or solid organic particles and water uptake by the
particles is extremely slow at low temperatures. For example, assuming an
organic particle with a diameter of 100 nm and DH2O of 10−17 cm2 s−1, the
e-folding times of equilibration will be more than one day as shown by the
green arrow in the lower panel of Fig. 2.1.

2.2.2 Water Uptake and Release

This section briefly discusses how water uptake and release change the
physical state of a particle. Figure 2.2 demonstrates the water uptake and
release by aerosol particles with different phases due to an increase or decrease
of surrounding RH 176.
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Figure 2.2: (a,b) water uptake and release by a liquid particle with negligi-
ble water vapor pressure; (c,d) water uptake by a crystalline solid particle
and water release by an aqueous droplet to its original crystalline state; (e,f)
amorphous solid particles showing humidity-induced glass transition adapted
from Koop et al.19.

The change in particle mass as a function of RH is shown in Fig. 2.2. As
shown in Figs. 2.2a and 2.2b, upon increase of RH, an aqueous (liquid) droplet
will take up water vapor until the condensed phase is in equilibrium with the
gas phase, i.e. the water partial pressure in the aqueous droplet equals the
water partial pressure in the gas phase. Further increase in RH leads to water
uptake by the aqueous droplet following a single curve. Upon decrease of RH,
the aqueous droplet will lose water following the exact same curve resulting in
an smaller aqueous droplet.

Figures 2.2c and 2.2d demonstrate water uptake by a crystalline solid par-
ticle and water release by an aqueous droplet in which the droplet returns
to its original crystalline state. Upon increase of RH, crystalline particles
will adsorb a small amount of water at the surface leading to microstructural
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rearrangements of the particle surface. Bulk absorption of water may occur
resulting in dissolution of the crystalline particles and complete deliquescence
at a specific DRH. In reverse, upon decrease of RH, aqueous droplets will
release water. When RH is below the DRH, small particles normally do not
recrystallize readily but remain in a metastable liquid state. Crystallization
is kinetically hindered. Below a specific RH (efflorescence relative humidity,
ERH), particles will crystallize and return to a crystalline solid state. As a
consequence of deliquescence and efflorescence at different RH, the particles
experience a hysteresis effect when subject to hydration and dehydration cy-
cles.

Figures 2.2e and 2.2f demonstrates water uptake and release of particle
in an amorphous solid (i.e. glassy) state. Amorphous solid organic particles
may absorb water vapor and tend to undergo gradual deliquescence compared
to the prompt deliquescence transition of crystalline particles209,210. Upon
increase of RH, the water accommodation and uptake occur only at the out-
ermost layers of the amorphous solid particle, due to the exceedingly small
diffusion coefficient of water (DH2O) into the solid particles19,209,210. Upon
further increase in RH the outermost layers will absorb more and more water
vapor which reduces the particle’s viscosity and increases the flux of water into
semi-solid/solid particle from the gas phase. This process is termed a humidity-
induced glass transition and indicates that at some humidity level significant
water uptake occurs and the solid particle turns into a liquid19,176,205. Upon
drying, the liquid particle becomes more and more viscous because the solute’s
concentration increases, which in turn reduces DH2O. At a certain point DH2O

becomes sufficiently small to prevent water molecules in the interior of parti-
cle from escaping and only the water molecules in the outermost region of the
liquid particle manage to leave. This process would lead to the formation of a
highly viscous shell and to a solid shell at even lower humidity and a core which
can still contain water. These processes depend on the rate of humidification
or drying because of the effects of the bulk diffusion kinetics of water vapor.
For example, if a smaller RH rate change is used the particle has more time
to absorb water upon humidification and release water upon drying which can
lead to a smaller glass transition RH value19.

2.2.3 Glass Transitions of Organic Particles

Aerosol particles in an amorphous semi-solid/solid state or with amorphous
solid shells may be kinetically limited to interact with water vapor, and this
influences how these particles act as IN46,179,209. It has been shown that aque-
ous organic and multi-component organic particles can form glasses and this
may affect cirrus cloud formation processes at low temperatures in the UT/LS
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region46,179,180,211. Thus, it is necessary to determine the phase transition of
organic particles.

As discussed above, water uptake by amorphous solid particles or water
release from aqueous droplets may involve intermediate semi-solid stages dur-
ing the glass transition. Previous studies have also shown that aqueous or-
ganic particles upon drying or exposure to low temperatures can form glassy
states46,176,179,180,209,210. The temperature at which a glass transition occurs
is the glass transition temperature (Tg)

19,177,180,209. The glass transition is a
non-equilibrium transition which occurs over a temperature range rather than
a classical first-order transition with a well thermodynamically defined tem-
perature point19.

Tg will be used as a representative temperature below which an amorphous
organic particle exhibits solid properties and above which the organic particle
is likely to be in a semi-solid state. Various factors may affect or control Tg
of organic particles including the molar mass, oxygen-to-carbon (O/C) ratio,
mixing state, and ambient RH. Koop et al.19 suggested that, in addition to
temperature, molar mass, and water content are much more important than
the O/C ratio for characterizing whether an organic particle is in a liquid,
semi-solid, or solid state. In general, organic particles with higher molar mass
exhibit higher Tg. Water which exhibits a Tg of 136 K can serve as a plasticizer
in aqueous organic droplets and thus reducing the Tg of the pure dry organic
component19. Higher water content in the organic particle or at higher humid-
ity condition, the water will decrease the Tg of the particles. This indicates
that it requires lower temperature for particles with higher water contain to
transform into a solid (glassy) state. The humidity effect on Tg for organic
particles is briefly discussed according to Koop et al.19.

To predict Tg of an organic particle as a function of RH, three parameters
are required including particle hygroscopicity, a parameter representing the
interaction between water and organic solute, and a glass transition temper-
ature of the dry organic component (Tg(dry)). Particle hygroscopicity can be
described via water activity (aw) as a function of organic solute concentration.
If no or limited aw data are available, there are various approaches to predict
aw. A widely used method is based on the effective hygroscopicity parameter
(κorg) or the van’t Hoff factor (iorg) of the organic particle as follows:

aw = (1 + iorg
norg

nw

)−1 , (2.8)

aw = (1 + κorg
ρw
ρorg

Morg

Mw

norg

nw

)−1 , (2.9)

25



where ρ is the density, M is molar mass, and n is the number of moles of water
or organic in the particle; the indices w and org refer to water and the organic
solute, respectively.

Tg of an organic particle can be derived using the formulation developed
by Gordon and Taylor212:

Tg(worg) =
wwTg,w + worgTg(dry)/kgt

ww + worg/kgt
, (2.10)

where ww and worg are the mass fractions of water and organic, Tg,w and
Tg(dry) are glass transition temperatures of pure water and dry organic, re-
spectively, and kgt is the Gordon-Taylor constant specific for this water-organic
system.

At equilibrium conditions, the RH equals aw. If iorg and Morg are known,
norg and nw can be derived from aw using Eq. 2.8. The mass fractions of
water and organic (ww and worg) can also be converted from norg and nw.
Then, if Tg,org(dry) and kgt are known, Tg(RH) can be calculated using Eq.
2.10. Similar to this method, if κorg, ρorg, Morg, kgt, and Tg(dry) are known,
Tg(RH) can also be derived using Eq. 2.9 and 2.10. As an example, aqueous
citric acid which can form a glass at 212 K exhibits kgt of 3.18. iorg for the citric
acid can range from 1.0 to 3.2 at infinite dilution, i.e. approaching 100%RH
and at the nearly pure citric acid particle, respectively.

Figure 2.3 shows the range of predicted Tg as a function of relative humidity
for SOA using different iorg, kgt, and Tg(dry) as suggested by Koop et al.19. For
example, the blue line shows the predicted Tg if SOA has iorg, kgt, and Tg(dry)
of 1.0, 2.5, and 270 K, respectively. The Tg of a particle decreases as RH
increases. Above the blue line, this SOA particle will exhibit an amorphous
semi-solid or liquid state. At conditions with temperature and RH in the gray
area as shown in Fig. 2.3, SOA particles will adopt a solid state. According
to Fig. 2.3, the phase state of SOA particle can be precisely determined if
the uncertainties in predicted Tg are significantly reduced. The uncertainties
in predicted Tg are mainly due to a lack of data for the required parameters.
Currently, there are only limited data available for atmospherically relevant
organic compounds to predict Tg of aerosol particles. Clearly, if the Tg of
atmospheric organic or organic containing aerosol particle is well known, this
will advance the understanding of the interaction between particles and water
vapor and thus cloud formation processes.
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Figure 2.3: Predicted Tg as a function of relative humidity for SOA using
various parameter values for iorg, kgt, and Tg(dry) adapted from Koop et al.19.
The number on each line indicates the values of the parameters.

2.3 Theoretical Description of Ice Nucleation

As discussed in Chapter 1, the description of heterogeneous ice nucleation
as a stochastic or deterministic process is debated. In this study, the ex-
perimentally derived ice nucleation data are analyzed using both CNT and
SH approaches allowing either approach to be implemented in cloud resolving
models for further validation and sensitivity experiments. The parameter, IN
activated fraction, commonly found in the literatures, is also derived to allow
comparison with other studies.

2.3.1 Classical Nucleation Theory

Classical nucleation theory (CNT) provides a physical description of ice
nucleation applying independent thermodynamic variables such as tempera-
ture and saturation20. CNT treats the formation of an ice cluster as water
molecules from a liquid or gas phase joining or leaving the cluster randomly
and provides nucleation rate coefficients or nucleation rates by determining the
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change in the Gibbs free energy of ice germ formation. A drawback of CNT is
given by its main assumptions that microscopic ice cluster properties can be
expressed by macroscopic properties such as density and surface tension. The
main theoretical descriptions and equations presented here are derived from
Pruppacher and Klett20. Ice germ formation via homogeneous nucleation from
supercooled water is presented first and then extended for the description of
heterogeneous ice nucleation.

Homogeneous ice nucleation

In a pure supercooled water droplet, the change in Gibbs free energy (∆Gi)
due to the formation of a spherical ice cluster containing i molecules can be
defined as

∆Gi = (µs − µl)i+ 4πr2σsl , (2.11)

where µs and µl are chemical potentials of the solid (ice) and the liquid phase,
respectively. σsl is the surface tension between the solid and the liquid phase.
r is the radius of the ice cluster. The number of molecules, i, is determined as

i =
4πr3

3vs
, (2.12)

where vs is the volume of one molecule in the solid phase. The difference in
the chemical potentials can be expressed as

µs − µl = −kT lnS , (2.13)

where k is Boltzman’s constant, T is absolute temperature, and S is the sat-
uration ratio.

∆Gi can be rewritten using Eq. 2.13 and Eq. 2.12 as

∆Gi = −4πr3

3vs
kT lnS + 4πr2σsl . (2.14)

The nucleation of an ice germ depends on the transfer of water molecules
between the liquid and the solid phase which determines the size of ice cluster.
The first term in Eq. 2.14 describes the change in Gibbs free energy due to
the transfer of molecules from the liquid to the solid phase. The second term
describes the change in Gibbs free energy due to the formation of the cluster
surface, i.e. establishing an interface between ice and the aqueous phase.

Figure 2.4 demonstrates an example of ∆G as a function of saturation
ratio (S) and cluster size (r). In a subsaturated environment (i.e. S<1), ∆G
increases with increasing r. Thus, an ice cluster will not grow larger and so
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Figure 2.4: The change in Gibbs free energy (∆G) due to the formation of an
ice cluster as a function of saturation ratio (S) and cluster size (r).

ice nucleation is not favored. Under supersaturated conditions (i.e. S>1), ∆G
increases initially with increasing r due to the formation of a solid surface
but decreases once the ice cluster reaches the critical size (r∗) due to the
compensation by the formation of the solid phase. For example, in the case of
S1 as shown in Fig. 2.4, the ice cluster can overcome the energy barrier (∆G∗1)
and grow spontaneously, resulting in ice formation once it reaches the critical
size (r∗1). The r∗ can be determined by setting the derivative of the ∆G∗ to
zero. Then, ∆G∗ at r∗ can be derived as

∆G∗ =
16π

3

v2sσ
3
sl

(kT lnS)2
. (2.15)

An increase in the saturation ratio (S2 > S1) will reduce the critical size and
the energy barrier to r∗2 and ∆G∗2, respectively.

According to CNT, the homogeneous ice nucleation rate coefficient, Jhom,
measures the number of ice germs formed per unit of volume and per unit of
time and is defined as

Jhom = A · exp(
−∆Gd

RT
) · exp(

−∆G∗hom
kT

) = A · exp(−∆Gact,hom

kT
) , (2.16)

where A is a pre-exponential factor and ∆Gact,hom is the activation energy
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required for the formation and growth of an ice germ. ∆Gact,hom consists of
∆G∗hom and ∆Gd. ∆Gd is the molar Gibbs free energy of activation for diffusion
of water molecules across the liquid-to-ice boundary and ∆G∗hom is the change
in Gibbs free energy due to the formation of critical size ice germ.

Heterogeneous ice nucleation

According to CNT, heterogeneous ice nucleation is the stochastic process
in which a foreign particle increases the probability for the formation of an ice
germ20. In other word, the presence of an ice nucleus can lower the energy
barrier (∆G∗) without disturbing the stochastic nature. Thus, the theoretical
description of heterogeneous ice nucleation is an extension of that for homo-
geneous ice nucleation with additional treatments involving the ice nucleus.

Considering a spherical cap of ice germ on the solid surface of an ice nucleus
which is immersed in a supercooled water droplet (i.e. immersion freezing), the
ice cluster is bounded with the other two phases, i.e. the liquid water and the
solid surface on which the ice cluster is resting as shown in Fig. 2.5. If there
is no net force component along the solid surface, this mechanical equilibrium
condition is given by

σsl · cos(θ) = σln − σsn , (2.17)

where θ is the contact angle for the ice cluster on the surface of the ice nucleus.
θ characterizes the relationship of the surface tensions between the ice nucleus,
ice cluster, and liquid water. Further, the compatibility parameter or wetting
coefficient, m, is introduced and defined as

m = cos(θ) =
σln − σsn

σsl
. (2.18)

∆Gi for the formation of an ice cluster with i molecules, which accounts
for all the surface tensions, can be described as

∆Gi = (µs − µl)
Vi
vs

+ Aslσsl + Asn(σsn − σln) , (2.19)

where Vi is the total volume of the spherical cap of ice germ; σsl, σsn, and σln
are the surface tension of ice-liquid, ice-nucleus, and liquid-nucleus interface,
respectively; Asl and Asn correspond to the area of the ice-liquid and ice-
nucleus interfaces, respectively. These variables are geometrically described
as

Vi =
πr3

3
(2 +m)(1 −m) , (2.20)

Asl = 2πr2(1 −m) , (2.21)
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Figure 2.5: The mechanical equilibrium condition for a spherical cap of ice
germ on an ice nucleus surface. θ is the contact angle adapted from Pruppacher
and Klett20. σsl, σsn, σln are the surface tension of ice-liquid, ice-nucleus, and
liquid-nucleus, respectively. σsl · cos(θ) balances the difference of σln and σsn.

Asn = πr2(1 −m2) . (2.22)

Combination of the equations described above, ∆Gi can be rewritten as

∆Gi = f(m)

[
−4πr3

3vs
kT lnS + 4πr2σsl

]
, (2.23)

where

f(m) =
(2 +m)(1 −m)2

4
. (2.24)

The energy barrier for the heterogeneous nucleation of the ice germ (∆G∗het)
can then be derived as

∆G∗het = f(m)

[
16π

3

v2sσ
3
sl

(kT lnS)2

]
= ∆G∗hom · f(m) . (2.25)

This indicates that the presence of an ice nucleus can lower the energy barrier
for homogeneous nucleation (∆G∗hom) by a factor of f(m) which is controlled
by θ. For this reason, heterogeneous ice nucleation proceeds at warmer tem-
peratures and lower supersaturations than homogeneous ice nucleation. In
general, 0 ≤ f(m) ≤ 1, confirming that the presence of an ice nucleus can
lower the ∆Ghom. If f = 0, there is no energy barrier to nucleation. If f =
1, then ∆Ghet = ∆Ghom and so ice nucleates homogeneously. Thus, θ is a
key parameter in determining the nucleation efficiency of the ice nucleus. A
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smaller θ and thus smaller f(m) corresponds to a more efficient ice nucleus.
Finally, the heterogenous ice nucleation rate coefficient, Jhet, which mea-

sures the number of ice germs formed per unit of ice nucleus surface and per
unit of time is given as

Jhet = A · exp(
−∆Gd

RT
) · exp(

−∆G∗het
kT

)

= A · exp(
−∆Gd

RT
) · exp

[
−∆G∗hom
kT

· f(m)

]
. (2.26)

For the deposition mode ice nucleation (i.e. ice nucleation directly from
the supersaturated water vapor), the derivation of Jhet is analogous to that of
immersion freezing (Eq. 2.26). The equations for deposition ice nucleation of
Jhet and ∆G∗het will hold if σsl is replaced by surface tension between ice and
vapor (σsv), σln is replaced by surface tension between vapor and ice nucleus
(σvn), and the ∆Gd is replaced by the molar Gibbs free energy of activation
for diffusion of water molecules across the vapor-to-ice boundary.

As shown above, θ would be the most straightforward parameter to com-
pare the ice nucleation efficiencies of different types of IN. But the direct
measurements of θ or corresponding surface tensions are extremely difficult to
make especially at this microscopic scale and low temperatures.

In this study, Jhet for the investigated aerosol particles, which can be used
to predict ice crystal production rates, are derived from the experimental data.
Then θ values are determined from the experimentally derived Jhet according
to CNT. The analytical method to derive experimental Jhet has been used
and described in detail in previous studies197,213,214 and thus is only briefly
described here.

Different numbers of ice nucleation events may occur within a given tem-
perature interval, ∆T . Jhet at T i within the ith temperature interval, is derived
using the following formula,

Jhet
(
T i
)

=
ni
f

titot · Si
, (2.27)

where ni
f is the number of observed ice nucleation events and titot · Si is the

product of the total observation time and the particle surface area available
for ice nucleation within the ith temperature interval. The product titot · Si is
defined by the sum of contributions from the samples which remain unfrozen
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and those nucleated ice in the ith temperature interval according to

titot · Si =

ni
f∑

j=1

(
T i
st − T i

f,j

cr
)Si

j +
∆T

cr
Si
uf , (2.28)

where ni
f is the number of ice nucleation events within the ith temperature

interval, T i
st is the start temperature of the ith temperature interval, T i

f,j is
the freezing temperature of the jth nucleation event, Si

j is the particle surface
area of the jth ice nucleus, cr is the cooling rate used in the experiments, and
Si
uf is the total particle surface area that remain unfrozen until the end of the
ith temperature interval. This yields Jhet. m and thus θ can be derived from
Jhet using Eq. 2.26, 2.15, and 2.24.

2.3.2 Singular Hypothesis

The singular hypothesis (SH) assumes that heterogeneous ice nucleation
occurs on active sites located on the particle surface which become active at
characteristic temperatures. This description is time-independent and hence
is also termed “deterministic”. This approach provides an overall phenomeno-
logical explanation of the heterogeneous ice nucleation process20,107,215. Since
it is a time-independent approach, cumulative IN spectra, K, in units of cm−2,
are used to describe the heterogeneous ice nucleation process107 instead of a
nucleation rate. At a specific temperature, K indicates the total number of ac-
tive sites which are activated and form ice germs at all warmer temperatures.
Thus, only a specific number of IN will nucleate ice at a constant temperature.

The analytical method applied here to derive K(T ) for a description of
deposition ice nucleation is similar to the methods described in previous stud-
ies107,110,119,216. K(T ) can be derived representing the number of ice active
sites on the particle surface which have nucleated ice between temperature,
T , and the temperature (T0) which corresponds to RHice =100%. K(T i) at
temperature, T i, is derived from the differential ice nuclei spectrum, k(T i).
For the ith temperature interval, k(T i) is defined as the ice active surface site
density for a unit of particle surface area according to

k(T i) =
1

Si
tot

ni
f

∆T
, (2.29)

where Si
tot is the total particle surface area that remains unfrozen at the start

of the ith temperature interval107, and ni
f is the number of ice nucleation events

in the ith temperature interval. Numerically integrating k(T i) from the tem-
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perature at which RHice =100% to T i, results in

K(T i) =

Ti∑
Td

ni
f

Si
tot

, (2.30)

where K(T i) indicates the density of active sites which had nucleated ice for
temperatures higher than T i. Since there is no fundamental underlying physi-
cal principle available for the SH approach, the resulting dependency of K on T
cannot be microphysically interpreted, but serves as an empirical description.

2.3.3 IN Activated Fraction

IN activated fraction, i.e. the ratio of particles activating ice formation
to total particle number, is a measure commonly used to describe the ice
nucleating efficiency of particles, neglecting the information of particle surface
area112,217. This parameter is often reported from cloud chamber experiments,
such as a continuous flow diffusion chamber112. In addition to Jhet and K(T ),
the IN activated fractions at measured ice nucleation onsets are also provided
for comparison with other studies. The optical microscope based technique in
this study is sensitive to each individual ice nucleation event. Thus, the IN
activated fraction reported here is mainly defined by the number of deposited
particles on the substrates.
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Chapter 3

Experimental Methods

3.1 Particle Generation and Collection

3.1.1 Laboratory–Generated Particle Samples

Unexposed and O3–Exposed HULIS Particles

Micrometer-sized particles of Kaolinite, SRFA, and Leonardite were dry-
deposited onto a hydrophobically coated glass substrate from a tip of a syringe
using ultra high purity N2 as a carrier gas. SRFA, and Leonardite particles
served as surrogates of HULIS typically found in atmospheric particles. Kaoli-
nite particles, known to be an efficient IN, were used to validate the experimen-
tal method. The hydrophobic coating (a monolayer of dichlorodimethylsilane)
renders any effect of the substrate on ice nucleation negligible. The diameters
of the deposited particles were less than 10 µm, with a mean diameter of 2–3
µm as determined using an optical microscope (OM). All particle samples were
prepared in a clean bench to avoid sample contamination by ambient particles.

Oxidation of SRFA, and Leonardite particles by O3 was conducted using
a flow reactor as shown in Fig. 3.1. To generate O3, ultra high purity N2(g)
and O2(g) were first passed through a hydrocarbon gas trap and subsequent
cold trap at 198 K for further purification. O3 was generated by passing
the O2(g) through an ultraviolet source operated at 254 nm (Jelight Inc.)
and subsequently mixed with a dry N2(g) flow. The O3–containing flow was
introduced into a flow reactor consisting of a 35 cm long denuder with inner
diameter of 2 cm in which the particle samples or blank substrates were placed.
An O3 monitor (2B Technologies) working at atmospheric pressure was used
to measure the concentration of O3 every 10 seconds based on the absorption
of UV light by O3 at 254 nm. The particle samples were exposed to O3

concentrations of ∼85 ppm for 3 hours in the flow reactor at 54 hPa which
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Figure 3.1: The experimental setup for exposing particles to O3. O3 generation
and quantification are conducted at 1 atm. Aerosol oxidation experiments are
performed in a flow reactor at 54 mbar.

yields an atmospheric O3 exposure of 4.8 × 10−2 atm s. This atmospheric
exposure is equivalent to exposure of particles at ∼40 ppb O3 for about 2
weeks.

Secondary Organic Aerosol Particles

In collaboration with Boston College and Aerodyne Research. Inc., the
generation and collection of amorphous SOA particles from precursor gas were
conducted at Boston College.

SOA particles were generated via gas-phase oxidation of naphthalene with
OH radicals and O3, followed by homogenous nucleation. Figure 3.2 shows the
simplified schematic sketch for SOA generation and collection. Input lines 1
and 2 provide carrier gases (N2 and O2) and OH radical precursors (O3 and
H2O) with a total flow rate of 9.0 L/min. Line 3 provides the SOA precur-
sor gas, naphthalene. Naphthalene vapor was introduced into the Potential
Aerosol Mass (PAM) flow reactor by passing N2 gas over solid naphthalene
placed in a Teflon tube.

