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[1] Ice formation induced by atmospheric particles through heterogeneous nucleation is
not well understood. Onset conditions for heterogeneous ice nucleation and water
uptake by particles collected in Los Angeles and Mexico City were determined as a
function of temperature (200–273 K) and relative humidity with respect to ice (RHice).
Four dominant particle types were identified including soot associated with organics, soot
with organic and inorganics, inorganic particles of marine origin coated with organic
material, and Pb/Zn-containing particles apportioned to emissions relevant to waste
incineration. Single particle characterization was provided by micro-spectroscopic
analyses using computer controlled scanning electron microscopy 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). Above 230 K,
significant differences in onsets of water uptake and immersion freezing of different
particle types were observed. Below 230 K, particles exhibited high deposition ice
nucleation efficiencies and formed ice at RHice well below homogeneous ice nucleation
limits. The data suggest that water uptake and immersion freezing are more sensitive to
changes in particle chemical composition compared to deposition ice nucleation. The data
demonstrate that anthropogenic and marine influenced particles, exhibiting various
chemical and physical properties, possess distinctly different ice nucleation efficiencies
and can serve as efficient IN at atmospheric conditions typical for cirrus and mixed-phase
clouds.
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1. Introduction

[2] Atmospheric particles can affect the global radiative
budget directly, by scattering and absorption of solar and
terrestrial radiation, and indirectly by aerosol-cloud inter-
actions [Twomey, 1974; Albrecht, 1989; Baker, 1997;
Rosenfeld, 2000; Ramanathan et al., 2001; Forster et al.,
2007; Baker and Peter, 2008]. The latter can lead to for-
mation of new clouds. It can also modify the microphysical

and the radiative properties, amount, and lifetime of clouds.
These indirect effects pose one of the largest uncertainties in
predicting climate change [Forster et al., 2007]. The ability
of airborne particles to provide surfaces for ice formation, i.e.
acting as ice nuclei (IN), is not well understood [Baker, 1997;
Cantrell and Heymsfield, 2005; Forster et al., 2007; Baker
and Peter, 2008]. Ice crystals can affect the global radiation
budget, the hydrological cycle, and the water vapor distri-
bution in the atmosphere [Lohmann and Roeckner, 1995;
Chen et al., 2000; Held and Soden, 2000; Verlinde et al.,
2007; Avramov and Harrington, 2010]. In this study, het-
erogeneous ice nucleation efficiency of atmospheric particles
collected during the CalNex (California Research at the
Nexus of Air Quality and Climate Change) (http://esrl.noaa.
gov/csd/calnex/) and MILAGRO (Megacity Initiative: Local
and Global Research Observations) [Molina et al., 2007]
field studies were investigated.
[3] In the atmosphere, ice formation is initiated by homo-

geneous or heterogeneous nucleation [Pruppacher and Klett,
1997]. Homogeneous ice nucleation proceeds from super-
cooled aqueous droplets below�235 K [Koop et al., 2000a].
Heterogeneous ice nucleation can take place on pre-existing

1Institute for Terrestrial and Planetary Atmospheres, School of Marine
and Atmospheric Sciences, State University of New York at Stony Brook,
Stony Brook, New York, USA.

2William R. Wiley Environmental Molecular Sciences Laboratory,
Pacific Northwest National Laboratory, Richland, Washington, USA.

3Chemical Sciences Division, Lawrence Berkeley National Laboratory,
Berkeley, California, USA.

4Department of Chemistry, University of Iowa, Iowa City, Iowa, USA.

Corresponding author: D. A. Knopf, Institute for Terrestrial and
Planetary Atmospheres, School of Marine and Atmospheric Sciences, State
University of New York at Stony Brook, Stony Brook, NY 11794, USA.
(daniel.knopf@stonybrook.edu)

©2012. American Geophysical Union. All Rights Reserved.
0148-0227/12/2012JD017446

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D00V19, doi:10.1029/2012JD017446, 2012

D00V19 1 of 15



IN via different nucleation pathways: (a) deposition mode in
which ice crystals form on IN directly from the supersatu-
rated vapor phase, (b) immersion freezing in which ice
crystals form from IN immersed in supercooled aqueous
droplets, (c) condensation 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 triggered by collision of supercooled dro-
plets with insoluble particles [Vali, 1985; Pruppacher and
Klett, 1997].
[4] This study focuses on heterogeneous ice nucleation

induced by various types of field-collected particles. Classical
nucleation theory (CNT) states that the presence of an ice
nucleus reduces the Gibbs free energy for the formation of a
critical ice embryo. For this reason, heterogeneous ice nucle-
ation proceeds at warmer temperatures and lower super-
saturations than homogeneous ice nucleation [Pruppacher
and Klett, 1997]. Heterogeneous ice nucleation plays an
important role in formation of cirrus and mixed-phase clouds
(i.e., the coexistence of ice crystals and supercooled aqueous
droplets) by modifying the number and shapes of ice crystals
[Hallett et al., 2002; Bailey and Hallett, 2004; Avramov and
Harrington, 2010]. This will lead to subsequent important
consequences for cloud evolution and radiative properties
[Jensen and Toon, 1997; Kärcher and Ström, 2003;
McFarquhar et al., 2007].
[5] Field measurements have shown that particles con-

sisting of organic and inorganic compounds, such as soot,
sulfate, sea salt, or metals, can reach altitudes where tem-
peratures favor ice formation [Murphy et al., 1998; DeMott
et al., 2003; Cziczo et al., 2004; Jost et al., 2004; Murphy
et al., 2007a; Cziczo et al., 2009; Froyd et al., 2010].
Previous cirrus and mixed-phase cloud studies also found
that ice crystal residues can contain organic material and, in
some cases, metal-bearing particles [Chen et al., 1998;
DeMott et al., 2003; Cziczo et al., 2004, 2009; Froyd et al.,
2010; Prenni et al., 2009a; Ebert et al., 2011].
[6] In the atmosphere, secondary organic aerosols (SOAs)

are ubiquitous and can account for a large mass fraction of
the organic particles [Kanakidou et al., 2005; Zhang et al.,
2007]. SOA are formed by photochemical processing of
anthropogenic and biogenic volatile organic compounds
(VOCs). The chemical and physical properties of SOA can
affect their interactions with water vapor [Kanakidou et al.,
2005; Fuzzi et al., 2006; Hallquist et al., 2009; Koop
et al., 2011]. For example, oxidation level of SOA affects
particle hygroscopicity [Jimenez et al., 2009; Massoli et al.,
2010] and viscosity of SOA can govern the diffusion of
water molecules into the particle [Mikhailov et al., 2009;
Virtanen et al., 2010; Koop et al., 2011]. Recently, Virtanen
et al. [2010] inferred that these SOA can be present as
amorphous (non-crystalline) solid particles. When exposed
to low temperatures, aqueous organic particles can form
glasses which are disordered amorphous solids [Murray,
2008; Zobrist et al., 2008, 2011; Koop et al., 2011]. During
transport, aerosol particles can undergo various atmospheric
aging processes including, but not limited to: (1) condensa-
tion of SOA due to photochemical processing of VOCs
[Seinfeld and Pandis, 1998; Kanakidou et al., 2005], (2)
heterogeneous oxidation by atmospheric trace gases such as

