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ABSTRACT

Heterogeneous Surface-Based Freezing of Atmospheric Aerosols Containing Ash, Soot,
and Soil. (May 2009)
Adam Patrick Fornea, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Sarah Brooks

Nucleation of ice crystals in the atmosphere often occurs through heterogeneous
freezing processes facilitated by an atmospheric aerosol that acts as the ice nuclei (IN).
Depending on ambient conditions and aerosol composition, heterogeneous nucleation
will occur through one of several mechanisms including the contact and immersion
freezing mechanisms.  Through a series of contact freezing experiments, we have
characterized the ability of aerosols composed of volcanic ash, soot, and peat soil, to act
as ice nuclei (IN) as a function of temperature. The immersion freezing ability of the ash
particles has also been measured. In these studies, an optical microscope apparatus
equipped with a cooling stage and a digital camera was used to observe the freezing
events. For each experiment, a particular IN was placed in contact with the surface, or
immersed in the bulk, of an ultra pure water droplet. The droplet was then subjected to
freezing-melting cycles resulting in 25 independent measurements of the freezing
temperature of the droplet. In the volcanic ash experiments, we observed contact freezing
at warmer temperatures than immersion freezing. As contact freezing IN, the peat was
the most effective with an average contact freezing temperature of -10.5 °C, followed by

volcanic ash (-11.2 °C), and then soot (-25.6 °C). In addition, we have used classical
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nucleation theory to identify the contact parameters and nucleation rates for the

compositions explored.
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1. INTRODUCTION

Formation of ice particles in the absence of ice nuclei, which is termed
homogeneous freezing, can only occur at very low atmospheric temperatures. Based on
experimental data and estimates of theoretical parameters for the homogeneous freezing
of a pure water droplet, cloud droplets of sizes relevant to the atmosphere are expected to
freeze spontaneously at or below ~ -40 °C (Rogers and Yau, 1989; Wallace and Hobbs,
2006). Since pure water is uncommon in the atmosphere, crystals of pure ice rarely form.
Instead, ice particle formation occurs through either homogeneous freezing of a solution
droplet or by one of a variety of heterogeneous mechanisms (Rogers and Yau, 1989). In
recent years, a large number of experiments on the homogeneous freezing mechanism of
sulfate aerosols have greatly advanced our understanding of the processes of
homogeneous freezing (Bertram, 1996; Koop, 1998, 2000; Chang et al., 1999; Chelf and
Martin, 1999; Chen et al., 1999; Cziczo, 1999; Kramer et al., 1999; Onasch et al., 1999;
Yao et al., 1999; DeMott, 2000; Prenni et al., 2001). However, our understanding of ice
nucleation at warmer temperatures and lower relative humidities is still much more
limited. Under these conditions in the atmosphere, any nucleation that occurs is
heterogeneous and is facilitated by an atmospheric particle, referred to as an ice nucleus
(IN). Since these IN make nucleation possible under a much broader range of conditions
than over which homogeneous freezing can occur, even relatively small populations of
IN (> 1 liter") can have substantial impacts on the overall development of an ice cloud

(DeMott et al., 1994; Rangno and Hobbs, 1990; 1994).

This thesis follows the style of Journal of Geophysical Research.



The release of aerosols into the upper troposphere may increase the efficiency of
cirrus cloud formation via heterogeneous ice nucleation, and thereby possibly cause
significant alterations in Earth’s radiative budget (IPCC, 2007). Cirrus cloud cover has
recently been shown to be as high as 40% in the tropics (Wylie et al., 1994), and these
clouds have been shown to primarily consist of small ice particles with diameters smaller
than 50 pm (Yang et al, 2003). Such ice crystals are highly effective at scattering
sunlight and thus have a large effect on Earth’s radiative energy budget (Garrett et al.,
2003). There are four basic pathways of heterogeneous ice nucleation in the atmosphere:
condensation freezing, immersion freezing, contact freezing, and deposition nucleation
(Pruppacher and Klett, 1997; Vali, 1985). For the purposes of this study, we are only
concerned with immersion and contact freezing.