The PAM flow reactor is a horizontal 15 L glass cylindrical chamber, 46 cm
long and 22 cm inside diameter. Four mercury lamps are mounted in teflon–
coated quartz cylinders inside the chamber and provide ultraviolet (UV) lights
for the generation of OH radicals. Prior to each experiment, the PAM flow
reactor was conditioned with OH. The OH exposure is the product of OH con-
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Figure 3.2: The schematic sketch of experimental setup for SOA generation
and collection adapted from Lambe et al.21. As indicated, input lines 1 and 2
provide carrier gases (N2 and O2) and OH radical precursors (O3 and H2O).
Line 3 provides precursors for SOA production, in this thesis, naphthalene.
lpm represents flow unit, liter per minute

centration and average residence time in the PAM and is varied by changing the
UV light intensity via stepping UV lamp voltages between 0 and 110V. Typical
OH exposures ranged from (1.6±0.8) × 1011 to (2.5±0.5) × 1012 molec cm−3 s.
Exposures in this range are equivalent to 1–20 days of atmospheric exposure
assuming an average atmospheric OH concentration of ∼1.5 × 106 molec cm−3.
This PAM flow reactor can produce SOA particles with various O/C ratio from
0 to 1.5. Experiments were conducted at RH of ∼30±5% depending on the
temperature in the PAM flow reactor (22–32◦C) at different UV lamp settings.

A four-stage Sioutas cascade impactor (SKC Inc.) was used for SOA par-
ticle collection. Figure 3.3A shows a simplified sketch of this impactor for
aerosol particle collection and Fig. 3.3B shows the cascade impactor used in
this study. The Sioutas cascade impactor consists of four impaction stages
and one filter stage. Each impaction stage consists of an accelerator plate
with specified nozzles and a collector plate. At each stage, the particle-laden
air jets impinge upon the collector plate and particles larger than the cut–off
point of this stage will be collected. Smaller particles in the air jet will follow
the air streamlines and proceed to the next stage. Particles are separated and
collected in the following aerodynamic particle diameter ranges: 0.25–0.5, 0.5–
1.0, 1.0–2.5, and 2.5–10 µm. Particles smaller than 0.25 µm can be collected
on the final filter stage.

SOA particles were collected on a hydrophobically coated glass substrate
attached on the fourth stage of the cascade impactor. A glass substrate (in the
red circle) attached to the collector plate is shown in Fig. 3.3C. The 50% cut–
point of the fourth stage is 0.25 µm at an operational flow rate of ∼9 L/min.
This flow rate was achieved by combining a high purity N2 flow (3.5 L/min)
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Figure 3.3: (A) A simplified sketch of a impactor illustrating the impaction of
aerosol particles (B) A four-stage Sioutas cascade impactor. (C) A hydropho-
bically coated glass substrates attached to the fourth impaction stage of the
impactor. (D) A typical optical microscope (OM) image of the collected SOA
particles on a glass substrate.

and the SOA particle–containing flow from the PAM flow reactor (5.5 L/min)
as shown in Fig. 3.2. In this study, three different types of SOA particle with
O/C ratios of 0.27, 0.54, and 1.0 were generated and collected for ice nucleation
and water uptake experiments. An optical microscope (OM) image of SOA
particles with an O/C ratio of 0.54 is shown in Fig. 3.3D.

During particle collection, the mass spectra of SOA particles were mea-
sured using an Aerodyne time-of-flight aerosol mass spectrometer (ToF-AMS)
to the provide O/C ratio of the particles. The particle size distribution was
measured using a scanning mobility particle sizer (SMPS) combined with con-
densation particle counter (CPC). CCN activities of the SOA particles were
also measured using a continuous flow CCN counter (CCNC). The particles
were size-selected by a DMA (Differential Mobility Analyzer) prior to CCN
measurements.

3.1.2 Field-Collected Particle Samples

Various types of authentic atmospheric particles were collected during the
CalNex (California Research at the Nexus of Air Quality and Climate Change,
2011)218 and the MILAGRO (Megacity Initiative: Local and Global Research
Observations, 2006)219 field studies for the heterogeneous ice nucleation and
water uptake experiments and detailed micro–spectroscopy particle analy-
ses by using computer controlled scanning electron microscopy with energy
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Figure 3.4: (A) A map of study area during MILAGRO campaign showing the
locations of T0, T1, and T2 sampling sites adapted from Doran et al.22. (B)
Blue and red lines indicate 12 hour back trajectories ending at the T1 and T2
sites, respectively.

dispersive analysis of X–rays (CCSEM/EDX) and scanning transmission X–
ray microscopy with near edge X–ray absorption fine structure spectroscopy
(STXM/NEXAFS).

MILAGRO Campaign

During the MILAGRO 2006 campaign, particle samples in the size range
of 0.3-2.5 µm were collected at T0, T1, and T2 sampling sites. As shown
in Fig. 3.4A, the T0 site was located inside of the Mexico City metropolitan
area; T1 and T2 were located northeast from the city, 35 km and 60 km,
respectively. Three sites were located progressively downwind of the typical
urban air plume. At each site particles were collected onto different substrates
by a Time-Resolved Aerosol Collector (TRAC) impactor220. Three types of
substrates were used: (1) Si3N4 coated silicon wafer grids for ice nucleation
experiments, (b) silicon wafers with Si3N4 window for particle analysis using
STXM/NEXAFS, and (c) a transmission electron microscopy (TEM) grids
(copper 400 mesh grids, carbon type B film, Ted Pella, Inc.) for CCSEM/EDX
analysis.

Particle samples collected on March 22, 2006, when the northeastern air-
flow occurred from T0 to T1 and T2 as shown in Fig. 3.4B, are chosen for
the detailed micro–spectroscopy particle analyses and the ice nucleation and
water uptake experiments. Another particle sample which composed of mainly
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Figure 3.5: (A) An example of the set of pre-arranged substrates used to collect
the particles: (a) Si3N4 coated silicon wafer grids, (b) silicon wafers with Si3N4

window, and (c) two copper grids (brown circles). (B) A typical OM image
of the particles collected on a Si3N4 coated silicon wafer grid during CalNex
campaign. The silicon wafer causes the blue background.

Pb/Zn containing inorganic particles, mixed with soot and a minor presence
of organic material collected at the T0 sampling site on March 24, 2006 was
also investigated23,220,221.

CalNex Campaign

Particle samples were collected at the ground sampling site on the Caltech
campus, Pasadena on May 19 and May 23, 2010 during the CalNex field cam-
paign. A cascade Multi Orifice Uniform Deposition Impactor (MOUDI) was
used to collect size–fractionated aerosol samples. The operational principle of
the MOUDI is the same as the four-stage Sioutas cascade impactor used for
SOA particle collection. The particle samples were collected at the 8th stage
of the MOUDI corresponding to the cut–off point of 0.32 µm over 6 hour time
periods on a set of pre-arranged substrates: (a) Si3N4 coated silicon wafer
grids for ice nucleation experiments, (b) silicon wafers with Si3N4 window for
particle analysis using STXM/NEXAFS, and (c) two transmission electron
microscopy (TEM) grids for CCSEM/EDX and TEM analysis. Figure 3.5A
demonstrates an example of the set of pre-arranged substrates used to collect
the particles.

Two sets of particle samples were chosen for this study including three
samples (A2, A3, and A4) collected on May 19 and two samples (B2 and B4 )
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collected on May 23. A typical OM image of the particles collected on a Si3N4

coated silicon wafer grid during CalNex campaign is shown in Fig. 3.5B.

3.2 Particle Analyses

All of the field-collected particle analyses by STXM/NEXAFS were con-
ducted by collaborators at Lawrence Berkeley National Laboratory. Particle
analyses by CCSEM/EDX for particles collected during the CalNex campaign
were conducted during my visit at Pacific Northwest National Laboratory
(PNNL) and for particles collected during the MILAGRO campaign, analyses
were done by collaborators at PNNL. Both single particle analytical methods
are briefly described here.

3.2.1 CCSEM/EDX

A scanning electron microscopy (Quanta 3D model, FEI, Inc.) equipped
with an X–ray spectrometer (EDAX, Inc.) and a Si(Li) detector was used for
microscopic imaging of a few thousand individual particles and for quantitative
speciation of their elemental composition. The system in the computer control
mode allows setting of specific sample areas to be fully inspected unattended
and thus allows analysis of significant number of particles to obtain statisti-
cal information of the investigated atmospheric aerosol samples. A detailed
description of the method is described elsewhere220–223.

For a particle sample, multiple field-of-views representing the particle sam-
ple area are set over the substrate (TEM grid) prior to particle analysis. During
the analysis, a particle is recognized first when an imaging signal above the
preselected threshold was detected. When the contour of the particles in the
single field–of–view is detected, the electron beam rasters continuously over
the particle projection area and the EDX spectra are acquired for each de-
tected particle. The system is configured to detect and analyze particles with
the equivalent diameter of projection area higher than 0.1 µm.

The elements considered in the X–ray analysis include C, N, O, Na, Mg,
Al, Si, P, S, Cl, K, Ca, Mn, Fe, Zn. The elemental composition is reported in a
normalized form, i.e. normalized atomic percentage. Figure 3.6 shows an SEM
image and EDX analysis for particles collected at the T0 site as an example.
Most of the particles show a visible coating (dark area) around particle cores
as shown in Fig. 3.6A. EDX analysis was performed using a line scan style on
particles. As shown in Fig. 3.6B, the line scans demonstrated that the highest
carbon concentrations occur at the particle edges and sulfur is enhanced at the

41



Relative line position

A B

Figure 3.6: (A) An example of SEM image with lines of EDX scans for particles
collected at the T0 site adapted from Moffet et al.23. The red arrows show
the locations and directions of line scans. (B) The X-ray intensities of carbon
(thick black line) and sulfur (thick red line) along the line scans averaged for
a number of individual line scans represented by faint lines.

particle cores. These line scans confirm that particle cores contain S coated
by carbonaceous material.

The chemical composition of an individual particle is obtained when X–
ray analysis is conducted over the whole particle projection area instead of
line scans. Figure 3.7 demonstrates the classification of two particle samples
collected during the CalNex campaign. Each plot represents one sample with
particle numbers of ∼2500. Each particle is represented as a stacked bar with
colors indicating the relative atomic percent of the elements in the particle.
The color map for the investigated elements is shown on the left of the fig-
ure. Then according to the normalized atomic percentages of elements, all
investigated particles can be classified into different groups for each sample.

For the particle samples collected during the CalNex campaign, four types
of particle are classified as follows: 1) CNO, in which particles mainly contain
C, O and/or N; 2) COSNK, in which particles mainly contain C, O, S and/or
N, K; 3) Na and Mg Rich, in which particles contain Na, Mg and the atomic
percent of Na and Mg is larger than the total atomic percent of other inves-
tigated metals; 4) Others, the rest of the particles are included in this type.
Furthermore, the chemically resolved size distributions for the collected par-
ticles can also be obtained. These two particle samples show distinguishable
particles compositions. The fraction of sulfur (yellow color) containing parti-
cles for the B2 sample is significantly higher than for the A2 sample. This is
also evidenced for the Na and Mg containing particles indicating the influence
of a marine source. Using these chemical composition and features, one can
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infer possible particle sources.
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Figure 3.7: Bar plots of CCSEM/EDX data indicating elemental composition
of individual particles for two particle samples collected on May19 and May
23 in Los Angeles during the CalNex campaign. The number shown in the
plots indicates the particle type: (1) CNO, (2) COSNK, (3) Na and Mg Rich,
and (4) Others. The colors indicate the investigated elements. See the text
for more details.

43



3.2.2 STXM/NEXAFS

The STXM/NEXAFS analysis was conducted at beamlines 5.3.2 and 11.0.2.2
of the Advanced Light Source at Lawrence Berkeley National Laboratory.
An overview for the application of this technique to atmospheric aerosols
can be found in a recent review by Moffet et al.224 and technical details on
STXM are published elsewhere225–227. STXM/NEXAFS analysis at the car-
bon K–edge provides spatial mapping of the chemical composition which allows
identification of three constituents including organic carbon (OC), elemental
carbon (EC), and inorganic components (Inorg) within individual particles.
When combined, those chemical maps yield the mixing state of aerosol parti-
cles23,24,221.

While measuring the transmitted X–rays, images are obtained at a given
photon energy by raster scanning the sample. To determine the exact peak
position and obtain spatially resolved spectral information, a sequence of im-
ages for a full spectrum (∼100 energy stacks) of a particle is required. This
sequence of images is referred to as a stack. From this three–dimensional data
set, a spectral image is obtained. Quantitative analysis is obtained by convert-
ing the transmitted intensity signal into absorbance referred to optical density
(OD), a dimensionless quantity, given by the Beer-Lambert’s law:

OD = −ln(
I(t)

I0
), (3.1)

where I0 is the incident flux transmitted through a particle-free region of the
substrate (Si3N4 window), I(t) is the flux transmitted through a particle, and
t is the thickness of sample. Then OD data are used to identified different
chemical components.

Figure 3.8 shows a carbon K-edge spectrum of a atmospheric carbonaceous
aerosol containing potassium. The energy range below the carbon absorption
edge (<283 eV) is denoted “pre–edge”. The energy range above the carbon
absorption edge (>320 eV) is denoted post–edge. The peak intensity at ∼285.4
eV is proportional to the amount of carbon double bonds (denoted C=C or
sp2) present in the particle. The feature at ∼288.6 eV is characteristic for the
carboxyl group (COOH). Potassium has two electron transitions in the energy
range of the carbon edge, namely at 297.5 eV and 300 eV. The difference
between the post–edge and pre–edge absorbance is proportional to the total
amount of carbon in a sample.

In this study, four energy stacks were analyzed instead of ∼100 energy
stacks. Four energy stacks were taken to obtain elemental maps and allow for
classification of a larger number of particles. The spatially elemental mapping
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Figure 3.8: A carbon K–edge spectrum of a atmospheric carbonaceous aerosol
containing potassium adapted from Moffet et al.24. The assignments of spec-
tral features: “pre-edge”(ODpre) between 278 and 283 eV, carbon–carbon dou-
ble bonds (ODC=C) shown in red, carboxylic acids (ODCOOH) shown in green,
potassium edges (ODKL3 and ODKL2) shown in orange. ODpost is the post-
edge at 320 eV.

identifies three chemical constituents (organic carbon, elemental carbon, and
inorganic species) within individual particles and when combined, yields the
mixing state24.

Figure 3.9 shows the chemical constituents mapped for particles collected
on May 19 during the CalNex campaign. The pre– and post–edge OD images
are shown as well as the soot map, the organic carbon map, the inorganic
map, and the overlay of those three species. By comparing the pre- and post-
edge OD data, the amount of carbon present in the sample is qualitatively
determined. Many of the particles absorb more strongly at the post–edge,
indicating that they are carbonaceous particles. Combination of the maps of
soot, organic carbon, and inorganic allows the classification of particles and
identification of a particle’s mixing state.
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Figure 3.9: Chemical composition mapping of a particle sample collected on
May 19 during the CalNex campaign (Mary K. Gilles, personal communica-
tion): OD image at the pre edge (top left), optical density image at the post
edge (top right), organic carbon map (center right), inorganic species map
(bottom left), and overlay of the soot (red), the organic (green), and the inor-
ganic (turquoise) map (bottom right). An example of a carbonaceous particle
and a salt crystal is highlighted by a circle and a square, respectively.
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3.3 Apparatus for Ice Nucleation and Water

Uptake Experiments

The onset conditions of ice nucleation and water uptake by aerosol parti-
cles are determined using a custom–built apparatus consisting of an OM and
an ice nucleation cell (INC). Figure 3.10 shows the schematic of the experi-
mental system and an image of the INC. The system allows the exposure of
aerosol particles to temperatures (Tp) as low as 200 K and RHice up to water
saturation. This apparatus has been described in the published work which is
presented in Chapter 4. The detail description of the INC and experimental
procedure is presented in Section 4.3 of this thesis. Here the experimental
procedure is briefly described.

Figure 3.10: The schematic sketch of the experimental setup used for the ice
nucleation and water uptake studies (left panel). (B) An image of the ice
nucleation cell (INC). The orange circles indicate the INC. The red arrows
indicate the inlet and outlet flows.

The particle sample on the substrate (i.e. hydrophobically coated glass slide
or Si3N4 chip) is placed inside the INC. The entire sample area is optically
monitored and the changes in particle phase and size are digitally recorded
using an OM in reflected light mode. The particles are exposed to a controlled
humidified N2 (ultra high purity) gas flow at about 1 SLPM (standard liter per
minute) with a constant dew point (Td) generated by passing N2 gas through
a temperature controlled water reservoir. At the exit of the INC, Td is deter-
mined using a chilled mirror hygrometer (GE Sensing) in a range of 203–293
K with an uncertainty of less than ±0.15 K39,115,117,214. Once Td is stable, Tp
is adjusted and cooled at a rate of 0.1 K min−1, corresponding to an increase
in RHice of ∼2.3 to 1.5% per minute for temperatures from 200 to 260 K, and
exposed to ice supsaturation until ice formation or water uptake is observed.

Images of the particle sample are recorded at every 0.02 K, in addition to
Td and Tp.RHice and RH above the particles are calculated from monitored Tp
and Td using the parameterizations for water vapor pressures given by Murphy
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and Koop25. From the recorded images, the onset conditions of ice nucleation
or water uptake by the particles is determined according to the changes in
particle size and phase. The OM allowed us to visually identify the changes in
particle size and phase due to water uptake or ice formation larger than 0.2 and
1 µm when using a magnification of 1130x and 230x, respectively. Estimates
of the water vapor flux indicated that the water vapor supply was sufficient
for a detectable size change of the particles by 0.2 and 1 µm due to water
uptake or ice formation on deposited particles between 6 and 36 seconds at 235
K, respectively, assuming a water vapor condensation coefficient of 0.01. Ice
formation is reported as immersion freezing if water uptake was observed prior
to ice crystal formation and as deposition ice nucleation if no water uptake was
observed prior to ice crystal formation. If two or more ice crystals are formed
simultaneously, then all ice crystals are counted. Subsequent ice formation
events are discarded since a uniform water vapor field may not persist when
ice crystals are present in the INC.

Tp is calibrated against Td measured from the hygrometer since in equi-
librium conditions Tp = Td. Experimental uncertainties were calculated from
the maximum difference between Tp and Td. Due to the given uncertainties of
∆Td < ±0.15 K and ∆Tp < ±0.3 K, this resulted in a conservative uncertainty
(i.e. the maximum difference between Tp and Td) of ∆RHice < ±11% at 200
K and ∆RHice < ±3% at 260 K. Uncertainties of the reported data for the
onset conditions of ice nucleation and water uptake represent one standard
deviation of observed RHice or RH and Tp values obtained from multiple ice
nucleation experiments or represent the experimental uncertainties, whichever
is larger.
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Chapter 4

Heterogeneous Ice Nucleation
by Laboratory–Generated
HULIS particles

This chapter presents the investigation of heterogeneous ice nucleation from
Kaolinite, Suwannee river standard fulvic acid (SRFA), and Leonardite stan-
dard humic acid (Leonardite) particles as surrogates of HULIS typically found
in atmospheric particles as a function of particle temperature (Tp), relative
humidity with respect to ice (RHice), nucleation mode, and O3 exposure. The
effect of particle oxidation by O3 on corresponding IN efficiencies of SRFA and
Leonardite particles is assessed. Heterogeneous ice nucleation rate coefficients
(Jhet) are derived and applied to obtain contact angles (θ) based on CNT. The
SH approach is used to derive the cumulative IN spectrum, K(T ), for the inves-
tigated particles. A parameterization of θ is presented which allows derivation
of Jhet for various organic and inorganic particles acting as deposition IN, and
corresponding ice crystal production rates for application in cloud resolving
models. Two simplified examples for the application of parameterization are
discussed.

The sections from 4.1 to 4.6 are the reproduction of the publication of
“Heterogeneous ice nucleation on particles composed of humic-like substances
impacted by O3” by B. Wang and D. A. Knopf published in the Journal
of Geophysical Research, Vol. 116, D03205, 2011, with permission from the
American Geophysical Union. The layout of the article as well as the section,
figure, and table numberings have been adapted to match with the thesis
structure.
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4.1 Abstract

Heterogeneous ice nucleation plays important roles in cirrus and mixed-
phase cloud formation, but the efficiency of organic particles to act as ice
nuclei (IN) is still not well understood. Furthermore, the effect of particle
oxidation by O3 on corresponding IN efficiencies has not yet been sufficiently
assessed. We present heterogeneous ice nucleation on Kaolinite, Suwannee
river standard fulvic acid (SRFA), and Leonardite standard humic acid parti-
cles as a function of particle temperature (Tp), relative humidity with respect
to ice (RHice), nucleation mode, and O3 exposure. Ice nucleation and water
uptake were studied for Tp > 203 K and RHice up to water saturation us-
ing a novel ice nucleation apparatus. This study shows that SRFA, Leonardite
and corresponding O3-exposed particles can nucleate ice via different modes at
relevant atmospheric conditions. These particles nucleated ice via deposition
mode at Tp ≤ 231 K and for higher Tp water was taken up or ice nucleated via
deposition or immersion mode. Oxidation of Leonardite and SRFA particles
by O3 lead to a decrease in deposition nucleation efficiency and to water uptake
at lower temperatures for the former and to an increase in the lowest tempera-
ture at which deposition nucleation was observed for the latter. Activated IN
fractions and heterogeneous ice nucleation rate coefficients (Jhet) were derived
and corresponding contact angles (θ) were calculated. A parameterization of
θ as a function of RHice is presented which allows derivation of Jhet for various
deposition IN and corresponding ice crystal production rates for application
in cloud resolving models.

4.2 Introduction

Aerosol particles can affect the global radiative budget directly by scat-
tering and absorption of solar and terrestrial radiation but also indirectly by
aerosol-cloud interactions which can lead to the formation of new clouds and
modification of the radiative properties of existing clouds66,89,90,97–100. Aerosol-
cloud interactions pose one of the largest uncertainties in prediction of future
climate changes89. The strength of the aerosol indirect effect depends on the
efficiency of the aerosol particles to act as cloud condensation nuclei (CCN)
and IN. Whereas an increasingly improved understanding of the role of CCN
on climate is being achieved89,94,99,228, the effect of IN on the atmosphere is
still insufficiently understood66,89–91.

Ice crystals can form by homogeneous or heterogeneous ice nucleation20.
Homogeneous ice nucleation proceeds from supercooled aqueous particles at
temperatures below ∼235 K. Heterogeneous ice nucleation can be initiated
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by a pre-existing aerosol particle, the IN, via four modes: deposition mode
(the IN nucleates ice directly from supersaturated water vapor), immersion
freezing (the IN immersed in a supercooled aqueous droplet nucleates ice),
condensation freezing (ice nucleates during water vapor condensation onto the
IN), and contact freezing (ice formation is induced by collision of supercooled
droplets with IN)20,101. Heterogeneous ice nucleation occurs at warmer tem-
peratures and lower supersaturations with respect to ice than homogeneous
ice nucleation20 and hence renders IN an important role in atmospheric ice
formation.

Atmospheric IN can initiate ice nucleation resulting in the formation of
cirrus and mixed-phase clouds. Cirrus clouds can account for one-third of
the global cloud coverage and play an important role in regulating radiative
fluxes62. These ice clouds can have a predominant warming effect63,71,229,230.
The radiative properties of cirrus clouds are determined in part by the un-
derlying ice nucleation mechanisms which can affect the numbers and shapes
of the ice crystals72–74. In mixed-phase clouds, which consist of supercooled
liquid droplets and ice crystals, heterogeneous ice nucleation is the only path-
way for ice initiation. This in turn defines the degree of cloud glaciation with
subsequent consequences for precipitation and the hydrological cycle64,66,70,76.
Mixed-phase clouds have also been identified to have a large climatic effect in
the polar regions67–70. For these reasons a better understanding of the under-
lying mechanisms governing heterogeneous ice nucleation is needed to evaluate
the role of cirrus clouds and mixed-phase clouds on the global radiative budget
and hydrological cycle.

Field measurements have shown that organic particles can reach altitudes
where temperatures favor ice formation2,156,231,232. Previous studies also have
shown that polar mixed-phase clouds were impacted by carbonaceous parti-
cles from biomass burning233. Ice crystal observations indicate that IN residues
for cirrus and mixed-phase clouds contain some organic material in some in-
stances112,156,157,182,233. Recently it has been shown that also anthropogeni-
cally emitted organic-containing particles can act as efficient IN under con-
ditions for cirrus cloud formation39. A class of organic material extracted
from atmospheric aerosol particles, termed HUmic-LIke Substances (HULIS),
consists of a water soluble and an alkaline soluble fraction. Water soluble
HULIS can contribute up to 60% to the aerosol water soluble organic car-
bon135,138,139,142,145,234–236. Alkaline soluble HULIS can contribute about 30 to
70% to total HULIS145,237,238. Suggested sources of HULIS include primary
terrestrial sources, biomass burning, secondary organic aerosol formation, and
marine sources135,137–146,239. HULIS consist of poly-carboxylic acids and resem-
ble to some part terrestrial and aquatic humic substances and fulvic acids135.
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Previous aerosol studies employed commercially available fulvic acid and hu-
mic acid, such as SRFA and Leonardite, as surrogates of atmospheric HULIS
to investigate particle properties such as growth factors and CCN proper-
ties240–243. Only few studies have investigated the ice nucleation efficiency of
HULIS. Kanji et al.8 showed that humic acid sodium salt and Leonardite can
nucleate ice via deposition mode but this study was limited to 233 K. Fornea
et al.199 observed that Pahokee Peat soil, a humic acid from agricultural soil,
are efficient IN in contact freezing mode.