O3, NO3, and OH which can lead to the formation of hydro-
philic functional groups on the particle surfaces [Akhter et al.,
1985; Smith et al., 1988; Chughtai et al., 1991; Kanakidou
et al., 2005; Zuberi et al., 2005; Knopf et al., 2006; Rudich
et al., 2007; Daly and Horn, 2009; Springmann et al., 2009;
George and Abbatt, 2010; Knopf et al., 2011a; Kaiser et al.,
2011], and (3), condensation of hydrophilic material such as
inorganic acids, i.e., H2SO4 and HNO3 [Jang et al., 2002;
Riemer et al., 2004; George and Abbatt, 2010]. Modifica-
tions of surface chemistry can affect the particles’ hygro-
scopicities and ice nucleation efficiencies. Most previous
studies have investigated the effects of aging processes on ice
nucleation using laboratory generated particles [Garten and
Head, 1964; Möhler et al., 2005; Dymarska et al., 2006;
Möhler et al., 2008; Koehler et al., 2009; Prenni et al., 2009b;
Sullivan et al., 2010; Friedman et al., 2011;Wang and Knopf,
2011; Niedermeier et al., 2011].
[7] Murphy et al. [2007b] showed that in the eastern and

western United States up to 25% of particles with 0.25 and
3 mm in diameter which have been sampled by airborne
and surface-based instruments contain trace amounts of Pb.
Pb-containing particles emitted from various sources, includ-
ing biomass burning and industrial pollution, contain other
metals, most often Zn [Murphy et al., 2007b]. Borys and
Duce [1979] found only a weak correlation between Pb and
IN concentrations which were measured using a thermal
diffusion chamber at 256 K. They concluded that no inter-
relationship between lead or iodine and IN exists [Borys and
Duce, 1979]. However, more recent studies indicated that the
number fraction of Pb-containing particles was enhanced in
ice crystal residues collected from mixed-phase clouds
[Cziczo et al., 2009; Ebert et al., 2011]. Moffet et al. [2008]
showed that Pb/Zn-containing particles represented a high
fraction of particles emitted fromwaste incineration. To study
the potential impacts of metal-containing particles on cloud
formation, the ice nucleation efficiency and water uptake
behavior of metal-containing particles are also investigated in
this study.
[8] In this study, we combine optical microscope mea-

surements of ice nucleation with micro-spectroscopy parti-
cle analyses and discuss ice nucleation observations in a
context of overall trends in particle composition and sour-
ces. The experimental approach is organized as follows:
(1) particle collection in the field, (2) single particle analyses,
and (3) water uptake and ice nucleation onset experiments
using an optical microscope coupled to an ice nucleation
cell. CCSEM/EDX, STXM/NEXAFS, and water uptake/ice
nucleation experiments were conducted over the same sample
of particles collected on three co-located substrates as illus-
trated by Figure S1 in the auxiliary material.1 The analyses of
particles were conducted on particle samples which were col-
lected at the same time from same air flow. Observed trends in
ice nucleation and water uptake onsets at low temperature
were related to overall variability in particle composition and
morphology. Deposition ice nucleation was analyzed with
regard to classical nucleation theory, singular hypothesis, and
IN activated fraction providing estimates of heterogeneous
ice nucleation rate coefficients, Jhet, cumulative IN spectra, K,

1Auxiliary materials are available in the HTML. doi:10.1029/
2012JD017446.
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IN activated fraction, and potential ambient IN number con-
centrations as given in the auxiliary material.

2. Experimental Setup

2.1. Particle Collection

[9] Six particle samples were selected for investigation of
water uptake and ice nucleation onsets. The sampling time
and location, particle size, particle number density, and total
particle number and surface area available for ice nucleation
of the six investigated field-collected samples are summa-
rized in Table 1. To investigate the potential differences in
water uptake and ice nucleation efficiency by particles from
anthropogenic and marine sources, three sets of samples were
selected for this study. These include samples with mainly
soot particles associated with either organics or organics and
inorganics (A2, A3, and A4 samples), mainly inorganic
particles of marine origin coated with organic coatings (B2
and B4 samples), and Pb/Zn-containing inorganic particles,
mixed with soot and a minor presence of organic material,
from anthropogenic urban emissions apportioned to waste
incineration (M1 sample) [Moffet et al., 2008].
[10] Samples A (A2, A3, A4) and B (B2, B4) were col-

lected at the ground sampling site during the CalNex cam-
paign on May 19 and May 23, respectively. The observed
meteorological conditions and air parcel backward trajecto-
ries calculated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) Model (R. R. Draxler and
G. D. Rolph, HYSPLIT Model, 2012, access via NOAA
ARL READY, http://ready.arl.noaa.gov/HYSPLIT.php) dur-
ing the sampling periods are given in the auxiliary material
(Figures S2 and S3, Table S1, and Text S1). A cascade
Multi Orifice Uniform Deposition Impactor (MOUDI) was
used to collect size-selected aerosol samples over 6 hour time
periods. The particle samples used in this study were collected
at the 8th stage of the MOUDI with 50% cut off diameter
of 0.32 mm on a set of pre-arranged substrates as illustrated
by Figure S1 in the auxiliary material: (a) Si3N4 coated silicon
wafer chips for ice nucleation experiments, (b) silicon wafers
with Si3N4 window for particle analysis using STXM/
NEXAFS, and (c) transmission electron microscopy (TEM)
grids (copper 400 mesh grids, carbon type B film, Ted Pella,
Inc.) for CCSEM/EDX analysis. M1 sample was collected
using a compact Time Resolved Aerosol Collector (TRAC)
on Si3N4 coated silicon wafer chip within Mexico City at the
T0 sampling site on March 24, 2006 during the MILAGRO

campaign [Laskin et al., 2006; Moffet et al., 2008, 2010a;
DeMott et al., 2010].

2.2. Particle Analyses

2.2.1. CCSEM/EDX Analysis
[11] The computer controlled scanning electron micros-

copy (CCSEM) with energy dispersive X-rays (EDX)
microanalysis provides information on size and elemental
composition of individual particles [Laskin et al., 2003,
2006]. Particles are first imaged and the acquired images are
used for determinations of particle size and morphology.
Then, each of the detected particles is ablated again by the
electron beam and EDX spectra of individual particles are
recorded and processed yielding the elemental composition.
A SEM (Quanta 3D model, FEI, Inc.) with a 10 mm2 Si(Li)
X-ray detector (EDAX, Inc.) was used in this study. The
elements considered in the X-ray analysis were C, N, O, Na,
Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, Zn for samples collected
during the CalNex campaign. Additional descriptions of the
applied method are published elsewhere [Laskin et al., 2003,
2006; Moffet et al., 2008, 2010a].
2.2.2. STXM/NEXAFS Analysis
[12] STXM utilizes the soft X-ray beam generated from

the synchrotron light sources to probe the particles. STXM
measures the transmitted X-rays by raster scanning the
sample at a given photo energy to obtain an image [Kilcoyne
et al., 2003]. Spatially resolved X-ray spectra are measured
as a function of photon energy over the sample area. Chem-
ical composition of individual particles within the sample
area can be identified by analyzing the recorded spectra
[Moffet et al., 2008, 2010a, 2010b]. Particle samples were
analyzed using STXM/NEXAFS at beamlines 5.3.2 and
11.0.2 of the Light Source in Lawrence Berkeley National
Laboratory. STXM/NEXAFS has a spatial resolution of 25 to
35 nanometers depending upon the used zone plate. STXM/
NEXAFS analysis at the carbon K-edge provides spatial
mapping of the chemical composition which allows identi-
fication of three constituents including organic carbon (OC),
elemental carbon (EC, i.e. soot), and inorganic components
(In) within individual particles. An overview of the applica-
tion of this technique to atmospheric aerosols can be found in
a recent review by Moffet et al. [2010c] and technical details
on STXM are published elsewhere [Kilcoyne et al., 2003;
Ghorai and Tivanski, 2010; Ghorai et al., 2011].
[13] Particle mixing state can be determined from spatial

maps of chemical composition [Moffet et al., 2008, 2010a,
2010b]. Samples A2, A3, B2, and B4 contained particles

Table 1. The Sampling Location, Sampling Time (Local Time), Number of Particles Analyzed by CCSEM/EDX and STXM/NEXAFS,
Mean Particle Size in Diameter, Particle Number Density on the Substrate, Total Particle Number and Surface Area of Particles Available
for Ice Nucleation Experiment of Respective Samples

Location and Sampling Date
Sample and

Sampling Time

Number of Analyzed Particles
Mean Diameter

(mm)
Number Density
(�106 mm�2)

Number
(�106)