Research on atmospheric ice nucleation has advanced quite far recently, but
conducting studies in this field remains a challenging task. Most field and laboratory
methods for measuring heterogeneous ice nucleation are efficient for determining the
conditions required for nucleation to occur and total concentrations of nucleating crystals,
but lack the ability to distinguish between heterogeneous mechanisms (Pruppacher and
Klett, 1997). For example, a Continuous Flow Diffusion Chamber (CFDC) is capable of
measuring nucleation activity under conditions in which deposition and condensation
freezing may prevail, yet all ice crystals are grouped together and total IN concentration
is reported, indiscriminate of mechanism (Rogers, 1988). In another method, Fourier
Transform Infrared Spectroscopy (FTIR) is used to observe the freezing of an ensemble

of aerosols in a double-walled flow tube apparatus at selected temperatures and relative



humidities (Bertram et al., 1996; Onasch et al., 1999). As in other studies, it can only be
postulated which heterogeneous ice mechanism prevailed.

However, a limited amount of mechanism-specific heterogeneous ice nucleation
studies have been carried out. Most of these examine deposition nucleation, as it remains
the mechanism that is most effectively simulated in the laboratory. Some of these studies
have indicated that deposition nucleation is an efficient mode of heterogeneous ice
nucleation for specific mineral dusts present in the atmosphere, but that it is not an
efficient pathway of nucleation for some combustion particles such as n-hexane soot
(Kanji and Abbatt, 2006, 2008). Several experiments have been done that characterize
contact or immersion freezing. In one such experiment, exhaust particles from a
kerosene burner are tested for ice nucleating ability by each of the four heterogeneous
mechanisms (Diehl and Mitra, 1998). In their experimental setup that characterizes
contact freezing, pure water droplets that are suspended in a wind tunnel and held at
consistently low temperatures. The droplets are then exposed to a moving flow of
kerosene-burner exhaust particles, and if the contact between the droplet and the particles
causes freezing, it is recorded as a contact freezing event at that temperature. Several
other studies have examined the contact and immersion freezing temperatures of droplets
using a cooling apparatus combined with a microscope (Durant and Shaw, 2005; Shaw et
al. 2005).

It has been shown by many investigations that within a single mechanism of
heterogeneous ice nucleation, there exists much variability in freezing temperatures due
to differences in the intrinsic properties of the IN (Levin and Yankofsky, 1964; Vali

1968; Schnell, 1972, 1974, Diehl et al. 1998, 2002; von Blohn et al., 2005). While it is



not certain which specific aerosol properties are most important in determining the
overall IN effectiveness of an aerosol, it is known that solubility and hydrophobicity
contribute to how well a particle can assist in contact ice nucleation (Pruppacher and
Klett, 1997). Insoluble particles are often effective IN as they provide solid substrates on
which ice formation can begin. However, if a particle is very hydrophobic it will
minimize its contact with a water droplet, thereby decreasing the total amount of surface
area and favorable IN sites available to facilitate nucleation. Since solubility and
hydrophobicity depend on composition, composition and source of IN are very important
in ice nucleation studies. Aerosol size is also important in determining the aerosol’s
effectiveness as an IN (Jaenicke, 1993). The effects of particle size and composition are
interconnected, since aerosols of certain compositions are typically found in certain size
ranges. The most effective IN are often large in volume and surface area, insoluble, and
also do not possess hydrophobic tendencies.

One type of particle in the atmosphere that can possess these qualities is ash from
volcanic eruptions. The eruption of Mount St. Helens in May of 1980 was one of the
largest in North American recorded history, and it released over one billion cubic meters
of volcanic ash into the air (Brantley and Myers, 2000). A chemical analysis by Fruchter
et al. (1980) revealed that the ash produced by the 1980 Mt. St. Helen's eruption was
dacitic in composition and had a silica concentration of approximately 65%. Volcanic
ash particles in the atmosphere have been shown to be effective IN in many studies (e.g.
Mason and Maybank, 1958; Isono et al, 1959; Isono and Ikebe, 1960; Schnell et al, 1982).
However, Price and Pales (1963) have shown volcanic ash particles from eruptions on the

Hawaiian Islands not to possess such a high efficiency as IN. The reasons for the



differences in these results are not well understood, but differences in chemical
composition based on large distances between the geographical locations of the
respective volcanic activity are likely responsible.