During transport in the atmosphere, the organic particles will interact with
atmospheric oxidants such as O3, NO3, and OH leading to oxidation of the
organic material by heterogenous reactions92,162. This process, also known as
chemical aging, can change the particle’s composition and thus its chemical
and physical properties92,159–162. Particle oxidation may affect the particle’s IN
efficiency. Only one study so far has investigated the effect of particle oxidation
by gas phase O3 on ice nucleation3. In the other ice nucleation studies particles
were chemically aged by exposure to liquid oxidative agents such as hydrogen
peroxide169, and nitric and sulfuric acid mixtures13. Clearly, more experiments
are needed to assess if particle oxidation results in a significant impact on the
ice nucleation efficiency of organic particles.

In this study, we chose SRFA and Leonardite to generate particles serv-
ing as surrogates of atmospheric HULIS-containing particles representative
of different sources such as biomass burning and marine sources. These or-
ganic proxies contain functional groups such as carboxylic and hydroxyl groups
which have certain similarities compared to atmospheric HULIS135,162. SRFA
is a water soluble organic compound extracted from a Suwannee River water
sample and Leonardite is a water insoluble (alkali soluble) humic acid pro-
duced by the natural oxidation of exposed lignite241,244. Validation of the new
experimental setup was performed by determining the IN efficiency of Kaoli-
nite particles, a clay mineral, known to be efficient IN. We determined the
IN efficiency of SRFA and Leonardite particles as a function of Tp, RHice,
nucleation mode, and O3 exposure.

4.3 Experimental method

4.3.1 Particle generation

Micrometer-sized particles of Kaolinite, SRFA, and Leonardite were inves-
tigated as potential IN. The particles were dry-deposited onto a hydrophobi-
cally coated glass plate (for the remainder of the manuscript referred to as
substrate) from a tip of a syringe using ultra high purity N2 gas as carrier gas.
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The hydrophobic coating (a monolayer of dichlorodimethylsilane) renders any
effect of the substrate on ice nucleation negligible115,245,246. The diameters of
the deposited particles were less than 10 µm, with a mean diameter of 1.7–
4.3 µm as determined using an optical microscope (OM). All particle samples
were prepared in a clean bench (< 0.04 particles cm−3) to avoid sample con-
tamination by ambient particles115. Table 1 summarizes the range of average
particle sizes, numbers, and total surface areas of the various particles samples
employed in this study.

Table 4.1: The range of average particle size, number, total surface area,
and IN activated fraction for the particle samples of each particle type are
presented. The uncertainty in size represents 1 standard deviation.

particle size number surface area IN activated
type mean±1σ (µm) (×10−4 cm2) fraction (%)

Kaolinite (2.3–4.3)±2.0 660–8500 1.3–7.9 0.01–0.3
SRFA (2.0–2.4)±1.0 2350–5350 1.4–3.8 0.02–0.13

O3-exposed SRFA (2.4–2.9)±1.4 1900–5300 2.0–7.3 0.02–0.16
Leonardite (1.7–3.3)±1.0 2880–10500 3.5–6.4 0.01–0.1

O3-exposed Leonardite (2.0–2.3)±1.1 7300–12600 7.1–8.8 0.008–0.04

4.3.2 Ice nucleation apparatus

Heterogeneous ice nucleation was studied using a custom-built apparatus
consisting of an OM and an ice nucleation cell (INC) with an inside volume
smaller than 0.8 cm3 as shown in Fig. 4.1A, based on previously developed se-
tups3,39,115,246,247. This ice nucleation apparatus allows the exposure of aerosol
particles to particle temperatures (Tp) as low as 200 K and RHice up to water
saturation.

The INC was made out of high density polyethylene to minimize water
adsorption which could lead to inhomogeneities of the water vapor field inside
the INC. A flow diffuser was also placed in the INC to enhance mixing of
the humidified gas. Independent experiments showed that deliquescence of
ammonium sulfate particles, water condensation, and evaporation of water
droplets occurred equally in each case across the sample area corroborating a
homogeneous water vapor field within the INC. The OM coupled to the INC
was operated in reflected light mode and was equipped with a digital camera
and imaging software to monitor and record in situ changes in particle phase
and size. The entire particle sample area was digitally monitored. The particle
samples were placed onto the cooling stage within the INC. The temperature
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Figure 4.1: Panel A shows a technical sketch (not to scale) of the ice nucleation
cell (INC) coupled to an OM. The outside diameter and the height of the
ice nucleation cell are 64 mm and 14.5 mm, respectively. The dotted lines
indicate the INC volume (< 0.8 cm−3). Panel B shows the experimental setup
for exposing particles to O3. O3 generation and quantification were conducted
at 1 atm. Particle oxidation experiments were performed in a flow reactor at
54 hPa.
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of the cooling stage was controlled by adjusting the current through a heating
foil while maintaining constant cooling by supplying liquid nitrogen. The
temperature sensor embedded in the cooling stage was calibrated as described
below to yield Tp.

The particles were exposed to a controlled humidified N2(g) flow of about
1 SLPM (standard liter per minute). The humidified N2(g) flow was gener-
ated by passing N2(g) through a temperature controlled water reservoir. The
N2(g) used in this study was first passed through a hydrocarbon gas trap and
subsequent cold trap at 198 K filled with molecular sieve to minimize contam-
ination by other gas phase species. The presence of a filter with pore size of
0.25 µm in diameter before the gas inlet of the INC did not have a measurable
effect on the ice nucleation experiments. The water partial pressure within
the humidified N2(g) was adjusted by changing the temperature of the water
reservoir and diluting the humidified flow with a second flow of dry and pu-
rified N2(g). At the exit of the INC the dew point, Td, was determined using
a chilled mirror hygrometer (GE Sensing) in a range of 203–293 K with an
uncertainty of ±0.15 K39,115.

RHice and relative humidity with respect to water (RH) above the particles
were calculated from monitored Tp and Td using the following equations:

RH =
p0H2O

(Td)

p0H2O
(Tp)

, (4.1)

RHice =
p0H2O

(Td)

piceH2O
(Tp)

, (4.2)

where piceH2O
(Tp) and p0H2O

(Tp) are the saturation vapor pressures over ice and
water at Tp, respectively. p0H2O

(Td) is the saturation vapor pressure at Td
representing the water partial pressure in the INC. piceH2O

(Tp), p0H2O
(Tp), and

p0H2O
(Td) were calculated using the parameterizations given by Murphy and

Koop25.

4.3.3 Experimental procedure

The particles were generated and placed onto the cooling stage within the
INC and Tp was set to room temperature. The dew point was adjusted to
about 4 K above the temperature at which ice nucleation was to be observed.
The particle temperature was then decreased from room temperature to Td+1
K resulting in RHice∼88%. The experiment started as Td was stable for at
least 30 minutes. Then RHice was continuously increased by cooling Tp with a
rate of 0.1 K min−1 until ice formation or water uptake was observed3,26. The
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cooling rate is relevant to rates associated with updraft speeds reported for
mid- and low latitude cirrus clouds248. Typical experimental RHice trajectories
are illustrated in Fig. 4.2A for different initial Tp. Each dotted line in Fig. 4.2A
represents RHice trajectory for which Td is constant. The change in RHice is
∼2.3% to 1.5% per minute for temperatures from 200 to 260 K, respectively.
As Tp decreases by ∼4 K below Td, RHice increases from 100% to ∼160% and
190% at temperatures of 260 and 200 K, respectively.

Images of the particles were recorded every 0.02 K, i.e., every 12 seconds,
while simultaneously recording the experimental time, Td, and Tp. The onset
of ice nucleation or water uptake by the particles was determined by the change
of the particle size and phase from the recorded images. The OM allowed us
to visually identify the changes in particle size and phase due to water uptake
or ice formation of larger than 0.2 and 1 µm when using a magnification of
1130x and 230x, respectively. Estimates of the water vapor flux indicated
that the water vapor supply was sufficient for a detectable size change of the
particles by 0.2 and 1 µm due to water uptake or ice formation on deposited
particles between 6 and 36 seconds at 235 K, respectively, assuming a water
vapor condensation coefficient of 0.01. At higher temperatures the time needed
to establish the detectable size change is significantly faster (i.e. 5 s instead
of 36 s) due to a higher water partial pressure. We report ice formation as
immersion freezing if water uptake was observed prior to ice crystal formation
and as deposition ice nucleation if no water uptake was observed prior to
ice crystal formation. Thus, immersion freezing events which occur within
< 6 and 36 seconds may be misinterpreted as deposition nucleation by our
system. Here we report ice nucleation onsets, i.e., Tp and RHice values at
which the first ice crystal was observed. In some instances multiple ice crystals
formed simultaneously. Then all the initially formed ice crystals were counted.
Subsequent ice formation events were discarded since a uniform RH field may
not persist when ice crystals are present in the INC.

After an ice nucleation experiment Tp was calibrated following previously
applied methods3,26,195 which is outlined below. Prior to repetition of the
experiment, the particle sample was warmed up to 275 K to ensure complete
sublimation of ice crystals and exclude the possibility of preactivation246. For
blank substrates and each particle type, the experiment was repeated at least
3 times for each particle sample employing minimum 3 independent samples
for each investigated Tp.

4.3.4 Calibration

Temperature calibration was conducted following previous methods3,26,195.
Tp was calibrated against Td by measuring the 2-D projected surface area
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Figure 4.2: Panel A shows typical experimental RHice trajectories. The dashed
and solid lines indicate ice saturation and water saturation, respectively. The
dotted lines indicate RHice trajectories for which Td was constant and Tp
changed by 0.1 K min−1. Panel B shows the changes in surface area and
particle temperature during a calibration experiment. The dashed and black
lines represent Tp and Td, respectively. The black squares represent surface
area of one ice crystal determined by OM. The gray bars indicate when the ice
crystal maintained a constant surface area. The arrows indicate the deviation
between Tp and Td.
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(SA) of ice crystals. At constant Td, ice crystals grow or shrink (SA increases
or decreases) when Tp is decreased or increased, respectively. A calibration
experiment is shown in Fig. 4.2B. At the beginning of the calibration exper-
iment in presence of at least one ice crystal, when Tp is higher than Td, thus
RHice < 100%, resulting in sublimation of the ice crystal and corresponding
decrease in SA. Subsequently, RHice is increased by decreasing Tp at 0.1 K
min−1. When the ice crystal maintains a constant SA as indicated by the gray
bar in Fig. 4.2B, RHice = 100% indicating that the temperature of the sub-
strate is equal to Td. Further decrease of Tp results in growth of the ice crystal
corresponding to an increase of SA. The determined difference between Td and
Tp represents the temperature offset for which Tp has to be calibrated. The
conservative experimental uncertainties were calculated from the uncertain-
ties of ∆Td < ±0.15 K and ∆Tp < ±0.3 K resulting in ∆RHice < ±11% for
200 K and ∆RHice < ±3% for 260 K. Error bars presented for the data in this
study indicate on standard deviation of observed RHice and Tp values or above
discussed experimental uncertainties in RHice and Tp whichever is larger.

4.3.5 Ozone exposure system

Atmospheric particle O3 exposure of ∼40 ppb for two weeks was achieved
using the flow system shown in Fig. 4.1B. This results in an O3 exposure of
4.8× 10−2 atm s which was calculated from the O3 partial pressure (PO3) and
the time particles were exposed to O3 as PO3 · t160,161. To generate O3, a N2(g)
flow and a O2(g) flow were first passed through a hydrocarbon gas trap and
subsequent cold trap at 198 K for further purification. O3 was generated by
passing the O2(g) through an ultraviolet source operated at 254 nm (Jelight
Inc.) and subsequently mixed with a dry N2(g) flow. The O3-containing flow
was introduced into a flow reactor consisting of a 35 cm long denuder with
inner diameter of 2 cm in which the particle samples or blank substrates were
placed. An O3 monitor (2B Technologies) working at atmospheric pressure
was used to measure inlet gas pressure and the concentration of O3 every 10
seconds based on the absorption of UV light by O3 at 254 nm.

In the laboratory we mimic the atmospheric O3 exposure by employing a
higher O3 concentration which allows us to reduce the experimental exposure
time. The entire system was flushed thoroughly with ultra high purity N2(g)
before placing the samples inside the flow reactor. The particle samples were
exposed to O3 concentrations of ∼85 ppm for 3 hours in the flow reactor at
54 hPa. This approach assumes that the O3 exposure and thus the degree of
particle oxidation behaves linearly with O3 concentration. If oxidation occurs
as a second order or higher reaction order, the efficiency of the heterogeneous
oxidation process may change significantly with O3 concentration and, hence,
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laboratory O3 exposure may lead to a different degree of oxidation when com-
pared to the atmospherically relevant one166. Volatilization of organic material
due to O3 oxidation, e. g. as observed for the reaction of O3 with liquid oleic
acid249, cannot be ruled out. However, the primary aim of the laboratory
O3 exposure experiments of SRFA and Leonardite particles is to detect any
significant effect of heterogeneous oxidation on the particles’ ice nucleation
efficiency which is detectable under these experimental conditions.

4.3.6 Chemicals

Kaolinite dust was purchased from Fluka. Leonardite and SRFA were pur-
chased from International Humic Substance Society (IHSS). Millipore water
(resistivity ≥18.2 MΩ cm) was used for humidification. O2 (99.99%) and N2

(99.999%) were purchased from Praxair.

4.4 Results and Discussion

4.4.1 Ice nucleation on Kaolinite particles

Validation of the novel INC was performed by determining the ice nucle-
ation onsets of Kaolinite particles which are known to be efficient IN3,26–29. Be-
fore conducting the ice nucleation experiments, the quality of the hydrophobic
coating and thus the effect of the substrate on ice nucleation was determined
by measuring the ice nucleation onsets of particle free substrates. Figure 4.3
shows that ice nucleation or water uptake on blank substrates occurred at
RHice from 121% to 168% for temperatures from 251 to 208 K. These RHice

values indicate the experimental maximum achievable RHice values at corre-
sponding temperatures for which an effect of the substrate on ice nucleation
can be ruled out. In other words, ice formation observed at RHice values lower
than the maximum RHice derived from blank substrates can be attributed to
ice nucleation initiated by the deposited particles. The OM technique allowed
visual confirmation that ice nucleation was induced by particles and not by the
substrate and that at the same time no water condensed on the particle free
area of the substrate. As shown in Fig. 4.3, O3-exposed substrates show sim-
ilar maximum RHice values suggesting that O3 exposure did not significantly
affect the quality of the hydrophobic coating for our experimental conditions.
This finding is corroborated by a previous study of the photo-reactivity of
alkylsiloxane self assembled monolayers (SAM) on SiO2 surfaces showing that
O3 did not have a significant effect on the degradation of the monolayer250.
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Figure 4.3: Ice nucleation onset conditions of blank substrates and Kaolinite
particles are shown. The open and filled circles show the onsets for unexposed
and O3-exposed blank substrates, respectively. The filled squares represent ice
nucleation onsets for Kaolinite particles. Solid and dash lines indicate water
saturation and ice saturation, respectively. The diagonal dotted lines indicate
90, 80, 70, and 60% RH from the upper right to the bottom left25. Previous
ice nucleation data employing Kaolinite are shown as open triangles3, open
squares26, open diamonds27, pluses28, stars29, filled triangles30, asterisks31 and
crosses32. Corresponding representative error bars are given on the selected
data points.
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Figure 4.3 shows the ice nucleation onsets for Kaolinite particles as a func-
tion of Tp and RHice observed here and data from previous studies3,26–32. The
Kaolinite particle sample characteristics are given in Table 1. Our data show
that Kaolinite particles induced ice formation via deposition mode at 102–
124% RHice for temperatures below 251 K. At 251 K some ice formation events
(6 out of 9 experiments) occurred at ∼124% RHice which corresponds to wa-
ter saturation without indication of water uptake prior to ice formation. For
the remaining experiments at 251 K, water uptake was observed first and
followed by immersion freezing. Dymarska et al.3 reported water uptake by
Kaolinite particles prior to ice formation at 252.5 K. Previous studies also re-
ported the highest temperatures for deposition ice nucleation range from 251
to 254 K27–29,31,32. The RHice ice nucleation onset decreased from 124% at
251 K to ∼105% at 243–220 K similar to previous studies3,26,30 and then in-
creased to 120% at 207 K. Our results corroborate that Kaolinite particles are
very efficient IN inducing ice nucleation as low as 102% RHice in agreement
with previous studies3,26–32.

4.4.2 Ice nucleation on SRFA and O3-exposed SRFA
particles

Figure 4.4A shows ice nucleation onsets and water uptake by SRFA and
O3-exposed SRFA particles as a function of Tp and RHice. The corresponding
particle sample characteristics are summarized in Table 1. For Tp ≤ 231 K,
ice nucleated on SRFA particles at mean RHice values of 137–148% which
were well below water saturation and no water uptake was observed indicating
that ice nucleation occurred via deposition mode. At 236 and 241 K, ice
formation events occurred either via deposition mode or immersion freezing.
Water uptake was first observed and followed by immersion freezing for 4 out of
10 experiments and 3 out of 12 experiments at 236 and 241 K, respectively. For
the remaining experiments at 236 and 241 K ice nucleated on SRFA particles
via deposition mode. At 246 K, all ice formation events occurred via immersion
freezing in which water uptake was observed prior to ice nucleation at 98% RH.
At 251 K, water uptake was first observed at 99% RH on SRFA particles but
only in some cases (3 out of 9 experiments) followed by immersion freezing.

For O3-exposed SRFA particles, all ice formation events occurred via de-
position mode at Tp ≤ 241 K which is about 10 K warmer compared to SRFA
particles. This implies that oxidation by O3 enhanced the ice nucleation ef-
ficiency of the investigated SRFA particles by up to 10 K. For Tp ≤ 231 K,
ice nucleation occurred on O3-exposed SRFA particles via deposition mode
at mean RHice values of 137–150% which is in a similar range as for SRFA
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Figure 4.4: The onset conditions for ice nucleation and water uptake as a func-
tion of Tp and RHice are shown in panel A for SRFA and O3-exposed SRFA
particles and in panel B for Leonardite and O3-exposed Leonardite particles.
For both panels: The white and gray bars show the ranges of observed ice nu-
cleation onsets with mean onset RHice indicated by the horizontal lines within
the bars for deposition ice nucleation on unexposed and O3-exposed particles,
respectively. The open circles and open diamonds indicate the mean onset val-
ues of water uptake by unexposed and O3-exposed particles, respectively. Solid
line is the same as in Fig. 4.3. The dashed line represents RHice thresholds
for homogeneous ice nucleation of an aqueous droplet33. Light gray shaded
area indicates bounds of continental cirrus onset formation16. RHice values
between horizontal paired dash-dotted and dashed lines indicated by arrows
represent the lower limits for cirrus formation conditions in the northern and
southern hemisphere, respectively17. The star in panel B represents deposition
ice nucleation onset on Leonardite particles8.
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particles. At 246 K, all ice formation events occurred via immersion freezing
in which water uptake by O3-exposed SRFA particles was observed prior to
ice nucleation. At 251 K, water uptake was first observed at 98% RH on
O3-exposed SRFA particles but only in some cases (3 out of 12 experiments)
followed by immersion freezing.

Water uptake for SRFA and O3-exposed SRFA particles occurred close
to water saturation. This is expected since SRFA particles possess a small
growth factor of 1.1 at 90% RH for 295–303 K241,243. Here, our data suggest
that oxidation by O3 renders SRFA particle surfaces more IN efficient and less
favorable to water uptake.

4.4.3 Ice nucleation on Leonardite and O3-exposed Leon-
ardite particles

Figure 4.4B shows ice nucleation onsets and water uptake by Leonardite
and O3-exposed Leonardite particles as a function of Tp and RHice. Table
1 lists the corresponding particle sample characteristics. For both Leonardite
and O3-exposed Leonardite particles, water uptake occurred at 98% RH for Tp
≥ 246 K. At 246 K, in some cases initial water uptake was followed by ice for-
mation via immersion freezing on both Leonardite and O3-exposed Leonardite
particle samples.

Figure 4.4B shows that RHice ice nucleation onsets for Leonardite particles
possess a strong temperature dependence. Leonardite particles nucleated ice
via deposition mode at mean RHice values of 123–148% for Tp ≤ 241 K. 14
additional ice nucleation experiments using 2 more independent Leonardite
particle samples were conducted at 221 and 227 K to further corroborate the
observed temperature dependency of the RHice ice nucleation onsets. We
observed significant numbers of ice nucleation events that occurred as low as
112% RHice for Tp between 221 and 227 K.

O3-exposed Leonardite particles nucleated ice via deposition mode at mean
ice nucleation onsets of 140–149% RHice at Tp ≤ 236 K. At 241 K, only 40%
of the ice formation events (4 out of 10 experiments) occurred via deposition
mode. For the remaining experiments at 241 K, ice nucleated via immersion
freezing after water uptake at 98% RH. Figure 4.4B indicates that O3-exposed
Leonardite particles nucleated ice in average 10 to 20% RHice higher compared
to unexposed Leonardite particles for Tp between 215 and 227 K. Although
RHice ice nucleation onsets for O3-exposed Leonardite particles partly over-
lap with those for Leonardite particles, the data suggest that oxidation by
O3 decreases the IN efficiency of Leonardite particles between 215 and 227 K.
Leonardite and O3-exposed Leonardite particles can nucleate ice via different
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modes over a wide temperature range from 204 to 251 K at relevant atmo-
spheric RHice values.

Few studies investigated the ice nucleation efficiency of HULIS particles8,199.
Kanji et al.8 reported that Leonardite particles can nucleate ice via deposition
mode at 124% RHice at 233 K which is in agreement with our data within
the uncertainties of both studies. It is commonly assumed that the efficiency
of IN depends on active sites which can be associated with cracks, cavities,
chemical and physical bonds allowing the enhanced interaction with water va-
por20. Leonardite particles contain both hydrophobic and hydrophilic acids
and SRFA particles only contain hydrophobic organic acids as stated by the
International Humic Substance Society (http://www.ihss.gatech.edu). The
hydrophilic component of Leonardite may facilitate the formation of hydro-
gen bonds with water molecules resulting in more active sites than SRFA. If
hydrophilic groups affect ice nucleation, it would be expected that Leonardite
induces ice nucleation at lower RHice than SFRA. Our data show that RHice

ice nucleation onsets for Leonardite are lower than the ones for SFRA for Tp
between 215 and 227 K. Thus, the presence of hydrophilic groups may con-
tribute to the higher ice nucleation efficiency of Leonardite particles compared
to SRFA particles.

For all investigated particle samples, we did not observe a significant re-
lationship between observed ice nucleation onsets and particle size, number,
and surface area. Table 1 summarizes the ranges in particle size, number, and
surface area for the various samples investigated here. Table 1 indicates that
particle size, number, and surface area remained within one order of magni-
tude. The resulting minor effect on ice nucleation onset is in part corroborated
by previous studies indicating that a decrease of the particle loading by 3 or-
ders of magnitude increases the ice nucleation onset from 102 to 115% RHice

and a decrease of total particle surface area by up to three orders of magnitude
resulted in an increase of the ice nucleation onset by about 10%8,196. Thus,
potential changes in corresponding ice nucleation onsets may be well within
our experimental uncertainties.

4.4.4 Effect of particle oxidation on ice nucleation

Oxidation of organic particles by atmospheric trace gases can lead to the
formation of hydrophilic functional groups on the particle surface161,162,251–253

that may change the ice nucleation efficiency of the particles. Figure 4.4A
shows that oxidation by O3 renders SRFA particles more ice nucleation efficient
in deposition mode at temperatures between 236 and 241 K. Thus particle
oxidation by O3 may enhance the ice nucleation efficiency of SRFA particles by
formation of hydrophilic functional groups. However, below 231 K, RHice ice
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nucleation onsets for deposition ice nucleation on O3-exposed SRFA particles
are similar to those for SRFA particles. This suggests that the chemical nature
of the surface, such as hydrophilic groups, may not be the only determining
factor for ice nucleation.

