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Abstract The effect of anthropogenic and biogenic organic particles on atmospheric glaciation processes
is poorly understood. We use an optical microscopy setup to identify the ice nuclei (IN) active in immersion
freezing (IMF) and deposition ice nucleation within a large population of particles collected on a substrate
from an ambient environment in central California dominated by urban and marine aerosols. Multimodal
microspectroscopy methods are applied to characterize the physicochemical properties and mixing state of
the individual IN and particle populations to identify particle-type classes. The temperature onsets of water
uptake occurred between 235 and 257 K at subsaturated conditions, and the onsets of IMF proceeded at
subsaturated and saturated conditions for 235–247 K, relevant for ice nucleation in mixed-phase clouds.
Particles also took up water and nucleated ice between 226 and 235 K and acted as deposition IN with onset
temperatures below 226 K, a temperature range relevant to cirrus cloud formation. The identified IN belong to
the most common particle-type classes observed in the field samples: organic coated sea salt and Na-rich,
secondary, and refractory carbonaceous particles. Based on these observations, we suggest that the IN are
not always particles with unique chemical composition and exceptional ice nucleation propensity; rather,
they are common particles in the ambient particle population. The results suggest that particle-type
abundance and total particle surface area are also crucial factors, in addition to particle-type ice nucleation
efficiency, in determining ice formation within the particle population.

1. Introduction

Atmospheric ice nucleation initiated by aerosol particles has important implications for the hydrological cycle
and radiative budget, processes that are yet poorly understood [Baker and Peter, 2008; Baker, 1997]. Mineral
dust particles can act as ice nuclei (IN) by initiating immersion freezing (IMF) in supercooled aqueous droplets
and deposition ice nucleation (DIN) from the supersaturated vapor phase [Cziczo et al., 2013; DeMott et al.,
2003, 2010; Hoose and Möhler, 2012; Knopf and Alpert, 2013; Knopf and Koop, 2006; Murray et al., 2012; Wang
and Knopf, 2011]. Organic aerosol particles are ubiquitous in the atmosphere [Heald et al., 2011; Zhang et al.,
2007] and thus potentially play a role in atmospheric glaciation processes. This is supported by ice nucleation
studies investigating ambient and laboratory organic particles [Baustian et al., 2012; Hiranuma et al., 2013;
Knopf et al., 2010; Murray et al., 2010; Wang and Knopf, 2011; Wang et al., 2012a, 2012b]. Previous studies
demonstrated that ambient particles, dominated by secondary organic material from anthropogenic
environments such as Mexico City (MC) and Los Angeles (LA), can act as IN [Knopf et al., 2010; Wang et al.,
2012b]. Those measurements used 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) with spatial resolutions of about 5 nm and 30nm, respectively, in
combination with particle population statistical analysis. Furthermore, laboratory studies using secondary
organic aerosol (SOA) particles, SOA surrogates, and particles composed of humic acid-like substances
corroborate that some of these particle types can act as IN under atmospherically relevant conditions [Baustian
et al., 2013; Murray et al., 2010; Wang and Knopf, 2011; Wang et al., 2012a; Wilson et al., 2012]. This may be due
to the organic compounds forming a solid phase below the glass transition points creating a potential IN
[Koop et al., 2011; Murray et al., 2010; Wang et al., 2012a].
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Here we apply methods of optical microscopy (OM), CCSEM/EDX, and STXM/NEXAFS for multimodal
chemical imaging of the specific individual particles that acted as IN among an entire population of
particles collected from ambient air. This study spans a temperature range of 200–273 K and relative
humidity with respect to ice (RHice) until water saturation is reached, relevant for cirrus and mixed-phase
cloud formation in the troposphere and the lower stratosphere. We discriminate specific ice nucleation
pathways of individual freezing events, freezing temperatures, and RHice onsets in relation to the
physicochemical properties of detected IN. We then compare the observed IN features with the particle
properties of the entire particle population. This allows characterization of the nature of the IN and
assessment of whether or not the IN are exceptional compared to the overall particle population. Our
approach characterizes individually identified IN from particle samples collected at three different time
periods during the Carbonaceous Aerosols and Radiative Effects Study (CARES) field campaign [Zaveri et al.,
2012]. The ambient particle population is microspectroscopically characterized using elemental
composition cluster analysis, carbon functional group composition, and mixing state analysis [Moffet et al.,
2013; Wang et al., 2012b]. The ice nucleation and water uptake onsets are reported along with
corresponding ice nucleation pathways. The microspectroscopic characteristics of the identified IN are
compared to those of the ambient particle population.

2. Experimental Section
2.1. Particle Collection

Particles in sizes of 0.1–2.5μm were collected on Si wafer chips (Silson, Inc.), 50 nm carbon films supported
on copper grids (“Carbon Type-B” grid substrates, Ted Pella, Inc.), and silicon nitride-coated Si frames
(“Si3N4-film” substrates, Silson, Inc.) at the T0 ground site (located in urban Sacramento area) using Time-
Resolved Aerosol Collectors (TRACs) [Laskin et al., 2003, 2006]. The 50% cutpoint of the TRAC is approximately
0.35μm. After sample collection, the entire cartridges with particle samples were removed from the TRAC
and sealed airtight for storage. Meteorological conditions are described in detail by Moffet et al. [2013], and
backward trajectories of sampled air mass are given in Figure S1 in the supporting information. Each of
the particle samples was collected for 20min. The collection time periods and particle sample characteristics
for the three samples “SA1” (noon), “SA2” (morning), and “SA3” (night) are given in Table 1.

2.2. Ice Nucleation Experiment

The experimental setup has been described in detail previously and is only briefly presented here [Alpert
et al., 2011; Knopf et al., 2010, 2011; Wang and Knopf, 2011; Wang et al., 2012b]. Selected samples were
removed from the TRAC cartridges and installed onto the ice nucleation cell. This installation was done in a
particle free laminar flow hood, and particles in the cell remained sealed against ambient air for the duration
of the experiment. The onsets of water uptake and ice formation are monitored visually using a controlled
vapor cooling–stage microscope system consisting of an ice nucleation cell coupled to an OM. The onsets for
water uptake and ice formation reflect the particle temperature (Tp) and RHice values at which the water
uptake (growth of particles) or the first ice crystal was observed [Wang and Knopf, 2011]. If multiple ice
crystals formed simultaneously, then all the initially formed ice crystals were considered. However,
subsequent ice formation events were discarded since a uniform RH field may not persist when ice crystals
are present in the ice nucleation cell. This setup allows the control of RHice and Tp. Humidified N2 gas
(ultrahigh purity) purged through carbon, and cold traps at about 1 standard liter per minute is flown over
the particles. Subsequently, the dew point (Td) is determined using a chilled mirror hygrometer. From Td and