Humic-like substances (HULIS) are important primary aerosol constituents with
sources such as soil, vegetation, and biomass burning (Dinar et al, 2006 and references
contained therein). HULIS also can be formed within the atmosphere as a result of the
photo-oxidation of primary biogenic and anthropogenic precursors. HULIS are
composed of a mixture of organic structures such as aromatic, phenolic, and acidic
functional groups. Particles containing humic substances are of great importance to
atmospheric scientists because of their presence in many different types of surface soils,
and also because they resemble HULIS in their high molecular weight and chemical
structure (Graber and Rudich, 2006). To the best of our knowledge, there are no
measurements to date of heterogeneous freezing for humic acid particles.

Upon emission, soot is an insoluble and extremely hydrophobic substance.
Compared to many other atmospheric aerosols it is relatively inefficient as an IN without
some form of chemical aging or the addition of a coating (Demott, 1990; Wyslouzil et al.,
1994; Gorbunov et al., 2001; Dymarska et al. 2006). Once soot particles undergo
atmospheric oxidation processes, they have been shown to be active as cloud
condensation nuclei (CCN) as well as IN (Poschl, 2005; Dymarska et al. 2006). One
explanation for this is that during the aging process, oxygenated functional groups may
be added to the surface of the organic aerosol, causing an increase in the polarity of the
particle surface and reduced hydrophobicity (Sun and Ariya, 2004). Soot particles can

also become more hydrophilic by acquiring a coating of a water-soluble substance such



as sulfuric or nitric acid via deposition in the atmosphere (Wyslouzil 1994; Chughtai et
al., 1996).

For our experimental IN, we chose Mount St. Helens volcanic ash that was
collected after the eruption in May of 1980, Pahokee Peat Soil II obtained from the
International Humic Substances Society (IHSS), and carbon (Lampblack) obtained from

the Fisher chemical company.

1.1 Contact Freezing Mechanisms

Traditionally, immersion freezing is defined as “Nucleation of supercooled water
by a nucleus suspended in the body of water,” and contact freezing is defined as
“Nucleation of a supercooled droplet subsequent to an aerosol particle’s coming into
contact with it,” (Vali, 1985). The standard immersion freezing definition aptly describes
the immersion measurements included in this study. However, recent findings suggest
that traditional contact freezing, which we will refer to as collisional contact freezing,
could be just one pathway of a broader surface-based mechanism (Shaw et al., 2005;
Durant and Shaw 2005).

Shaw et al. (2005) and Durant and Shaw (2005) conducted experiments where an
IN is placed in contact with the water-air interface of a droplet, from either the inside or
the outside of the droplet, at the beginning of their setup. Freezing events are then
observed as the droplet temperature is reduced at a constant rate. The authors call this
mode of freezing “contact freezing inside-out” to distinguish it from contact freezing
involving a collision. Collisional contact freezing, where an IN comes into contact with

the surface of a water droplet, occurs at roughly 10-15 K higher than does the



homogeneous freezing of pure water, and also 2-5 K higher than the mechanism of
immersion freezing for most IN compositions studied (Gokhale and Goold, 1968; Pitter
and Pruppacher, 1973; Fukuta, 1975; Diehl et al., 2002). The results in Shaw et al.
(2005) and Durant and Shaw (2005) show a “very similar” increase in ice nucleation
efficiency for contact freezing inside-out relative to immersion freezing. Their results
also show that the contact freezing temperatures are identical whether the IN is placed at
the outside or inside of the droplet surface (Durant and Shaw, 2005). These are
informative results since in early studies contact freezing was thought to occur via
collision between completely dry particle and a supercooled droplet (Fletcher, 1969,
Cooper 1974). Prior to collision, the dry IN theoretically has a tiny ‘ice embryo’ on its
surface deposited from the vapor phase. Once the ice embryo contacts the droplet, it acts
as a template, initiating the freezing of the entire droplet. Shaw's results indicate that the
particle need not be dry to act as an effective IN, but does need to contact the droplet
surface. This opens up additional atmospheric applications of the contact freezing
mechanism. For instance, if a droplet containing an IN undergoes evaporation of outer
layers of water and leaves the IN at the surface, ice nucleation may occur. In this study,
we extend the work of Shaw et al. (2005) and Durant and Shaw (2005) by conducting
similar contact freezing experiments on a range of atmospherically relevant compounds.
Much of the current work on heterogeneous ice nucleation theory involves
attempting to understand how the beginnings of a freezing event, termed ice embryos,
overcome a free energy barrier to reach a critical size. As mentioned previously, it was
suggested that collisional contact freezing occurred when sub-critical ice embryos formed

