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Abstract: This laboratory study evaluates an experimental set-up to study the immersion freezing
properties of ice residuals (IRs) at a temperature ranging from −26 to −34 ◦C using two continuous-flow
diffusion chamber-style ice nucleation chambers coupled with a virtual impactor and heat exchanger.
Ice was nucleated on the total ambient aerosol through an immersion freezing mechanism in an ice
nucleation chamber (chamber 1). The larger ice crystals formed in chamber 1 were separated and
sublimated to obtain IRs, and the frozen fraction of these IRs was investigated in a second ice
nucleation chamber (chamber 2). The ambient aerosol was sampled from a sampling site located in the
Columbia Plateau region, WA, USA, which is subjected to frequent windblown dust events, and only
particles less than 1.5 µm in diameter were investigated. Single-particle elemental composition
analyses of the total ambient aerosols showed that the majority of the particles are dust particles coated
with organic matter. This study demonstrated a capability to investigate the ice nucleation properties
of IRs to better understand the nature of Ice Nucleating Particles (INPs) in the ambient atmosphere.
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1. Introduction

Atmospheric INPs can be airborne particles such as pollen, biological spores, bacteria, plant debris,
inorganic dust, volcanic ash, organics, salts, meteoritic particles, and also complex mixtures of
organic and inorganic compounds [1,2]. Our understanding of the specific properties that govern the
heterogeneous nucleation of ice is limited, and for the same reason, heterogeneous ice nucleation is
very difficult to represent adequately in cloud models. Laboratory experiments have been conducted
to investigate a wide range of potential INP sources [3–15]. While these studies have improved
our understanding of INP number concentration and freezing temperatures across the range of
ice nucleation mechanisms significantly, it is often assumed in cloud models that the history of an
individual particle does not influence its ice-nucleating properties [16–20]. However, upon sublimation
of ice crystals, IRs (ice residuals) are released and may affect cloud properties, leading to poorly
constrained feedback processes such as interactions between clouds and ocean/sea ice surface in
current cloud resolving models [21,22]. Recently, it has been demonstrated that these IRs may further
induce ice crystal formation through recycling and maintain cloud production [23].

Previously, many ground- and airborne-based studies have collected and characterized the nature
of IRs using real-time and offline analysis techniques [24–36]. For example, DeMott et al. (2003) [35]
utilized a ice nucleation chamber to induce ice nucleation at cirrus cloud temperature conditions
on ambient aerosols, and these ice crystals were separated to obtain IRs. The nature of IRs was
further characterized using the mass spectrometer. Recently, an ice selective inlet was deployed at
the Jungfraujoch research site located in the Swiss Alps to sample ice crystals from mixed-phase
clouds to characterize the properties of IRs [29]. Previous aircraft studies have used a counterflow
virtual impactor (CVI) to separate and evaporate ice crystals to characterize IRs using online mass
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spectrometry and electron microscopy techniques. Recently, Cziczo et al. (2013) [25] used a CVI inlet to
sample ice crystals and IRs. Further, these IRs were characterized using cabin based mass spectrometer
and various electron microscopy-based techniques.

These efforts greatly helped to understand the morphological and composition properties of IRs.
The studies that investigate the ice nucleation behavior of IRs are also needed, particularly in the
immersion freezing mode because it is likely the most common mechanism of formation of ice crystals
in the atmosphere [2], to further improve our understanding of the ice nucleating ability of atmospheric
aerosols. Such a study was undertaken here with an aim to demonstrate the experimental method
that can be used to investigate the ice nucleating properties of IRs using two ice nucleation chambers
connected in series via a pumped counterflow virtual impactor (PCVI) [37,38] and a heat exchanger.
These experiments were conducted at temperatures between −26 and −34 ◦C, and each experiment was
repeated twice. The chemical and morphological properties of the total aerosols were also analyzed.