Table 1. Particle Samples Employed in Ice Nucleation Experiments, Particle Population Characterization, and IN Identificationa

Particle Sample dpop/μm Npart/×10
4 Atot/×10

�5 cm�2 dIN/μm INident NIN/L
�1

SA1 0.55± 0.47 14:7þ2:9
�1:2 27:8þ56:5

�23:9 1:9þ4:8
�1:6 25 122

SA2 0.45± 0.46 6:2þ5:6
�5:1 6:6þ8:1

�4:9 1:3þ4:5
�0:9 28 82

SA3 0.52± 0.43 3:2þ4:7
�1:0 79:1þ113:2

�45:9 4:5þ5:5
�3:4 40 375

aSA1 was collected from 10:47 to 12:27 (27/06/10), SA2 from 5:29 to 7:29 (28/06/10), and SA3 from 19:10 to 23:51 (28/06/10).
The mean particle population diameter, dpop (±1σ); range of the particle numbers for ice nucleation, Npart; range of the
total particle surface area for ice nucleation including uncertainty, Atot; range of IN diameters, dIN; number of identified
IN per sample, INident; and estimated number of IN per liter of air based on 104particles/cm3 of air, NIN, are given.
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Tp, RHice is determined [Murphy and Koop, 2005]. The particles are cooled at a rate of 0.1 Kmin�1

corresponding to an increase in RHice of about 2.3 to 1.5%min�1 for Tp from 200 to 260 K and exposed to
ice supersaturation until ice formation or water uptake is observed. Experimental uncertainties are
ΔTp<±0.3 K, ΔTd<±0.15 K, andΔRHice<±11% at 200 K andΔRHice<±3% at 260 K. The onset is defined as the
temperature and humidity at which water uptake or ice formation is initially observed. During the entire
experiment, images are recorded every 0.02 K (~12 s) along with the corresponding experiment time, Tp, and
Td. For all samples, at least 6 experiments were conducted at each investigated temperature. In total, about
95 ice nucleation experiments were performed. These yielded 93 individually identified IN as indicated in
Table 1 that were later probed by SEM/EDX and STXM/NEXAFS to elucidate their morphological and
compositional characteristics.

2.3. Identification of Individual IN

Particles acting as IN are identified from two subsequently recorded OM movies of ice nucleation and
crystal growth and the ice crystal sublimation. After identification, these specific particles are relocated in
SEM/EDX and/or STXM/NEXAFS experiments for microspectroscopic analyses. Figure 1 and Figure S2 in the
supporting information illustrate examples of locating the IN. Initially, an ice crystal forms on a single
particle as shown in Figure 1a and Figure S2, panels a, in the supporting information. Subsequently, the
particle sample is warmed at a rate of 0.5 Kmin�1 and images are taken every 0.1 K until the ice crystal
completely sublimates, leaving behind the clearly visible particle that acted as IN (Figure 1b and Figure S2,
panels b, in the supporting information). The sublimation and ice formation image sequences are converted
to movies and reviewed to spot the IN. An example movie file displaying the ice formation and ice
crystal sublimation process is given in the supporting information. Using visual pattern recognition and
movie files, the IN are relocated using microspectroscopic imaging techniques as shown in Figure 1c
and Figure S2, panels c, in the supporting information. Subsequently, highly magnified and detailed images
of the IN, such as those shown in Figures 1d and 1e and Figures S2, panels d and e, in the supporting
information, are made in addition to elemental composition analysis using SEM/EDX and chemical imaging
by STXM/NEXAFS. When additional accuracy was required to correctly locate the IN, triangulation was used
with respect to an arbitrary calibrated point on the sample.

Figure 1. Representative procedure of IN identification for sample SA3. (a) The cross hairs indicate the position of the
center of ice crystals initiated by particles of SA3 sample via deposition ice nucleation at T=216.3 K and RHice = 135%.
(b) Sublimed ice crystal after exposure to subsaturated conditions. Figures 1a and 1b are obtained using optical microscopy.
(c) The same field of view imaged by scanning electron microscopy (SEM). (d and e) The higher magnification SEM images
of the IN. The white arrows point to the same particles in Figures 1a–1d.
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2.4. Particle Analyses

The methods of chemical imaging for field-collected atmospheric particles applied in this study have been
described in detail previously [Gilles et al., 2010; Hopkins et al., 2007a; Knopf et al., 2010; Laskin et al., 2006;
Moffet et al., 2010b, 2013; Takahama et al., 2007; Tivanski et al., 2007; Wang et al., 2012b] and are only briefly
introduced here. When analyzing a particle with both STXM/NEXAFS and SEM/EDX, STXM/NEXAFS was
performed first since SEM/EDX analysis can result in a greater particle damage. For both techniques, a
statistically significant number of individual particles were analyzed to yield a representative classification of
the various particle-type classes present in the ambient particle population [Moffet et al., 2013; Wang et al.,
2012b]. For example, a sample number of 788 particles yields a representation of the particles collected on
the substrate at 99% confidence level with amargin of error of 1% [Thompson, 1987]. Note that well over 1000
particles were used in the analyses here. The CCSEM/EDX and STXM/NEXAFS analyses are performed at
1 × 10�5 hPa of air and 500 hPa of helium, respectively, and at room temperature. Therefore, semivolatile
organic compounds may have evaporated during analysis. Hence, the organic particle fraction detected can
be assumed to have low volatility in nature.

Samples collected on Carbon Type-B substrates were used to conduct CCSEM/EDX analysis over a large
particle population. Samples on Carbon Type-B and Si3N4-film substrates were used for STXM/NEXAFS
analysis. Only samples on Si wafer chips and Si3N4-film substrates were utilized for water uptake and ice
nucleation studies in the OM experiments [Knopf et al., 2010; Wang et al., 2012b]. Individual IN identified in
these OM experiments were later probed using SEM/EDX and STXM/NEXAFS.

As each sample was collected for 20min, these substrates represent slightly different sampling periods.
Therefore, samples chosen to infer the general particle population characteristics of the air parcel had
sampling start times within 1 h of those used for ice nucleation experiments and IN identification. For
example, the SA1 samples for ice nucleation experiments were collected at 10:47–11:07 and 12:07–12:27,
whereas the SA1 samples for statistical population analysis using STXM/NEXAFS were collected at
10:27–10:47 and 12:27–12:47.