In the case of Leonardite particles, particle oxidation by O3, however, ren-
ders the particles less ice nucleation efficient for the temperature range of 215
to 225 K as shown in Fig. 4.4B. The reason for these changes in IN efficiency
is not clear. Leonardite particles can react with ozone with reactive uptake
coefficients of 3.8×10−6 to 3.7×10−5 254. Our data suggest that oxidation of
Leonardite particles by O3 results in deactivation of active sites for a specific
temperature range. If this is due to a chemical alteration of the particle sur-
face, i.e., changes in chemical bond structures by addition of new hydrophilic
sites or replacement of existing sites, or physical alteration, i.e., restructuring
of cracks and cavities due to volatilization of organic material, could not be
determined with our experimental method.

Only few studies have investigated the effect of oxidation of organic parti-
cles on ice nucleation efficiency3,13,169. Garten and Head169 found that oxida-
tion of wood char particles by suspending those in hydrogen peroxide may lead
to higher IN efficiency.13 showed that oxidation of soot particles by immersing
particles in concentrated nitric and sulfuric acid mixture may render the soot
particle more IN active. Dymarska et al.3 indicated that oxidation of soot by
gas-phase O3 did not have a significant effect on the heterogeneous IN effi-
ciency of soot particles at temperatures above 240 K. The data presented here
show that O3 oxidation can have different impacts on the ice nucleation effi-
ciency of SRFA and Leonardite particles. Our data suggest that there is not a
clear relationship between particle hydrophilicity and ice nucleation efficiency,
and thus other factors may also govern the nucleation process.

4.4.5 IN activated fraction and heterogeneous ice nu-
cleation rate coefficient

Here we report ice nucleation onsets at which the initially formed ice crys-
tals were observed. The OM technique is sensitive to each individual ice nucle-
ation event. Thus, the IN activated fraction is mainly defined by the number
of deposited particles. Table 1 gives the range of derived IN activated fractions
for the particles samples employed in this study. The IN activated fractions
range from 0.008% to 0.3%. Kaolinite as the most efficient IN investigated in
this study exhibits the highest IN activated fraction.

The experimental ice nucleation data obtained here were employed to de-
rive heterogeneous ice nucleation rate coefficients (Jhet) which are defined as
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the number of nucleation events per area of ice nucleus and time (cm−2 s−1).
The analysis of the experimental data has been described in detail previ-
ously197,213. Here we briefly introduce the data analysis. For a given tem-
perature interval (∆T ), different numbers of ice nucleation events may occur.
Jhet as a function of temperature was derived using the following formula

Jhet
(
T i
)

=
ni
f

titot · Si
, (4.3)

where Jhet (T i) is the average heterogeneous ice nucleation rate coefficient at
the mean freezing temperature of ice nucleation events (T i) within the ith
temperature interval, ni

f is the number of observed ice nucleation events and titot
is the total observation time in the ith temperature interval, and Si accounts
for the particle surface area available for the ice nucleation within the ith
temperature interval. The product titot · Si for the ith temperature interval is
given by the sum of the contributions from the samples which remain unfrozen
and samples that nucleate ice197 according to

titot · Si =

ni
f∑

j=1

(
T i
st − T i

f,j

cr
)Si

j +
∆T

cr
Si
uf , (4.4)

where T i
st is the start temperature of the ith temperature interval, T i

f,j is the
freezing temperature and Si

j is the particle surface area available for the jth
nucleation event occurring within the ith temperature interval, cr is the cool-
ing rate applied in the experiments, and Si

uf is the total particle surface area
that remain unfrozen until the end of the ith temperature interval. In this
study, ∆T of 0.02 K was chosen corresponding to the temperature interval
between two sequentially recorded images which allow to discriminate nucle-
ation events. Surface areas were estimated from the number and sizes of the
particles deposited on the substrate using OM and assuming the particles have
spherical geometry. The particles most likely exhibit non-ideal geometry in-
cluding cracks, cavities, or intrusions. Thus, our assumption will result in an
underestimation of the actual particle surface area and yield an upper limit of
Jhet.

Figure 4.5 presents the derived Jhet values for deposition ice nucleation for
the different particle types studied here as a function of temperature. For all
investigated particle types Jhet is a strong function of temperature as expected
from classical nucleation theory (CNT)20. Figure 4.5A shows that Jhet for
SRFA particles increases by two to three orders of magnitude within 2 K for
the investigated particle temperatures. For example, Jhet increases from 12
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Figure 4.5: Experimentally derived Jhet values as a function of temperature
for deposition ice nucleation are shown for SRFA (A), O3-exposed SRFA (B),
Leonardite (C), and O3-exposed Leonardite (D) particles. Each open symbol
type in corresponding gray level represents ice nucleation experiments con-
ducted at same Td. Filled symbols represent corresponding temperatures at
which RHice = 100%.
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cm−2 s−1 to 940 cm−2 s−1 within 1.2 K from 226.1 K to 224.9 K. Figure 4.5B
presents Jhet for O3-exposed SRFA particles. The corresponding maximum of
Jhet ranges from 190 to 2700 cm−2 s−1 for the observed temperatures. For Tp
below 231 K O3-exposed SRFA particles exhibit similar Jhet values as for SRFA
particles. As shown in Figs. 4.5C and D, maximum Jhet values for Leonardite
and O3-exposed Leonardite particles range from 140 to 870 cm−2 s−1 and from
110 to 1130 cm−2 s−1, respectively, for the observed temperatures.

4.4.6 Contact angle

CNT can be employed to describe heterogeneous nucleation in atmospheric
cloud models255,256 and to analyze laboratory data26,35,106. A key parameter
in determining IN efficiency is the contact angle (θ). θ for an ice embryo
formed on an IN characterizes the relationship of surface free energies among
the three involved interfaces including water vapor, ice embryo, and IN. Here,
we calculated θ from the experimentally derived Jhet for the different particle
types employed in this study following previous methods26,35. Jhet is defined
as

Jhet = A · exp(−∆Fg,het

kT
), (4.5)

where A is a pre-exponential factor, ∆Fg,het is the free energy of formation of
the ice germ, k is the Boltzmann constant, and T is the temperature. Assuming
that an ice embryo on a curved solid substrate can be described as a spherical
cap, the free energy of ice embryo formation is given by20

∆Fg,het =
16πM2

wσ
3
i/v

3[RTρlnSice]2
· f(m,x), (4.6)

where Mw is the molecular weight of water, σi/v is the surface tension at the
ice-vapor interface, R is the universal gas constant, ρ is the density of ice,
Sice is the saturation ratio with respect to a planar ice surface, f(m,x) is
the geometric factor, and x is the ratio of the radius of the substrate to the
radius of spherical ice germ. m is the compatibility parameter. θ usually is
defined by the compatibility parameter, m = cos(θ)105. Assuming the radius
of the particle substrate is much larger than the radius of the ice germ which
is a good approximation for aerosol particles, then f(m,x) is defined, without
considering curvature adjustment which is negligible for aerosol sizes > 0.1
µm20,106, as follows

f(m) =
m3 − 3m+ 2

4
. (4.7)
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To calculate θ, the free energy of ice germ nucleation was calculated from
experimentally derived Jhet assuming A = 1025 cm−2 s−1 20,26,35. Then, θ was
calculated using Eqns. 4.6 and 4.7 with Mw = 18.015 g mol−1, ρ = 0.92 g cm−3,
and σi/v = 106 mJ m−2 20,26,35.

The derived θ allows for comparing the IN efficiencies of different particle
types. Particles with smaller θ values are more efficient IN. Figure 4.6A shows
θ as a function of temperature for all particle types employed in this study.
Here, the uncertainty in θ is mostly affected by the uncertainty in RHice and
only to a lesser extent by Jhet. For example, increasing Jhet by one order of
magnitude, leaving all other parameters the same, changes θ by ∼0.3◦. SRFA,
O3-exposed SRFA, and O3-exposed Leonardite particles possess θ values of
∼27◦. Leonardite particles exhibit a wider range of θ from 20.9 to 27.5◦ and
thus can serve as more efficient IN at temperatures from 215 to 227 K as
indicated in Fig. 4.4B. θ for Kaolinite particles ranges from 10.1 to 21.7◦ at
the observed temperatures in agreement with previously determined θ 26,30 as
shown in Fig. 4.6A. Overall the organic particles studied here exhibit larger
θ values and thus are less efficient IN than Kaolinite particles at temperature
between 200 to 250 K.

Figure 4.6B shows θ as a function of RHice for the particles employed in
this study and previous deposition ice nucleation data for Kaolinite, Arizona
Test Dust, Muscovite, Montmorillonite, Quartz, Calcite, Saharan dust, dust
collected in Spain, Fe2O3, MgO, and SiO2 particles26,30,34–36. θ derived here
and in previous studies Eastwood et al.26, Kulkarni and Dobbie34, Kanji and
Abbatt35 show a very similar trend with RHice ice nucleation onsets and can
be very well represented by

θ = a+ b · ln(RHice + c), (4.8)

where a = -13.428, b =10.4731, c = −95.785, and RHice between 100% and
160%. The correlation coefficient, R2, for this fit yields 0.98. It is remarkable
that these different particle types which nucleate ice for a wide range of tem-
perature and RHice onsets show a similar behavior with respect to RHice when
expressed as θ. However, θ derived by Welti et al.30, and Saunders et al.36

deviate significantly from the other laboratory derived contact angles. The
reason for this could lie in the different experimental techniques and methods
to derive Jhet and RHice necessary to calculate θ.
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Figure 4.6: Panel A shows the contact angle (θ) as a function of temper-
ature for Kaolinite (filled squares), Leonardite (gray diamonds), O3-exposed
Leonardite (black diamonds), SRFA (gray triangles), O3-exposed SRFA (black
triangles). θ data for Kaolinite from previous studies by Eastwood et al.26

and Welti et al.30 are shown as open squares and open diamonds, respec-
tively. Panel B shows θ as a function of RHice for Kaolinite (filled squares),
Leonardite (gray diamonds), O3-exposed Leonardite (black diamonds), SRFA
(gray triangles), and O3-exposed SRFA (black triangles) derived in this study,
and Calcite (pluses), Muscovite (gray filled circles), Montmorillonite (ray filled
squares), Kaolinite (open squares), and Quartz (black filled circles)26, mont-
morillonite (stars) and Kaolinite (open diamonds)30, Saharan dust and dust
collected in Spain (asterisks)34, Arizona Test Dust (open circles)35, and Fe2O3

(circles with pluses), MgO (crosses), and SiO2 (open triangles)36. Thin black
line represents a logarithmic fit according to Eqn. 4.8.
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4.5 Atmospheric implication

Field measurements have shown that organic material can contribute a
significant mass fraction to atmospheric aerosol particles1. Here we showed
that SRFA, Leonardite, and corresponding O3-exposed particles can serve as
IN for a wide range of temperatures and RHice. The observed onset condi-
tions for cirrus cloud formation by Ström et al.17 and Haag et al.18 during the
INCA (Interhemispheric differences in cirrus properties from anthropogenic
emissions) field study and by Heymsfield and Miloshevich16 for continental
cirrus are shown in Fig. 4.4. Haag et al.18 reported ice formation in the south-
ern hemisphere (SH) was initiated predominantly by homogeneous nucleation
and in the northern hemisphere (NH) by homogeneous and selective hetero-
geneous nucleation. Heymsfield and Miloshevich16 derived bounds for the
ice nucleation onset of cirrus clouds using field observations of quasi-steady-
state orographic clouds and cirrus clouds. In addition, Fig. 4.4. shows RHice

thresholds for homogeneous ice nucleation of an aqueous droplet with 2.5 µm
in diameter corresponding to a homogeneous ice nucleation rate coefficient of
∼4×1010 cm−3 s−1 33.

Figure 4.4 shows that the RHice ice nucleation onsets of SRFA and O3-
exposed SRFA particles via deposition mode are lower than those for homoge-
neous ice nucleation at Tp < 235 K and are close to the lower bound of cirrus
cloud onset conditions observed in the SH17,18 suggesting that SRFA and O3-
exposed SRFA particles may act as IN under these conditions. Leonardite
particles form ice at much lower RHice onsets compared to homogeneous ice
nucleation. The observed RHice onsets of Leonardite particles coincide in part
with the observed cirrus cloud onset conditions in the NH17,18 and continen-
tal cirrus cloud formation16. However, O3-exposed Leonardite particles show
ice nucleation onsets closer to the cirrus cloud onset conditions in the SH17.
The data presented here indicate that SRFA, O3-exposed SRFA, Leonardite,
and O3-exposed Leonardite particles can initiate ice formation via heteroge-
neous ice nucleation under atmospheric conditions typically observed for cirrus
formation.

Initial water uptake and subsequent immersion freezing of SRFA, Leonardite,
and corresponding O3-exposed particles at temperatures ≥ 236 K indicate that
these particles can initiate ice formation relevant for the formation of mixed-
phase clouds70,233. Overall, ice nucleation data presented here suggest that
HULIS-containing atmospheric particles have the potential to play a role in
both cirrus and mixed-phase cloud formation irrespective of the degree of ox-
idation by O3.

The parameterization of Θ with RHice allows estimation of Jhet and ice
crystal production rates (P het

ice ) when the cloud onset formation conditions are
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known. For this analysis, we assume Θ to be independent of temperature in
the temperature range for cloud activation. This is justified first by the exper-
imental findings that Θ does not change significantly within 10 K. Secondly,
typical ice supersaturations for initiation of ice nucleation are achieved within
a decrease of about 4 K in the temperature of the IN compared to the dew
point of the surrounding environment25,33. For a particular ice nucleation on-
set the corresponding θ value can be read off Fig. 4.6B and using Eqns. 4.3,
4.6, and 4.7, Jhet can be readily derived. If the available aerosol surface area
per volume of air, Ap, is known, then P het

ice = Ap · Jhet in units of ice par-
ticles cm−3(air) s−1. The final maximum ice crystal concentrations are also
constrained by the available water vapor and possible mass transfer due to the
Wegener-Begeron-Findeisen process77–79. The proposed parameterization of θ,
valid for a wide range of insoluble particles nucleating ice via deposition mode,
and corresponding Jhet derived as a function of T and RHice can be useful in
applications such as cloud resolved modeling studies but also for post analysis
of field observations to describe the evolution of the ice phase.

4.6 Summary

The heterogeneous ice nucleation efficiency of laboratory generated Kaolin-
ite, Leonardite, and SRFA particles was investigated as a function of tempera-
ture, relative humidity, nucleation mode, and O3 exposure. Ice nucleation and
water uptake were studied using a novel ice nucleation apparatus which allows
control of particle temperature as low as 203 K and relative humidity up to
water saturation. Validation of the new experimental setup was performed by
determining the IN efficiency of Kaolinite particles. The results corroborate
that Kaolinite particles are very efficient IN inducing ice nucleation via depo-
sition mode at 102–124% RHice for temperatures between 207 and 251 K in
agreement with previous studies.

SRFA particles nucleated ice via deposition mode at 125–161% RHice for
temperatures ≤ 230 K. At 236 and 241 K, ice formation occurred either via
deposition mode or immersion freezing. At temperatures ≥ 246 K water uptake
was first observed and followed by immersion freezing. The observed RHice ice
nucleation onsets of SRFA particles are lower than those for homogeneous ice
nucleation of aqueous droplets for temperatures below 231 K33 and close to the
observed lower bound of cirrus cloud onset conditions typical for the southern
hemisphere17,18. Leonardite particles nucleated ice via deposition mode at
112–162% RHice for temperatures ≤ 241 K and at higher temperatures water
uptake and in some cases subsequent immersion freezing was observed. The
observed RHice ice nucleation onsets of Leonardite particles coincide in part
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with the cirrus onset conditions observed in the northern hemisphere17,18 and
continental cirrus cloud formation16.

O3-exposed SRFA particles nucleated ice via deposition mode at tempera-
tures ≤ 241 K indicating that oxidation by O3 can enhance the ice nucleation
efficiency. But at temperatures ≤ 231 K ice nucleation occurred on O3-exposed
SRFA particles at similar RHice ice nucleation onsets as for SRFA particles.
O3-exposed Leonardite particles nucleated ice via deposition mode at 131–
162% RHice for temperatures ≤ 236 K. At 241 K, ice formation occurred
either via deposition mode or immersion freezing on O3-exposed Leonardite
particles and at higher temperatures water uptake and in some cases sub-
sequent immersion freezing were observed. O3-exposed Leonardite particles
nucleated ice in average 10–20% RHice higher compared to unexposed parti-
cles for temperatures between 215 and 227 K suggesting that oxidation by O3

renders Leonardite particles less efficient IN in this temperature range. These
results indicate that particle oxidation by O3 may have different impacts on
the ice nucleation efficiency of the organic particles studied here. More ice
nucleation studies taking into account particle oxidation by atmospheric trace
gases are needed to assess its importance on the ice nucleation efficiency of
organic particles.

We have shown that SRFA, Leonardite, and corresponding O3-exposed par-
ticles can nucleate ice via deposition mode at atmospheric conditions typical
for cirrus cloud formation. Immersion freezing induced by SRFA, Leonardite
and corresponding O3-exposed particles at temperatures > 236 K indicates
that these organic particles can induce ice formation at atmospheric conditions
relevant for mixed-phase clouds. Our results suggest that HULIS-containing
particles can play important roles in both cirrus and mixed-phase cloud for-
mation processes.

Experimentally derived heterogeneous ice nucleation rate coefficients were
applied to calculate contact angles using classical nucleation theory. The con-
tact angles determined here and from previous studies representing various
types of IN demonstrate a very similar behavior as a function of RHice onsets.
A parameterization of contact angle as a function of RHice onsets was derived
which allows determination of the corresponding heterogeneous ice nucleation
rate coefficients assuming that the contact angle does not change within the
temperature range of cloud activation. This yields, if onset conditions for cloud
formation are known, ice crystal production rates and corresponding ice crystal
number concentrations for deposition ice nucleation. The proposed deposition
ice nucleation parameterization can provide a valuable tool for post analysis
of observed atmospheric ice crystal formation for a wide range of different IN
and for application in cloud resolving modeling studies.
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4.7 Jhet Values for Kaolinite and K Values for

HULIS Surrogates and Kaolinite

Cumulative IN spectra, K, in units of cm−2, were derived from the ice
nucleation experimental data for the investigated kaolinite and SRFA, and
Leonardite, and corresponding O3-exposed particles serving as surrogates of
HULIS typically found in atmospheric particles. K(T ) is derived representing
the number of ice active sites on the particle surface which have nucleated
ice between temperature, T , and the temperature which corresponds to RHice

=100%.
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Figure 4.7: Experimentally derived cumulative ice nuclei spectra, K(T ), for
deposition ice nucleation as a function of temperature for (A) SRFA (solid
lines) and O3-exposed SRFA (dashed lines) particles, (B) Leonardite (solid
lines) and O3-exposed Leonardite (dashed lines) particles, and (C) kaolinite
particles. Individual color represents the ice nucleation experiments conducted
from the same starting temperature at which RHice = 100%. The open cir-
cle and triangles represent starting temperatures for unexposed and exposed
particles, respectively.

The experimentally obtained deposition ice nucleation onsets shown in
Figs. 4.3 and 4.4 and the particle surfaces shown in Table 4.1 are used to
derive K(T ) values according to Eqns. 2.29 and 2.30. ∆T of 0.02 K is applied
corresponding to the temperature difference between two sequentially recorded
images. K(T ) values for the investigated particles are presented in Fig. 4.7.
K(T ) exhibits a strong temperature dependence for all investigated samples
similar to Jhet shown in Fig. 4.5. Decreasing the particle temperature results
in more active sites being activated and thus the density of ice active site in-
creases. For example, K(T ) for SRFA particles shown in Fig. 4.7A increases by
about 2 orders of magnitude from ∼100 to about 10000 cm−2 within ∼3 K. As
shown in Fig. 4.7B, the maximum K values of Leonardite particles are higher

76



than those of the O3-exposed Leonardite particles at temperatures between
215 and 230 K. This most likely is due to a higher ice nucleation efficiency of
Leonardite particles at this temperature range. The K(T ) derived for kaolinite
particles are very similar to those of SRFA and Leonardite particles, although
kaolinite particles are more efficient deposition IN.

The experimental ice nucleation data were used to derived Jhet for kaolinite
particles using the same method as for HULIS surrogates as described above.
Figure 4.8 presents the experimentally derived Jhet values for deposition ice
nucleation from kaolinite particles as a function of temperature. Jhet is a strong
function of temperature as expected from CNT20. The strong temperature
dependency of Jhet for kaolinite particles is similar to that for HULIS surrogates
as shown in Fig. 4.5. Jhet increases for kaolinite particles by two orders of
magnitude within 2 K for the investigated particle temperatures. For example,
for particle temperatures of ∼250 K, Jhet increases from 17 cm−2 s−1 to 995
cm−2 s−1.
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Figure 4.8: Experimentally derived Jhet values as a function of temperature for
deposition ice nucleation from kaolinite particles. Individual colors represent
the ice nucleation experiments conducted of the same starting temperature for
which RHice = 100%. The open circles represent starting temperatures.
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4.8 Application of Contact Angle Parameter-

ization and Ice Production Rates

As discussed in section 4.5, the proposed parameterization of θ can be
useful in applications such as cloud resolved modeling studies but also for post
analysis of field observations to describe the evolution of the ice phase. Here
we give examples for the application of this parameterization.

Assuming two types of IN which nucleate ice at 110% and 140% RHice,
according to the parameterization of θ, the corresponding θ for these two types
of IN is 14.6◦ and 26.4◦, respectively. The determined θ in turn yields Jhet for
different temperatures using Eqns. 4.3, 4.6, and 4.7. Figure 4.9A presents
Jhet values as a function of T and RHice for these two types of IN. For this
example we assume that θ is constant with temperature, i.e., the active site
inducing deposition ice nucleation does not change with temperature which
is a valid assumption for solid particles. Parameterized Jhet reflects expected
behaviors such as: i) lower θ yields higher Jhet at lower RHice values and
ii) Jhet increases with increasing RHice at constant temperature. Thus, if
ice nucleation RHice and T onsets are known the corresponding Jhet values,
covering conditions before and after cloud formation, can be derived. This
parameterization can also be applied to yield deposition ice nucleation rates
for variable IN efficiencies, and thus ice crystal production rates, as a function
of T and RHice for employment in cloud resolving models.

Ström et al.17 reported that cirrus cloud formation in the NH was observed
at minimum 115% RHice at mean observed temperatures of ∼225 K. According
to Eqn. 4.8, this yields a θ value of 17.7◦. Figure 4.9B shows Jhet values as
a function of RHice for T from 245 to 205 K and θ =17.7◦. To represent the
cirrus cloud formation process, we assume a particle trajectory in which T
decreases from 226.3 to 223.8 K with a lapse rate of 8.2 K km−1 leading to
a corresponding increase in RHice from 100% to 130%. For selected T and
RHice, the corresponding Jhet values are shown in Fig. 4.9B as filled circles
and are summarized in Table 4.2.

From the aerosol size distribution observed in the NH during the INCA
study (Table 1 in Kärcher and Ström248), the particle surface area concentra-
tion (Ap) of ∼2.5 µm2 cm−3 can be derived assuming the particles are spherical.
Ice crystal production rates (P het

ice ) are calculated from P het
ice = Ap · Jhet. De-

rived Jhet and P het
ice values along the particle trajectory are given in Table 4.2.

At 224.8 K and 118% RHice, P
het
ice is 6.8×10−2 cm−3(air) s−1 yielding the for-

mation of 4080 ice crystals per liter of air in one minute. In other words, in one
minute an ice crystal concentration of ∼4.1 cm−3 is reached which is compara-
ble to the observed mean concentration of ∼5.3 cm−3 248. The final ice crystal
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Figure 4.9: Panel A shows Jhet values as a function of RHice for constant T
ranging from 250 to 180 K given in 10 K steps for IN with θ of 14.6◦ and 26.4◦

as solid and dashed lines, respectively. Panel B shows Jhet values as a function
of RHice for constant T ranging from 245 to 205 K given in 10 K steps for
IN with θ = 17.7◦. The filled circles indicate Jhet values at selected T and
RHice given in Table 4.3 along a particle trajectory assuming a lapse rate of
8.2 K km−1.
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Table 4.2: Derived heterogeneous ice nucleation rate coefficients (Jhet) and
ice crystal production rates (P het

ice ) representative of cirrus cloud formation
conditions observed in the northern hemisphere during the INCA study17,18.
Jhet and P het

ice are given at selected T and RHice values indicated by filled circles
in Fig. 4.9B. See text for more details.