2. Experiments

2.1. Sample Collection

The total aerosol particles were sampled from the air inlet located on the rooftop of the
Atmospheric Measurements Laboratory building located at the Pacific Northwest National Laboratory
(PNNL) site (Richland, WA, USA). The sampling site falls within the Columbia Plateau region,
which was covered with basalt lava at one time, but now is covered with a layer of loess. Because
of the dryland farming practice and dry climate, windblown dust events are commonly observed.
These dust particles may or may not have an organic component depending upon the season and
nearby farming practice. Infrequent regional wildfires can add biomass burning aerosol into the
atmosphere, although this was not observed in this study. The ambient temperature and relative
humidity (RH) conditions during measurements were 26 ◦C and 34%, respectively. The sampling
port height was ~9 m above the ground, and the site was minimally influenced by the local vehicle
pollution as measurements were performed on the weekend. The total particles drawn into the
inlet are further passed through the cyclone inlet (model: URG-2000-30EH) operated at 30 LPM to
sample only particles smaller than 1.5 µm in diameter. Further, this sample flow was passed through
two diffusion driers connected in series to dry the ambient aerosol before they are transported to
various laboratory instruments. The concentration of these size-selected particles was measured
using a condensation particle counter (CPC) and in some cases by an ultra-high sensitivity aerosol
spectrometer (UHSAS; Droplet Measurement Technology, Boulder, CO, USA) (see below). The CPC
provides a number concentration of the total particles of size above ~10 nm per unit volume of air,
whereas the UHSAS provides the number concentration of total particles of size above ~60 nm per
unit volume of air.

2.2. INP Measurements of Total Aerosol and IRs

Measurements of INPs were investigated at various temperatures using two PNNL ice nucleation
chambers (chamber 1 and chamber 2) as shown in Figure 1. The detailed procedures to operate the ice
chambers have been previously described in Kulkarni et al. (2012) [19] and Friedman et al. (2011) [39],
and the chamber geometry design is described in Stetzer at al. (2008) [40]. Briefly, the ice chamber
consists of two vertical parallel plates with an evaporation section attached at the bottom of the chamber
to remove supercooled water droplets. These plates are cooled using independent external cooling baths
(Lauda Brinkmann Inc.; New York, NY, USA). To produce the desired ice-supersaturation conditions
a linear temperature gradient between the plates is applied, and the corresponding temperature and
relative humidities with respect to water (RHw) and ice (RHi) are calculated using the Murphy and
Koop (2005) [41] vapor pressure formulations. The sheath and sample flow rates in chamber 1 are 9 and
1 LPM, respectively. These flow conditions limit the particle residence time within this chamber to ~12 s,
whereas the flow rates within chamber 2 are 5 and 1 LPM, respectively, and particle residence time is
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also ~12 s. Although the dimensions of chamber 1 and 2 are slightly different (the length of chamber
2 is exactly half of the chamber 1), the experimental protocol to measure the immersion freezing
efficiency of particles is similar. Dissimilarities in terms of dimensions only affect the water droplet
breakthrough RHw limit, which is the RHw threshold above which water droplets can co-exist with ice
crystals and phase discrimination is not possible. Such limits at temperature −26 ◦C for chamber 1
and 2 were observed at ~112% and >115%, respectively. The temperature dependent water droplet
breakthrough limits at other temperatures are shown in Table S1. Each ice chamber has an in-built
diffusion drier (maintained at room temperature) connected permanently to the chamber aerosol
inlet port to dry the ambient aerosol before introducing into the chamber. The temperature and RHi

uncertainty limits for both chambers are ±1.0 ◦C and ±3%, respectively. The uncertainties are based on
aerosol lamina profile located between the two plates of the chamber at experimental conditions where
sheath and sample flows are 9 LPM and 1 LPM, respectively, and the warm and cold plate temperatures
are −24 and −40 ◦C, respectively. The wall temperatures have uncertainties of ~±0.2 K, and this
temperature uncertainty translates into RHi = ~±2.5% (slightly higher RHi = ±3% is used in the study).
Also, the uncertainty in the aerosol lamina temperature is ±0.5 ◦C (the temperature difference across
the aerosol lamina width is ~1.0 ◦C). In this study slightly higher uncertainty = ±1.0 ◦C are used. The
optical particle counter (OPC; CLiMET, model: CI-3100) was used to classify the particles as ice crystals
if they were greater than 4 µm. The OPC and UHSAS results were further used to determine the frozen
fractions using Equation (1):