Surface area of individual particles was estimated from SEM images and corroborated using optical and X-ray
microscopy. The total particle numbers and the circular equivalent diameters of particles calculated using
image analysis software were used to derive the total surface area in a particular field of view approximately
50μm×40μm. Depending on aerosol loading, the total surface area in about 20–40 representative fields
chosen at random locations was determined and used to estimate the total particle surface area residing in
the ice nucleation sample area for a single sample.

Water uptake followed by ice formation may alter the particles with respect to chemical composition or
morphology. However, this is not expected to deviate significantly from particle characteristics of the overall
particle populations. Ice nucleation experiments were always conducted before microspectroscopic
analysis. To minimize particle morphological alteration due to the presence of liquid water, experiments
were performed first at the lowest achievable temperatures that likely induce DIN. In subsequent
experiments, the particle temperature was systematically increased including the occurrence of water
uptake and IMF until no ice formation event could be detected. All identified IN inducing IMF and DIN were
characterized by SEM/EDX. However, IN characterized by STXM/NEXAFS were only active in DIN. When
STXM/NEXAFS data acquisition was not planned on a particle sample, ice nucleation experiments were
followed by taking SEM images at low electron beam energies and subsequently acquiring EDX spectra.
In most cases, acquiring EDX spectra results in particle damage. However, in spite of undergoing IMF
and DIN, their morphology and composition contain identifiable features of the same particle types
present in the population, i.e., major particle-type classes that did not nucleate ice. In addition, it is
unlikely that a refractory carbonaceous particle will be altered in such a way to reflect a completely different
particle-type class such as sea salt as a result of electron beam damage. We conclude that the determined
morphology and composition of all the ambient particles, including the identified IN, most likely reflect
actual particle properties.
2.4.1. CCSEM/EDX Analysis
CCSEM/EDX provides information on size, morphology, and elemental composition of a large number of
individual particles [Hopkins et al., 2007a, 2008; Laskin et al., 2006, 2012]. The particles are imaged and then
the EDX spectra of individual particles are recorded and processed to yield elemental compositions. A SEM
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(Quanta 3-D model, FEI, Inc.) with a 10mm2

Si(Li) X-ray detector (EDAX, Inc.) provided
elemental information and atomic ratios of
C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe,
and Zn. CCSEM/EDX spectra acquired on
thin carbon films were quantified using
the GenesisTM software for X-ray analysis
(EDAX, Inc). Particles with an equivalent
circle diameter larger than 0.2μm were
characterized. Additional information on
the applied methods are published
elsewhere [Laskin et al., 2003, 2006; Moffet
et al., 2008, 2010a].

For each sample, atomic fractions of
thousands of individual particles were
clustered following a k-means analysis.
The k-means cluster analysis generates
k different atomic ratio spectra aimed to
converge on average spectra for k groups of
particles. In other words, k-means

effectively assigns the atomic fraction spectrum of a single particle to 1 of k different average spectra
[Cheng, 1995; Fukunaga and Hostetler, 1975; Selim and Ismail, 1984]. The particle data analyzed here were
combined with those presented by Moffet et al. [2013], and seven clusters (k=7) were used to characterize all
particles into clusters belonging to finemode (<1μm in diameter) and coarse mode (>1μm) particles. Clusters
were named based upon visually distinct and recognizable particle features, and their SEM/EDX determined
atomic fraction spectra. Recognizable features included fractal soot on the order of 100 nm in diameter, sea salt
particles containing Na and Mg, as well as other more general descriptions such as carbonaceous.
2.4.2. SEM/EDX of Individual IN
Individually identified IN on Si wafer chips were analyzed manually by SEM/EDX to obtain SEM images and
EDX spectra. The background substrate correction was employed for each particle. This was done by
subtracting a “substrate-only” spectrum acquired on a particle-free region adjacent to the individually
analyzed particle under identical experimental conditions. In this way, each particle had its own background
substrate correction. The atomic fractions of the major elements of the IN were then computed. By
combining the visual inspection with the atomic fractions, individual IN were assigned to specific clusters.
2.4.3. STXM/NEXAFS Analysis
STXM measures the transmission of soft X-ray beams generated from the synchrotron light source across a
raster-scanned sample at a given photon energy to obtain an image [Kilcoyne et al., 2003]. Spatially resolved
X-ray spectra yield chemical composition and mixing states of individual particles [Hopkins et al., 2007a, 2008;
Michelsen et al., 2007; Takahama et al., 2007; Tivanski et al., 2007]. The spatial resolution was 25nm. Exploiting the
carbon K-edge spectra allows the identification of organic carbon (OC), elemental carbon (EC, i.e., soot),
potassium (K), and other overall contribution of inorganic components (INO) within individual particles. The
presence of calcium (Ca) was determined by exploiting the Ca L-edge [Benzerara et al., 2004; Rieger et al., 1986].
This will allow to classify particle types and their respective mixing state using STXM/NEXAFS. An overview of
the application of this technique to atmospheric particles and technical details on STXM are published
elsewhere [Ghorai et al., 2011; Ghorai and Tivanski, 2010; Gilles et al., 2010; Moffet et al., 2010a, 2010b].

3. Results and Discussion
3.1. Onsets of Water Uptake, Immersion Freezing, and Deposition Ice Nucleation

Figure 2 shows the water uptake, IMF, and DIN onsets obtained for samples SA1 (noon), SA2 (morning), and
SA3 (night). Initial water uptake commences at subsaturated conditions at temperatures as low as 226 K.
Particles from the SA3 sample exhibit the lowest onsets of water uptake, around 70–75% RH. For T> 236 K,
SA1 and SA2 particle samples exhibit water uptake around 80 and 85% RH, respectively. Particles of the SA3
samples induce IMF at lowest temperatures, i.e., at 226 K at 80% RH. At higher temperatures, IMF occurs at
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Figure 2. Experimentally determined mean onset conditions (±1σ) of
water uptake, immersion freezing, and deposition ice nucleation for
particle samples SA1, SA2, and SA3 collected during CARES. The black
line represents water saturation. The blue line indicates the homo-
geneous freezing limit for Jhom=1010 cm�3 s�1 [Koop et al., 2000a].
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saturated conditions. SA2 and SA1 particles initiate IMF at about 132% RHice, which coincides with water
saturation at higher temperatures. DIN was observed for T< 226 K and RHice of about 133%, 140%, and 133%
for SA3, SA2, and SA1 particle samples, respectively. These onsets are about 20% lower in RHice compared to
the homogeneous ice nucleation limit [Koop et al., 2000a].