Surface Area
(�10�2 cm2)CCSEM/EDX STXM/NEXAFS

Los Angeles, May 19, 2010 A2, 06–12 2580 792 0.32 2.3 1.6 0.26
A3, 12–18 5440 786 0.37 1.6 1.1 0.24
A4, 18–24 7602 N/A 0.39 1.8 1.0 0.24

Los Angeles, May 23, 2010 B2, 06–12 2214 590 0.47 0.8 0.5 0.18
B4, 18–24 2140 368 0.26 0.6 0.9 0.09

Mexico City, March 24, 2006 M1, �05 4400a 800b 0.52 0.2 0.2 0.05

aSee text and Moffet et al. [2008] for details.
bNumber of particles analyzed by ATOFMS; see text and Moffet et al. [2008] for details.
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smaller than �200 nm in diameter. Identifying these small,
weakly absorbing particles was ambiguous, in particular for
B2 and B4 samples that contained very little carbon. Within
each sample, the percentage of chemically unidentified par-
ticles (smaller than 200 nm) to the total number of particles
was: A2 (27%), A3 (24%), B2 (22%), and B4 (63%). For
consistency, particles with diameters smaller than �200 nm
were not included in the summary of STXM/NEXAFS
analysis. However, more than 90% of observed ice nucle-
ation events occurred on particles larger than 200 nm. Thus,
the unidentified particles in each sample do not contribute a
significant fraction of observed ice nucleation events.

2.3. Ice Nucleation Apparatus

[14] Ice nucleation and water uptake of aerosol particles
were determined using a custom-built apparatus consisting of
an optical microscope (OM) and an ice nucleation cell (INC).
The OM allowed the determination of particle size and phase
whereas the INC allowed for samples to be exposed to an
environment in which temperature and relative humidity with
respect to water (RH) were carefully controlled. Onset con-
ditions (temperature and RHice) for water uptake and the first
ice nucleation event initiated by the deposited particles were
determined according to the changes in particle size and
phase. The INC allows the exposure of aerosol particles to
temperatures (Tp) as low as 200 K and RHice up to water
saturation [Knopf et al., 2010, 2011b; Wang and Knopf,
2011]. The experimental method has been described in pre-
vious studies in detail [Knopf et al., 2010, 2011b; Wang and
Knopf, 2011] and is only presented briefly here.
2.3.1. Experimental Procedure
[15] Samples were placed inside the INC, where the entire

sample area was optically monitored and the changes in
particle phase and size were digitally recorded using OM in
reflected light mode. Particles were exposed to a humidified
N2 (ultra high purity) gas flow at about 1 standard liter per
minute (SLPM) with a constant dew point temperature (Td)
generated by passing N2 gas through a temperature con-
trolled water reservoir [Wang and Knopf, 2011]. At the exit
of the INC, Td was determined using a chilled mirror
hygrometer (GE Sensing) in a range of 203–293 K with an
uncertainty of better than �0.15 K [Knopf and Lopez, 2009;
Knopf et al., 2010, 2011b;Wang and Knopf, 2011]. Once Td
was stable, Tp was adjusted. The particles were then 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 saturation until ice for-
mation or water uptake was observed [Dymarska et al.,
2006; Eastwood et al., 2008; Wang and Knopf, 2011].
[16] Optical images of the sample, Td, and Tp were recor-

ded every 0.02 K (�12 s). The OM allowed for visual
identification of water uptake or ice formation when changes
in particle phase or size larger than 0.2 and 1 mm using a
magnification of 1130� and 230�, respectively. RHice and
RH above the particles were calculated from monitored Tp
and Td using the parameterizations for water vapor pressures
given by Murphy and Koop [2005]. If two or more ice
crystals formed simultaneously, then all ice crystals were
counted [Wang and Knopf, 2011]. Subsequent ice formation
events were discarded since a uniform water vapor field
may not persist when ice crystals are present in the INC

[Wang and Knopf, 2011]. Reported onset values represent
the first observed appearance of water or ice associated with
particles. Observed ice formation on blank substrates indi-
cate the maximum RHice values for which the substrates do
not affect ice nucleation [Knopf et al., 2010] as shown
below. In addition, ice formation initiated by particles or
substrate can be visually distinguished in the recorded
images. Reported onsets of water uptake and ice nucleation
were only those initiated by particles. Tp was calibrated
against Td measured from the hygrometer since in equilib-
rium conditions Tp = Td as described in detail by Wang and
Knopf [2011]. Experimental uncertainties were calculated
from the maximum difference between Tp and Td due to the
given uncertainties of DTd < �0.15 K and DTp < �0.3 K
resulting in a conservative uncertainty ofDRHice < �11% at
200 K and DRHice < �3% at 260 K [Knopf et al., 2010;
Wang and Knopf, 2011]. Error bars presented in this manu-
script represent one standard deviation of observed RHice and
Tp onsets for ice nucleation and water uptake obtained from
multiple experiments. For all samples, at least 3 experiments
were conducted at each investigated temperature. In total,
about 330 ice nucleation experiments were performed.
[17] At higher temperatures, i.e., above 230 K, water

uptake and immersion freezing may occur and lead to a
change of particle morphology which may change the ice
nucleation efficiencies. To investigate the potential effects of
morphology changes due to water uptake on deposition ice
nucleation, we conducted the experiment according to the
following procedure. First, deposition ice nucleation experi-
ments were performed at temperatures below 225 K. Then,
immersion freezing experiments which involved water
uptake were conducted at higher temperatures. Subsequently,
deposition ice nucleation experiments at lower temperatures
were repeated to observe changes in the ice nucleation onset
due to potentially altered particles. Prior to deposition ice
nucleation experiments, the particles were conditioned at
275 K and RHice < 1% for more than 5 min to remove
potential particle preactivation [Knopf and Koop, 2006]. Prior
water uptake and immersion freezing experiments did not
have a significant effect on deposition ice nucleation within
experimental uncertainty. The ice nucleation data of both
deposition ice nucleation experiments, conducted before and
after the water uptake and immersion freezing experiments,
were used for analysis.

3. Results and Discussions

[18] Applying the binomial distribution, we can estimate
the minimum particle sample size to obtain a representative
subset (i.e. identified particle-type classes as defined below)
of the entire particle population with a given confidence
interval and margin of error (ME) according to Levy and
Lemeshow [1991]

N ¼ z2 � p� 1� pð Þ
M E2

; ð1Þ

where z is the tabulated z-value of the normal distribution
(i.e. 2.33 for 99% confidence interval) and p is the proba-
bility of a particle belonging into a particle-type class. This
approach strictly holds only if the particle population is
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made of two particle-type classes. Applying the minimum
and maximum numbers of particles sampled (368 and 7602;
see Table 1) and assuming a particle-type class into which
50% of identified particles belong, we obtain that sampled
particles are representative of the entire population with
99% confidence and a ME of 6.1% and 1.3%, respectively.
ME will be lower for smaller or larger particle classes and
for a smaller confidence interval, i.e. 95%. When deriving
the minimum particle sample size for a population made
of arbitrary numbers of particle-type classes following
Thompson [1987], we obtain that sampled particles are
representative of the entire population with 99% confidence
and a ME of 7.3% and 1.6%, respectively. Thus, the pres-
ence of multiple particle-type classes within the particle
population either slightly increases minimum particle sample
size or corresponding ME. The same values of the confi-
dence level and ME are applicable for the particle popula-
tions deposited on different substrates installed on the same
rotating impaction plate of MOUDI. In this sampling
approach particles are distributed evenly over a wide depo-
sition area which is larger than an individual substrate by
factor of �25 (see Figure S1). This sampling procedure
ensures that all employed substrates are exposed to the same
ambient particle population. Therefore, using different sub-
strates for chemical analyses and ice nucleation experiments
should result in comparable results.
[19] Majority of the ice nucleation events (>90% out of 330)