Temperature RHice Jhet P het
ice

K % cm−2s−1 cm−3(air) s−1

225.2 113 1.3×10−9 3.3×10−16

225.1 114 3.1×10−5 7.8×10−13

225.0 115 1.1×10−1 2.8×10−9

224.9 117 2.4×104 6.0×10−4

224.8 118 2.7×106 6.8×10−2

numbers depend on the available IN concentration and water vapor. Table 4.2
also indicates that our parameterization captures the rapid increase in Jhet
and P het

ice for small changes in T and RHice emphasizing the high sensitivity of
heterogeneous ice nucleation on the environmental parameters.

Field studies have shown that biomass burning is a significant source of
HULIS143–146,257 and that biomass burning plumes can reach the upper tropo-
sphere where temperatures favor ice nucleation151,231,232,258. Particle number
densities of ∼140 cm−3 and particle diameters of 90–2000 nm were observed in
biomass burning plumes231,232 which are similar to the particle number den-
sities and sizes observed in the SH during the INCA study17. As discussed
above, HULIS type particles may nucleate ice via heterogeneous nucleation at
similar thresholds with respect to T and RHice as cirrus clouds in the SH as
shown in Fig. 4.417. Cirrus cloud formation in the SH was identified to occur
via homogeneous ice nucleation at ∼140% RHice at mean observed tempera-
tures of ∼225 K17,18.

Here we compare ice crystal production rates from heterogeneous ice nu-
cleation on solid HULIS type particles (P het

ice ) and from homogeneous ice nu-
cleation on aqueous droplets (P hom

ice ) assuming both types of particles nucleate
ice at 140% RHice and 225 K. Under these conditions θ = 26.4◦ according to
Eqn. 4.8. We employed the aerosol size distribution observed in the SH (Table
1 in Kärcher and Ström248) and assumed spherical particles to derive Ap = 2
µm−2 cm−3 and particle volume concentration (Vp) of 0.9 µm−3 cm−3. Again,
we assume a particle trajectory in which T decreases from 226.5 to 224 K
with a lapse rate of 8.2 K km−1 leading to an corresponding increase in RHice

from 120% to 155%. At 224.9 K and 141% RHice Jhet is 3.1×104 cm−2 s−1

resulting in P het
ice = 6.2×10−4 s−1 cm−3(air) s−1 = 37 L−1(air) min−1. The
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water activity based ice nucleation theory33 was employed to derive the cor-
responding homogeneous ice nucleation coefficient, Jhom. P hom

ice is calculated
from P hom

ice = Vp · Jhom. This yields Jhom = 5.8×10−3 cm−3 s−1 resulting in
P hom
ice = 5.2×10−15 cm−3(air) s−1 = 3.1×10−10 L−1(air) min−1 under the same

conditions.

Table 4.3: Heterogeneous (Jhet) and homogeneous ice nucleation rate coeffi-
cients (Jhom) with corresponding heterogeneous (P het

ice ) and homogeneous ice
crystal production rates (P hom

ice ) derived for cirrus cloud formation onset con-
ditions observed in the southern hemisphere during the INCA study17,18. See
text for more details.

Temperature RHice Jhet P het
ice Jhom P hom

ice

K % cm−2s−1 cm−3(air) s−1 cm−3s−1 cm−3(air) s−1

224.9 141 3.1×104 6.2×10−4 5.8×10−3 5.2×10−15

224.8 143 1.1 ×106 2.2×10−2 62 5.6×10−11

224.6 146 1.1 ×108 2.2 9.4×106 8.5×10−6

224.3 151 4.3 ×1010 860 1.2×1014 110

Clearly, under the observed cirrus cloud onset conditions, heterogeneous
ice nucleation is the dominant process leading to initial ice crystal formation.
As shown in Table 4.3, at 224.8 K and 143% RHice, P

het
ice yields 2.2×10−2

cm−3(air) s−1 resulting in the formation of ∼1300 ice crystals per liter of air
in one minute. In one minute, an ice crystal concentration of ∼1.3 cm−3

can form under these conditions which is comparable to the mean ice crystal
concentration of 1.2 cm−3 observed in the SH248. As indicated in Table 4.3, if
RHice increases to 146%, P het

ice is still several orders of magnitude higher than
the corresponding P hom

ice . Although the maximum ice crystal concentrations
are limited by the available water vapor and possible mass transfer due to the
Wegener-Begeron-Findeisen process77–79, heterogeneous ice nucleation and not
homogeneous ice nucleation may be the dominant ice nucleation mechanism to
account for these high ice crystal concentrations. These calculations indicate
that heterogeneous ice nucleation on HULIS type particles can be important
for atmospheric ice cloud formation processes even at ambient conditions close
to the onset of homogeneous ice nucleation.

These examples show that the proposed parameterization of θ and corre-
sponding Jhet derived as a function of T and RHice can be useful in applications
such as cloud resolved modeling studies but also for post analysis of field ob-
servations to describe the evolution of the ice phase.
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Chapter 5

Heterogeneous Ice Nucleation
by Field–Collected Particles

This chapter presents the investigation of heterogeneous ice nucleation and
water uptake from different types of anthropogenic and marine impacted par-
ticles collected during the MILAGRO and CalNex field campaigns. The chem-
ical composition of the investigated particles is determined by CCSEM/EDX
and STXM/NEXAFS. The effect of chemical composition on the particles’
ice nucleation efficiency and water uptake are discussed. The ice nucleation
efficiencies of field-collected and laboratory-generated particles are compared.
Experimentally obtained deposition ice nucleation onsets are used to derive
Jhet, K(T ), θ, and IN activated fraction.

Part of the results discussed in section 5.1 have been presented in the pub-
lication, “Heterogeneous nucleation of ice on anthropogenic organic particles
collected in Mexico City” published by D. A. Knopf, B. Wang, A. Laskin, R.
C. Moffet, and M. K. Gilles in Geophysical Research Letters, Vol. 37, L11803,
2010.
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5.1 Ice Nucleation by Particles Collected dur-

ing the MILAGRO Campaign

5.1.1 Particle Samples and Chemical Composition

During the MILAGRO campaign, 5 particle samples were collected on
March 22, 2006 including three samples (ST0a, ST0b, and ST0c) collected
at the T0 sampling site, one sample (ST1) collected at the T1 sampling site,
and one sample (ST2) collected at the T2 sampling site. In addition, a particle
sample collected at the T0 sampling site on March 24, 2006 is also investigated
for chemical analyses and ice nucleation experiments.

Table 5.1 summarizes the particle number density on the substrate, mean
particle diameter, and the surface area available for ice nucleation determined
by the CCSEM/EDX analysis for the investigated samples. The mean particle
diameter is defined as the equivalent circle diameter of the 2–D projected
area of the particle observed from the microscopy images. The mean particle
diameter ranges from 0.44 to 0.65 µm. The particle number density ranges
from 1.4 to 5.0 × 105 mm−2. Combining the particle density, mean diameter,
and the sample area observed in the ice nucleation experiments, the particle
surface area available for ice nucleation was determined ranging from 4.8 to
8.1 × 10−2 mm−2.

Table 5.1: The sampling location, sampling time (local time), and mean par-
ticle size in diameter, particle number density on substrate, surface area of
particles available for ice nucleation, and range of IN activated fractions of the
investigated samples are presented.

Sample and Diameter Particle density Surface area IN activated fraction
sampling time (µm) (×105 mm−2) (×10−2 mm2) (×10−5)
ST0a, 05:35 0.44 3.8 8.0 0.8–1.2
ST0b, 12:35 0.56 1.5 4.8 2.1–7.3
ST0c, 14:20 0.65 1.4 6.3 2.1–9.6
ST1, 13:00 0.51 3.1 8.1 1.5–3.1
ST2, 14:30 0.66 1.5 6.6 2.1–9.4
M1, 05:00 0.52 2 5.0 1.6–7.2

Figure 5.1 shows a typical SEM image for (a) particles collected on March
22 and (b) particles on the M1 sample collected on March 24. The majority
of the particles collected on March 22 are coated with organic material and
appear in near spherical shapes whereas the particles of the M1 sample exhibit
non–spherical, needle-like shapes.
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Figure 5.1: A typical SEM image for (a) particles collected on March 22 and
(b) particles on the M1 sample collected on March 22. The dark areas indicate
organic material.

Figure 5.2 shows the particle–type compositions for samples derived from
STXM/NEXAFS collected at different time during the day. Close to the
source at the T0 site, particles consist of dust, sulfate species, and particles
coated by secondary organics. Significant amount of organic material is as-
sociated with every particle measured which is confirmed by CCSEM/EDX
and STXM/NEXAFS analyses of a statistically significant number of parti-
cles23. As shown in Fig. 5.2, the particle-type composition at T0 did not
change substantially during the day. Transport from T0 to T1 and T2 led to
a significant increase in organic material due to the photochemical formation
and processing of SOA22,23,219.

The M1 particle sample contains a major fraction of internally mixed par-
ticles consisting of Pb/Zn chlorides and nitrates which represented the major-
ity of the fine mode particles as determined by a number of complementary
techniques, including aerosol time–of–flight mass spectrometer (ATOFMS),
CCSEM/EDX, and STXM/NEXAFS221. The particle sample was collected
after a heavy rainfall resulting in a decreased background aerosol concentra-
tion and this is when ATOFMS detected a peak of Pb/Zn–containing particles.
The number percentage of the Pb/Zn–containing particles accounts for 61%
as detected by ATOFMS and 73% as determined by CCSEM/EDX. These
particles were typically mixed with soot indicating a combustion source and
their unique single particle chemical compositions closely match signatures in-
dicative of waste incineration221. Moffet et al.221 concluded that many Zn–rich
particles composed of Zn(NO3)2·6H2O and ZnO possess needle-like structures
as shown in Fig. 5.1. For these reasons, this sample was chosen for ice nucle-
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Figure 5.2: The classification of particle types for samples collected at
the T0, T1, and T2 sampling site in and around Mexico City based on
STXM/NEXAFS analysis. STXM/NEXAFS analysis distinguishes the follow-
ing components within individual particles: OC–organic carbon, In–inorganic
material, and EC–elemental carbon. Combinations of these components are
used to define four major particle classes. The OC component is present in all
particles. NoID class corresponds to particles that could not be assigned to a
specific class because of the low signal to noise.

ation measurements of particles representative of waste incineration221.

5.1.2 Water Uptake and Ice Nucleation

T0, T1 and T2 samples collected on March 22

Figure 5.3 shows the ice nucleation data for 5 samples collected at T0,
T1, and T2 sites on March 22, 2006. The ice nucleation onsets of a blank
substrate are also shown, indicating the maximum RHice values achievable in
our experiments. The observed ice nucleation onsets for the three particle
samples collected at the T0 site do not show a significant difference within
the experimental uncertainties. Thus, the experimental data obtained from
these three samples are combined. The same procedure is applied to the two
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Figure 5.3: Experimentally determined range of heterogeneous ice nucleation
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Shaded and hatched bars represent conditions at which water uptake and im-
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the bars indicate the mean IN onsets calculated from multiple observations.
Water uptake and ice formation on blank substrates are shown as open and
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sents RHice thresholds for homogeneous ice nucleation from an aqueous droplet
adapted from Koop et al.33. The remaining lines and symbols are identical to
those in Fig. 6.1

86



samples collected at the T1 and T2 sites. The onsets of heterogeneous ice
nucleation via deposition mode determined for particle samples collected at
the T0 sampling site are shown as red bars in Fig. 5.3. Particles took up
water at Tp > 230 K and about 83% RH, and in some cases, demonstrated
immersion freezing. Blue bars represent heterogeneous ice nucleation onsets
measured for particle samples from the T1 and T2 sites. At the T1 and T2
sites the number of entirely organic particles and extent of organic coating
increased substantially23. Deposition ice nucleation was observed at Tp <
230 K. At higher temperatures water uptake was observed and in some cases
was followed by immersion freezing. Water uptake on T1 and T2 particle
samples also occurred at ∼83% RH. Compared to the ice nucleation onset of
Kaolinite particles, the particles collected in and around Mexico City can be
as efficient at temperatures below 220 K as shown in Fig. 5.3.

Figure 5.3 shows no significant difference in ice nucleation onsets between
particles from different sites or time periods. This supports the premise that
the outermost layers of organic material may control the IN propensity of the
sampled particles; however, effects of inorganic material cannot be entirely
ruled out. Increasing organic material in the particles did not significantly
affect the heterogeneous ice nucleation efficiency of the particles. This may be
attributed to a very thick organic coating so that any additional organic mate-
rial has little impact on heterogeneous ice nucleation. Additional possibilities
include the formation of new IN coupled with the deactivation of IN within
the urban plume259 and particle coagulation. The insensitivity of heteroge-
neous ice nucleation to additional photochemical processing may facilitate the
modeling of ice cloud formation.

The onset conditions for cirrus formation reported for the “Interhemi-
spheric differences in Cirrus properties from Anthropogenic emissions” (INCA)
experiment for the northern and southern hemispheres at mean temperatures
of ∼225 K are also shown in Fig. 5.3. The heterogeneous ice nucleation onsets
reported in this study coincide well with onset conditions of cirrus formation
typical for the northern hemisphere, i.e. RHice > 115% at temperatures of
205 to 235 K. Heymsfield and Miloshevich16 observed that ice formation for
orographic wave clouds and cirrus clouds could start as low as ∼110% RHice

which indicates a heterogeneous ice nucleation process. The ice nucleation
onsets determined here coincide with these continental cirrus cloud formation
via heterogeneous ice nucleation. These results suggest that anthropogenic
particles from the urban environment of Mexico City can act as IN under typ-
ical tropospheric conditions. Analysis of the INCA data concluded that the
northern hemisphere cirrus conditions are controlled by homogeneous and by
selective heterogeneous freezing whereas ice crystals are formed predominantly
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by homogeneous ice nucleation in the cleaner southern hemisphere17,18.

M1 sample collected on March 24

Figure 5.4 shows that above 231 K water uptake by the particles was ob-
served at 84–89% RH followed by immersion freezing at 90–100% RH. Below
231 K, these particles nucleated ice via deposition mode between 115 and 148%
RHice with mean onset values of 126–133%.

Figure 5.4 shows that these particles exhibit similar ice nucleation efficien-
cies via deposition ice nucleation below 231 K as the anthropogenic organic-
dominated particles on March 22 which are referred to as MILAGRO organic
particles for the remainder of the text. Both organic–dominated and inorganic-
dominated particles from this heavily polluted environment can serve as very
efficient deposition IN. Pb/Zn-containing particles nucleated ice via immersion
freezing after taking up water and possessed higher ice nucleation efficiencies
than MILAGRO organic particles. For comparison, the onset conditions of ice
nucleation by lead iodide (PbI2)

37, Pb–containing Kaolinite38, and Kaolinite39

are shown in Fig. 5.4. Below 210 K, Pb/Zn–containing particles exhibited high
ice nucleation efficiencies that were comparable to Kaolinite particles. Cziczo
et al.38 have shown that Pb–containing Kaolinite particles can serve as efficient
IN at temperatures between 235 K and 245 K. An early study by Detwiler and
Bernard37 showed that PbI2 particles, which were applied in cloud seeding,
also exhibit high ice nucleation efficiencies similar to Kaolinite particles. Pre-
vious studies have shown that ZnO particles could also serve as IN at 253 K
and 263 K260. Pb/Zn chlorides and nitrates are soluble in water whereas ZnO
is insoluble; thus it would be expected that after water uptake, the insoluble
components present in the M1 sample, such as ZnO, served as IN. In summary,
these field–collected Pb/Zn-containing particles have a high potential to act
as IN via deposition and immersion freezing, corroborating previous studies
using laboratory generated particles.

5.2 Particles Collected during the CalNex Cam-

paign

5.2.1 Particle Samples

Particle samples were collected at the ground sampling site on the Caltech
campus, Pasadena, CA, during the CalNex field campaign. Two sets of particle
samples were chosen for this study including three samples (A2, A3, and A4)
collected on May 19 and two samples (B2 and B4 ) collected on May 23.
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Table 1 summarizes the particle number density on the substrate and mean
particle sizes determined by the CCSEM/EDX analysis for the investigated
samples. The mean particle diameter ranged from 0.26 to 0.52 µm. The
particle number density ranged from 0.2 to 2.3 × 106 mm−2. Combining the
particle density, mean diameter, and the sample area observed during the ice
nucleation experiments, the particle surface area available for ice nucleation
was determined as 0.05 to 0.26 × 10−2 mm−2.

Table 5.2: The sampling location, sampling time (local time), and mean par-
ticle size in diameter, particle number density on substrate, surface area of
particles available during for ice nucleation, and range of IN activated frac-
tions of respective samples are presented.

Sample and Diameter Particle density Surface area IN activated fraction
sampling time (µm) (×106mm−2) ×10−2 (mm2) (×10−6)

A2, 06–12 0.32 2.3 26 0.6–1.6
A3, 12–18 0.37 1.6 24 0.9–3.4
A4, 18–24 0.39 1.8 24 0.6–2.4
B2, 06–12 0.47 0.8 18 1.8–6.5
B4, 18–24 0.26 0.6 9.0 1.1–7.3

Typical SEM images of the investigated particle samples are shown in Fig.
5.5. Soot particles identified by STXM/NEXAFS, which primarily are pro-
duced during combustion processes, are less transparent to the electron beam
in the STEM (Scanning Transmitted Electron Microscopy) imaging mode of
SEM and thus appear darker than the remaining organic material (see im-
ages of the A2, A3, and A4 samples). The high atomic number elements,
such as sulfur as identified by CCSEM/EDX analysis, most likely present as
sulfate, are also less transparent in STEM images as compared to their thin
organic coatings (see images of the B2 and B4 samples). The particle sam-
ples collected during the CalNex campaign exhibit visible organic coatings of
various thicknesses for the majority of the particles. The coatings of particles
on the A2, A3, and A4 samples are thicker than for particles on the B2 and
B4 samples (see images in Fig. 5.5). More particles of the A3 sample contain
soot/inorganic inclusions than particles of the A2 and A4 samples. Particles
of the A2 and A4 samples show near spherical shapes whereas particles of the
A3 sample are non–spherical.
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Figure 5.5: Typical SEM images obtained by using STEM (Scanning Trans-
mitted Electron Microscopy) detector for aerosol particles of the A2, A3, A4,
B2, and B4 samples collected during the CalNex campaign.

5.2.2 Chemical Composition

As shown in Chapter 3, the chemical composition of individual particles
obtained by CCSEM/EDX analysis can be presented by the normalized atomic
percentages of elements allowing particles to be classified into different groups.
The normalized atomic percentages of elements and classification of particles
on the investigated 8 samples collected on May 19 and 23 during CalNex cam-
paign are shown in Fig. 5.6. The normalized atomic percentages of elements
for individual particles are shown as stacked bars with the colors indicating
the elements. CCSEM/EDX analysis provides the elemental composition for
a significant number of individual particles ranging from ∼1100 to 7600 per
sample as shown in Fig. 5.6.

The particles in each sample are sorted and classified into different particle
types according to CCSEM/EDX and STXM/NEXAFS analyses as described
in Chapter 3. The percentage number fraction of the different particle types
for each sample as determined by CCSEM/EDX and STXM/NEXAFS is sum-
marized and presented in Fig. 5.7A and B, respectively.

For the samples collected on May 19, as shown in the upper panel of
Fig. 5.6, a significant number fraction of particles on the A1, A2, and A3
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Figure 5.6: Bar plots of CCSEM/EDX data showing elemental composition of
individual particles for the samples collected on May 19 and May 23 in Los
Angeles during the CalNex campaign. Each plot represents one sample with
investigated particle numbers ranging from ∼1100 to 7600. Each particle is
represented as a stacked bar with colors giving the relative atomic percent of
the elements in the particle. The color map for the investigated elements is
shown on the right of the figure. The particles are classified into four types as
follows: (1) CNO, (2) CNOS, (3) Na/Mg rich, and (4) Others. The particle
type is indicated by the number on the plots for the A1 and B1 samples.

samples mainly contains C, N, and O elements which could be organic mate-
rial or soot particles. As shown in Fig. 5.7A, the fraction of the CNO type
particles decreases from 71, to 48 to 28% for A2, A3, to A4 sample, respec-
tively. The number fraction of the CNOS containing particles (CNOS type,
likely sulfate) on the A2, A3, and A4 samples increases from 19, to 33, to 54%,
respectively. In addition, the normalized atomic percentage of sulfur (yellow)
in the CNOS type particles increases which is most evident for the A4 sample
as shown in Fig. 5.6. This may due to new particle formation from the oxi-
dation of SO2 or the aging process of existing particles due to condensation
of H2SO4

140,163,164. The A3 particle sample exhibits a higher number fraction
of Fe–containing particles (3%) which is included in the fourth particle type
compared to the other particle samples (less than 1%). This indicates that the
A3 particle sample may have been impacted by a dust event or an industrial
plume.

As shown in Fig. 5.6, for the samples collected on May 23, all four particle
samples were dominated by CNOS type particles, especially, B2 and B3 sam-
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Figure 5.7: The percentage number fraction of identified particle types for
each sample as classified by CCSEM/EDX (panel A) and by STXM/NEXAFS
(panel B). See text for more details.

ples. As shown in Fig. 5.7, the CNOS particle type contributes 73% and 53%
of the particles present in the B2 and B4 samples, respectively. The number
fraction of Na and Mg containing particles which are indicative of sea salt was
enhanced in the B2 and B4 samples compared to the A2 and A3 samples,
especially for the number fraction of Mg–containing particles present in the
B2 sample which was ∼10% compared to <1% for the A2 and A3 samples.
Overall, CCSEM/EDX analysis indicated that the A2 and A3 samples mainly
contained soot associated with organics whereas the particles of the B2 and
B4 consisted of sulfate and sea salt indicating the impact of marine sources.

STXM/NEXAFS provides the speciation of the carbonaceous content of
individual particles and the mixing state of aerosol particles for the A2, A3, B2,
and B4 samples. STXM/NEXAFS analysis classifies four types of particles:
(1) OC: particles are mainly carbonaceous; (2) OC+EC: soot with organic
coatings; (3) OC+EC+In: particles are coated with organics and have soot
and inorganic inclusions; and (4) OC+In: Inorganic particles most of which
have a thin organic coating. The STXM/NEXAFS analysis of a statistically
significant number of identified particles (up to 760) shows that the majority
of particles from A2, A3, B2, and B4 samples possess an organic coating. The
percentage number fraction of the different particle types for each sample is
shown in Fig. 5.7B.

STXM/NEXAFS analysis of particles indicated that the A2 and A3 sam-
ples consisted of particles which were internally and externally mixed with
soot/inorganic and organic material, whereas the majority of the particles on
the B2 and B4 samples contained a mixture of inorganic and organic mate-
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rial. A total of ∼65% of the particles present in the A2 sample fell into two
classes: soot with organics (OC+EC), or soot with inorganics and organics
(OC+EC+In). Similarly, about 80% of the particles present in the A3 sample
fell into these two categories. This indicates that the A2 and A3 samples were
affected by anthropogenic sources, such as combustion products from traffic
related emissions. In addition, the A3 sample showed an increase of carboxylic
groups associated with the particles compared to particles of the A2 sample
likely due to heterogeneous oxidation of soot particles by atmospheric trace
gases such as O3, NO3, and OH during the day261–264. The B2 and B4 samples
are dominated by inorganic particles containing some organics in the form of
a thin coating. The B4 sample contains more particles with soot inclusions
and more purely organic particles compared to the B2 sample as shown in Fig.
5.7B. The B2 and B4 samples were much less carbonaceous than the A2 and
A3 samples.

The chemical composition indicates that the A2, A3, and A4 particle sam-
ples were mainly affected by anthropogenic sources whereas the B2 and B4
particle samples were significantly impacted by marine sources.

5.2.3 Water Uptake and Ice Nucleation

The ice nucleation onset conditions and water uptake by the particles of
the A2, A3, A4, B2 and B4 samples were investigated. Ice nucleation exper-
iments were started at low temperatures (below 225 K) where deposition ice
nucleation occurs in the absence of liquid water. Subsequently ice nucleation
experiments were conducted at a higher temperature range. At higher tem-
peratures, i.e., above 230 K, water uptake and immersion freezing may occur
and lead to a change of particle morphology. To investigate if potential mor-
phology changes due to hydration/dehydration cycles affect the deposition ice
nucleation efficiency, the ice nucleation experiments were repeated. For the
majority of the cases, no significant difference in the ice nucleation efficiency
due to previous ice formation and water uptake was observed. For the fol-
lowing discussions, the ice nucleation data of both experimental runs were
used.