Frozen fraction = OPC/UHSAS (1)
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sampling only filtered air (i.e., particle-free) at each temperature. These experiments provided the 
background ice fraction (~0.01%), which was subtracted from the frozen fraction measured at each 

Figure 1. Experimental setup to investigate the ice nucleation ability of ambient aerosols. A and B
show the experimental setup to determine the frozen fraction in immersion mode of only total aerosols
and IRs, respectively. In experiment (A,B), a CPC was used to monitor ambient particle concentration.
Dashed lines indicate the thermal insulation to prevent warming of the set up above ice melting
temperature. The heat exchanger was thermally insulated and kept at a constant temperature (−30 ◦C)
using a liquid circulating bath. See text for more details. SF: sheath flow; IF: input flow; PF: pump flow;
C_in: coolant in; C_out: coolant out; OPC: optical particle counter; UHSAS: ultra-high sensitivity
aerosol spectrometer; PCVI: pumped counterflow virtual impactor; CPC: condensation particle counter;
VP: vacuum pump. PCVI flows were: inlet flow = 10.0 LPM; IF = 2.8 LPM; PF = 11.8 LPM; and output
flow was 1.0 LPM.

A blank experiment at the beginning and end of the experiment was performed, which included
sampling only filtered air (i.e., particle-free) at each temperature. These experiments provided the
background ice fraction (~0.01%), which was subtracted from the frozen fraction measured at each
temperature. Both chambers were operated at RHw = ~108%, and the evaporation section of both the
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chambers was maintained at aerosol lamina temperature. In addition, the PSL particles (2 µm) with
known concentration are passed through the OPC, and the fraction of PSL particles that are detected
by the OPC are measured. One standard deviation of the fraction of particles detected by the OPC is
used as the uncertainty (~±0.1) within the frozen fraction.

Experiments were performed to understand the sensitivity of operational RHw = 108% upon the
frozen fraction. Size-selected 200 nm mobility diameter ammonium sulfate particles were transported
to the ice nucleation chambers 1 and 2 in succession. The particle concentration was ~4000 (# per cm3),
which is nearly similar to ambient particle concentration (see Table 1). The 1st chamber was operated
at −20 ◦C and at either two RHw 108 and 115% conditions. A fraction of sulfate particles would
then activate to droplets. These droplets would move to evaporation section maintained at −42 ◦C
to freeze the droplets through homogeneous ice nucleation. Those droplets which activated would
freeze and those which did not would remain as solid sulfate particles. The idea here was to calculate
the fraction of activated droplets as a function of RHw. The frozen fraction of nearly 1 was observed
when the chamber was operated at 115%, but the fraction was ~62% when chamber operated at 108%.
This understanding was used to develop the correction factor = ~1.6 (=1/0.62) that was applied to the
frozen fraction results (Experiments A and B; Figure 1).

Table 1. The average UHSAS concentrations (# per cm3) in experiment A and B at various temperatures.
In A and B UHSAS measured particle concentration of total ambient aerosol and IRs, respectively.

Experiment −26 ◦C −28 ◦C −30 ◦C −32 ◦C −34 ◦C

A 4000 ± 50 4200 ± 40 4100 ± 50 4150 ± 50 4100 ± 50
B 200 ± 20 250 ± 20 300 ± 30 400 ± 30 600 ± 30

Experiments A and B (see Figure 1) at various temperatures (−26, −28, −30, −32, and −34 ◦C)
were performed on the same day. The aim of experiment A was to determine the immersion freezing
efficiency of total ambient aerosols with chamber 1. In experiment B, the immersion freezing efficiency
of IRs was investigated using both chambers 1 and 2. Specifically, chamber 1 was used to form ice
crystals from INPs present in the total aerosol population. Next, the grown ice crystals were separated
using PCVI and transported through the heat exchanger to obtain the IRs. The PCVI output flow and
heat exchanger conditions produced efficient sublimation of ice crystals (see below). These IRs are
further transported to the UHSAS and chamber 2. Table 1 shows the average UHSAS concentration at
different temperature values.

The accuracy of experiment B was validated using well-characterized reference dust particles.
K-feldspar (BCS-CRM 376/1; Bureau of Analysed Samples Ltd., Middlesbrough, UK) and illite
(NX Nanopowder, Arginotec, Karlsruhe, Germany) dust particles size-selected at 250 nm by
a differential mobility analyzer (DMA; TSI, 3080) were transported to the CPC and ice chamber
experimental set-up (Figure 1). In this experiment chamber 1 and 2 were operated at RHw = ~115%.