occurred on particles larger than 200 nm which was visually
confirmed by the recorded images. Thus, the unidentified par-
ticles (<200 nm) in the investigated samples do not contribute
a significant fraction of ice nucleation events. During CCSEM/
EDX and STXM/NEXAFS analyses, the particle samples were
exposed to vacuum and 1 atm of helium conditions, respec-
tively. Thus, volatilization of volatile organic material cannot
be ruled out. However, over the course of these experiments
no size change of the organic particles was detected. This
strongly suggests that the organic phase was in a highly viscous
or glassy state.
[20] In repeated deposition ice nucleation experiments

with the same sample at the same temperature, we observed
different particles nucleating ice in the vast majority of the
experiments. For the CalNex samples, about 85% of the
deposition ice nucleation events (�160 in total) occurred on
different IN. This is in striking contrast to our previous
studies of ice nucleation on laboratory standards of mineral
dust particles. In those experiments, repeated ice nucleation
events were recorded on the same most efficient IN [Knopf
and Koop, 2006; Wang and Knopf, 2011].
[21] In this study exact chemical composition of the indi-

vidual ice nucleus could not be experimentally determined.
Instead, we make an effort to correlate the observed trends in
water uptake and ice nucleation with the trends in chemical
composition derived from single-particle analysis data.
Nevertheless, with these caveats our results show onsets for
water uptake and ice nucleation relevant to air parcels con-
taining particles similar to the ones sampled in the field
allowing assessment of the importance of such particles for
atmospheric glaciation processes. The mean onset condi-
tions of ice nucleation and water uptake by particles are
discussed in the remaining text. The range of onset condi-
tions are provided.

3.1. Particle Morphology, Coating, Mixing State,
and Chemical Composition

3.1.1. Particle Morphology, Coating, and Elemental
Composition Determined by CCSEM/EDX Analysis
[22] Table 1 summarizes the sample characteristics such as

particle number density on the substrate and mean particle
sizes as determined by CCSEM/EDX analysis for the inves-
tigated samples [Laskin et al., 2003, 2006; Knopf et al.,
2010]. The mean diameters are defined as the equivalent
circle diameters of the 2-D projected area of particles from
the microscopy images. The mean particle diameter ranged
from 0.26 to 0.52 mm. The particle number density ranged
from 0.2 � 106 to 2.3 � 106 mm�2. Combining the particle
number density, mean diameter, and the sample area
observed in the ice nucleation experiments, the particle sur-
face area available for ice nucleation was determined as
0.05 � 10�2 to 0.26 � 10�2 cm�2. This value may represent
a lower limit of the actual particle surface area due to the
non-spherical geometry of the particles and the fraction of
undetected small particles (<200 nm) by the CCSEM/EDX
analysis.
[23] Typical SEM images of the particle samples investi-

gated in this study are shown in Figure 1. Soot particles
identified by STXM/NEXAFS, which primarily are produced
during combustion processes, are less transparent to the elec-
tron beam in Scanning Transmitted Electron Microscopy
(STEM) imaging mode of SEM and thus appear darker than
the remaining organic material (see images of the A2, A3, and
A4 samples). Higher atomic number elements, such as sulfur
as identified by the CCSEM/EDX analysis, most likely present
as sulfate, are also less transparent in the STEM images as
compared to their thin organic coatings (see images of the B2
and B4 samples). More particles of A3 sample contained soot/
inorganic inclusions than A2 and A4 samples. Particles of A2
and A4 samples showed near spherical shapes whereas parti-
cles of A3 sample were non-spherical. M1 sample collected
from the MILAGRO campaign exhibited non-spherical, nee-
dle-like shapes. Particle samples collected during the CalNex
campaign exhibited visible organic coatings of various thick-
nesses for the majority of the particles.
[24] The sizes of soot/inorganic cores and thickness of the

organic coatings were estimated from STEM images acquired
at different brightness and contrast settings. Representative
STEM images recorded for these estimates are shown in
Figure S4 in the auxiliary material. First, the brightness and
contrast settings were tuned to obtain the contours of the
entire particles and then corresponding particle sizes were
recorded. Then, the settings were changed to make only
inclusions visible, and their sizes were also recorded. The
thickness of organic coatings was then estimated from the size
differences between whole particles and their inclusions.
Using this approach, we estimated the thickness of organic
coatings using the mean sizes of particles and their inclusions.
For example, for B4 sample, particles and their inclusions
with a mean diameter of �0.26 and 0.22 mm, respectively,
were determined from analysis of�530 particles. The organic
coatings of particles in B4 sample is therefore �0.04 mm.
Organic coatings are estimated to be from 0.04 to 0.13 mm,
where B4 sample exhibits thinnest and A3 thickest coatings.
Incomplete coverage for the cases of thin organic coatings
cannot be ruled out. It should be noted that these estimates
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represent rough values. The coatings of particles on A2, A3,
and A4 samples are in general thicker than for particles on B2
and B4 samples. Veres et al. [2011] found that an increase in
concentrations of gas phase organic acids at the ground site
when air resided long time periods in the L.A. basin
encountered on May 31 to June 6. This study suggested that
the dominant source of these organic acids which correlated
well with HNO3 and OX measurements was photochemical
production from urban emissions. This indicates that on May
19 the air mass most likely underwent strong photochemical
processes since wind speeds were low. Whereas for May 23,
the concentrations of the organic acids were significantly
lower [Veres et al., 2011] yielding weaker photochemical
processes. Thus, the thicker carbonaceous coating and higher
fraction of pure organic particles present in A samples were
most likely due to the enhanced photochemical processes and
formation of SOA compared to B samples.
[25] CCSEM/EDX analysis provides the elemental com-

position for a significant number of individual particles
ranging from �2100 to 7600 particles for A2, A3, A4, B2,
and B4 particle samples. Particles were classified into four
classes as follows: (1) CNO, in which particles mainly
contain C, O, and occasionally traces of N, indicates car-
bonaceous particles without explicit distinguishing of soot
(black carbon) from organic particles; (2) CNOS, in which
particles contain C, N, O, S, and occasionally traces of K,
represents sulfates or other sulfur containing particles
including their internal mixtures with either organics or soot;
(3) Na/Mg rich, in which particles contain Na or Mg with the

total atomic percent of Na and Mg higher than the total
atomic percent of other detected metals, represents particles
of marine origin; (4) the rest of the particles that don’t fall in
previous classification were included in the “Other” particle-
type class. The relative abundance of each class is shown in
Figure 2a. The maximum relative error for presented parti-
cle-type class percentages determined by CCSEM/EDX is
10% for the first three classes. The relative error for class
“Other” ranges from 6–24% due to the significant smaller
particle number assigned to this class. Majority of the par-
ticles in A2 and A3 samples were CNO type which could be
organic material or soot particles. During the course of the
day of May 19, the number fraction of CNOS class in A2,
A3, and A4 samples increases from 19, 33, to 54%, respec-
tively. This could be due to the condensation of sulfates on
the particles [Johnson et al., 2005]. A3 sample exhibited a
higher number fraction of Fe-containing particles (3%) which
were included in the category “Other” (6%) compared to
the other samples. 73 and 53% of the particles present in
B2 and B4 samples contained sulfur, respectively, whereas
Na/Mg rich particles which are indicative of sea salt con-
tributed �21% of particles. The number fraction of Na and
Mg containing particles was enhanced in B2 and B4 samples
compared to A2 and A3 samples. The number fraction of
Mg-containing particles present in B2 sample (10%) was
especially high compared to <1% for A2 and A3 samples.
Overall, the CCSEM/EDX analysis indicated that A2 and A3
samples mainly contain soot associated with organic material