A2, A3, and A4 Samples

The range of ice nucleation onset conditions and water uptake by particles
of the A2, A3, and A4 samples is presented in Fig. 5.8A. Figure 5.8A shows
that above 230 K, water uptake by particles of the A3 and A4 samples was
observed at RH ranging from 78 to 87%. Figure 5.9 presents in more detail the
mean onset RH values for water uptake as a function of particle temperature
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for all investigated samples. Water uptake by the particles of the A3 and A4
samples occurred between 79 and 86% RH for temperatures between 272 K
and 231 K, respectively. Particles of the A2 sample took up water at RH of
81–87% which is a few percent higher than those for particles of the A3 sample.
This demonstrates that the particles of the A3 sample were on average more
hydrophilic than those of the A2 sample. This may be due to the increased
number of carboxylic groups present on particles of the A3 sample. In general,
for the particles collected during the CalNex campaign the mean values of RH
onsets for water uptake increased 3–6% as the particle temperature decreased
by 22–35 K. For example, the RH onsets of water uptake for the particles of the
A4 sample increase from ∼80 to 86% within 35 K when particle temperatures
decreased from 272 to 237 K.
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Figure 5.9: The mean onset RH values for water uptake by particles of the
A2, A3, A4, B2, B4, and M1 samples as a function of temperature. Deliques-
cent relative humidity (DRH) values of ammonium sulfate (AS) are shown as
squares from Onasch et al.40 (green), Braban et al.41 (black), and Parsons
et al.42 (blue). DRH of NaCl are shown as green and black triangles from Cz-
iczo and Abbatt43 and Koop et al.44, respectively. Representative error bars
are given for the selected temperatures.
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Above 230 K, ice nucleation occurred after water uptake via immersion
freezing at RH of 91–100% and 84–95% for particles of the A2 and A3 sam-
ples, respectively. The particles of the A3 sample showed significant higher ice
nucleation efficiency via immersion freezing than those of the A2 sample as
presented in Fig. 5.8A. Water uptake by the particles of the A4 sample was ob-
served at RH values similar to the particles of the A3 sample but ice formation
was not observed until reaching water saturation. Figure 5.8A demonstrates
that below 230 K the particles of the A2 sample nucleate ice via deposition
mode at mean RHice values of 134–150%, which are well below water satu-
ration and the homogeneous freezing limit33. The particles of the A3 sample
exhibited lower mean RHice onsets for deposition ice nucleation than those
of the A2 samples except at 220 K. However, those differences lie within the
experimental uncertainties. The enhancement of carboxylic groups on parti-
cles of the A3 sample had no significant effect on deposition ice nucleation
compared to the particles of the A2 sample.

Ice nucleation and water uptake by particles of the A2, A3, and A4 samples
is compared to MILAGRO organic particles. As shown in Fig. 5.8A, the par-
ticles of the A2 sample took up water at RH values similar to the MILAGRO
organic particles above 230 K. However, the particles of the A2 and A3 sam-
ples exhibited a significantly higher propensity to nucleate ice via immersion
freezing compared to the MILAGRO organic particles, which only nucleated
ice in some instances as shown in Fig. 5.3. For temperatures between 210
and 223 K, the particles of the A2, A3, and A4 samples demonstrated lower
deposition ice nucleation efficiencies.

B2 and B4 Samples

Figures 5.8B and 5.9 show that the particles of the B2 and B4 samples
first took up water at 77–86% RH in the temperature range of 230–275 K,
and then induce immersion freezing when RH was further increased. The RH
onsets for water uptake increased by 3–6% as particle temperatures decrease by
about 22 K for both B2 and B4 particle samples. Adachi et al.265 showed that
sulfate–containing particles collected on May 30, June 13, and June 15 during
the CalNex campaign deliquesced at (80±4)%RH at 298.15 K as determined
using an environmental TEM. This is similar to RH values for water uptake
by the particles of the B2 sample which contain a large amount of sulfur as
determined by CCSEM/EDX analysis.

Above 230 K, Fig. 5.8B demonstrates that particles of the B2 sample in-
duce immersion freezing at RH values of 85–94% after water uptake. They
also showed higher ice nucleation efficiency than the particles of the B4 sample
which induced immersion freezing at RH values of 89–100%. Particles of the
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B2 and B4 samples nucleated ice at mean RHice values from 123 to 142% via
deposition mode below 230 K. The RHice onset values for the particles of the
B4 sample (nighttime) were on average ∼2–5% RHice higher than the particles
of the B2 sample (morning). However, within the experimental uncertainties,
the particles of the B4 sample exhibited similar deposition ice nucleation ef-
ficiencies compared to the particles of the B2 sample. The data demonstrate
that the particles of B2 and B4 samples are very efficient ice nuclei which can
induce deposition ice nucleation at RHice as low as 120%.

The particles of the B2 and B4 samples showed similar deposition ice nu-
cleation efficiencies below 230 K as MILAGRO organic particles. However,
particles of the B2 and B4 samples exhibited significantly higher efficiencies to
nucleate ice via immersion freezing above 230 K compared to MILAGRO or-
ganic particles. Particles of the B2 morning sample were impacted by marine
sources and showed a higher propensity to form ice via both deposition nu-
cleation and immersion freezing compared to the particles of the A2 morning
sample, which were affected by anthropogenic sources as shown in Fig. 5.8.

5.3 Ice Nucleation Analysis of Field-Collected

Particles

The data analysis here does not attempt to determine if the underlying het-
erogeneous ice nucleation process is stochastic or deterministic in nature due
to the heterogeneity and complexity of investigated ambient particles. How-
ever, the experimental data are analyzed using both CNT and SH approach for
future interpretation and implementation in ice nucleation and cloud resolving
models.

The experimentally obtained deposition ice nucleation onsets are used to
to derive Jhet, K, θ, and IN activated fraction for all the investigated field-
collected particle samples based on the the same methods described in previous
Chapters.

5.3.1 Jhet and K for MILAGRO Particle Samples

Experimentally derived Jhet and K(T ) values for deposition ice nucleation
for particle samples collected during the MILAGRO campaign as a function
of temperature are presented in Fig. 5.10. Jhet values are a strong function of
temperature and increase exponentially by ∼2 orders of magnitude as shown
in Fig. 5.10. Jhet values for all MILAGRO particle samples are similar due
to the similar deposition ice nucleation efficiencies as discussed above. The
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Figure 5.10: Experimentally derived heterogeneous ice nucleation coefficients,
Jhet, and cumulative ice nuclei spectra, K(T ), for deposition ice nucleation
as a function of temperature. Jhet values are given in panel (a), (b), and (c)
and K(T ) in panel (d), (e), and (f) for the T0, T1/T2, and M1 samples,
respectively. Individual colors represent the experiments conducted from the
same starting temperature at which RHice = 100%. The open circles represent
corresponding starting temperatures.

derived K(T ) also demonstrates a strong temperature dependence for all the
particle samples as shown in Fig. 5.10d, e, and f. K(T ) increases by ∼1–2
orders of magnitude within a few degrees Kelvin from ∼100 to ∼104 cm−2.

5.3.2 Jhet and K for CalNex Particle Samples

Experimentally derived Jhet and K(T ) values for deposition ice nucleation
for particle samples collected during the CalNex campaign were presented in
Fig. 5.11. For the same initial particle temperatures, Jhet increased exponen-
tially by ∼1–2 orders of magnitude within a few degrees Kelvin. The particle
samples exhibited similar Jhet values whereas the B4 particle sample exhibited
slightly higher Jhet values than the other samples at similar temperatures due
to the higher ice nucleation efficiencies of particles present in the B4 sample.
Although K(T ) exhibited a similar temperature dependence for all investi-
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Figure 5.11: Experimentally derived heterogeneous ice nucleation coefficients,
Jhet, and cumulative ice nuclei spectra, K(T ), for deposition ice nucleation as
a function of temperature. Jhet values are given for (a) A2 (circles) and A4
(triangles), (b) A3, (c) B2, and (d) B4 particle samples. K(T ) are given for
(e) A2 (solid lines) and A4 (dashed lines), (f) A3, (g) B2, and (h) B4 parti-
cle samples. Individual colors represent experiments conducted at the same
starting temperature at which RHice = 100%. The open symbols represent
corresponding starting temperatures.

gated samples, the maximum K(T ) values for the B2 and B4 particle samples
were relatively higher compared to those of the other particle samples as shown
in Fig. 5.11 which most likely was due to a higher ice nucleation efficiency.

5.3.3 IN Activated Fraction

The ranges of IN activated fractions are presented in Table 5.1 and 5.2
for particle samples collected during the MILAGRO and CalNex campaign,
respectively. For A2, A3, and A4 samples, the IN activated fraction ranged
from ∼0.6 to ∼3.4 ×10−6 whereas for B2 and B4 samples it ranges ∼1.1 to ∼7.3
×10−6 as shown in Table 5.2. This indicated that particles on the B2 and B4
samples were more efficient IN than particles on the A2, A3, and A4 samples in
deposition mode as shown in Fig. 5.8. For particle samples collected during the
MILAGRO campaign, all the investigated samples exhibited a similar range of
IN activated fraction which ranged from ∼0.8 to ∼9.6 ×10−5. This was due to
similar ice nucleation efficiency of the investigated particles as shown in Fig.
5.3 and 5.4. In general, the IN activated fraction for particle samples collected
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during the CalNex campaign was about one order lower than those of particle
samples collected during the MILAGRO campaign. This difference was mainly
due to the difference in total particle number available for ice nucleation.

5.3.4 Contact Angle of Field-Collected Particles

The mean θ values for the investigated field-collected particles as a function
of temperature and RHice are shown in Fig. 5.12a and b, respectively. The
uncertainty in θ is mainly due to the uncertainty in RHice and to a lesser
extent by Jhet as discussed in Chapter 4. The investigated particle samples
have mean θ values ranging from ∼20◦ to 28◦ for deposition ice nucleation.
In general, the B2, B4, and MILAGRO particle samples exhibit lower mean
θ values indicating a higher ice nucleation efficiencies. This can be seen from
Figs. 5.8 and 5.4 showing that the particles on these samples nucleate ice at
lower mean onset RHice compared to the particles on the A2, A3, and A4
samples at same temperatures. For comparison, θ for Kaolinite particles is
also presented in Fig. 5.12a. Overall, the investigated field-collected particle
samples studied here exhibit larger θ values and thus are less efficient IN
than Kaolinite particles at temperature between 215 to 250 K. Below 215 K,
θ derived from Kaolinite and from the field-collected particles come closer
indicative of similar ice nucleation efficiencies.

Figure 5.12b shows the mean θ values for deposition ice nucleation as a
function of onset RHice for the field-collected particle samples and θ for var-
ious organic and inorganic particle types which have been presented in Fig.
4.6. Figure 5.12b also shows the proposed parameterization of θ as a function
of onset RHice given in Chapter 4. As shown in Fig. 5.12b, θ for the inves-
tigated field–collected particles, which possess various chemical composition
and morphology, fit well with the parameterization within the experimental
uncertainties.

5.4 Effects of Particle Morphology and Chem-

ical Composition

For temperatures above 231 K, the chemical composition of the particles
impacted by anthropogenic and marine sources affect the water uptake and
immersion freezing efficiencies. Particles of the A3 sample that contain more
carboxylic functional groups on the particle may be more hydrophilic and
thus take up water at lower RH than particles of the A2 sample. Particles
present in the B2 and B4 samples exhibit water uptake behaviors similar to
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Figure 5.12: The mean values of contact angles, θ, calculated from experimen-
tally derived Jhet for deposition ice nucleation (a) as a function of temperature
and (b) as a function of RHice. Red, blue, and green colored circles repre-
sent the A2, A3, and A4 particle samples, respectively. Red, blue, and purple
squares represent the B2, B4, and M1 particle samples, respectively. Light
green and green triangles represent the T0 and T1/T2 samples, respectively.
The solid line represents the parameterization of θ as a function of RHice ac-
cording to Eq. 4.8 and gray symbols represent θ values for various particle
types as shown in Fig. 4.6.
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each other. For comparison, the deliquescence relative humidity (DRH) of
ammonium sulfate and NaCl below 275 K40–44 are shown in Fig. 5.9. The
DRH of ammonium sulfate increases from ∼80 to 86% whereas DRH of NaCl
increases from ∼75 to 80% as temperature decreases from 275 to 235 K. The
mean onset values of water uptake by particles on the A2, A3, A4, B2, and B4
samples exhibit a similar temperature dependency compared to ammonium
sulfate and NaCl particles.

Immersion freezing is triggered by the insoluble components of the parti-
cles. Thus, the insoluble cores play an important role in determining immer-
sion freezing efficiencies of the particles. The differences in immersion freezing
onsets among the A2, A3, and A4 particle samples is most likely due to the
differences of the insoluble components of the inclusions. As discussed above,
particles on the A2 and A3 samples are efficient immersion freezing IN and
the majority of those contain soot. Although the efficiency of soot particles
serving as IN remains unclear3,9,10,12,13,196,199,203,204,266–269, several studies have
shown that soot particles could act as IN12,196,199,203,204,268,269. The particles
with an enhanced number of carboxylic groups may contribute to the higher
immersion freezing efficiency of the A3 sample compared to the A2 sample
since the carboxylic groups may provide more hydrogen bonding sites to at-
tract water molecules20. The number fraction of particles containing metals
including Fe, Zn, Ca and Al elements, is ∼6% for the A3 particle sample
compared to ∼1% for the A2 particle sample as determined by CCSEM/EDX
analysis. In particular, the Fe–containing particles account for 3% of the A3
particles compared to 0.6% for the A2 particle sample. This indicates that the
particles of the A3 sample may consist of mineral dust inclusions which could
result in the corresponding higher immersion freezing efficiencies.

No water uptake is observed prior to deposition ice nucleation below 230 K
for all investigated particle samples. The chemical and physical characteris-
tics of particle surfaces, such as chemical functional groups, hygroscopicity,
and morphology, determine corresponding deposition ice nucleation efficien-
cies13,20,214. As discussed above, the particles on the A3 sample have more car-
boxylic functional groups but do not exhibit significantly different deposition
ice nucleation efficiencies than those on the A2 sample. Thus, the abundance
of carboxylic groups in particles may have a minor effect on deposition ice
nucleation. With less or thinner organic coatings present, the inclusions may
affect deposition ice nucleation as indicated by the contrasting ice nucleation
efficiencies between particles on the sulfate-dominated B2 and B4 samples and
particles on the A2 and A3 samples.

It is commonly assumed that the efficiency of heterogeneous ice nucleation
depends on active sites which can be associated with defects, cracks, cavities,
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and chemical and physical bonds allowing the enhanced interaction with wa-
ter vapor20. Here, we can only hypothesize about the different deposition ice
nucleation efficiencies of the various particle samples. The number of these
morphological irregularities on the particle surface which initiate ice nucle-
ation, for instance through a “negative Kelvin effect”, i.e. a decrease in the ice
vapor pressure due to a concave curvature of entrained water or ice within a
cavity, may result in different ice nucleation efficiencies.

The organic coating of the particles collected during the CalNex campaign
may be in an amorphous solid state at freezing temperatures179,209,270 and thus
may provide a sufficient number of active sites to initiate deposition ice nucle-
ation. The coating of particles on the A2, A3, and A4 samples may be in an
amorphous state and thus exhibit similar morphological irregularities on the
particle surface resulting in similar deposition ice nucleation efficiencies as ob-
served. For particles of the B2 and B4 samples which contain more inorganic
inclusions associated with less or incomplete organic coatings, the inorganic
inclusions of particles may exist in a crystalline state and/or penetrate the
organic coating and thus may provide more active sites than particles of the
A2, A3, and A4 samples which possess an organic coating with a smoother
surface structure. In turn, this renders the particles of the B2 and B4 sam-
ples more efficient in deposition ice nucleation than those of A2, A3, and A4
samples. Particles of the B2 and B4 samples may exhibit similar morphology
and thus similar numbers of active sites, resulting in insignificant differences
in the corresponding deposition ice nucleation efficiencies is insignificant. The
crystalline state and corresponding surface irregularities of the particles on the
M1 sample may also provide more deposition ice nucleation active sites. Over-
all, the results discussed above indicate that physical state and morphology
may be the dominant factors controlling deposition ice nucleation. However,
these factors may ultimately depend on the chemical nature of the particle
compounds which governs the phase state at these low temperatures.

5.5 Comparison with Previous Studies

Organic material in the particle phase can affect the phase transition of
aerosol particles178. Organic particles may also exhibit different phases as dis-
cussed in Chapter 2. Different phases of the organic species may result in
different interactions with water vapor affecting the ice nucleation efficiency of
the particles. This indicates that the complex organic and organic-containing
atmospheric aerosol particles may behave differently compared to purely or-
ganic particles or particles with a simple mixture of organics. In this section,
the ice nucleation efficiency of atmospheric aerosol particle collected during the
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MILAGRO and CalNex field campaigns are compared with those of laboratory-
generated organic and organic-containing particles serving as proxies of atmo-
spheric aerosol particles.

Figure 5.13 shows heterogeneous ice nucleation data from previous studies
compared with the data for particles collected during the CalNex and MILA-
GRO campaign. As discussed in Chapter 1, in general, most of the laboratory-
generated organic or organic-containing particles fall into two separate classes:
very efficient IN which activate at ∼115% RHice or inefficient IN that activate
at RH > 90%. Ice nucleation onsets observed from field-collected particles in
this study are in stark contrast to previous ice nucleation data of laboratory-
generated organic particles. Laboratory-generated particles rarely exhibit ice
nucleation efficiencies similar to those of field-collected particles presented in
this study. One such example of agreement, above 230 K, are the soot parti-
cles investigated by Möhler et al.9, Dymarska et al.3, and Kanji et al.45 which
could nucleate ice at RH value (> 90%) similar to the field-collected particles
from the CalNex campaign. Below 230 K, soot particles coated with H2SO4

induced ice formation at RHice values similar to the field-collected particles
but most likely via immersion freezing9,12. On the other hand, illite coated
with SOA and pure SOA exhibit lower ice nucleation efficiencies compared
to the field-collected particles11. In general, ice nucleation data derived from
controlled, less complex, laboratory-generated particles do not well represent
the ice nucleation behavior of field-collected particles.

Figure 5.13 compares ice nucleation onsets by the field-collected and lab-
oratory generated particles with onsets of continental cirrus formation16 and
cirrus formation reported during the INCA field study17,18. Heymsfield and
Miloshevich16 observed that ice formation for orographic wave clouds and cir-
rus clouds could start as low as ∼110% RHice which indicates a heterogeneous
ice nucleation process. Haag et al.18 and Ström et al.17 concluded that cirrus
cloud formation in the Southern Hemisphere was initiated predominantly by
homogeneous ice nucleation at RHice between 140 and 155% whereas in the
Northern Hemisphere cirrus cloud formation occurred via homogeneous and
selective heterogeneous nucleation at RHice between 115 and 130% at mean
temperatures of ∼225 K. The ice nucleation onsets measured here for the inves-
tigated different particle types collected in different anthropogenically affected
regions, coincide well with the observed conditions for cirrus cloud formation.
The majority of the laboratory studies however indicate that carbonaceous par-
ticles (soot and organic particles) are inefficient IN under conditions relevant
for cirrus formation16–18 as shown in Fig. 5.13. Only a small part of reported
ice nucleation data from laboratory-generated particles coincides with onset
conditions relevant for cirrus formation. From these results, we conclude that
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Figure 5.13: Heterogeneous ice nucleation onsets of the particles collected
during the MILGRO and CalNex campaign indicated as gray and light cyan
bars. Laboratory-generated particles and cirrus cloud formation conditions
from previous studies are adapted from Knopf et al.39. The individual symbols
listed in the figure legend correspond to ice nucleation measurements from the
following particles: I, Ozone oxidized soot from Dymarska et al.3; II, graphite
spark generated soot from Kanji et al.45; III, sulfuric acid coated soot, and
uncoated soot from Möhler et al.9; IV, soot containing different amounts of
sulfur from Möhler et al.10; V, soot, soot coated with a monolayer, and multiple
layers of sulfuric acid from DeMott et al.12; VI, three different types of soot
from Koehler et al.13; VII, biomass burning particles from two studies from
DeMott et al.14 and Petters et al.15; VIII, SOA coated Arizona test dust,
SOA coated illite, and pure SOA from Möhler et al.11; IX, glassy citric acid
from Murray et al.46; X, hydrated NaCl from Wise et al.47, glutaric acid, and
glutaric acid-ammonium sulfate from5; XI, NaCl from two studies from Wise
et al.47 and Wagner et al.48; XII, ammonium sulfate from four studies from
Wise et al.49, Shilling et al.4, Abbatt et al.50, and Knopf51. The remaining
lines and symbols are identical to those in Fig. 5.3.
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current laboratory proxies of organic particles are not sufficiently representa-
tive to infer heterogeneous ice nucleation efficiency of anthropogenic organic
material.

5.6 Conclusions

The experimental ice nucleation data demonstrate that anthropogenically
affected and marine impacted particles with various chemical and physical
properties exhibit distinctly different ice nucleation efficiencies and can serve
as efficient IN at atmospheric conditions typical for cirrus and mixed phase
clouds. The ice nucleation onsets of the investigated field-collected particles
from different anthropogenically affected locations coincide with the observed
conditions for cirrus cloud formation. This indicates the potential link between
aerosol particle composition generated by, or modified by human activities, and
ice cloud formation processes, and thus climate if the human activities persist
over significant spatial and temporal values.

The chemical composition of the particles impacted by either anthropogenic
or marine sources affects the water uptake and immersion freezing at temper-
atures relevant to mixed-phase cloud formation. Aged particles which contain
more carboxylic functional groups are more hydrophilic and thus take up wa-
ter at lower RH. The chemically different insoluble inclusions of the particles
yield different immersion freezing efficiencies. For deposition ice nucleation at
temperatures relevant to cirrus cloud formation, the physical properties and
morphologies of particles may play an important role in controlling the ice nu-
cleation efficiency. The reason for this behavior is not entirely clear but most
likely due to the formation of an amorphous phase of the organic material pro-
viding active sites to nucleate ice at low temperatures typical for deposition
nucleation. Thus, the particles’ chemical and physical properties have different
effects on corresponding ice nucleation efficiencies which also depends on the
nucleation mode and temperature regime.

Compared to the existing literature data, ice nucleation onsets observed
for field-collected particles in this study are in stark contrast to previous ice
nucleation data on laboratory-generated organic particles. Current laboratory
proxies of organic particles are not sufficiently representative to infer hetero-
geneous ice nucleation efficiency of anthropogenic organic material. Clearly,
more ice nucleation studies using field-collected particles combined with in–
depth analyses of particle chemical and physical properties are necessary to
assess their impact on atmospheric ice crystal formation and subsequent effects
on the hydrological cycle and climate. The development of novel analytical
techniques capable of observation of ice nucleation at the microscopic level of
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individual particles are needed to examine ice nucleation active sites and to
investigate the effects of chemical composition and morphological features on
the ice nucleation efficiency of atmospheric particles.
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Chapter 6

Heterogeneous Ice Nucleation
by Laboratory–Generated
Amorphous Secondary Organic
Aerosol Particles

This chapter presents the determination of heterogeneous ice nucleation
and water uptake by amorphous SOA particles with different O/C ratios gen-
erated from the oxidation of naphthalene with OH radicals and O3, serving as
surrogates of anthropogenic SOA particles. Experimentally obtained deposi-
tion ice nucleation onsets are used to derive Jhet, K(T ), θ, and IN activated
fraction. The upper limits of the glass transition temperature (Tg) as a function
of RH for the amorphous SOA particles are derived, based on the theoretical
frame work proposed by Koop et al.19. The observed heterogeneous ice nu-
cleation and water uptake onset by amorphous aerosol particles for different
relevant atmospheric temperature and RH regimes are discussed.