Similar to our previous ice nucleation studies employing ambient organic and laboratory-generated organic
particles, we observed that repetition of an ice nucleation experiment using the same particle sample and
identical thermodynamic conditions (i.e., temperature and RH) resulted in different particles initiating ice
formation [Knopf et al., 2010; Wang et al., 2012a, 2012b]. These observations are illustrated in Figure 3, which
indicates that within the same sample, ice crystals are typically formed on different particles in consecutively
repeated experiments. After observation of an ice formation event, the particles are held at 275 K for at least
5min and RH< 1% for complete ice crystal sublimation. Subsequently, the sample is cooled again to the
desired experimental particle temperature, but kept above Td to ensure subsaturated conditions with respect to
ice. By cooling further with the same rate (i.e., 0.1 Kmin�1) as in the initial experiment, the ice nucleation
experiment is repeated. Different particles acting as IN in repeated experiments were a prevalent feature for
both DIN and IMF. As indicated in Figure 3, if the experiment is repeated at a different temperature, also
different particles act as IN. These observations are in contrast when employing the surrogates of mineral
dust such as Arizona test dust (ATD) and kaolinite particles, for which in subsequent repetitions of the ice
nucleation experiments, the same most efficient IN nucleate ice multiple times [Knopf and Koop, 2006; Wang
et al., 2012a]. The repetition of the ice nucleation experiments involving ATD can lead to the enhancement of
the particles’ ice nucleation ability due to preactivation [Knopf and Koop, 2006].

3.2. Particle Population Characteristics Obtained by CCSEM/EDX

We characterize the particle population characteristics of samples SA1, SA2, and SA3 by applying the cluster
analysis scheme reported in our previous work [Moffet et al., 2013] and shown in Figure 4. The k-means cluster
analysis applied atomic ratios of C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Zn elements. Figure 4a shows
the derived k-means clusters for the investigated sampling periods. Generally, particle clusters similar to
those measured by Moffet et al. [2013] at the T0 site were observed.

1. Cluster 1: aged sea salt (mostly coarse mode particles). Characterized by high atomic percentage of Na, Mg, K,
and Ca. In addition, significant S is present, and Cl is depleted. Cl depletion could be due to displacement by
reaction with weak organic acids [Laskin et al., 2012], nighttime hydrolysis of N2O5 [Knopf et al., 2007;
Thornton et al., 2010] and subsequent ClNO2 formation [Fenter et al., 1996; Thornton et al., 2010], or HNO3

uptake and subsequent HCl release [Beichert and Finlayson-Pitts, 1996; Fenter et al., 1994]. Although predo-
minantly coarse mode, this cluster manifests a significant portion of particles below 1μm in diameter.

2. Cluster 2: carbonaceous Na-rich (mostly fine mode particles). Characterized by a dominant contribution of
carbon. The second most abundant elements are O, Na, and S. Although defined as fine mode, this
particle type also contributes significantly to the coarse mode particle population.

3. Cluster 3: secondary carbonaceous (fine mode particles). Characterized by a dominant contribution from
carbon. The second most abundant element is O, followed by N and S. Compared to the other fine

Figure 3. Opticalmicroscopy images of three ice nucleation experiments conductedwith the same SA3 particle sample at (a and
b) -55°C and (c) -65°C. Figures 3a and 3c show the experiments conducted repeatedly after experiment (Figure 3a). Between
subsequent experiments, the sample was heated to>0°C and RH~0% for 5min to allow complete sublimation of the ice crystals.
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mode clusters, this cluster has much less influence from elements other than O. This cluster is labeled
“secondary” due to the lack of trace elements that typically indicate a primary “particle core” containing
nonvolatile elements.

4. Cluster 4: carbonaceous K-rich (fine mode particles). Characterized by a dominant contribution of carbon
with the second most abundant elements of K, O, Na, and S. These particles potentially have a
Na-dominated core.

5. Cluster 5: fresh sea salt (mostly coarse mode particles). Characterized by high atomic fractions of Na, Mg, and
Cl. Although carbonaceous material is present, it is less than for other clusters.

6. Cluster 6: refractory carbonaceous (fine mode particles). This cluster has an enhanced contribution from
metallic elements (Na, Mg, Ca, Fe, and K) and Cl in addition to large contributions from C, N, and O.

Figure 4. Summary of k-means cluster analysis using CCSEM/EDX data for particles collected at the T0 site. (a) Mean EDX
spectra for each of the derived clusters. (b) Fractions (left axis) of the different clusters as a function of particle size. The
solid line represents the total counts of all particles (right axis).
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These particles could be mixtures of
sea salt or cooking emissions that have
been coated with secondary organic
species. This cluster also contributes to
coarse mode particles.

7. Cluster 7: other (fine mode particles).
About 7.1% of all analyzed particles
fall into this category. Large amounts of
refractory material are present, and
their source is not clear. In some cases,
a significant noise is misinterpreted as
peak by the quantification algorithm,
possibly from the edges of the under-
lying copper grids or the sample holder
and are thus artifacts in the analysis.

Figure 4a shows that all identified particle
clusters contain significant contributions
of carbon and oxygen. This is consistent
with SEM particle images indicating the
presence of organic material as a greyish
shading and with STXM/NEXAFS analysis

as discussed below. The coarse mode particles contain larger amounts of Na, Cl, Mg, K, or Ca, indicative of a
marine source, compared to the fine mode particles. The smaller particles are dominated by carbon and
oxygen with varying amounts of refractory material.

Figure 4b shows the relative contribution of each derived cluster in 100 nm size bins ranging from 200 nm to
2μm. The maximum numbers of particles reside in a size range of about 300 nm. Below 400 nm, the
population is dominated by secondary and refractory carbonaceous particles contributing about 40 and
30%, respectively, of all particles. Particles with 400–1000 nm diameters are primarily carbonaceous Na-rich
and aged sea salt and contribute to about 35 and 40%, respectively, of the total particle numbers. The
carbonaceous Na-rich particles may stem from the same source as the coarse mode aged sea salt particles;
both show a strong depletion of Cl. However, the larger aged sea salt particles are enriched in Mg compared
to the fine mode Na-rich particles. The refractory carbonaceous particle cluster may also stem from a
marine source and hence contribute to particle diameters above 1μm [Moffet et al., 2013]. The aged and
fresh sea salt particles dominate the coarse mode population making up about 60 and 35%, respectively,
of the particles 1–2μm in diameter.

Figure 5a shows the averaged fractions of the particle-type classes for each of the three sampling periods for all
particle sizes. SA1 and SA2 sampling periods are dominated by Na-rich carbonaceous, aged sea salt particles, and
refractory carbonaceous particles, all of which may have been influenced by sea spray. Additionally, secondary
carbonaceous particles are about 10% of the total particle number. The SA3 samples contain a significant number
of particles likely affected by a marine source. Fresh sea salt, aged sea salt, and Na-rich particles represent more
than 30% of all particles. Furthermore, the refractory carbonaceous particles may also be related to sea spray
emissions. SA3 samples contain a higher amount of secondary carbonaceous particles compared to the SA1 and
SA2 samples. The backward trajectories (Figure S1 in the supporting information) suggest that the air mass
containing SA3 samples resided longer over continental areas, thus possibly allowing for an increased amount of
photochemically produced secondary organic material to condense onto particles.