Figure 1. Typical scanning electron microscopy (SEM) images obtained by using STEM (Scanning
Transmitted Electron Microscopy) detector for aerosol particles of the A2, A3, A4, B2, and B4 samples
collected during the CalNex campaign, and a SEM image obtained by using secondary electrons detection
for the M1 sample collected during MILAGRO campaign. Typical soot particles are indicated by arrows
in the image for A2 sample and sulfate particles are indicated in the image for B2 sample.
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whereas B2 and B4 samples were dominated by sulfate and
sea salt indicating the influence of marine sources.
3.1.2. Particle Mixing State and Chemical Composition
Determined by STXM/NEXAFS Analysis
[26] STXM/NEXAFS provides speciation of the carbona-

ceous content of individual particles and the mixing state of
aerosol particles for A2, A3, B2, and B4 samples. Particles
were classified according to 4 categories: (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; (4) OC+In: Inor-
ganic particles most of which have a thin organic coating.
STXM/NEXAFS analysis of a statistically significant num-
ber of identified particles (up to 760) shows that the majority
of particles from A2 (morning), A3 (afternoon), B2 (morn-
ing), and B4 (nighttime) samples possess an organic coating.
The percentage number fraction of the different particle types
for each sample is shown in Figure 2b. STXM/NEXAFS
analysis of particles indicated that A2 and A3 samples con-
sisted of particles which were internally and externally mixed
with soot/inorganic and organic material whereas the major-
ity of the particles on the B2 and B4 samples contained a
mixture of inorganic and organic material. A total of �65%
of the particles present in A2 sample were classified as soot
with organics (OC+EC) or soot with inorganics and organics
(OC+EC+In). Similarly, about 80% of the particles present in
A3 sample fall into these two categories. The presence of soot
indicates that A2 and A3 samples were affected by anthro-
pogenic sources, such as traffic related emissions. In addition,
A3 sample has more carboxylic groups associated with par-
ticles compared to A2 sample as determined by the STXM/
NEXAFS analysis. This increase can likely be contributed to
heterogeneous oxidation of soot particles by atmospheric
trace gases such as O3, NO3, and OH during the day [Akhter
et al., 1985; Smith et al., 1988; Chughtai et al., 1991; Daly
and Horn, 2009]. B2 and B4 samples were dominated by
inorganic particles with thin coatings of organic material.
These particles contribute to 93% and 67% of the total par-
ticle number, respectively. B4 sample contained more parti-
cles with soot inclusions and more purely organic particles
compared to B2 sample as shown in Figure 2b. B2 and B4

samples were much less carbonaceous than A2 and A3
samples. More detailed particle characterization of A2, A3,
B2, and B4 samples will be presented in a separate manu-
script by A. Laskin et al. (manuscript in preparation, 2012).
[27] Sample M1 was dominated by internally mixed par-

ticles consisting of Pb/Zn chlorides and nitrates [Moffet et al.,
2008]. These Pb/Zn-containing particles represented the
majority of the fine mode particles as determined by aerosol
time-of-flight mass spectrometer (ATOFMS), CCSEM/EDX,
and STXM/NEXAFS [Moffet et al., 2008]. Sample M1 was
collected after a period of heavy rainfall when background
aerosol concentration was low. During the period of interest,
Pb/Zn-containing particles accounted for 61% as detected
byATOFMS and 73% as determined byCCSEM/EDX. These
particles were typically mixed with soot, indicating a com-
bustion source, and their chemical compositions closely match
signatures indicative of waste incineration [Moffet et al.,
2008]. Moffet et al. [2008] concluded that many Zn-rich par-
ticles composed of Zn(NO3)2�6H2O and ZnO possess needle-
like structures, similar to those shown in Figure 1. For these
reasons, this sample was chosen for ice nucleation measure-
ments of particles representative of waste incineration [Moffet
et al., 2008].
[28] Particle chemical composition, as determined by

CCSEM/EDX and STXM/NEXAFS analyses, indicates that
A2, A3, and A4 samples were mainly affected by anthro-
pogenic sources whereas B2 and B4 samples were signifi-
cantly influenced by marine sources. Sample M1 consisted of
Pb/Zn-containing inorganic particles which are apportioned
to anthropogenic emissions relevant to waste incineration
[Moffet et al., 2008]. More detailed descriptions on the par-
ticle characteristics of A2, A3, B2, B4, and M1 samples are
given byMoffet et al. [2008] and Laskin et al. (manuscript in
preparation, 2012).

3.2. Onset Conditions of Water Uptake and Immersion
Freezing

3.2.1. CalNex Samples: A2, A3, and A4 Collected
on May 19
[29] The range and mean onset conditions of immersion

freezing and water uptake by the investigated samples were

Figure 2. The percentage number fraction of identified particle-types classes for each sample as classi-
fied by (a) CCSEM/EDX and (b) STXM/NEXAFS. See text for more details.
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determined as a function of Tp and RHice as presented in
Figure 3. The corresponding RHice for constant RH values of
60, 70, 80, and 90% are also shown. Figure 3a shows that
water uptake by A3 and A4 samples occurred between 79
and 86% RH for temperatures between 272 K and 231 K,
respectively. A2 sample took up water at slightly higher RH
of 81–87%. This demonstrates that in average the particles
of A3 sample were more hydrophilic than the ones of A2
sample. This may be due to the increased number of car-
boxylic groups present on particles of A3 sample as com-
pared to A2 sample, but effects are not well documented in
the literature and more studies are needed. For the particles
collected during the CalNex campaign the mean RH onsets
for water uptake increase 3–6% as the particle temperature
decreases by 22–35 K. For example, the RH onsets of water
uptake for A4 sample increase from�80 to 86% within 35 K
when particle temperatures decrease from 272 to 237 K.
[30] Above 230 K, ice nucleation occurred after water

uptake via immersion freezing at RH of 91–100% and 84–
95% for A2 and A3 samples, respectively. Water uptake by
A4 sample was observed at RH values similar to A3 sample
but ice formation was not observed before reaching water
saturation. A3 sample showed significant higher ice nucle-
ation efficiencies via immersion freezing (at water subsatu-
rated conditions) than A2 sample.
3.2.2. CalNex Samples: B2 and B4 Collected on May 23
[31] Figure 3b shows that B2 and B4 samples first took up

water at 77–86% RH in the temperature range of 230–275 K,
and then induced immersion freezing when RH was further
increased. The RH onsets for water uptake increase by 3–6%
as particle temperatures decrease by about 22 K for both B2
and B4 samples. These results are similar to Adachi et al.

[2011], who used a TEM to show 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. This is similar to onset RH values for water uptake
by the particles of B2 sample which contain a large amount
of sulfur as determined by CCSEM/EDX analysis. Above
230 K, Figure 3b demonstrates that B2 sample induced
immersion freezing at RH values of 85–94%, i.e., in the water
subsaturated regime, after water uptake. B4 sample induced
immersion freezing at RH values of 89–100%.
3.2.3. M1 Sample Collected During the MILAGRO
Campaign
[32] The ice nucleation efficiency of M1 sample which

consisted of a major fraction of Pb/Zn-containing particles
was also examined. Figure 3c shows that above 231 K water
uptake by the particles was observed at 84–89% RH and was
followed by immersion freezing at 90–100% RH.M1 sample
behaved significantly different with regard to water uptake
and immersion freezing compared to the samples collected
during the CalNex campaign. For comparison, the onset
conditions of ice nucleation by lead iodide (PbI2) [Detwiler
and Bernard, 1981] and Pb-containing kaolinite [Cziczo
et al., 2009] are shown in Figure 3c. Cziczo et al. [2009]
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 Bernard [1981] showed that
PbI2 particles, which were applied in cloud seeding, also
exhibited high ice nucleation efficiencies. Previous studies
have shown that ZnO particles could also serve as IN at
253 K and 263 K [Gorbunov and Safatov, 1994]. The Pb/Zn
chlorides and nitrates are soluble in water whereas ZnO is
insoluble, thus it would be expected that after water uptake