via water vapor deposition on the surface of an IN were submerged into a water droplet



during a collision (Cooper, 1974). The critical size for ice embryos formed through
deposition is much larger than for immersion. Once these embryos were submerged, they
were no longer of sub-critical size and they caused a freezing event. However, it has
been argued that these embryos would undergo rapid changes in both radius and contact
angle as the IN surface is flooded upon collision, which would not permit freezing to
occur from those embryos (Fukuta, 1975). In addition, this mechanism provides no
explanation for the difference in efficiencies between contact and immersion freezing.
Fukuta (1975) argued that there was simply an increase in free energy, and
subsequently a reduction in the free energy barrier required for freezing, caused by the
moving water-IN boundary as a colliding IN goes into a water droplet. Thus, he argued,
it is the mechanical contact event between an IN and a water droplet that is responsible
for producing a freezing event. However, this mechanism has received criticism for not
explicitly relating the free energy increase produced by the differences in interfacial
energies and the free energy needed to form a supercritical ice embryo (Young, 1993).
Since contact freezing inside-out involves no collision, none of these previously
proposed mechanistic explanations would provide an understanding for how these
freezing events would occur. Shaw et al. (2005) argue that the increase in nucleation
efficiency seen between immersion freezing and freezing with an IN in constant contact
with the water-air interface is a result of the free energy barrier for ice nucleation being
lower at the surface of a droplet than it is in the bulk, which is in accordance with the
arguments of Djikaev et al. (2002). The authors further argue that collisional contact
freezing is quite possibly a manifestation of this increased nucleation efficiency caused

by the same mechanism (Durant and Shaw, 2005).



While there is a growing body of literature on heterogeneous ice nucleation
processes, measurements involving either collisional contact freezing or contact freezing
inside-out are much more limited. The studies that explicitly concern such surface-based
freezing (Gokhale and Goold, 1968; Gokhale and Lewinter, 1971; Gokhale and Spengler,
1971; Sax and Goldsmith, 1971; Pitter and Pruppacher, 1973; Young, 1974; Rosinski and
Nagamoto, 1975; DeMott et al., 1983; Levin and Yankofsky, 1983; Deshler and Vali,
1991; DeMott, 1994; Diehl and Mitra, 1998; Diehl et al., 2002; Finnegan, 1998;
Lohmann, 2001; DeMott et al., 2005; Shaw et al., 2005; Durant and Shaw, 2005) use a
variety of techniques and particle compositions in an attempt to further characterize a
heterogeneous atmospheric pathway that remains quite difficult to simulate in controlled
experiments. Still, a number of papers on field measurements (Young, 1974; Cooper and
Vali, 1981; DeMott et al., 1983; Hobbs and Rangno, 1985; Cooper, 1986; Rangno and
Hobbs, 1991; Beard, 1992; Rangno and Hobbs, 1994; Cooper 1995; Field et al., 2001;
Cotton and Field, 2002; Ansmann et al., 2005; Baker and Lawson, 2005; Lawson et al.,
2006) suggest that while surface-based freezing is virtually unexplored, it is an important
mechanism in the atmosphere. These studies suggest that much of the ice formed in the
lower troposphere may be due not only to the straightforward manifestations of surface-
based freezing, but also may be a result of evaporative freezing through contact freezing
inside-out. In particular, Beard (1992) points out that although evaporative freezing has
been thought to be an efficient process, the reasons for its efficiency have never been
fully explained. Durant and Shaw (2005) provide a possible explanation for this in that a
droplet with an IN inside of it would freeze at a higher rate as the droplet evaporated to

provide contact with the IN particle.
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It is noteworthy that surface-initiated crystallization has also been a recent focus
of several important homogeneous ice nucleation studies (Djikaev et al., 2002;
Tabazadeh et al., 2002; Djikaev et al., 2003; Kay et al., 2003; Duft and Leisner, 2004;
Sigurbjornsson and Signorell, 2008). In a reanalysis of laboratory data collected in
several laboratories using a range of measurement techniques, Djikaev et al. (2002 and
2003) and Tabazadeh et al. (2002) have some shown that agreement among derived
nucleation rates is much better when surface-based, rather than a volume based rates are
compared. However, these studies have come under scrutiny by later works that show
that combined uncertainties in both the thermodynamic assumptions made, and at least
some of the current experimental techniques for analysis, make definitively
distinguishing between surface and volume mechanisms unlikely (Kay et al., 2003; Duft
and Leisner, 2004; Sigurbjornsson and Signorell, 2008). While efforts to refine the
surface-based theory are ongoing, more measurements strategically designed to address
the issue of surface versus volume are needed to fully understand the role of surface
initiation in both homogeneous and heterogeneous freezing.