In collaboration with Boston College and Aerodyne Research. Inc., the gen-
eration and collection of amorphous SOA particles were conducted at Boston
College. The chemical and physical properties of investigated SOA particles
were determined and analyzed by my collaborators.
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6.1 Characteristics of Laboratory-Generated

Amorphous SOA Particles

6.1.1 O/C Ratios of Particles

SOA particles were generated via gas–phase oxidation of naphthalene with
OH radicals and O3, followed by homogenous nucleation of gas phase prod-
ucts. Three types of SOA particles with atomic O/C ratio of 1.0, 0.54, and
0.27 were generated by changing the OH exposure of naphthalene in the PAM
flow reactor to ∼2.8 × 1011, 1.0 × 1012, and 2.2 × 1012 molec cm−3 s, re-
spectively. Assuming typical 24-hour average ambient OH concentration of
1.5 × 106 molec cm−3,271 these three different OH exposures correspond to
oxidation times of ∼2, 8, and 17 days. Experiments were conducted at RH of
∼30±5% depending on the temperature in the PAM flow reactor (22–32◦C) at
different UV lamp settings for OH generation. During particle collection, the
mass spectra of SOA particles were recorded by an Aerodyne time–of–flight
aerosol mass spectrometer and used to derive the O/C ratio of SOA parti-
cles272,273. Table 6.1 summarizes the mean particle diameter, particle number
density on the substrate, and total surface area of particles available for ice
nucleation as determined using an optical microscope.

Table 6.1: The mean particle diameter, particle number density on substrate,
total surface area of particles available for ice nucleation, and range of IN
activated fractions of the investigated samples are listed.

Sample O/C Diameter Number density Surface area IN activated
Ratio (µm) (×104 mm−2) (×10−2 mm2) fraction (×10−4)

High O/C 1.0 0.74 1.2 1.1 0.9–6.7
Medium O/C 0.54 1.06 3.0 5.4 0.4–2.3

Low O/C 0.27 0.73 3.9 3.0 0.3–1.1

6.1.2 Amorphous State of Particles

When an aerosol particle impacts with a surface, part of the particle’s
kinetic energy is dissipated during the deformation process and part is trans-
ferred elastically into kinetic energy of rebound. Particles will bounce off the
impaction surface if the rebound energy is larger than the adhesion energy. In
general, harder materials, larger particles or greater impact velocity will lead
to a larger bounce probability, although the roughness of the collecting sur-
face also plays a significant role205,206,274,275. For example, a liquid droplet will
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deform and tend to adhere to a smooth surface whereas a solid glass marble
is more likely to bounce off upon collision.

In a cascade impactor, the collection efficiency for aerosol particles depends
on particle size, shape, morphology and physical state during the impacting
process274,275. The bounce of particles (e.g., solid and larger particles) per-
turbs the particle collection as larger particles are transferred to lower stages
upon bouncing. Virtanen et al.205 utilized this characteristic feature of an
impactor as a tool for examining the physical state of aerosol particles using
an electrical low-pressure impactor (ELPI). When particle bounce occurs in
an ELPI, an excess current is measured in the lowest impactor stages due to
the charges carried by the bounced particles. By analyzing the difference in
bounce-affected measured currents with ideal non-affected currents, Virtanen
et al.205 quantified the degree of bounce, the bounce factor of the particles,
by the fraction of the excess current relative to the idealized signal. Particles
with different phase states would exhibit different bounce factors. For exam-
ple, crystalline ammonium sulfate particles have a bounce factor range from
0.1 to 1205,206 whereas amorphous solid polystyrene particles exhibit a bounce
factor of 0.3–0.5205. In contrast, the bounce factor of dioctyl sebacate (liquid
droplets with a moderate viscosity) is less than 0.05205.

Virtanen et al.205 showed that SOA particles with mean diameters of 40–
120 nm generated from the O3- and OH–initiated oxidation of pine exhibited a
bounce factor of 0.2–0.4. Virtanen et al.205 also showed that the bounce factor
for atmospheric SOA is between 0.05 and 0.3. The observed bounce factor
strongly suggested that the biogenic SOA particles are in an amorphous solid
rather than a liquid state205,205. In this study, for the SOA particles generated
from the oxidation of naphthalene with OH radicals and O3, the bounce factor
of 0.6±0.2 was determined at room temperature and ∼35% RH. Thus, under
these conditions, the SOA particles exhibited an amorphous semi–solid and
probably solid state.

6.2 Water Uptake and Ice Nucleation

The onset conditions for heterogeneous ice nucleation and water uptake
by amorphous SOA particles were determined using two independent samples
for each O/C ratio. Figure 6.1 summarizes the range of onset conditions for
heterogeneous ice nucleation and water uptake for the investigated amorphous
SOA particles.

Above 230 K, water uptake by the SOA particles was observed and followed
by immersion freezing in some cases. As shown in Fig. 6.1, SOA particles with
high O/C ratio took up water at mean values of 80–85% RH between 230 and
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250 K. For some cases, between 241 and 230 K, immersion freezing occurred
after water uptake. SOA particles with medium and low O/C ratio also took
up water but at higher RH values compared to particles with high O/C ratio.
Between 230 and 242 K, SOA particles with medium and low O/C ratios also
initiated ice nucleation via immersion freezing after water uptake. For all the
SOA particle samples, no ice nucleation was observed above 242 K.

Below 230 K, the SOA particles with high O/C ratio nucleate ice via de-
position mode as low as 135% RHice with mean values of 141–149% as shown
in Fig. 6.1. The RHice ice nucleation onset slightly increased as temperature
decreased. Although, in a few cases, the SOA particles with medium and low
O/C ratio nucleated ice at RHice of 123–135% at temperatures between 215
and 225 K, the mean onset RHice values are very similar. In general, the SOA
particles with different O/C ratios nucleated ice at similar mean RHice values
and thus exhibited similar deposition ice nucleation efficiencies, independent
of O/C ratio, as shown in Fig. 6.1. For all investigated particles it appears
that the mean onset RHice value increases from ∼140% at 225 K to ∼150% at
203 K.

As discussed above, these SOA particles adopt an amorphous semi–solid
and probably an amorphous solid state at room temperature and ∼35% RH.
The organic particles in an amorphous semi–solid state might deliquesce upon
increasing humidity in a gradual deliquescence process under our experimental
conditions19,205,209. This humidity–induced phase transition also occurs for the
investigated amorphous SOA particles at temperatures between 230 and 250 K
as indicated by the observed water uptake at 80–95% RH. A aerosol particle
in an amorphous solid state may form a liquid/viscous shell and a semi-solid
or solid core due to slow water diffusion into particles, in particular at lower
temperatures19,209,210. For temperatures between 230 and 250 K, the diffusion
coefficient of water (DH2O) in an amorphous solid particle would be ∼10−13 cm2

s−1 to ∼10−15 cm2 s−1.209,210 For the SOA particles with size ∼0.7–1.1 µm,
according to Eq. 2.7, the e–folding time of equilibration, i.e., the time after
which the concentration in the particle core deviates by less than a factor of 1/e
from the equilibrium value, would be more than 1 hour, and up to few days,
at temperatures between 230 and 250 K. DH2O could be less than 10−17 cm2

s−1 at 200 K209,210 resulting in a much longer e–folding time of equilibration.
Under our experimental time scale (∼40 min) and change rates in RH (∼
1–2%/min), the complete deliquescence of amorphous solid SOA particles can
be ruled out. Thus, SOA particles with an aqueous shell and a solid core could
form and serve as IN and induce immersion freezing.

So far only two studies have investigated the ice nucleation efficiency of
SOA particles11,171. Möhler et al.11 showed that at 205 K the coating of SOA
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Figure 6.1: Experimentally determined range of onset conditions for ice nucle-
ation and water uptake by SOA particles with high (1.0), medium (0.54), and
low (0.27) O/C ratio indicated by the blue, green, and red bars, respectively.
Corresponding shaded and hatched bars represent conditions of water uptake
and immersion freezing, respectively. The horizontal solid lines within the
bars indicate the mean onset values. Ice nucleation data from previous studies
of SOA coated Arizona test dust (brown triangle), SOA coated illite (brown
diamond), and pure SOA (brown circle) by Möhler et al.11 and glassy (light
green triangles) and liquid (light green circles) citric acid particles by Murray
et al.46 are shown. The green line indicates the homogeneous freezing limit
adapted from Koop et al.33. Light gray shaded area indicates bounds of conti-
nental cirrus formation from Heymsfield and Miloshevich16. The RHice ranges
between horizontal paired lines with corresponding arrows indicate the lower
limits for cirrus formation conditions in northern (black dash-dotted lines) and
southern hemisphere (pink dash-dotted lines) from Ström et al.17 and Haag
et al.18.The remaining lines are identical to those in Fig. 4.3.
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stemming from the reaction of α–pinene with O3 suppressed ice nucleation
of mineral dust and that pure SOA particles are not efficient IN as shown in
Fig. 6.1. This is in contrast to the amorphous SOA particles investigated in
this study. The reason is not clear. One possible reason may be that the
SOA particles generated from different precursor gases and oxidants adopt
different phase states19,130. Prenni et al.171 investigated the ice nucleation of
SOA particles generated by the ozonolysis of VOCs mixtures. Prenni et al.171

did not observed ice nucleation in detectable quantities at 243 K and 100%
RH. This result agrees with our data showing the SOA particles did not
nucleate ice above 242 K. Only one study has investigated the ice nucleation
efficiency of an amorphous solid organic particle under conditions of the upper
troposphere46. In that study, Murray et al.46 showed that glassy citric acid
particles at temperatures below 212 K can nucleate ice via deposition mode.
But at temperatures above 212 K, the citric acid particles adopted a liquid
state and nucleated ice homogeneously as shown in Fig. 6.146.

Koop et al.19 suggest that the glass transition temperature (Tg) for SOA
material is at ∼230 K and 70–95% RH as shown in Fig. 2.3. Since the investi-
gated SOA particles are in an amorphous semi-solid state at room temperature,
the particles may transfer to a solid (i.e., glassy) state at lower temperatures
due to an increase in viscosity when temperature decreases19,209. Under the
experimental time scales in this study, this solid state of particles hinders the
water uptake by particles and thus formation of aqueous film on the parti-
cles due to the extremely low DH2O at temperatures below 230 K. This would
explain that SOA particles nucleate ice preferentially via deposition mode in-
stead of undergoing water uptake and then deliquescence. The mean RHice

values for deposition ice nucleation are about 10–15% lower than the homoge-
neous ice nucleation limit33. Thus, the heterogeneous ice nucleation from the
presence of amorphous semi–solid or solid SOA particles in the upper tropo-
sphere can compete with homogeneous ice nucleation from aqueous droplets
for cirrus cloud formation.

The efficiency of heterogeneous ice nucleation is commonly assumed to de-
pend on active sites which can be associated with defects, cracks, cavities, and
chemical and physical bonds allowing enhanced interaction with water vapor20.
The number of these morphological irregularities on the particle surface which
initiate ice nucleation, for instance through a “negative Kelvin effect”, i.e. a
decrease in the ice vapor pressure due to a concave curvature of entrained wa-
ter or ice within a cavity, may result in different ice nucleation efficiencies20.
If deposition ice nucleation is mainly governed by surface morphology (this
has to be investigated), the solid particle surfaces may provide sufficient ac-
tive sites to induce ice nucleation. This would explain why the SOA particles
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investigated here can induce deposition ice nucleation at RHice well below the
homogeneous ice nucleation limit33.

As discussed in Chapter 2, Koop et al.19 suggest that the Tg of SOA com-
pounds more strongly depends on molecular mass than on O/C ratio. For this
reason, one may argue that the investigated particles, despite having different
O/C ratios, may have similar viscosities and thus a similar phase or morphol-
ogy. The observed similar deposition ice nucleation efficiencies for the SOA
particles with different O/C ratio might be explained by the particles’ similar
amorphous phases. The bulk atomic O/C ratio may have only a minor impact
on deposition ice nucleation efficiency and that lies within the experimental
uncertainty. Thus, for these reasons, ice nucleation results would show no
significant difference in RHice ice nucleation onsets .

6.3 Ice Nucleation Analysis of SOA Particles

The experimentally obtained deposition ice nucleation onsets are used to
to derive Jhet(T ), K(T ), θ, and IN activated fraction for laboratory-generated
amorphous SOA particles based on the the same methods described in previous
Chapters.

6.3.1 Jhet and K for SOA Particles

Experimentally derived Jhet(T ) and K(T ) values for deposition ice nu-
cleation for the investigated laboratory-generated amorphous SOA particles
are presented in Fig. 6.2. Jhet values are a strong function of temperature
and increase exponentially by ∼2 orders of magnitude as shown in Fig. 6.2.
The particles with high O/C exhibit slightly higher Jhet values than those of
particles with medium and low O/C ratios at the same temperatures. The
total surface area of SOA particle samples with high O/C ratio available for
ice nucleation is ∼3–5 times less then those of particle samples with medium
and low O/C ratio as shown in Table 6.1. It would be expected from CNT
that particles with a lower surface area require higher RHice to nucleate ice.
This, in turn, would indicate that the investigated SOA particle samples with
high O/C ratio would have a sightly higher ice nucleation efficiency, although
the mean ice nucleation onset RHice was not significantly different within the
experimental uncertainty. The derived K(T ) also demonstrates a strong tem-
perature dependence for all the particle samples as shown in Fig. 6.2. K(T )
increases by ∼1–2 orders of magnitude within a few degrees Kelvin.
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Figure 6.2: Experimentally derived Jhet(T ) and K(T ) for deposition ice nu-
cleation by laboratory–generated amorphous SOA particles. Jhet values are
given for particle samples with (a) high (1.0), (b) medium (0.54), and (c) low
(0.27) O/C ratio. K(T ) are given for particle samples with (d) high (1.0),
(e) medium (0.54), and (f) low (0.27) O/C ratio. Individual colors represent
experiments conducted at the same starting temperature at which RHice =
100%. The open symbols represent corresponding starting temperatures.

6.3.2 IN Activated Fraction

The ranges of IN activated fractions for the SOA particles at the inves-
tigated temperatures are presented in Table 6.1. Only a small fraction of
the particles is activated resulting in IN activated fractions from 0.3 × 10−4

to 6.7 × 10−4. As mentioned above, the substrate based optical microscope
technique used here is sensitive to each individual ice nucleation event. The
IN activated fraction reported here is mainly defined by the total number of
deposited particles available for ice nucleation. The total number of particles
deposited on the substrate is determined by an optical microscope and a large
number of small particles may not be detected due to the limited resolution of
the optical microscope. Thus, the IN activated fractions reported here for the
investigated SOA particles have to be interpreted as upper limits compared to
other studies.
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6.3.3 Contact Angle of SOA Particles

The mean θ values for the investigated SOA particles as a function of tem-
perature and RHice are shown in Fig. 6.3a and b, respectively. The investigated
particle samples possess mean θ values ranging from ∼25.5◦ to 27.9◦ for de-
position ice nucleation. Within the investigated temperature range, all the
investigated particle samples exhibit similar mean θ values within the exper-
imental uncertainties. The mean θ values for the unexposed and O3-exposed
SRFA particles are also shown in Fig. 6.3. The SOA particles have very similar
mean θ values compared to both unexposed and O3–exposed SRFA particles
with mean θ values of 24.5–27.5◦ at temperatures between 230 and 220 K.
This indicates that the SOA particles and unexposed and O3-exposed SRFA
particles have similar ice nucleation efficiency which also can be seen when
comparing the ice nucleation onset RHice as shown in Figs. 6.1 and 4.4.

Figure 5.12b shows the mean θ values as a function of onset RHice for SOA
particles and various organic and inorganic particle types which have been
presented in Fig. 4.6. Figure 5.12b also shows the proposed parameterization
of θ given in Chapter 4. As shown in Fig. 5.12b, θ values for the laboratory–
generated amorphous SOA particles with O/C ratio ranging from 0.27 to 1.0
agree well with the proposed parameterization within the experimental uncer-
tainties.

6.4 Glass Transition Temperature of Amor-

phous Organic Particles

6.4.1 Approach to Derive Glass Transition Tempera-
ture

As discussed in Chapter 2, the glass transition temperature (Tg) of aerosol
particles can be used as a representative temperature to determine the state
of organic particles which is strongly affected by the particle’s water content
and environmental RH. In this section, the upper limit of Tg as a function of
RH for the investigated SOA particles is determined based on the theoretical
description of Tg shown in Chapter 2.

To predict Tg of an organic particle as a function of RH, according to Eq.
2.10, three parameters are required. The first two are kgt and Tg(dry). The
third one is the ratio of the mass fractions of organic material and water (worg

and ww, ww + worg = 1). At equilibrium conditions, RH equals aw. ρw and
Mw represent density and molecular weight of water. Also, the ratio of worg
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Figure 6.3: The mean values of contact angles, θ, for deposition ice nucleation
induced by SOA particles (a) as a function of temperature and (b) as a function
of RHice. Blue, green, and red triangles represent the SOA particles with high,
medium, and low O/C ratio, respectively. Black and purple circles represent
the unexposed and O3–exposed SRFA particles, respectively. The solid line
represents the parameterization of θ as a function of RHice and gray symbols
represent θ values for various particle types as shown in Fig. 4.6.
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and ww can be described as follows:

worg

ww

=
Morg

Mw

norg

nw

, (6.1)

where M is molar mass, and n is the number of moles of water or organic
in the particle; the indices w and org refer to water and the organic solute,
respectively. Thus, the third parameter can be either obtained from iorg and
Morg according to Eq. 2.8 or from κorg and ρorg according to Eq. 2.9.

Because SOA particles can not be described as a pure compound, but rather
as a mixture of compounds with different molecular weights, it is difficult to
obtain a single molecular weight to represent these two type of compounds.
Thus, we use the measured κorg and ρorg values to derive the third parameter.
According to Eq. 2.9, the ratio of worg and ww can be derived as a function of
RH or aw as follows:

worg

ww

= f(RH) =
100 −RH

RH

1

κorg

ρorg
ρw

. (6.2)

According to Eq. 2.10 and Eq. 6.2, Tg of an organic particle as a function of
RH can be derived as follows:

Tg(RH) =
kgtTg,w + f(RH)Tg(dry)

kgt + f(RH)
, (6.3)

where Tg,w is 136 K for pure water276.

6.4.2 Prediction of the Upper Limit of Tg for Amor-
phous SOA Particles

Using Eqs. 6.2 and 6.3, the upper limit of Tg for SOA particles as a func-
tion of RH is predicted using the experimental derived parameters which are
summarized in Table 6.2. The effective density (ρorg) for the SOA particles is
derived from the AMS vacuum aerodynamic diameter and the SMPS mobility
diameter measured during particle collection. κorg is derived from the CCN
activities measured during particle collection. kgt of 1.5 is used for all SOA
particles which is the lower bound of kgt as suggested by Koop et al.19. Thus,
the present estimate of Tg should be considered as an upper limit.

Currently, Tg(dry) values for SOA particles are not available19,205. At
298 K and 35% RH, the SOA particles adopt an amorphous semi–solid and
most likely solid state because of the measured bounce factor of 0.6±0.2 as
discussed above. Thus, Tg of 298 K at 35% RH is used as a constraint and
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Table 6.2: The values of ρorg, κorg, kgt, and Tg(dry) used to predict the the
upper limit of Tg(RH) for SRFA and SOA particles are presented. The corre-
sponding atomic O/C ratios are also listed.

Sample O/C ρorg κorg kgt Tg(dry)
Ratio (g/cm3) K

High O/C 1.0 1.70 0.217 1.5 315
Medium O/C 0.54 1.65 0.235 1.5 317

Low O/C 0.27 1.70 0.143 1.5 309

Tg(w) (i.e., 136 K at 100% RH for pure water) to predict the upper limit of
Tg(RH) for SOA particles using measured ρorg, κorg, and an assumption of kgt
values according to Eqs. 6.2 and 6.3.

First, ρorg and κorg are used to derive f(35%) according to Eq. 6.2. Then,
Tg(35%) at 298 K, f(35%), and kgt of 1.5 are used to estimate Tg(dry) from
Eq. 6.3. This procedure yields Tg(dry) of ∼315, 317, and 309 K for the SOA
particles with high, medium, and low O/C ratio, respectively. Finally, the
Tg(dry) values are used to derive the upper limit of Tg for the investigated
SOA particles as a function of RH as shown in Fig. 6.4.

For example, the predicted upper limit of Tg(RH) for the SOA particles
with low O/C ratio is shown as the red solid line which indicates that be-
low this line the SOA particles most likely adopt a solid (i.e., glassy) state.
The range of onset conditions for deposition ice nucleation and water uptake
by SOA particles as a function of RH converted from the data presented in
Fig. 6.1 are also shown. In case of SOA particles with low O/C ratio, at tem-
peratures below the predicted upper limit of Tg (red line), all the ice nucleation
events occurred via deposition mode (open circles). At temperatures and RH
conditions above the upper limit of Tg, for most of cases, water uptake was
observed indicating that the humidity–induced glass transition of the SOA
particles most likely occurred upon increasing RH. As shown in Fig. 6.4, the
predicted upper limits of Tg for SOA particles increases with increasing κorg
values. For example, the predicted upper limit of Tg for SOA particles with
low O/C ratio (κorg of 0.143) is much higher than those of particles with high
(κorg of 0.217) and medium (κorg of 0.235) O/C ratios.

For SOA particles with high and medium O/C ratio, water uptake also
occurred above the corresponding predicted upper limits of Tg for most of the
cases. Again, water uptake was observed indicating that the humidity–induced
glass transition most likely occurred on the SOA particles upon increasing RH.
At temperatures below the predicted upper limit of Tg, the majority of ice
nucleation events from particles with medium and high O/C ratio occurred
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Figure 6.4: The range of predicted upper limit of Tg for SOA particles as
a function of RH (light cyan area). The onset conditions for deposition ice
nucleation and water uptake by SOA particles as a function of RH converted
from the data presented in Fig. 6.1 are shown. The mean values of deposition
ice nucleation and water uptake onsets for SOA particles with high (1.0),
medium (0.54), and low (0.27) O/C ratio are indicated by the open and solid
blue, green, and red circles, respectively. The error bars represent the range
of the observed onset conditions. The blue, green, red lines represent the
predicted upper limit of Tg(RH) for SOA particles with high, medium, and
low O/C ratio, respectively. The dashed and solid black lines represent the
ice melting curve and the predicted homogeneous freezing curve, respectively
adapted from Koop et al.33 and Koop and Zobrist52.
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via deposition mode. But also some deposition ice nucleation events from
particles with medium and high O/C ratio occur at temperatures of 220 and
225 K which is above the Tg at corresponding RH. One possible reason could
be that the Tg values are underestimated because the assumption of kgt of
1.5 may be to high for particles with medium and high O/C ratio. Zobrist
et al.180 have shown that some organic compounds with low molecular weight
exhibit kgt smaller than 1.0. Thus, kgt of 1.5 may be an overestimation for SOA
particles with medium and high O/C ratio because of the presence of organics
with low molecular weight in these two types of SOA particles. As for SOA
particles with low O/C ratio, kgt of 1.5 would be a reasonable assumption.
Another explanation may be that at these low temperatures, the diffusion of
water molecules into SOA particles is slow so that an ice germ forms at RHice

values above 130% before the formation of a liquid film on the particle surface.
As shown in Fig. 6.4, water uptake indicating the humidity–induced glass

transition by the SOA particles occurred close to or above the corresponding
predicted upper limits of Tg for most of the cases. Thus, we propose that the
range of the predicted upper limits of Tg for SOA particles (light cyan area
showing in Fig. 6.4) could be used as an estimate of Tg as a function of RH
for organic aerosol particles or organic materials resembling similar chemical
composition, density, and hygroscopicity as SOA particles investigated in this
study.