Figure 3. The mean onset conditions for ice nucleation via immersion freezing (solid triangles) and
water uptake (solid circles) as a function of temperature and RHice. The range of onset conditions are
shown as bars with different gray levels indicating the corresponding samples. (a) A2, A3, and A4 particle
samples collected on May 19 are indicated in red, blue, and green, respectively. (b) B2 and B4 particle
samples collected on May 23 are indicated in red and blue, respectively. (c) M1 particle sample is indi-
cated in red; ice nucleation by lead iodide (PbI2) [Detwiler and Bernard, 1981] and Pb-containing kaolin-
ite [Cziczo et al., 2009] are shown as open diamonds and circles, respectively. The onset condition for
water condensation on blank substrates are shown in green squares in Figure 3a. Error bars indicate one
standard deviation. Representative maximum experimental uncertainties are given in Figure 3b for the
selected temperatures. The black solid line indicates water saturation (100% RH). The diagonal dotted
lines (top right to bottom left) indicate 90%, 80%, 70%, and 60% RH. The blue solid line represents the
RHice thresholds for homogeneous ice nucleation of an aqueous droplet with 0.3 mm in diameter
corresponding to a homogeneous ice nucleation rate coefficient of about 1.2 � 1012 cm�3 s�1 [Koop
et al., 2000a].
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by the soluble material, the insoluble components present in
M1 sample, such as ZnO, may have served as immersion
freezing IN. In summary, this work is in good agreement
or supports the work of others that have shown Pb/Zn-
containing particles may act as efficient IN in the immersion
freezing mode.
3.2.4. Effects of Chemical Composition on Water
Uptake and Immersion Freezing
[33] For temperatures above 231 K, the averaged chemical

composition of the CalNex particles influenced by anthro-
pogenic and marine sources is reflected in the general trends
in water uptake and immersion freezing efficiencies. As will
be outlined below the particles nucleating ice belong with
very high confidence to the identified particle-type classes.
Figure 1 shows that the samples are visually different and
this is reflected in the particle-type class distributions given
in Figure 2. All particle-type classes are present on each
sample in significant numbers but observed water uptake
and ice nucleation onsets differ from sample to sample. The
dominant fraction of the particle-type class changes from
sample to sample and from day to day. For example, B
samples contained much more inorganic particles compare to
A samples as shown in Figure 2. For these reasons we relate
the change in the dominant fraction of the particles to
observed changes in the onsets of water uptake and ice
nucleation. In other words we relate trends in particle com-
position and mixing state changes with changes in water
uptake and ice nucleation onsets. Although trends in water
uptake and ice nucleation onsets follow to a first order
expected trends in particle composition and mixing state, the
effect of a minor particle fraction on water uptake and ice
nucleation onsets could be masked by this approach.
[34] A3 sample took up water at lower RH than A2 sample

may be due to the enhancement of carboxylic function
groups. A3 and A4 samples may contain similar hydrophilic
carboxylic groups due to the photochemical aging processes
during the day and thus, exhibit similar water uptake.
Although, B4 sample contained more particles with soot
inclusions and more purely organic particles compared to B2
sample, these two samples exhibited similar water uptake.
Figure S5 also shows the deliquescence relative humidity
(DRH) of ammonium sulfate and NaCl below 275 K for
comparison [Onasch et al., 1999; Cziczo and Abbatt, 2000;
Koop et al., 2000b; Braban et al., 2001; Parsons et al.,
2004]. 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. B2 and B4 sam-
ples exhibited a similar temperature dependency compared to
ammonium sulfate and NaCl particles.
[35] Immersion freezing is triggered by the insoluble

components of the particles. Thus, the insoluble cores play
an important role in determining immersion freezing effi-
ciencies of the particles. The differences in immersion
freezing onsets among the investigated particle samples was
most likely due to the differences in the insoluble inclusions.
Although the efficiency of soot particles serving as IN
remains unclear [e.g., DeMott, 1990; Gorbunov et al., 2001;
Möhler et al., 2005; Dymarska et al., 2006; Cozic et al.,
2008], several studies have shown that soot particles could
act as IN [e.g., Diehl and Mitra, 1998; Popovicheva et al.,
2008; Fornea et al., 2009; Koehler et al., 2009]. The soot
inclusions present in the investigated particle samples may

have served as IN after water uptake. The particles with an
enhanced number of carboxylic groups may contribute to the
higher immersion freezing efficiency of A3 sample com-
pared to A2 sample since the carboxylic groups may provide
more hydrogen bonding sites to attract water molecules
[Pruppacher and Klett, 1997; Knopf and Forrester, 2011].
The number fraction of particles containing metals including
Fe, Zn, Ca and Al elements, is �6% for A3 sample com-
pared to �1% for A2 sample as determined by CCSEM/
EDX analysis. In particular, the Fe-containing particles
account for 3% of A3 samples compared to 0.6% for A2
sample. This indicates that A3 sample may consist of mineral
dust inclusions which could also result in the corresponding
higher immersion freezing efficiencies. The B2 morning
sample influenced by marine source showed a higher pro-
pensity to form ice via immersion freezing compared to A2
morning sample affected by anthropogenic sources as shown
in Figures 3a and 3b.

3.3. Onset Conditions for Deposition Ice Nucleation

3.3.1. CalNex Samples: A2, A3, and A4 Collected
on May 19
[36] The range and mean onset conditions of deposition

ice nucleation by the investigated samples were determined
as a function of Tp and RHice as presented in Figure 4. The
substrates nucleated ice close to RHice thresholds of homo-
geneous ice nucleation. This could be due to water conden-
sation on small defects of the hydrophobic substrate, which
can’t be detected by optical microscope, followed by homo-
geneous ice nucleation once corresponding RHice thresholds
are reached. Figure 4a demonstrates that below 230 K A2, A4,
and A3 samples nucleated ice via deposition mode at mean
RHice values of 134–150% which are well below water sat-
uration and are �10 to 20% lower than the homogeneous
freezing limits [Koop et al., 2000a]. A3 sample exhibited
lower mean RHice onsets for deposition ice nucleation than
A2 sample except at 220 K. However, those differences lie
within the experimental uncertainties. Student’s T-test shows
that the differences in mean RHice values for A2 and A3
samples over the observed temperature range are not statisti-
cally significant.
3.3.2. CalNex Samples: B2 and B4 Collected on May 23
[37] B2 and B4 samples nucleated ice at mean RHice

values from 123 to 142% via deposition mode below 230 K
which are �10–35% lower than the homogeneous freezing
limits [Koop et al., 2000a] as shown in Figure 4b.The RHice

onset values for B4 sample (nighttime) are in average �2–
5% RHice higher than B2 sample (morning). However, within
the experimental uncertainties, B2 and B4 samples exhibited
similar deposition ice nucleation efficiencies. The data dem-
onstrate that B2 and B4 samples were very efficient ice nuclei
which can induce deposition ice nucleation at RHice as low as
120% for the investigated temperature range. When com-
paring deposition ice nucleation onsets of A and B samples,
the inorganic-containing particles present in A samples may
have not contributed to the observed ice nucleation due to the
present of thick organic coatings as discussed above, other-
wise A samples may have nucleated ice at RHice similar to
B samples having thinner and/or incomplete organic coat-
ings. In general, below 220 K, the marine influenced samples
(B2 and B4) exhibited a higher propensity to form ice via
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deposition mode than the samples containing anthropogenic
organics (A2, A3 and A4).
3.3.3. M1 Sample Collected During the MILAGRO
Campaign
[38] Below 231 K, M1 sample nucleated ice via deposition

mode at mean RHice onset values of 126–133% as shown in
Figure 4c. The onset conditions of ice nucleation by lead
iodide (PbI2) [Detwiler and Bernard, 1981] and kaolinite
[Knopf et al., 2010] are also shown for comparison. Below
210 K, M1 sample exhibited high ice nucleation efficiencies
that are comparable to kaolinite particles. Detwiler and
Bernard [1981] showed that PbI2 particles exhibited high
ice nucleation efficiencies similar to kaolinite particles.
3.3.4. Effects of Particle Morphology and Chemical
Composition on Deposition Ice Nucleation
[39] We make an effort to correlate observed trends in ice

nucleation onsets at low temperature with the overall vari-
ability in particle composition and morphology as inferred
from the major particle-type classes. The reasons for this
approach are outlined below. The number of individual
particles present in a field-of-view of the optical microscope
during ice nucleation experiment is in the order of one mil-
lion. As mentioned above, in repeated experiments deposi-
tion ice nucleation occurred on different particles for the
same sample at the same temperatures. These observations,
as well as the repeatable RHice values at which ice nucleation
onsets were recorded in each of the samples, suggest that it is
unlikely that ice nucleation events took place on some
exceptionally unique particles which might have superior
propensity for ice nucleation (e.g. such as those of kaolinite,
for instance). Therefore, we make the assumption that likely
particles from common classes may exhibit sufficient pro-
pensity to serve as IN observed in our experiments. Based on
this hypothesis, we assume that all the particles possess the
same ice nucleation ability to infer the plausibility that the
occasional outliner particles from “Other” group, may have
nucleated ice. Applying the law of total probability and