In this study, we attempt to extend the arguments of Shaw et al. (2005) and
Durant and Shaw (2005) by using a similar methodology to show the difference in
nucleation efficiency between contact and immersion freezing using Mount St. Helens
volcanic ash as IN. Further, we explore the contact freezing efficiency of both THSS

Pahokee Peat Soil II and carbon (lampblack).
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2. EXPERIMENTAL METHODS

In these experiments, an ultra pure water droplet (HPLC grade) is observed as its
temperature is reduced at a controlled rate (1.0 °C min™") to assess how a certain IN
affects the freezing temperature of the droplet via contact or immersion freezing. A
droplet containing a single IN is frozen, melted, and refrozen many times during one
experiment. The freezing temperatures for the droplet on each cycle are derived using
digital imaging devices and temperature measurements. We gather numerous data points
with the same setup, which limits the number of possible variables in the experiment
(Durant and Shaw, 2005; Shaw et al., 2005). This method is advantageous because ice
nucleation is theorized to primarily be a stochastic process, and therefore getting multiple
data points on the same IN is desirable.

In our experimental setup, using a tank of dry nitrogen gas and a Nalgene bubbler,
a low flow of humidified nitrogen gas is generated and passes through the cooling stage
during experiments. This flow prevents the droplet from evaporating. This flow setup,
as shown in Figure 1, consists of dry and humidified flows separately controlled by mass
flow controllers (Model MC-10SLPM-D(N2), Alicat) and then mixed together before
entering the cold stage. Specifically, a humidified nitrogen flow of 0.03 L min™' and a
dry nitrogen flow of 0.57 L min™', which produce a total flow through the chamber of
0.60 L min”, are used in all experiments unless otherwise noted. The dewpoint is
measured and monitored using a dewpoint hygrometer (Model 2000 series DewPrime II,
EdgeTech).  These flow settings were optimal because they gave the air enough

humidity at the warmer temperatures to prevent the evaporation of our droplet during
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experiments. This additional humidity added to the experiment did not produce any
detectable condensational growth of our droplets, nor did it produce condensation of

water or deposition of ice on the IN when placed outside the droplet.

(Q-Imaging Micropublisher 5.0 RTV

Humidified Camera
Mass ¢+ Flow ;'
Flow Bubbler / /
Controller / /

/ /
/ /
/’ ’
4 -
,
p—

( ) / Mixing Chamber
— Exhaust
NZ Olympus BXSIM

‘ Dry Flow Microscope

Mass Droplet

Flow L’

Controller /
L™ —
— ~ -
Slide

Enhanced view of LTS-350 Cold Stage

Figure 1: Our experimental setup is shown.

The cold stage (Model LTS-350, Linkam) is a sealed chamber that allows for the
temperature control of the surface on which samples sit to a sensitivity of a tenth of a
degree. The stage is connected to both a temperature controller box and a liquid nitrogen
pump, which are both controlled by software (Model Linksys 32-DV, Linkam). This

system acts to adjust the flow of liquid nitrogen pumped into the stage during cooling,
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and controls the heating between freezing cycles. This allows us to run experiments
within specific temperature boundaries at very precise temperature change rates. The
cold stage sits upon an optical microscope (Model BX51M, Olympus) equipped with a
digital camera (Model Micropublisher 5.0 RTV, Q-Imaging) that allows for visual
monitoring of the freezing temperatures of the droplets. The images from the camera are
sent to the Linksys 32 software and are captured at a rate of one image every six seconds,
which is frequent enough to record a single image at every tenth of a degree.