The PCVI cut size or counterflow was determined as follows (Figure S1). First, chamber 1
was operated at RHi = 100% and the counterflow within the PCVI was set to zero, allowing
transmission of all ambient particles through the output port of the PCVI. The concentration of
these particles was continuously monitored using the CPC. Next, the counterflow was increased in
a step pattern (0.2 LPM flow change every 5 min; see Figure S2) until no particles were transmitted,
and threshold counterflow at these conditions was ~1.8 LPM, which was then used throughout all the
experiments. The theoretical particle cut-size corresponding to these flow conditions was ~2.5 µm [37].
More performance and design details regarding PCVI including particle transmission efficiency and
computational fluid dynamics (CFD) simulations were shown in a previous study [37], and the CFD
model details are described in the supplementary material. The zero transmission efficiency test of the
PCVI was verified once again at the end of the experiment to ensure that no particles are transmitted.
These flow settings should separate interstitial and small ice crystals less than ~2.5 µm, but under
experimental conditions where larger ice crystals (>2.5 µm) co-exist and because of unknown artifacts
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(wake capture and flow fluctuations; [42]), interstitial particles may also transmit in addition to large ice
crystals. However, based on previous studies using similar PCVI flow conditions and an ice nucleation
chamber instrument (e.g., Baustian et al. 2012 [43]; China et al. 2015 [24]) interstitial particles could
contribute up to 5% of the hydrometeors separated by the PCVI. Therefore, frozen fraction data from
experiment B obtained after applying correction factor 1.6 (discussed above) is further corrected by
subtracting 5% to account for the potential transmission of interstitial aerosol. A better estimate of
these interstitial particles through CFD simulations was not possible because of unknown artifacts and
partial imperfections [37] within the geometry that cannot be simulated.

CFD simulations using experimental flow conditions (Figure 1) were performed in this study to
confirm that the output flow that carries large ice crystals separated by the PCVI is dry (RH = 0%)
(Figure 2). These flow conditions led to the sublimation of ice crystals within the PCVI (output flow)
and the heat exchanger. More information regarding velocity vector direction and flow conditions
within the PCVI (labels A and B in Figure 2) obtained through simulations are shown in Figures S2
and S3. The notation RH represents RHw henceforth.
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Figure 2. Modelled pathlines colored by RH within the PCVI indicating output flow that carries
separated large ice crystals is dry (RH = 0%). The input flow (10 LPM) is the exit flow from the
chamber 1. Add flow (2.8 LPM; RH = 0%; −30 ◦C) is divided into counterflow (not shown) and output
flow (1 LPM) that joins as an inlet flow for the heat exchanger unit. The velocity vectors again colored
by RH are shown in Figure S2. Labels A and B shows the location within the PCVI where input
flow begins to increase and the first stagnation plane is observed, respectively. The RH and velocity
magnitudes corresponding to these two locations are shown in Figure S3. The RH corresponds to RHw.

The schematic of a heat exchanger is shown in Figure S4. It has two concentric cylinders
made from stainless steel material. The ice crystals are sublimated inside the inner cylinder that
is maintained at −30 ◦C through actively cooling the outer cylinder. The choice of this coolant
temperature value was arbitrary, but caution was taken such that the coolant temperature is warmer
than homogeneous freezing threshold temperature (~−38 ◦C) and colder than ice crystal melting
temperature. The diameter and length of the inner cylinder are 0.007 m and 0.68 m, respectively,
and the inner cylinder carries the dry flow of ~1 LPM which limits the residence of particles to ~1.6 s.
High precision humidity and temperature inline probe (E+E Elektronik; model: EE08-PFT1V11D6/T02)
was intermittently used to confirm the cold and dry air conditions (−30 ◦C; RH = 0%) at the inlet port
of the heat exchanger (or the output flow port of the PCVI). Simulations also show that the temperature