Bayes’ theorem [Lee, 2004] it can be shown that the prob-
ability, p, of an observed ice nucleation event being initiated
by particles from the “Other” group is 1% . Applying the
same analysis but assigning the “Other” particles a 10 and
100 times higher ice nucleation efficiency will result in a
p = 9.2 and 50% for an ice nucleation event being initiated
by “Other” particles. The probability that n IN stem from
“Other” is therefore pn. However, if “Other” nucleate ice 10–
100 times more efficient, one would assume to see a trend to
lower onset RHice values when the particle number of
“Other” increased by a factor of 6 (e.g. difference in relative
contribution of “Other” between samples A2 and A3).
However, this is not the case. Moreover, if the “Other”
particle class contains efficient IN properties similar to
mineral dust, and taking into account available surface areas
of these particles, lower ice nucleation onsets should have
been observed as given in Table 2. Also, for temperatures
above 230 K the field-collected particles always take up
water first and then in some cases freeze via immersion
mode below water saturation. In contrast, calcite and quartz
minerals nucleate ice via deposition mode at 235 K [Eastwood
et al., 2008] and kaolinite particles nucleate ice via deposition
mode between 235 and 250 K [Wang and Knopf, 2011]. From
this we infer that it is plausible that major identified particle-
type classes might be responsible for the observed ice nucle-
ation and that the likelihood that observed trends in water
uptake and ice nucleation are governed by a minor particle
fraction of the collected sample may be very small.
[40] No water uptake was observed prior to deposition ice

nucleation below 230 K for all investigated particle samples.
The chemical and physical characteristics of particle sur-
faces, such as chemical functional groups, hygroscopicity,
and morphology, determine corresponding deposition ice
nucleation efficiencies [Pruppacher and Klett, 1997; Wang
and Knopf, 2011]. As discussed above, A3 sample pos-
sessed more carboxylic functional groups but did not exhibit
significantly different deposition ice nucleation efficiencies

Figure 4. The mean onset conditions for deposition ice nucleation as a function of temperature and
RHice. The range of onset conditions are shown as bars with different gray levels indicating the
corresponding samples. (a) A2, A3, and A4 particle samples are indicated in red, blue, and green, respec-
tively. (b) B2 and B4 particle samples are indicated in red and blue, respectively. (c) M1 particle sample is
indicated in red; ice nucleation by lead iodide (PbI2) [Detwiler and Bernard, 1981] and kaolinite [Knopf
et al., 2010] are shown as open diamonds and squares, respectively. The onset conditions for deposition
ice nucleation on blank substrates are shown in open squares in Figure 4a. Error bars indicate one standard
deviation. Representative experimental uncertainties are given in Figure 4b for the selected temperatures.
The remaining lines are identical to those in Figure 3.
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than A2 sample. Thus, the abundance of carboxylic groups
on particles due to photochemical aging may have a minor
effect on deposition ice nucleation. Previously, a similar
effect was observed and it was concluded that additional
organic coating (SOA) due to photochemical processing
does not strongly affect deposition ice nucleation of organic-
dominated particles [Knopf et al., 2010]. The reason for this
observed effect may be related to the formation of an
amorphous solid phase of the organic material yielding
active sites to nucleate ice at low temperatures typical for
deposition nucleation [Murray et al., 2010; Virtanen et al.,
2010; Zobrist et al., 2011; Koopet al., 2011; Wang et al.,
2012].
[41] Our assumption that organic material governs observed

ice nucleation onsets of A samples might be indirectly
inferred. The change of IN in repeated experiments and slight
variation in the RHice onset values in each experimental run
suggests that most likely particles experience morphological
changes when the organic material transfers from glassy to
liquid state and vice versa when repeating the experiments.
Mikhailov et al. [2009] have shown that shape and porosity of
amorphous and crystalline particles depend on chemical
composition and drying conditions. These observations are in
contrast to the behavior of mineral dust particles. Further-
more, the organic dominated A2 sample initiates water
uptake, immersion freezing, and deposition ice nucleation at
similar onsets as laboratory generated SOA particles with
similar bulk oxidation level [Wang et al., 2012]. Our results
indicate that water uptake and deposition ice nucleation by

the organic dominated particles in A2 sample are also in
agreement with derived SOA glass transition curve [Wang
et al., 2012]. Assuming that the same glass transition char-
acteristics are applicable for particles in sample A, we see that
water uptake was observed when particles were in the semi-
solid or liquid phase, whereas particles in the solid (glassy)
phase nucleated ice via deposition mode. This reported cor-
relation is not achieved by any other previously investigated
organic and inorganic particle types [Knopf et al., 2010;
Wang et al., 2012]. Furthermore, it has been previously
shown that organic containing particles can be efficient IN
[Baustian et al., 2012] and that monocarboxylic acids [Schill
and Tolbert, 2012] induce deposition ice nucleation similar
to SOA coated ambient particles collected in Mexico City
[Knopf et al., 2010]. A separate study by Chou et al. [2012]
reports that soot particles coated with oxidation products of
a-pinene resulted in enhanced freezing efficiencies. With less
or thinner organic coatings present, the inclusions may affect
deposition ice nucleation as indicated by the contrasting
ice nucleation efficiencies between B2 and B4 samples and
A2 and A3 samples.
[42] Organic coating on the particles collected during the

CalNex campaign may be in an amorphous solid state at
freezing temperatures [Zobrist et al., 2008, 2011; Koop et al.,
2011]. These potentially amorphous solid particle surfaces of
A2, A3, and A4 samples may provide a sufficient and similar
number of active sites to initiate deposition ice nucleation
at similar RHice onsets. A similar argument applies to the
deposition ice nucleation efficiencies for B2 and B4

Table 2. The Ranges of Mean RHice Onsets for Deposition Ice Nucleation by Ambient Particles Collected in Los Angeles (A Samples)
and in/Around Mexico City, the Amorphous SOA, Unoxidized SRFA, O3-Oxidized SRFA Particles, and Various Types of Mineral Dusta

Particle Type
Temperature

(K) RHice
b (%)

Particle Size
(mm)