3.3. Particle Population Characteristics Obtained by STXM/NEXAFS

We apply STXM/NEXAFS to characterize the carbon composition and mixing state of particles in the ambient
population. Figure 6 shows the representative STXM/NEXAFS component images and corresponding
averaged X-ray spectra indicating the spatial distributions of major components identified at the carbon
K-edge for the three sampling periods. X-ray images at 278, 285.1, and 288.7 eV provide optimum contrast for
non-carbonaceous inorganic species (pre-edge below carbon absorption), soot peak (C= C), and the COOH
peak (organic carbon), respectively [Hopkins et al., 2007a, 2007b; Moffet et al., 2010a, 2013; Takahama et al.,
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Figure 5. Fractions of particle-type classes with respect to (a) compo-
sition and (b) mixing states present in ambient aerosol population as
determined by CCSEM/EDX (Figure 5a) and STXM/NEXAFS (Figure 5b)
for the SA1, SA2, and SA3 samples. The identified particle-type classes
are given in respective color. Particles consist of organic carbon (OC),
inorganics (INO), and elemental carbon (EC) and are classified into the
following types INO+OC, INO+ EC+OC, EC+OC, and OC. The total
number of analyzed particles for each sample, N, is shown at the top.
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2007]. The green, red, and blue color maps and the corresponding averaged X-ray spectra represent the
dominating presence of the organic material (featured by carboxyl functional groups), soot-like refractive
carbon (featured by C=C double bonds) and overall inorganic material (inferred from differences in
absorption at post-edge and pre-edge enegy levels), respectively, for all particles imaged. These component
images show that the particles are associated with and coated by organic carbon independent of the
sampling period. This corroborates our findings based on CCSEM/EDX. The corresponding averaged X-ray
spectra indicate the presence of carboxylic functionalities in the particle regions dominated by soot-like and
inorganic materials. For example, within the inorganic-dominated particle fraction (blue colored), the
corresponding X-ray spectra always contain a significant peak indicative of the �COOH groups. This further
corroborates the previous point that these particles are engulfed by organic material. The averaged X-ray
spectra also show the minor presence of OH functionalities (at 286.5 and 287.0 eV), carbonates (at 290.4 eV),

Figure 6. (top) Component images and (bottom) corresponding normalized X-ray spectra for the SA1, SA2, and SA3
samples. In each of the component images, the green, red, and blue colors map the dominating presence of the carboxyl
functional group (organic material), carbon double bonding (soot-like), and inorganic material, respectively. The X-ray
spectra below each component map represent the mean spectra for that sample obtained from the regions dominated by
organic (green), soot-like (red), and inorganic materials (blue), respectively. The scale bars are 1μm. The spectra are
normalized to their maximum optical density values.
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and potassium (at 299.7 and 297.1 eV) [Hopkins et al., 2007b; Moffet et al., 2013; Takahama et al., 2007].
Particles from SA3 sample exhibit the strongest carbonate signal, whereas particles from SA2 and SA1
samples show higher contributions of soot-like compounds.

Figure 5b shows the composition and internal mixing state of all investigated ambient particles for each
sampling period following the methodology of previous studies [Knopf et al., 2010; Moffet et al., 2013; Wang
et al., 2012b]. The following particle types are discriminated [Moffet et al., 2010a]: (i) Organic carbon (OC):
these particles have a dominant organic composition by mass homogeneously distributed throughout the
entire particle. (ii) EC +OC: regions of these particles have high C =C sp2 hybridized bonds along with organic
functional groups. The percentage of sp2 bonds required for a particle to be designated with an EC
component is greater than 35% [Hopkins et al., 2007a]. (iii) INO+OC: these particles have an inorganic
inclusion in addition to organic material. (iv) INO+ EC+OC: particles having inorganic dominant regions, soot
regions, and organic regions according to above given specifications.

Figure 5b illustrates that the largest fraction of particles belong to the class INO+OC. No bare soot, bare sea
salt, or bare refractory particles are present in the population; all particles are internally mixed with organic
material and an organic coating. These observations are independent of the different sampling time periods
and corroborate the results from the CCSEM/EDX analysis. However, CCSEM/EDX analysis suggests a larger
fraction of OC particles (secondary carbonaceous) present in the SA3 sample compared to the results of
STXM/NEXAFS. It should be noted that the secondary carbonaceous cluster also includes elements other than
O and C, and thus, direct comparisons may not be possible. Furthermore, the investigated particle
populations exhibit the same compositional, morphological, and mixing state features as the airborne
particles sampled at the same location a few days prior [Laskin et al., 2012].

3.4. Individual IN Characteristics Probed by SEM/EDX

Figure 7a displays the representative SEM images of 18 identified IN and corresponding freezing
temperatures, ice nucleation pathways, size, and assigned k-means cluster numbers of the total ambient
particles for each sampling period. The IN of the SA1 sample are carbonaceous and aged sea salt particles

Figure 7. Images and composition of experimentally identified IN. (a) SEM images of representative IN identified from SA1 (images a–f ), SA2 (images g–l), and SA3
(images m–r) samples. The observed ice nucleation pathway, immersion freezing (IMF), or deposition ice nucleation (DIN) is given in the bottom right corner of each
image with the onset freezing temperature. For each particle, a cluster assignment is given in the top right corner of the image. All the scale bars indicate 1μm. (b–d)
Cumulative atomic percent of elements for 82 identified individual IN are shown as bars for the SA1 (Figure 7b), SA2 (Figure 7c), and SA3 (Figure 7d) samples as a
function of their ice nucleation onset temperatures and ice nucleation pathways. At the top of each bar, the cluster assignment is given. Letters E and F within
Figure 7c indicate the presence of biological particles associated with brochosomes and spores or pollen grains, respectively.
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(images a–f of Figure 7a). Although not apparent by visual inspection, the IN of image a are entirely
carbonaceous. The IN of the SA2 sample (images g–l of Figure 7a) are dominated by aged sea salt particles
and refractory carbonaceous particles. The IN displayed in images k and l exhibit very similar morphologies
possessing a core with a spine surrounded by organic material. However, the elemental composition analysis
resolves that these IN are aged sea salt and refractory carbonaceous particles, respectively. The IN of the
SA3 sample (images m–r of Figure 7a) are dominated by supermicron aged sea salt particles that are depleted
in Cl and show similarities in morphology to particles of marine origin [Laskin et al., 2012]. The IN from the
SA3 sample are larger than those from the SA1 and SA2 samples. All identified IN possess a core surrounded
by organic material which also represents a key feature of the ambient particle population as determined
by CCSEM/EDX and STXM/NEXAFS.