Prior to each experiment, samples are prepared outside of the cold stage in a clean
environment. The sample is then placed into the cold stage, and the stage is sealed. We
produce the samples by placing an ultra pure water droplet (HPLC grade) of specific
volume on a silanized microscope slide of approximately 0.8 mm thickness. The slides
are silanized by immersing a plain glass microscope slide (VWR) in a 1.0% Aquasil
solution (Pierce Chemical Company), and this produces a coating on the slide that is
significantly hydrophobic. The hydrophobic surface prevents condensation on the
microscope slide that, if present, could interfere with the accuracy of the experimental
results. In addition, the coating minimizes the contact between the microscope slide and
the water droplet, which not only reduces the possibility of the slide acting as a
nucleation substrate for the droplet, but also allows the droplet to retain a more spherical
shape as it would have in the atmosphere. The specific droplet size is attained by using
an Eppendorf research micropipettor, which can be adjusted to produce droplets with a
specific volume ranging from 0.1-2.5 pL. For this study the droplet volume is held

constant at 2.0 pL.
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Once the droplet is placed on the slide, a specific type of particle is selected to
serve as an IN. Using 3” diameter testing sieves from Newark Wire Cloth Company, we

have size-selected all IN to be in the size range of 250 um to 300 um for their diameter.

Assuming a spherical shape of the IN, we can estimate that this provides between 0.78
and 1.1 mm?® of total IN surface area on which nucleation can occur. Size-selection limits
the effects that IN of various sizes could have upon the experiments, and allows us to
monitor the effects of varying chemical composition more carefully. The IN is then
carefully positioned using a hypodermic syringe either at the surface of the droplet or
completely immersed in the bulk (middle) of the droplet depending on whether contact or
immersion freezing is desired. Solely contact freezing is tested with the peat and soot IN
by placing them on the outside of the water-air interface. We test both contact and
immersion freezing with the volcanic ash IN by placing the IN either on the inside of the
water-air interface or in the bulk of the droplet. There is previous evidence that contact
freezing occurs at the same temperature regardless of whether the IN is in contact with a
droplet’s surface from the inside or the outside of a droplet (Durant and Shaw, 2005).
Thus, we do not differentiate between experiments regarding inside or outside contact
freezing. After the slide has a droplet with an IN in the desired position, it is placed in
the slide holder within the stage, and the stage is sealed.

To ensure that the IN were in the desired position, and thus were either definitely
in contact with the inside or outside of the droplet surface or definitely not in contact, we
employed a simple optical methodology. By exploiting the distinct focal plane associated
with compound light microscopes the position of the IN can be found with relative

certainty. This technique utilized a boom-mounted compound microscope set in a
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horizontal orientation. Such a configuration allowed the droplet to be viewed from the
side, placing the focal plane perpendicular to the horizontal glass microscope slide on
which the droplet resided. By adjusting the focus on the microscope, it was possible to
calculate the difference in position between the center focal plane of the droplet and the
IN particle as is shown in Figure 2. Since our droplet size is known and in a constant
range, as is our IN size, we can definitively say whether the IN is in contact with the
droplet’s surface. This technique is described in further detail in Appendix A.
Furthermore, this side view produces pictures (Figure 3) from an alternate angle that help

us to be certain of the position of the IN.