Atmosphere 2018, 9, 55 6 of 14

(−30 ◦C) at the output flow port is insensitive to the input flow temperature conditions (Figure S5).
This was performed because the PCVI input flow temperature conditions changes as the temperature
of evaporation section of the chamber 1 vary (−26 to −34 ◦C; see below Section 3.2). Theoretical ice
crystal sublimation calculations [44] confirmed that ice crystals of 6 µm in diameter (the maximum
size of ice crystals from chamber 1) are completely sublimated under 1 s at −30 ◦C and dry RH = 0%
conditions. This ensures ice phase was completely sublimated within the heat exchanger and only
IRs are available for downstream UHSAS and chamber 2 measurements. However, as hypothesized
previously [45] that ice may persist within the pores of the IRs. Additional drying of IRs that would
occur within the long in-built diffusion drier permanently installed to the chamber 2 will melt any ice
and evaporate the liquid water.

UHSAS measured the IRs concentration, and the OPC from chamber 2 measured the ice crystal
concentration of IRs. The particle losses from the exit of the heat exchanger to the chamber 2 are
typically ~2%, and this loss correction factor was applied to the UHSAS measurements. Next, the frozen
fraction as per Equation (1) was calculated.

The experimental procedure to determine the frozen fraction was as follows. Experiment A was
carried out at a defined temperature for ~15 min. Next, only filtered air was sampled for ~3 min to
clear out any particles and hydrometeors. Immediately after, at the same temperature, experiment
B was carried out for again ~15 min. Next, this experimental procedure was repeated at various
temperatures, and the frozen fraction results (for experiment A and B) as a function of temperature
were obtained. This experimental procedure was repeated again, and the second set of frozen fraction
results were obtained. Finally, these two sets of frozen fraction results were averaged and analyzed to
investigate immersion freezing behavior of total ambient aerosols and IRs.

2.3. Microscopy Analysis

The morphology and elemental analysis of the total aerosols were investigated using
computer-controlled scanning electron microscopy (SEM) with energy dispersive X-ray analysis
(EDS). The acceleration voltage and magnification used were 20 kV and 20,000×, respectively.

The particles were collected in parallel with ongoing ice nucleation experiments (Figure 1) on
a carbon type-B support film (Ted Pella, Inc., Redding, CA, USA; 01814-F). Particles were not coated
with electrically-conducting metals (e.g., gold, platinum) to enhance the image quality in this analysis.
The mesh grid was located on the C- and D-stage of the SKC Sioutas impactor that had a 50%
cutoff diameter of 0.5 and 1.0 µm, respectively. Figure 3a shows the example of SEM images of
representative individual particles collected from the C-stage. Approximately 1000 randomly selected
particles were used to determine the elemental composition of total aerosol particles, and this atomic
wt % data was further analyzed to categorize the particles into various subgroups: CNO, CNO_T1,
CNO_T2, and others using the classification scheme (Table 2) that was formulated to understand the
general composition of particles in a semi-qualitative manner. Figure 3b shows the size distribution of
these selected particles. The particle diameter is based on area equivalent diameter reported by the
SEM-EDS instrument.

Table 2. Single-particle elemental classification scheme implemented to understand the composition of
total aerosol particle population.

Composition Category Elemental Classification Scheme

CNO Only C, N, O
CNO_T1 C, N, O and trace elements of Al, Si, Ca
CNO_T2 C, N, O and trace elements of Na, Mg, P, K, Cl
Others Mixtures of the above including carbonaceous soot
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3. Results and Discussion

3.1. Total Ambient Aerosol Particle Characterization

SEM with the EDS technique provided the elemental composition of the total aerosol particles.
The composition results revealed that minerals coated with organics dominated the total aerosol
particle population (Figure 4). Pure organic particles were also identified. It was not possible to discern
the type of organic substances that were condensed on mineral dust particles, but they could represent
a multi-component solution of various organic molecules.