The SEM/EDX-derived IN compositions, shown in Figures 7b–7d, are expressed as cumulative atomic fractions.
Figures 7b–7d also show corresponding ice nucleation pathways, freezing temperatures, and associated
k-means cluster numbers. It is important to note that the substrates used here have no C background
associated with them. Although the absolute quantification of C is very challenging using EDX, the positive
presence of carbon can be detected and relative intercomparisons between different particles can be made.

The general conclusions for all investigated IN that can be drawn from Figure 7 are the following: all particles are
associated with C, making C themost likely abundant element, followed by N and O (this is similar to measured
population characteristics); there are no clear trends in IN composition with regards to freezing temperatures
and ice nucleation pathways; and all identified IN, within their size range, belong to a major particle-type
class typical of this sampling period. This analysis suggests that in terms of chemical composition, the IN are not
significantly different from the majority of the particles in the population at this sample site and for the IN
processing conditions represented. Lastly, for all sampling periods and in the majority of the cases (with the
exception of fresh sea salt particles), the IN are depleted in Cl relative to Na. Only two plausibly biological
particles were identified: grasshopper brochosomes [Wittmaack, 2005] (Figure S2b in the supporting
information) and a spore or pollen grain (Figure S2c in the supporting information). We cannot infer whether
the brochosomes themselves or the particle (Na-rich carbonaceous) to which the brochosomes are attached
initiated ice nucleation. The supermicrometer-sized spore or pollen induced IMF.

Closer inspection of Figures 5 and 7 indicates that the IN of the samples consist of secondary carbonaceous,
Na-rich carbonaceous, aged sea salt, and refractory carbonaceous particles. These particle-type classes
represent major fractions, of about 10 to 40%, of all particles of the investigated populations. From this we
can conclude that the IN in our samples belong to common particle-type classes rather than being
exceptional in their composition or morphology.

In general, the IN of all the sampling periods presented in Figure 7 exhibit a core surrounded by organic
material. This is shown in more detail in Figure S3 in the supporting information displaying a SEM/EDX-
derived elemental map of an aged sea salt particle (sample SA3) acting as IN. These elemental maps
demonstrate the depletion of Cl compared to Na and the presence of C at the interface of the solid inorganic
core. For reference, Figure S4 in the supporting information shows a SEM image and elemental maps of
particles from the SA3 sample which did not nucleate ice. Those particles exhibit similar morphology and
composition as the identified IN of this sampling period, including the Cl depletion and the presence of an
organic coating. Figure S4 in the supporting information also demonstrates that the IN are not necessarily the
largest particles in the population.

3.5. Individual IN Characteristics Obtained by STXM/NEXAFS

Figure 8 demonstrates the experimental capability to use Si3N4 substrates for ice nucleation experiments and
then to identify and chemically image the IN. The same IN of sample SA3 was further characterized using
SEM/EDX by means of elemental mapping (Figure S3 in the supporting information). Figures 8d–8f present
the STXM/NEXAFS component images of the IN and non-ice nucleating particles, respectively, and the
corresponding averaged NEXAFS spectra are shown in Figure 8g. The green, orange, and blue color maps
indicate the dominating presence of the carboxyl functional group, calcium, and the overall inorganic
material, respectively. The component image demonstrates that the ice nucleating particle contains an
inorganic core surrounded by organic material. The non-ice nucleating particles are of similar size, located
close to the IN, and exhibit nearly identical compositional and mixing state features as the IN. Furthermore,
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the IN active and the inert particles appear to be very similar in morphology to particles that are abundant in
the sample (see, e.g., Figure 1 and Figure S4 in the supporting information and Laskin et al. [2012]). Closer
inspection of the NEXAFS spectra (Figure 8g) indicates that the particle material has minor contributions of OH
functionalities and CO3 (290.4 eV). The presence of peaks at 346.2 and 349.7 eV from Ca is visible in the
corresponding orange spectrum (Figure 8g) taken at the Ca L-edge in agreement with the SEM/EDX elemental
maps showing the presence of Ca (Figure S3 in the supporting information). That spectrum also shows the
presence of potassium at 299.7 and 297.1 eV and of carboxylic functionalities implying that the calcium is
coated with organic material not visible in the component image (Figure 8e). As inferred from the component
images and spectra in Figure 8, the mixing state of this IN is INO+OC, exhibited by most particle-type classes.
The elemental maps shown in Figure S3 in the supporting information imply that the IN is an aged sea salt
particle type, which falls into the INO+OC mixing state category and represents the most common particle
type in this sample. In addition, the particle is coated with organic carbon, further corroborating the potential
role of organic material in initiating ice nucleation for the cases examined in this study.

The great majority of the IN include the inorganic and organic materials reflecting particles with the mixing
state of INO+OC or INO+ EC+OC and only 9 of the 83 IN are secondary carbonaceous corresponding to OC
or EC +OC particles. The distribution of IN types with regards to composition and mixing state reflects the
distribution of particle types within the population. These results further support the notion that the IN
belong to major particle-type classes.

3.6. Relating Ice Nucleation With Particle Population and Individual IN Characteristics

The determined physicochemical characteristics of the individual IN and particle populations are applied to
examine the observed water uptake and ice nucleation onsets and pathways shown in Figure 2. Particles from
the SA3 sample are associated with highest NaCl content compared to the particles from SA1 and SA2 samples
(see, e.g., Figure 7 and Figures S3 and S4 in the supporting information). Those particles exhibit the lowest
onsets of water uptake, around 70–75% RH, which may be expected from previous deliquescence studies of
pure NaCl and sea salt particles [Koop et al., 2000b; Liu et al., 2008;Wise et al., 2009]. Particles of the SA3 sample
induce IMF at lowest temperatures, i.e., at 226 K at 80% RH. At higher temperatures, IMF occurs at saturated
conditions. Similarly, particles of the SA2 and SA1 samples initiate IMF at lower RH at lower temperatures and at