Focal Plane

Water Droplet

____________________ Microscope
~~~~~~~~~~~~ Objective
Lens

Glass
Microscope
Slide

Figure 2: Our method for verifying the position of the IN within the droplet is illustrated
here.
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Figure 3: Side-view images that further depict our method for verifying the position of
the IN. In panels A and B, the IN particle is located at the edge of the droplet closest to
the camera, while the focal plane in panel A is at the center of the droplet and the focal
plane in panel B is at the front edge of the droplet. In panels C and D, the IN particle is
located in the bulk of the droplet, while the focal plane in panel C is at the center of the
droplet and the focal plane in panel D is at the front edge of the droplet. The droplet and
IN particle is the same for all panels despite some visible rotation of the IN that occurred
while moving the particle from the edge to the middle.

Once the experiment is prepared, temperature control and data collection are

handled by the Linkam equipment and the Linksys 32-DV software. The software is set
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to cool the stage from its beginning temperature of 5.0 °C down to -40 °C at a rate of 1.0
°C per minute. Once -40 °C is reached, the software immediately begins warming the
stage back up to 5.0 °C at the same rate. The software then remains at a temperature of
5.0 °C for one minute to ensure complete melting of the droplet, and then the cycle is
repeated. The number of cycles that can be performed for each experimental setup is 25,
limited only by the size of the liquid nitrogen dewar which supplies liquid nitrogen to the
cooling stage.

We chose to use a cooling rate of 1.0 °C/min after a comparison between different
cooling rates showed a significant offset between the temperature experienced on the
slide by the water droplet and the stage’s temperature sensor. In five cooling rate
comparison experiments, when 10 °C/min was compared with 1.0 °C/min, there was an
average offset between freezing temperatures of 3.6 °C/min. In three cooling rate
experiments, when 5.0 °C/min was compared with 1.0 °C/min, there was an average
offset between freezing temperatures of 1.4 °C. Finally, in three cooling rate comparison
experiments, when 2.0 °C/min was compared with 1.0 °C/min, there was an average
offset between freezing temperatures of 0.3 °C/min. This showed that the mean freezing
temperatures for the rates of 2.0 °C/min and 1.0 °C/min were not statistically different at
the 95% confidence level. These results are depicted in Figure 4. We used 1.0 °C/min as
our cooling rate because it provided us with the most freezing points for our dewar

capacity without sacrificing the integrity of our data.
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Figure 4: The average temperature offsets between 1 °C/min and other cooling rates are
shown. The error bars shown are the total standard error for each average offset.

The Linksys software records a high-resolution image from a Micropublisher 5.0
RTV camera once every six seconds. These images are used in post-experimental
analysis to determine the freezing point of the droplets as precisely as possible. For the
purposes of this experiment, we define the freezing point as the temperature at which first
visual evidence is received of the beginning of a freezing event for the droplet. The
freezing event is characterized by a wave of motion through the droplet, followed by a
very obvious change in opaqueness and reflectivity of the droplet with the eventual

appearance of ice. Such a freezing event is shown in Figure 5.
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Figure 5: A freezing event during an experiment using a peat IN. The 4 pictures are
shown in sequential order, with the panel A being the unfrozen droplet prior to freezing,
panel B being the beginning of the freezing event, panel C being the continuation of
solidification, and panel D being the resultant completely frozen droplet. Here we would
classify panel B as our freezing point. The condensation seen in panels B and C is a
result of the enthalpy of freezing, and quickly evaporates after the freezing event is over,
as can be seen in panel D. Focus is on the droplet so as to attain the beginning of the
freezing event as precisely as possible, but the peat IN can be seen on the upper right
surface of the droplet.

By performing the aforementioned frame-by-frame post-experimental analysis of
the digital images, it is possible to accurately and reproducibly identify the freezing
temperatures of our droplets within the numerous cycles of a particular experiment. This

is illustrated in Figure 7, which shows the first 10 cycles of an experiment using volcanic
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ash as the IN. Some experiments produce much variability between freezing points, and
yet some remain consistent within a few tenths of a degree all the way through the
experiment. We occasionally observe IN movement during melting and freezing events,
and also IN breakup in the case of experiments featuring peat particles, which were more
fragile than the other IN. We attribute increasing variability within a single experiment
to characteristics such as these, while variability from experiment to experiment may be

due primarily to variations in the intrinsic properties of the IN.
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Figure 6: As an example, the first 10 cycles of a single setup, with volcanic ash as the IN
and 2.0 puL as the droplet volume, are shown. In a.), the temperature of the stage is shown
as it is being controlled by the Linksvs software.
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Figure 6 Continued. In b.), the individual freezing points are shown as acquired from
post-experimental analysis of the images.
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3. RESULTS

In this section, we report our results for the comparative study between contact
and immersion freezing for volcanic ash, as well as the relative contact freezing
efficiency of all three of our chosen IN types. First, to assess the amount of uncertainty
involved in the recorded temperature data, we performed a calibration of the stage by
running experiments using pure water droplets without a contacting IN. We also ran

some experiments to test the well-documented melting point of mercury.