The organic particles that were condensed on the dust particles may have formed in the atmosphere
by photochemical oxidation reactions of pre-cursor gas species (e.g., α-pinene, isoprene) [13,46–48]
or these organics could be soil organic matter that was originally contained with the dust particles.
Organic particles without any inorganic inclusions (possibly homogeneously nucleated) were also
observed, which could have been emitted directly from the combustion, vegetation, and biomass
burning sources.
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3.2. INP Measurements

Figure 5 shows the frozen fraction of total ambient aerosols and IRs in the immersion freezing
mode as a function of temperature (−26, −28, −30, −32 and −34 ◦C). In water-saturated conditions,
it is assumed that particles are activated in a droplet prior to freezing. The vertical and horizontal error
bars show the uncertainty in calculating the frozen fraction and the temperature measurements,
respectively. In general, the results show that the magnitude of frozen fraction increased with
decreasing temperature, which is in agreement with many previous immersion freezing studies
(e.g., [49,50]). The results that verify the experiment B are also shown in Figure 5. It was observed that
the frozen fraction of total aerosol and ice residuals was ~0.2 and nearly one, respectively. This shows
that all the IRs from chamber 1 induced nucleation of ice in the chamber 2 and suggest that local
surface features that were responsible for nucleation of water ice on these particles were unaffected
after first ice nucleation event (chamber 1). Recently, Kiselev et al. (2016) [51] through a combination
of experimental observations and molecular-level model simulations concluded that surface defects
such as steps, cracks, and cavities are the ice nucleating active-site features of the K-feldspar particle
surface. This implies such features may be responsible for ice nucleation on the surface of dust particles
in the chamber 1, and they were also responsible for ice nucleation in the chamber 2. The ice crystal
sublimation and residual drying processes in experiment B (Figure 1) seem do not affect the ice
nucleating ability of these surface features. In addition, the size distribution of ice residuals was
obtained by collecting residuals after the heat exchanger (Figures S6 and S7). As DMA does not classify
monodispersed dust particles, larger (multiple-charged) particles were also transmitted in addition to
the 250 nm size particles (Figure S7).

Results from experiment A are compared with the previous studies [52–56] by calculating ice
nucleation active surface site density (ns), see Figure 6. The ns approach has been widely used in
previous studies to compare the ice nucleation efficiency of aerosol particles. This approach does not
take into account the time dependence of the nucleation events but does describe the number of ice
nucleation actives sites at a defined temperature and humidity conditions normalized by the particle
surface area. The SEM-EDS reported area equivalent diameter is assumed to equal to the diameter
of the spherical particle, which is used for the surface area calculations. The sampling site is often
dominated by the windblown dust particles (see Section 2.1 for more details), and therefore results
are compared against ns values from natural deserts dusts reported by the previous studies [56,57].
ns calculations are performed using total surface area and total number of ice nucleating particles
based on 12 s particle residence time and averaged over 15 min, Equation (2),
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ns =
Nice_total
Areatotal

(2)

where “Areatotal” is the total surface area of ambient particles in all size bins (Figure 3b) that enter the
chamber 1 for ~15 min, and Nice_total is the total number of ice particles detected by the OPC of the
chamber 1 during these ~15 min. The measurement uncertainty of the ns density was determined
by the error propagation through Nice_total and Areatotal uncertainties. Additionally, the ns densities
are compared with the ns fits based on the various soil dust (Figure 6). Niemand et al. (2012) [56]
used various soil dusts from various locations (desert from China and Egypt, soil samples from
Canary Island and a dust storm in Israel, and commercially available Arizona Test Dust) to derive a fit.
Tobo et al. (2014) [57] used surface agricultural soil dust collected from Wyoming, USA and loess soils
collected from a dry area in China. The comparison (Figure 6) shows that present data is within an
order of magnitude from the literature data. In general, these results indicate that INP efficiency of
ambient particles (Section 3.1) is comparable with the previously reported INP efficiency of natural
desert particles.
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This study also suggests that dust particles coated with organic particles, which are observed
within ~75% of the ambient particles (Figure 4) can nucleate ice (see experiment A results; Figure 5)
at water saturation conditions, These findings are consistent with many previous studies which
investigated the ice nucleation ability of pure and organic-coated particles [58–61]. For example,
Tobo et al. (2012) [59] observed that at water-saturated conditions only sulfuric acid-coated kaolinite
particles showed a reduction in ice nucleation efficiency and that the results were unaffected when
these particles were coated with levoglucosan, a water-soluble organic compound. A similar conclusion
was also derived from a later study by Wex et al. (2014) [60] who examined kaolinite particles coated
with levoglucosan and succinic acid.