6.5 Amorphous SOA Particles and Field Col-

lected Organic–Dominated Particles

Figure 6.5 shows the comparison of onset conditions of ice nucleation and
water uptake by laboratory–generated SOA particles and field–collected an-
thropogenically impacted particles collected during the CalNex campaign. Be-
low 230 K, the anthropogenic–impacted particles (A2, A3, and A4) exhibit
remarkably similar ice nucleation efficiencies compared to those of laboratory–
generated SOA particles. This indicates that the organic–dominated particles
collected during the CalNex campaign may also adopt an amorphous solid
state with a morphology similar to the investigated amorphous solid SOA par-
ticles. Thus these particles exhibit similar deposition ice nucleation efficiency.
Above 230 K, water uptake occurred at similar RH values compared to the
laboratory–generated SOA particles with high (1.0) and medium (0.54) O/C
ratios. After water uptake, the anthropogenically impacted particles nucleated
ice more efficiently than laboratory–generated SOA particles indicating that
most likely the insoluble inclusions become efficient IN.
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Figure 6.5: The range of onset conditions of ice nucleation and water uptake
by laboratory-generated SOA particles (light green bars) and field-collected
anthropogenic-impacted particles (A2, A3, and A4) during the CalNex cam-
paign (gray bars). The corresponding shaded and hatched bars represent con-
ditions of water uptake and immersion freezing, respectively. The remaining
lines are identical to those in Fig. 5.8

Figure 6.6 shows the comparison of onset conditions of ice nucleation
and water uptake by laboratory–generated SOA particles and field–collected
organic–dominated particles with SOA coating collected during the MILAGRO
campaign. Below 230 K, in general, the organic–dominated particles exhibit
higher ice nucleation efficiencies compared to those of laboratory–generated
SOA particles. Above 230 K, water uptake also occurred at similar RH values
compared to the laboratory-generated SOA particles with high and medium
O/C ratios. The discussion of the phase state of SOA particles suggests that
the SOA dominated MILAGRO organic particles are in a glassy state at low
temperatures similar to the laboratory-generated SOA particles. However, the
solid inclusions of the field-collected particles may render the surface struc-
ture of overlying SOA particles more efficient IN. After water uptake, the
field-collected organic–dominated particles exhibit similar immersion freezing
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Figure 6.6: The range of onset conditions of ice nucleation and water uptake
by laboratory-generated SOA particles (light green bars) and field-collected
organic-dominated particles (T0, T1, and T2) during the MILAGRO campaign
(gray bars). The corresponding shaded and hatched bars represent conditions
of water uptake and immersion freezing, respectively. The remaining lines are
identical to those in Fig. 5.8

efficiencies compared to the laboratory–generated SOA particles.
Figure 6.7 shows the onset conditions for deposition ice nucleation and

water uptake by MILAGRO organic–dominated particles as a function of RH
along with the range of the proposed upper limits of Tg for SOA particles as
shown in Fig. 6.4. Water uptake (blue solid circles) by the organic–dominated
particles collected at the T1 and T2 sampling sites occurred above the pre-
dicted upper limit of Tg (red line). The majority of deposition ice nucleation
events occurred below this upper limit of Tg. As discussed in Chapter 5, the
particles collected at the T1 and T2 sampling sites were significantly coated
with secondary organic material due to the photochemical formation and pro-
cessing of SOA22,23,219. This indicates that the SOA coating on these particles
most likely adopted an amorphous solid state and nucleated ice at tempera-
tures and RH conditions below the predicted upper limit of Tg. As for the

124



particles collected at the T0 sampling site, all the water uptake occurred above
the lower predicted upper limit of Tg. In general, it can be concluded that the
proposed upper limits of Tg predicted from laboratory–generated SOA parti-
cles could serve as estimates of Tg as a function of RH for anthropogenic SOA
materials.
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Figure 6.7: The onset conditions for deposition ice nucleation and water up-
take by MILAGRO organic-dominated particles as a function of RH converted
from the data presented in Fig. 5.3. The mean values of deposition ice nucle-
ation (open) and water uptake (solid) onsets for MILAGRO organic-dominated
particles collected at the T0 and T1/T2 sites are indicated by diamonds and
circles, respectively. The error bars represent the range of the observed onset
conditions. The remaining lines and colors are identical to those in Fig. 6.4
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6.6 Conclusions

The investigated amorphous SOA particles with O/C ratio of 0.27–1.0 gen-
erated from the oxidation of naphthalene with OH radicals and O3 demonstrate
the potential to act as deposition IN at temperatures below 230 K and below
the homogeneous freezing limit. Water uptake is observed above 230 K fol-
lowed by immersion freezing in some cases at temperatures between 230 and
245 K. The bulk atomic oxygen–to–carbon (O/C) ratio of these SOA particles
does not show a significant effect on deposition ice nucleation within the exper-
imental uncertainty but does depend on water uptake. Above 230 K particles
with higher O/C ratio take up water at lower RH than particles with low O/C
ratio.

The investigated SOA particles exhibit a bounce factor of 0.6±0.2 which
was determined at room temperature and ∼35% RH. Under these conditions,
these SOA particles adopt an amorphous semi–solid and probably an amor-
phous solid state. These SOA particles can be present in a solid state and
nucleate ice via deposition mode below 230 K whereas they adopt a semi–solid
state with lower viscosity at higher temperatures and take up water. Thus,
phase state and viscosity affect the interaction of SOA particles with water
vapor. This is further confirmed by the analysis of the glass transition tem-
peratures as a function of RH for SOA particles which shows that most of the
water uptake occurred near or above the glass transition temperatures.

The mean RHice values of deposition ice nucleation by the investigated
SOA particles are about 10–15% lower than the homogeneous ice nucleation
limit33 similar to SH cirrus onsets. When present in sufficient number concen-
tration and low updraft velocities, these amorphous solid SOA particles could
induce cirrus cloud formation and thus inhibit subsequent homogeneous ice
nucleation. Amorphous SOA particles also show the ability to nucleate ice via
immersion freezing, in part, at water subsaturated conditions, at temperatures
between 230 and 242 K. Thus, amorphous SOA particles could affect mixed–
phase cloud formation. The change rate of RH may govern the size of the solid
core or thickness of the liquid shell and thus yields different immersion freezing
efficiencies. For example, upon a slow change rate of RH, corresponding to
a slow updraft, amorphous solid particles would have a longer time to take
up water and become liquid droplets, and thus nucleate ice homogeneously
instead of undergoing immersion freezing.

The upper limits of the glass transition temperature (Tg) as a function
of RH for the amorphous SOA particles are derived based on the theoretical
frame work proposed by Koop et al.19 using the observed values of parameters
including ρorg, κorg, and Tg(dry) and an assumption of kgt. The upper limit
of Tg(RH) for SOA particles provides possible explanations for the observed
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different heterogeneous ice nucleation pathways and water uptake. A range of
the upper limits of Tg(RH) is proposed for organic aerosol particles or organic
materials resembling similar chemical composition, density, and hygroscopicity
as SOA particles investigated in this study. Although the predicted Tg(RH)
may explain the measured ice nucleation and water uptake by amorphous
SOA particles, significant uncertainties in predicted Tg(RH) remain, mainly
due to a lack of data for the required parameters, such as Tg(dry) and kgt.
Clearly, more investigations are needed to obtain sufficient data for advancing
the understanding of the interaction between organic particles and water vapor
and thus cloud formation processes.
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Chapter 7

Conclusions and Outlook

7.1 Summary and Conclusions

The overall goal of this thesis is to improve scientific understanding of het-
erogeneous ice nucleation by ubiquitous atmospheric organic particles. This
thesis presents the laboratory study of heterogeneous ice nucleation and wa-
ter uptake by various types of laboratory–generated and field–collected or-
ganic and organic–containing particles for temperatures and relative humidity
(RH) typical of the troposphere and lower stratosphere. This was achieved by
using a custom-built optical microscopy-based ice nucleation system. In addi-
tion, complementary techniques were used for single particle analysis, including
computer controlled scanning electron microscopy with energy dispersive anal-
ysis of X–rays (CCSEM/EDX) and scanning transmission X–ray microscopy
with near edge X–ray absorption fine structure spectroscopy (STXM/NEXAFS).
The main conclusions from this thesis are summarized as follow.

Heterogeneous Ice Nucleation and Water Uptake by Laboratory–
Generated HULIS particles

This study investigated the heterogeneous ice nucleation and water up-
take by laboratory–generated Suwannee river standard fulvic acid (SRFA) and
Leonardite standard humic acid (Leonardite) particles serving as surrogates
of HULIS typically found in atmospheric particles and the effect of particle
oxidation by O3 on corresponding IN efficiencies. Validation of the exper-
imental method was performed by determining the ice nucleation onsets of
Kaolinite particles which are known to be efficient IN. The results show that
SRFA, Leonardite and corresponding O3–exposed particles can nucleate ice
via deposition mode and immersion freezing at atmospheric relevant condi-
tions. Oxidation of Leonardite and SRFA particles by O3 led to a decrease in
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deposition nucleation efficiency and to water uptake at lower temperatures for
the former and to an increase in the lowest temperature at which deposition
nucleation was observed for the latter. These results suggest that there is not a
clear relationship between particle hydrophilicity and ice nucleation efficiency,
and thus other factors may also govern the nucleation process.

Heterogeneous Ice Nucleation and Water Uptake by Field–Collected
Particles

Different types of anthropogenically and marine-impacted particles col-
lected within and around the urban environments of Los Angeles and Mex-
ico City were investigated for their potential to nucleate ice. The particle’s
ice nucleation efficiency is related to the chemical composition determined
by single particle analyses using CCSEM/EDX and STXM/NEXAFS. The
results demonstrate that all the investigated particles with various chemical
and physical properties exhibit distinctly different ice nucleation efficiencies
and can serve as efficient IN at atmospheric conditions typical for cirrus and
mixed phase cloud formation. The chemical composition was found to play
a crucial role in determining water uptake and immersion freezing but was
less important for deposition nucleation. The observed ice nucleation onsets
observed by these field–collected particles are in stark contrast to previous
ice nucleation data from laboratory–generated organic particles. This indi-
cates that current laboratory proxies of organic particles are not sufficiently
representative to infer heterogeneous ice nucleation by complex atmospheric
organic particles. The results demonstrate that the novel combination of opti-
cal microscopy based ice nucleation studies with micro-spectroscopy analyses
provides an insightful tool to infer ice nucleation properties of atmospheric
aerosol particles.

Heterogeneous Ice Nucleation and Water Uptake by Laboratory–
Generated Amorphous SOA Particles

Heterogeneous ice nucleation and water uptake by laboratory–generated
amorphous SOA particles with oxygen–to–carbon (O/C) ratio of 0.27–1.0 from
the oxidation of naphthalene with OH radicals and O3 serving as surrogates
of anthropogenic SOA were investigated. The SOA particles demonstrate the
potential to act as deposition IN at temperatures below 230 K and at RH be-
low the homogeneous freezing limit. Water uptake was observed above 230 K
followed by immersion freezing at temperatures between 230 and 242 K. The
bulk atomic O/C ratio of these SOA particles did not show a significant effect
on deposition ice nucleation. However, the O/C ratio did affect water uptake.
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Above 230 K particles with higher O/C ratio took up water at lower RH than
particles with low O/C ratio. The results indicate that these SOA particles
may form a solid (i.e., glassy) state and nucleate ice via deposition mode be-
low 230 K whereas they adopt a semi-solid state with lower viscosity at higher
temperatures and take up water. The results show that the phase state and
viscosity affect the interaction of SOA particles with water vapor.

The experimentally derived ice nucleation data for all the investigated par-
ticles were analyzed using both classical nucleation theory (CNT) and the sin-
gular hypothesis approach (SH) providing heterogeneous ice nucleation rate
coefficients (Jhet) and cumulative IN spectra (K), respectively, allowing ei-
ther approach to be implemented in cloud resolving models. Jhet and K for
all investigated Kaolinite, HULIS, field-collected, and SOA particles were a
strong function of temperature and increased exponentially by 2∼3 orders of
magnitude within less than 3 K. Jhet was applied to derive the contact angle
(θ) using CNT. A new parameterization for deposition ice nucleation was de-
rived from experimentally derived θ. Two back–of–the envelope calculations
show that the proposed parameterization and correspondingly derived hetero-
geneous ice nucleation rate coefficients can be useful in applications such as
cloud system resolving models but also for post analysis of field observations
to describe the evolution of the ice phase. The IN activated fraction for all
the investigated particles is also provided and should be interpreted as lower
limits due to the applied technique. The ice nucleation onsets for the differ-
ent particle types investigated here coincide with the observed conditions for
cirrus cloud formation. Although the investigated particles types exhibit dif-
ferent ice nucleation efficiencies via deposition mode and immersion freezing at
different temperature and RH conditions, the results suggest that that these
laboratory-generated and field-collected organic or organic-containing parti-
cles can play important roles in both cirrus and mixed-phase cloud formation.
Thus, the potential role of these organic-containing particles on atmospheric
ice crystal formation should be considered in cloud and climate modeling stud-
ies.

To instigate the phase state of organic particles at different atmospherically
relevant conditions, the upper limits of glass transition temperature (Tg) as
a function of RH for the amorphous SOA particles were estimated based on
the theoretical frame work proposed by Koop et al.19. The upper limit of
the Tg(RH) for SOA particles provides possible explanations for the observed
different heterogeneous ice nucleation pathways and water uptake. Below the
upper limit of Tg(RH), particles most likely will adopt a solid state in which
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water uptake will be hindered and deposition ice nucleation is preferred. Most
of the observed deposition ice nucleation events from SOA particles indeed
occurred below the predicted upper limits of Tg(RH). A range of the upper
limits of Tg(RH) is proposed for organic aerosol particles or organic materials
resembling similar chemical composition, density, and hygroscopicity as the
SOA particles investigated in this study.

7.2 Outlook

The current understanding of the interactions between aerosol particles and
water vapor leading to the formation of ice crystals is not sufficient resulting
in large uncertainties in predicting future climate. The results presented in
this study raise a number of topics and questions to be investigated to improve
our understanding of aerosol particles and water vapor interactions

• Will chemical aging by heterogeneous oxidation change the ice nucleation
efficiency of organic particles and if yes, to what extend? Up to now,
only a few studies have investigated the effects of atmospheric oxidation
by O3 of organic particles on ice nucleation3,174. How will the oxidation
by OH radicals and NO3 affect the ice nucleation efficiency of organic
particles? OH oxidation is know to lead to volatilization of organic parti-
cles162,164 and NO3 is an efficient oxidant in polluted environments during
nighttime56,57,161 leading potentially to condensed phase nitrate groups.
Oxidation by OH and NO3 may change the surface microstructure and
chemical composition of organic particles and thus change the particle’s
ice nucleation efficiency.

• The discrepancy in the ice nucleation efficiency between the laboratory-
generated and field-collected organic-containing particles has to be re-
solved for better representation of IN in modeling studies. Complemen-
tary and sophisticated single particle analysis and ice nucleation experi-
ments on the same atmospheric particles may be able to provide sufficient
information to close the gap.

• Although an increasingly better understanding of the the chemical com-
position of SOA particles is being achieved, the efficiency of SOA parti-
cles serving as IN is poorly understood. Thus, the role of SOA particles
in cloud formation at temperatures below ice melting temperature should
be further investigated. The glass transition of organic particles should
be further investigated since this affects their cloud formation ability.
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• The results from previous studies and this study indicate that various
particles’ properties such as surface morphology and chemical composi-
tion may control the heterogenous ice nucleation mechanisms of particles.
But what really governs heterogenous ice nucleation, i.e. the active site,
is not well known. Also how the heterogeneous ice nucleation should
be described, i.e. as a stochastic or deterministic process, is not clear
yet. One promising approach to advance our understanding on these
fundamental mechanisms would be to identify, at a molecular level, the
active site on the particle surface for ice nucleation . Currently, no ana-
lytical technique can achieve this goal. Thus, the development of novel
analytical techniques capable of observation of ice nucleation at the mi-
croscopic level of individual particles is needed to examine ice nucleation
and to investigate the effects of chemical composition and morphological
features on the ice nucleation efficiency of atmospheric particles.
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[9] O. Möhler, S. Buttner, C. Linke, M. Schnaiter, H. Saathoff, O. Stetzer,
R. Wagner, M. Kramer, A. Mangold, V. Ebert, and U. Schurath. Effect
of sulfuric acid coating on heterogeneous ice nucleation by soot aerosol
particles. J. Geophys. Res.-Atmos., 110(D11), JUN 14 2005.
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[18] W. Haag, B Kärcher, J. Ström, A. Minikin, U. Lohmann, J. Ovarlez, and
A. Stohl. Freezing thresholds and cirrus cloud formation mechanisms
inferred from in situ measurements of relative humidity. Atmos. Chem.
Phys., 3(5):1791–1806, 2003.

[19] T. Koop, J. Bookhold, M. Shiraiwa, and U. Poschl. Glass transition and
phase state of organic compounds: dependency on molecular properties
and implications for secondary organic aerosols in the atmosphere. Phys.
Chem. Chem. Phys., 13:19238–19255, 2011.

[20] R. Pruppacher, H. and J. D. Klett. Microphysics of Clouds and Precip-
itation. Kluwer Academic Publishers, Netherlands, 1997.

[21] A. T. Lambe, T. B. Onasch, P. Massoli, D. R. Croasdale, J. P. Wright,
A. T. Ahern, L. R. Williams, D. R. Worsnop, W. H. Brune, and P. Davi-
dovits. Laboratory studies of the chemical composition and cloud con-
densation nuclei (ccn) activity of secondary organic aerosol (soa) and
oxidized primary organic aerosol (opoa). Atmos. Chem. and Phys., 11
(17):8913–8928, 2011.

[22] J. C. Doran, J. C. Barnard, W. P. Arnott, R. Cary, R. Coulter, J. D. Fast,
E. I. Kassianov, L. Kleinman, N. S. Laulainen, T. Martin, G. Paredes-
Miranda, M. S. Pekour, W. J. Shaw, D. F. Smith, S. R. Springston, and
X.-Y. Yu. The t1-t2 study: evolution of aerosol properties downwind of
mexico city. Atmos. Chem. and Phys., 7(6):1585–1598, 2007.

[23] R. C. Moffet, T. R. Henn, A. V. Tivanski, R. J. Hopkins, Y. Desyaterik,
A. L. D. Kilcoyne, T. Tyliszczak, J. Fast, J. Barnard, V. Shutthanandan,
S. S. Cliff, K. D. Perry, A. Laskin, and M. K. Gilles. Microscopic char-
acterization of carbonaceous aerosol particle aging in the outflow from
mexico city. Atmos. Chem. and Phys., 10(3):961–976, 2010.

135



[24] R. C. Moffet, T. Henn, A. Laskin, and M. K. Gilles. Automated chem-
ical analysis of internally mixed aerosol particles using x-ray spectromi-
croscopy at the carbon k-edge. Anal. Chem., 82(19):7906–7914, 2010.

[25] D. M. Murphy and T. Koop. Review of the vapour pressures of ice and
supercooled water for atmospheric applications. Q. J. R. Meteorol. Soc.,
131(608):1539–1565, 2005.

[26] M. L. Eastwood, S. Cremel, C. Gehrke, E. Girard, and A. K. Bertram.
Ice nucleation on mineral dust particles: Onset conditions, nucleation
rates and contact angles. J. Geophys. Res.-Atmos., 113:D22203, 2008.

[27] M. Bailey and J. Hallett. Nucleation Effects on the Habit of Vapour
Grown Ice Crystals from -18◦C to -42◦C. Quart. J. R. Met. Soc., 128:
1461–1483, 2002.

[28] R. C. Schaller and N. Fukuta. Ice nucleation by aerosol particles: Exper-
imental studies using a Wedge-Shaped ice thermal diffusion chamber. J.
Atmos. Sci., 36:1788–1802, 1979.

[29] P. Roberts and J. Hallett. A laboratory study of the ice nucleating
properties of some mineral particulates. Quart. J. R. Met. Soc., 94:
25–34, 1968.
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S.and Froyd, S. Mertes, O. Möhler, and U. Lohmann. Inadvertent cli-
mate modification due to anthropogenic lead. Nature Geosci, 2(5):333–
336, 2009.

[39] D. A. Knopf, B. Wang, A. Laskin, R. C. Moffet, and M. K. Gilles. Het-
erogeneous nucleation of ice on anthropogenic organic particles collected
in mexico city. Geophys. Res. Lett., 37:L11803, 2010.

[40] T. B. Onasch, R. L. Siefert, S. D. Brooks, A. J. Prenni, B. Murray,
M. A. Wilson, and M. A. Tolbert. Infrared spectroscopic study of the
deliquescence and efflorescence of ammonium sulfate aerosol as a func-
tion of temperature. J. Geophys. Res.-Atmos., 104(D17):21317–21326,
1999.

[41] C. F. Braban, J. P. D. Abbatt, and D. J. Cziczo. Deliquescence of
Ammonium Sulfate Particles at Sub-Eutectic Temperatures. Geophys.
Res. Lett., 28(20):3879–3882, October 2001.

[42] M. T. Parsons, D. A. Knopf, and A. K. Bertram. Deliquescence and crys-
tallization of ammonium sulfate particles internally mixed with water-
soluble organic compounds. J. Phys. Chem. A, 108(52):11600–11608,
2004.

137



[43] D. J. Cziczo and J. P. D. Abbatt. Infrared observations of the response
of NaCl, MgCl2, NH4HSO4, and NH4NO3 aerosols to changes in relative
humidity from 298 to 238 K. J. Phys. Chem. A, 104:2038–2047, 2000.

[44] T. Koop, A. Kapilashrami, L. T. Molina, and M. J. Molina. Phase
transitions of sea-salt/water mixtures at low temperatures: Implications
for ozone chemistry in the polar marine boundary layer. J. Geophys.
Res.-Atmos., 105(D21):26393–26402, November 2000.
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[113] O. Stetzer, B. Baschek, F. Lüönd, and U. Lohmann. The zurich ice
nucleation chamber (zinc) - a new instrument to investigate atmospheric
ice formation. Aerosol. Sci. Technol., 42(1):64–74, 2008.

[114] B. Zobrist, C. Marcolli, T. Peter, and T. Koop. Heterogeneous ice nu-
cleation in aqueous solutions: the role of water activity. J. Phys. Chem.
A, 112(17):3965–3975, 2008.

[115] D. A. Knopf and M. D. Lopez. Homogeneous ice freezing temperatures
and ice nucleation rates of aqueous ammonium sulfate and aqueous lev-
oglucosan particles for relevant atmospheric conditions. Phys. Chem
Chem. Phys., 11:8056–8068, 2009.

[116] D. A. Knopf and Y. J. Rigg. Homogeneous ice nucleation from aqueous
inorganic/organic particles representative of biomass burning: Water
activity, freezing temperatures, nucleation rates. J. Phys. Chem. A, 115:
762–773, 2010.

[117] D. A. Knopf, P. A. Alpert, Bingbing Wang, and J. Y. Aller. Stimulation
of ice nucleation by marine diatoms. Nature Geosci., 4:88–90, 2011.

[118] D. A. Knopf and S. Forrester. Heterogeneous ice nucleation from water
and aqueous NaCl droplets coated by 1-nonadecanol and 1-nonadecanoic
acid monolayers. J. Phys. Chem. A, 115:5579–5591, 2011.

[119] P. A. Alpert, J. Y. Aller, and D. A. Knopf. Initiation of the ice phase by
marine biogenic surfaces in supersaturated gas and supercooled aqueous
phases. Phys. Chem. Chem. Phys., page In press, 2011.

[120] C. Marcolli, S. Gedamke, T. Peter, and B. Zobrist. Efficiency of immer-
sion mode ice nucleation on surrogates of mineral dust. Atmos. Chem.
Phys., 7(19):5081–5091, 2007.
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[198] O. Möhler, D. G. Georgakopoulos, C. E. Morris, S. Benz, V. Ebert,
S. Hunsmann, H. Saathoff, M. Schnaiter, and R. Wagner. Heteroge-
neous ice nucleation activity of bacteria: new laboratory experiments at
simulated cloud conditions. Biogeosciences, 5(5):1425–1435, 2008.

152



[199] A. P. Fornea, S. D. Brooks, J. B. Dooley, and A. Saha. Heterogeneous
freezing of ice on atmospheric aerosols containing ash, soot, and soil. J.
Geophys. Res.-Atmos., 114:D13201, 2009.

[200] E. D. Kireeva, O. B. Popovicheva, N. M. Persiantseva, T. D. Khokhlova,
and N. K. Shonija. Effect of black carbon particles on the efficiency of
water droplet freezing. Colloid J., 71(3):353–359, 2009.

[201] K. A. Pratt, A. J. Heymsfield, C. H. Twohy, S. M. Murphy, P. J. DeMott,
J. G. Hudson, R. Subramanian, Z. Wang, J. H. Seinfeld, and K. A.
Prather. In Situ Chemical Characterization of Aged Biomass-Burning
Aerosols Impacting Cold Wave Clouds. J. Atmos. Sci., 67(8):2451–2468,
AUG 2010.

[202] G. Vali. Repeatability and randomness in heterogeneous freezing nucle-
ation. Atmos. Chem. Phys., 8(16):5017–5031, 2008.

[203] P. J. DeMott. An exploratory study of ice nucleation by soot aerosols.
J. Appl. Meteor., 29:1072–1079, 1990.

[204] B. Gorbunov, A. Baklanov, N. Kakutkina, H. L. Windsor, and R. Toumi.
Ice nucleation on soot particles. J. Aerosol. Sci., 32(2):199–215, 2001.

[205] A. Virtanen, J. Joutsensaari, T. Koop, J. Kannosto, P. Yli-Pirilä, J. Le-
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