Figure 8. IN identification and STXM/NEXAFS chemical imaging of particles in SA3 sample. (a and b) The ice formation and
ice sublimation events observed in the OM experiment, respectively. (c) SEM image of the same sample area at higher
magnification. (d) The identified IN and panels (e and f) show non-ice nucleating particles component images emphasizing
the contrast between non-carbonaceous inorganic species (blue), organic carbon (green), and calcium (orange). (g) The
corresponding NEXAFS spectra of the particles with the major functionalities highlighted. The black arrows point to the
same particles. The identical IN, analyzed by SEM/EDX, is illustrated in Figure S3 in the supporting information.
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higher RH at higher temperatures. The reason for this trend may be twofold. First, the water activity IMF model
based on classical nucleation theory demonstrates, keeping all other parameters the same, that at higher
temperatures, higher RH is necessary to induce IMF compared to at lower temperatures [Knopf and Alpert,
2013]. Second, a difference in the viscosity of the organic material acting as IN may be another reason for
different IMF onsets, where at low temperatures, a higher particle viscosity and at higher temperatures, a lower
particle viscosity dominate [Wang et al., 2012a]. Particle viscosity impacts the plasticizing effect of water, i.e., the
ability of water penetrating the particle and decreasing particle viscosity, and thus water uptake [Koop et al.,
2011; Wang et al., 2012a]. Both effects could explain the observed IMF onsets.

Table 1 gives the mean IN diameter derived from SEM and indicates that particles>0.3μm in diameter acted as
IN. It should be noted that the particles deposited on substrates may flatten and appear larger in diameter than
those that existed in the atmosphere. As demonstrated in the SEM population images (Figure 1 and Figures S2
and S4 in the supporting information), the IN are not necessarily the largest particles present on the sample
substrates. These findings are consistent with observations indicating that IN active in the cirrus and mixed-
phase cloud regimes are >0.1μm [Cziczo et al., 2013; DeMott et al., 2003] and >0.5μm [DeMott et al., 2010],
respectively. However, the total particle surface area may also be an important factor in determining ice
nucleation onset. Table 1 gives the ranges of the total number of particles (Npart) and the total surface areas
available in the ice nucleation experiments conducted over 1mm2 of the investigated substrate area. The SA1
sample had the largest number of particles on ice nucleation samples, comparedwith the SA2 and SA3 periods.
However, SA3 samples had the largest surface area available for ice nucleation. This could be due to the larger
number of coarse mode particles present as demonstrated in the SEM images given in Figure 1 and Figures S2
and S4 in the supporting information. Previous studies indicated that an increase in the total particle surface
area decreases the RHice required to observe ice nucleation [Kanji et al., 2008; Knopf and Alpert, 2013]. However,
the data presented here do not demonstrate such a trend, presumably due to the small range of the total
particle surface areas investigated and the experimental uncertainty in RHice.

We provide an estimate of the number of activated IN per liter of air, NIN, as given in Table 1. This estimate
should be regarded with caution because not all particles in the air were sampled due to the cutpoint of the
TRAC. We assume typical urban particle concentrations of ~104 cm�3 [Seinfeld and Pandis, 1998]. NIN is
derived from the observed activated fraction of IN, i.e., Npart

�1, and the total particle concentration per liter
of air. This yields NIN of 122, 82, and 375 L�1, for samples SA1, SA2, and SA3, respectively. For more or less
particles present in the atmosphere, NIN will scale accordingly. These values are within the range of NIN

determined in previous field measurements [DeMott et al., 2010]. The NIN derived here may be higher
compared to NIN values for the free troposphere since the total particle concentration in an urban
environment is usually higher.

The occurrence of different particles acting as IN in repeated experiments may be due to the homogeneitity of
organic material present on all particles which provides a somewhat uniform surface for ice nucleation in which
the stochastic nature of ice nucleation dominates. In this way, ice nucleation occurs randomly for all particles.
Another reason may be due to the morphological changes of the particle surfaces as the organic particle phase
experiences changes in viscosities and possibly glass transition, when being cycled through a wide range of
temperatures and RH [Adler et al., 2013; Wang et al., 2012a]. In each of these cycles, the organic phase may
solidify in a different manner, potentially changing particle surface area, resulting in different ice nucleation
activities for each experimental run.Wang et al. [2012a] found a similar behavior for laboratory-generated SOA
and other organic particles however not for mineral dust particle surrogates such as kaolinite. When repeating
an ice nucleation experiment involving ATD particles, Knopf and Koop [2006] observed that the same most
efficient ice nucleating particle initiated ice formation and furthermore became preactivated. These previous
studies combined with the current study suggest that the nature of their organic coating may control ice
nucleation occurring on different particles from experiment to experiment.

Water uptake, IMF, and DIN are compared with previously investigated ambient particles collected in urban
areas of Mexico City (MC) [Knopf et al., 2010] and Los Angeles (LA) [Wang et al., 2012b] and laboratory-
generated SOA particles [Wang et al., 2012a] in Text S1 and Figures S5 and S6 in the supporting information.
Briefly, the water uptake, IMF, and DIN onsets of the CARES samples are similar to the ones observed for MC,
LA, and SOA particles. One exception is the lowest water uptake onset observed for the SA3 sample of this
study, which is probably due to the high NaCl content as discussed above. The total particle surface areas
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available for ice nucleation on samples from MC and LA were 0.5 × 10�3 cm�2 and (0.9–2.6) × 10�3 cm�2,
respectively. The samples of this study exhibit particle surface areas of (0.06–0.79) × 10�3 cm�2, being
different by about 1 order of magnitude. Because the ice nucleation onset RHice between these studies are
similar, the particles investigated here may be slightly more efficient IN. To better evaluate this, ice nucleation
experiments employing variable total particle surface areas should be employed in future studies [Kanji et al.,
2008; Knopf and Alpert, 2013]. SOA particles generated from naphthalene oxidation show similar water
uptake and IMF onsets and had surface areas of (0.11–0.54) × 10�3 cm�2 similar to those employed in the
experiments of this study. However, CARES samples exhibit slightly lower onsets with respect to RHice for DIN
compared to the laboratory-generated SOA particles, again implying a greater ice nucleation efficiency.

The results in Figure 2 suggest that the ambient organic-dominated particles collected during CARES can
participate in cloud formation processes at cold temperatures. The ice nucleation onsets for these organic
particles, in particular for DIN, are likely higher with respect to RHice than compared to several types of pure
mineral dust particles and thus are less ice nucleation efficient. However, the ice nucleation rate can only be
evaluated if the effects of the available IN surface area and exposure time of particles to supersaturated
conditions are accurately known as suggested by previous studies [Kanji et al., 2008; Knopf and Alpert, 2013].
It is very likely that inorganic sea salt or mineral dust particles intersecting with air masses that undergo
photochemical processing involving volatile organic compounds obtain readily coatings of secondary
organic material [Hallquist et al., 2009; Jimenez et al., 2009; Laskin et al., 2012]. This further emphasizes the
importance of understanding the chemical and physical properties of the condensed phase organics, in
particular at temperatures below the ice melting point.