Results from experiment B also showed that IRs can induce ice nucleation obtained after
sublimation. Similar to experiment A, immersion freezing efficiency of IRs increased with decreasing
temperature. The results show that ~25% to 95% IRs induced nucleation of ice at temperatures varying
from −26 to −34 ◦C. This also suggests that the frozen fraction values were not equal to one at
temperatures warmer than −34 ◦C. This indicates some IRs do not induce ice nucleation and could be
due to the stochastic nature of IRs that may have limited 100% nucleation of ice [62]. To understand
the influence of stochastic freezing the upper limit for the heterogeneous ice nucleation rate coefficient
(Jup

het) and maximum ice fraction (Fmax
ice ) was calculated [63,64], see Equations (3) and (4), respectively,

Jup
het =

1
τ·Areatotal

ln
[

1
1 − x

]
(3)

where τ is the total observation time (15 min), Areatotal is the total surface area of ambient particles
in all size bins (Figure 3b) that enter the chamber 1 for ~15 min, and x is the confidence level (99.9%).
Next, based on Jup

het, the Fmax
ice that can be produced during particle residence time period within the

chamber was calculated as follows,

Fmax
ice = 1 − exp

(
−Jup

het·Areares·τres

)
(4)

where Areares is the total surface area of particles in all size bins that was available for nucleation
of ice over a particle residence time period (τres) within the chamber. The τres was ~6 s.
These calculations produced Fmax

ice = 0.0003 or 0.03%, which is less than uncertainty in the frozen
fraction (±0.1; see Section 2.2), and therefore stochastic freezing process did not influence the frozen
fraction results reported in this study.

It is also possible that the composition and morphology of IRs could be different from total
particles that induced nucleation of ice in the chamber 1. Previous studies support this premise;
for example, DeMott et al. (2003) [35] showed that aerosol composition of a total ambient aerosol is
different than IRs. Recently, Adler et al. (2014) [65] showed that morphology of organic coated particles
can change due to phase separation after the freeze-drying process at low temperatures and suggested
that such particles could modify the propensity of organic material towards ice nucleation. Future
work needs to be carried out to investigate the morphological changes and physio-chemical properties
of IRs to better understand the INP efficiency of IRs.

4. Conclusions

The objective of this study was to demonstrate a laboratory-based experimental method to
study the immersion freezing properties of IRs. This objective is achieved by measuring the immersion
freezing behavior of total ambient aerosol particles and IRs at a temperature ranging from −26 to −34 ◦C
using the two ice nucleation chambers, a PCVI, and a heat exchanger. Total ambient aerosol particles of
mostly <~1.5 µm in diameter were sampled from a site located in the Columbia Plateau region in WA,
USA, where frequent windblown dust events are observed throughout the year. A UHSAS instrument
confirmed that particle concentration remained nearly constant during the measurements. Chemical
composition analysis revealed that total ambient aerosols are mostly mixtures containing dust and
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organic compounds. IRs were obtained by first separating the larger ice crystals using the PCVI and
later sublimating them in a heat exchanger that was maintained at dry cold temperature conditions.
Sublimation of ice phase was confirmed by performing theoretical ice sublimation calculations using
experimental conditions (RH = 0% and −30 ◦C) and CFD simulations that confirmed RH = 0%
conditions within the output flow port of the PCVI. Immersion freezing fractions of ambient aerosol
and IRs were compared, and in general, the results indicate that the experimental setup can be utilized
to study the INP properties of IRs. Future experiments are required to identify and characterize the
physio-chemical properties and size distributions of IRs from chamber 1 and 2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/2/55/s1;
Table S1 provides the droplet breakthrough limits. Figures S1–S9 shows the details of the experimental details
including CFD simulation results. Figures S8 and S9 shows the images of the chamber 1 and 2.
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Abbreviations

The following abbreviations are used in this manuscript.
SF sheath flow
IF input flow
PF pump flow
C_in coolant in
C_out coolant out
OPC optical particle counter
PCVI pumped counterflow virtual impactor
CPC condensation particle counter
CFD computational fluid dynamics
VP vacuum pump
RHi relative humidity with respect to ice
RHw relative humidity with respect to water
INP ice-nucleating particle
LPM liters per minute
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