Surface Area
(�10�2 mm2) References

Los Angeles (A2) 200–230 (134–150) � 10 0.32 � 0.1 26 � 4 this study
Los Angeles (A3) 200–230 (134–143) � 7 0.37 � 0.1 24 � 4 this study
Los Angeles (A4) 200–230 (133–143) � 5 0.39 � 0.1 24 � 4 this study
SOA High O/C 200–230 (141–149) � 14 0.7 � 0.7 1.1 � 0.3 Wang et al. [2012]
SOA Medium O/C 200–230 (139–152) � 11 1.1 � 1 5.4 � 1.4 Wang et al. [2012]
SOA Low O/C 200–230 (136–146) � 7 0.7 � 0.8 3.0 � 0.8 Wang et al. [2012]
Mexico City (In) 200–231 (122–138) � 9 0.4–0.7 4.8–8.0 Knopf et al. [2010]
Mexico City (Around) 200–231 (124–137) � 7 0.5–0.7 6.6–8.1 Knopf et al. [2010]
Unexposed SRFA 200–241 (133–148) � 8 (2.0–2.4) � 1.0 1.4–3.8 Wang and Knopf [2011]
O3–exposed SRFA 200–241 (133–147) � 9 (2.4–2.9) � 1.4 2.0–7.3 Wang and Knopf [2011]
Kaolinite 200–255 (105–121) � 5 (2.3–4.3) � 2.0 1.3–7.9 Wang and Knopf [2011]
Kaolinite 218–243 (107–129) � 8 0.1–0.8 6.3–400c Welti et al. [2009]
Kaolinite 236–246 (104–105) � 5 �7.7 0.5–2.4 Eastwood et al. [2008]
Saharan dust 233 (102–115) � 4 0.5–5 0.9–320 Kanji and Abbatt [2006]
Arizona test dust 233 (103–120) � 5 0.5–5 30–300 Kanji et al. [2008]
Arizona test dust 223 (105–160) � 5 0.04–0.24 0.3–100d Kanji and Abbatt [2010]
Arizona test dust 218–243 (105–135) � 4 0.1–0.8 6.3–400c Welti et al. [2009]
Montmorillonite 236–245 (106–124) � 5 �8.1 1.1–2.2 Eastwood et al. [2008]
Montmorillonite 218–243 (106–121) � 4 0.1–0.8 6.3–400c Welti et al. [2009]
Muscovite 237–246 (102–107) � 6 �9.0 0.5–2.0 Eastwood et al. [2008]
Illite 218–243 (105–128) � 4 0.1–0.8 6.3–400c Welti et al. [2009]
Quartz 234–244 (136–137) � 4 �10.0 2.1–2.9 Eastwood et al. [2008]
Calcite 234–244 (132–135) � 6 �14.2 1.6–7.7 Eastwood et al. [2008]

aAdapted from Wang et al. [2012]. The investigated temperature ranges, mean particle size, and total particulate surface area available for ice nucleation
are also given.

bMean RHice onsets for the investigated temperature range with maximum one standard deviation.
cThe experiments were conducted using Zürich Ice Nucleation Chamber [Welti et al., 2009]. Typical aerosol number concentrations were 1000 particles

per cm3 (N). The total air flow through the chamber was 10 liters per minute (V). Within the 12 s residence time (t), the total particulate surface area in the
chamber is estimated by SA = pD2NVt. D is particle size in diameter.

dThe experiments were conducted using continuous flow diffusion chamber [Kanji and Abbatt, 2010]. Typical aerosol number concentrations were 500–
1000 particles per cm3. The total air flow through the chamber was 2.8 liters per minute. Within the 12 s residence time, the total particulate surface area in
the chamber is estimated using same method as given in footnote b.
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samples which contain more inorganic inclusions associated
with less or incomplete organic coatings. The inorganic
inclusions (likely sulfate and sea salts) of B2 and B4 samples
might have initiated ice nucleation at �10% RHice higher
than the laboratory-generated ammonium sulfate [Abbatt
et al., 2006; Shilling et al., 2006; Wise et al., 2010], NaCl
[Wise et al., 2012], and hydrated NaCl [Wise et al., 2012]
particles. The differences in RHice onsets could be due to the
small size or surface area of uncoated inclusions compared to
the laboratory-generated ammonium sulfate and NaCl parti-
cles [Kanji et al., 2008]. The inorganic inclusions of B2 and
B4 samples may exist in a crystalline state and/or penetrate
the organic coating and thus may provide more active sites
than A2, A3, and A4 samples which possess thicker organic
coatings with a smoother surface structure. In turn, this ren-
ders more efficient deposition ice nucleation in the marine
influenced B2 and B4 samples containing less organics, as
compared to A2, A3, and A4 samples which were dominated
by anthropogenic organic particles. The crystalline state and
corresponding surface irregularities of metal-containing M1
sample may also provide additional ice nucleation sites.
[43] The observed differences in deposition ice nucleation

efficiencies of A and B samples indicate that the physical
and morphology of coating and inclusions may be important
factors controlling deposition ice nucleation of both anthro-
pogenic and marine influenced particles. However, these
factors may ultimately depend on the chemical nature of the
particle compounds which governs the phase state at these
low temperatures.

4. Conclusions

[44] CCSEM/EDX and STXM/NEXAFS micro-spectroscopy
methods of chemical imaging analyses provided physical and
chemical characterization of individual particles collected
during the CalNex and MILAGRO field studies, including
particle size, morphology, coating, composition, and mixing
state. Particles collected onMay 19 (A samples) in Los Angeles
mainly consisted of soot and secondary organic material,
whereas on May 23 (B samples) the majority of particles
consisted of inorganic cores thinly coated with organic
material. M1 sample collected inMexico City was dominated
by Pb/Zn-containing particles apportioned to waste incinera-
tion emissions. The chemical composition and meteorological
data suggested that A and B samples most likely were influ-
enced by anthropogenic and marine sources, respectively.
[45] Particles from anthropogenic organic dominated (A2

and A3) and marine inorganic dominated (B2 and B4) sam-
ples took up water and exhibited high immersion freezing
efficiencies above 230 K. The ambient particles with soot or
other insoluble inclusions can nucleate ice and affect lower
troposphere cloud formation, e.g., mixed-phase cloud for-
mation. For example, A3 and B2 particle samples can
nucleate ice at subsaturated conditions and deplete the liquid
water content due to Bergeron-Wegener-Findeisen process.
The presented data also demonstrate that particles emitted
from waste incineration may serve as efficient IN via
immersion freezing. Therefore, these particles could also
initiate ice formation under conditions of mixed-phase clouds
[Cziczo et al., 2009]. Thus, this particle type generated by
human activities, such as coal combustion, smelting, and

waste incineration, might have impacts on ice cloud forma-
tion on a regional scale and mesoscale, thereby affecting
climate.
[46] The chemical composition of anthropogenic and

marine influenced particles affects the onsets of water uptake
and immersion freezing in the temperature range of 230–
255 K relevant to mixed-phase cloud formation. Aged par-
ticles with greater extent of carboxylic functional groups are
likely more hydrophilic and thus take up water at lower RH.
The insoluble inclusions of the particles most likely cause
the differences in immersion freezing efficiencies for the
investigated samples. For deposition ice nucleation at tem-
peratures relevant to cirrus cloud formation, particle physi-
cal properties and morphologies may play an important role
in controlling the ice nucleation efficiency. Thus, the parti-
cles’ chemical and physical properties have different effects
on corresponding ice nucleation mode at different temper-
ature regimes.
[47] Our observations suggest that ice nucleation may be

not necessarily initiated by particles with highest ice nucle-
ation propensities present at very low number concentrations,
as commonly assumed. Instead, particles with mediocre
ice nucleation propensity but present at high number con-
centrations in the atmosphere can play an equivalently
important role. In a typical atmospheric environment with a
variety of complex mixture of airborne particles, the likeli-
hood that efficient IN, such as mineral dust particles, are
present in sufficient numbers and corresponding total particle
surface areas is low and thus may play a smaller role in
nucleation of atmospheric ice, except for special instances
such as dust storm events. For these reasons, to comprehen-
sively understand all atmospheric ice nucleation pathways,
not only the most efficient IN has to be identified but also IN
with lower nucleation efficiencies but present in higher
number concentrations must be considered since those may
surpass the most efficient IN in the glaciation process.
[48] The presented ice nucleation data demonstrate that

anthropogenic affected and marine influenced 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 presented data indicate the potential link
between human activities, particle composition, and ice
cloud formation processes, and thus climate. The observed
ice nucleation of anthropogenic and marine influenced par-
ticles provides further support to our previous finding that
laboratory-generated surrogates do not exhibit ice nucleation
properties representative of real ambient particles [Knopf
et al., 2010]. 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 nano scale is needed to
detect individual ice nucleation sites and to investigate the
effects of chemical composition and morphological features
of particles.
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