Our findings that ambient organic dominated-particles cannot be ruled out as potential IN support previous
reports [Baustian et al., 2012; Hiranuma et al., 2013; Knopf et al., 2010;Wang et al., 2012b]. Previous studies have
shown that the condensed-phase organic material, which may be secondary in nature, is likely solid or highly
viscous in nature at these low temperatures and for this reason can initiate ice nucleation [Baustian et al., 2013;
Murray et al., 2010; Wang et al., 2012a; Wilson et al., 2012]. Since the physicochemical and morphological
characteristics of identified IN are indistinguishable from the particles of the same major particle-type classes,
particle composition alone may not result in accurate prediction of the onset of ice nucleation. Other potential
parameters that govern ice nucleation rate and which may not be readily available in sufficient accuracy may
include (i) the total particle surface area of the particle-type class that induced ice nucleation, (ii) the organic
coating thickness in combination with the underlying morphological surface roughness, (iii) the oxidation
degree of organic compounds, and (iv) the particle phase state and corresponding viscosity.

4. Conclusions

We introduced a novel analytical methodology that allows comprehensive microspectrosopic single-particle
analyses to characterize an ambient particle population and individual ice-active particles. Based on the
particles-on-substrate approach, this methodology employs a complementary analysis for ice nucleation and IN
identification using optical microscopy coupled to a custom-built ice nucleation cell, CCSEM/EDX, and
STXM/NEXAFS. We show that water uptake and ice nucleation experiments for temperatures as low as 200 K
can be conducted for various substrates typically applied in single-particle microspectroscopy. The method
allows the identification and characterization of single particles acting as IN. The benefits of this approach
to advance our understanding of aerosol-cloud interactions, including ice formation, are manifold. Sample
collection is simple and economic, necessitating solely an impactor and substrates [Knopf et al., 2010; Wang
et al., 2012b]. Both, the particle population on a statistically significant level and the individual IN are
characterized using a variety of state-of-the-art single-particle microspectroscopic analyses and chemical
imaging. The application of particle samples allows us to probe water uptake, IMF, and DIN for the entire
atmospheric temperature and RH range. This also allows us to probe the conditions before and after cloud
initiation by evaluating the importance of aerosol-cloud cycles, since the identical particles can be repeatedly
exposed to water uptake and ice nucleation. However, this precludes other important aspects of cloud
evolution such as coalescence processes and multiphase chemistry. This can have important consequences for
ice nucleation such as preactivation [Knopf and Koop, 2006], amorphous organic phase states [Adler et al., 2013;
Wang et al., 2012a], chemical reactive surfaces, cloud condensation nuclei activation, and optical properties
[Adler et al., 2013].
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The presented approach was applied to characterize individual IN and the ambient particle population
that were affected by biogenic and anthropogenic emissions collected in central California. Our results
indicate that all particles are associated with organic coatings and are impacted by a marine source.
Depletion of chlorine in the condensed phase was ubiquitous. The organic material is enriched in carboxylic
functionalities, suggesting that it is oxidized and thus secondary in nature. Coarse mode particles are
characterized as aged sea salt particles (depleted in chlorine) and fresh sea salt particles, both associated with
organic material. Most abundant finemode particles are Na-rich carbonaceous, secondary carbonaceous, and
refractory carbonaceous in nature. Particle populations sampled at the T0 ground site did not include bare
inorganic particles such as pure sea salt or mineral dust particles. It is very likely that inorganic sea salt or
mineral dust particles acquire coatings of SOA material when intersecting with air masses rich in products
from the photochemical processing of volatile organic compounds [Hallquist et al., 2009; Jimenez et al., 2009].
This further emphasizes the importance of understanding the chemical and physical properties of the
condensed phase organics, in particular at temperatures below the ice melting point.

The identified IN in this study belong tomajor particle-type classes and induce ice formation through IMFmode
for temperatures 226–247K and DIN below 226K, reflecting tropospherically relevant conditions. The ice
nucleating particles are associated with organic materials and/or possess organic coatings and do not exhibit
morphologically and compositionally distinctive features compared to other particles of the same particle-type
class. It follows that particle composition and morphology do not allow a clear distinction between the ice
nucleating and the non-ice nucleating particles within a specific particle-type class. Our findings support the
notion that the IN are not always the exception within the particle population and as such do not necessarily
represent “a needle in the haystack” challenge. However, it corroborates our previous findings based on
statistical analysis that other parameters are also important. Factors such as particle abundance and total
particle surface area [Knopf et al., 2010;Wang et al., 2012b] may govern the ice nucleation rate and thus the ice
formation processes. It has been shown by us and others [e.g., Kanji et al., 2008; Knopf and Alpert, 2013] that ice
nucleation depends on available particle surface area. Ice nucleation experiments on particle samples with
different particle loadings acquired from the same ambient air mass will help to shed light on the parameters
governing ice nucleation kinetics. Furthermore, ice nucleation is surface and time dependent and stochastic
in nature [Knopf and Alpert, 2013; Pruppacher and Klett, 1997]. It can be anticipated that ice nucleation
occurrence is statistically distributed on any of the particles present within the particular particle-type class. This
can explain why the IN are not necessarily the largest particle within the particle-type class when compared to
the surrounding non-ice nucleating particles. An important implication of our findings is that particle-type
abundance, representing a uniform ice nucleating surface area, can also govern ice formation in an ambient
particle population. In other words, knowledge of the freezing temperature and kinetics (efficiency) of a specific
particle-type acting as IN is necessary but not sufficient to predict ice nucleation in the atmosphere. The
particles’ abundance and total available surface area in relation to other potentially ice nucleating particles
should be considered in applying classical nucleation theory (CNT) as an ice nucleation parameterization
including parameters such as the heterogeneous ice nucleation rate coefficient [Pruppacher and Klett, 1997].
This challenges the concept of IN as a measurable and defined number (e.g., IN per liter of air). We argue
conceptually (based on CNT) that all particles in a population can act as IN given that their total surface area and
ice nucleation efficiency combined are of significant influence for the ice nucleation rate. Laboratory ice
nucleation experiments that apply particle samples composed of different efficient IN can help to resolve these
issues in future studies. Atmospheric measurements should be accompanied by IN and particle population
composition analysis. We believe that our results stimulate research in this direction which would yield
improved parameterization approaches for ice nucleation in cloud models. Finally, our findings support the
potential importance of globally ubiquitous organic particles to affect ice nucleation in the atmosphere with
subsequent consequences for the hydrological cycle and climate.
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