3.1 Characterization of Cooling Stage Temperatures

As additional confirmation of our measured temperatures, we performed
experiments on a specific compound with a well-documented melting point. We
attempted to confirm melting points rather than record freezing points due the fact that
most malleable materials with solid-liquid thresholds in our temperature range were
either highly volatile, or would supercool by a large amount before freezing. Similar
methods have been used in previous studies to characterize cooling stages (Kanji and
Abbatt, 2006). We chose to perform our experiments on mercury, which has a
documented melting point of -38.83 °C (Lide, 2008) that is conveniently near the coldest
end of the temperature range used in this study. The procedure used for the mercury
melting experiments was identical to the aforementioned procedures, except that we shut
off the humidified flow. For these experiments, the chamber was purged with dry
nitrogen gas. As before, our experimental method consisted of us cycling the

temperature at 1.0 °C/min, except this time the upper and lower temperature limits were
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accordingly set to -60 °C and -30 °C in order for the mercury to completely freeze and
melt, respectively. The data, as depicted in Figure 7, showed that melting occurred at -
39.1 °C with a standard deviation of less than a tenth of a degree. For mercury, the
temperature at which the melting process occurred was colder than the documented

melting point by ~ 0.3 °C.
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Figure 7: Our recorded temperatures for the observed melting point of mercury
(triangles) in our setup are shown. The dashed line indicates the documented literature
value for the melting point of mercury (Lide, 2007).

Our experiments with pure water droplets (HPLC grade) with a volume of 2.0 pL

produced an average freezing temperature of -33.1 °C with a standard deviation of 0.6 °C.
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These results correspond directly to the freezing temperatures reported in the literature
for similar-sized droplets (Langham and Mason, 1958; Mason, 1971). This is an
important result because it shows that contact with the silanized slides used in our
experiments is not facilitating nucleation at warmer temperatures relative to those
expected for the freezing of pure water in a laboratory study. These temperatures also
confirm the purity of our water, because contamination, if present, could have caused
freezing at higher temperatures.

Our experiments with mercury show a possible temperature offset of ~ 0.3 °C
between our cooling stage’s temperature sensor and our sample. Our freezing
temperatures for pure water are in line with those from previous studies, but there is no
quantifiable uncertainty that can be attributed to this data since many elements of these
studies are not directly comparable to our study. Although we believe our visual
detection method to be of high resolution and speed, we allow for a temperature
uncertainty of 0.2 °C since we use only visual detection methods. Further, we allow for a
0.1 °C temperature uncertainty for any possible human error in the image analysis
process. Thus, the freezing temperatures reported in this section are reported with a
maximum uncertainty of £+ 0.4 °C (this result is attained by taking the square root of the

sum of squares of each individual uncertainty).

3.2 Ice Nuclei Behavior
Each IN type used in this study was unique in how it interacted with the
respective water droplet. This behavior is directly related to the hydrophobic or

hydrophilic tendencies, and thus the chemical composition, of each IN. Although it is
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possible to position an IN anywhere in the droplet using significant force, each IN type
had specific positions where they would come to rest. Then, based on which IN was
being tested, it may or may not be able to be maneuvered to another position using the
hypodermic syringe. Since we are concerned with gaining insights into atmospheric ice
nucleation, we conducted experiments with regard to the natural behavior of the IN as it
interacts with the water droplet because they represent events that are possible in the
atmosphere.

Each time a volcanic ash particle was positioned on the surface of the droplet, it
was immediately taken in by the droplet to the inside surface. Therefore, in the volcanic
ash experiments, the IN was inside the droplet, and either in the middle of the droplet or
in contact with the droplet surface. This change in position was possible because volcanic
ash acted relatively neutral in the droplet, and could be moved with little effort to any
desired position along the bottom of the droplet. It should be noted, though, that the
volcanic ash IN used in this study would only allow for contact freezing experiments
from the inside surface, and that attempts to move the IN to the outside of the droplet
were not successful. However, there is previous evidence that contact freezing occurs at
the same temperature regardless of whether the IN is in contact with a droplet’s surface
from the inside or the outside of a droplet (Durant and Shaw, 2005). The volcanic ash
particles remained intact during experiments, so the only changes in the amount of
contact between the IN and the droplet surface resulted from slight movements or
rotations associated with the freezing and melting of the droplet. The volcanic ash
particles are fragile after being used in the experiments, and so once an experiment was

finished the particle could not be used again.
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Interactions between peat soil particles and the surface of the water droplet varied
from those with volcanic ash. Upon placing the peat IN at the droplet surface, the
particle adhered to the droplet surface, with almost the entirety of the particle being
outside the droplet. This adherence was significant enough to keep it attached to the
droplet surface even if the slide was tilted or if the syringe was used to try and move the
particle away from the droplet. If an attempt was made to move the particle to anywhere
inside the bulk of the droplet, it promptly returned to its original position. Although it
was possible to place the peat IN at any point on the perimeter of the droplet for contact
freezing experiments, immersion experiments were not possible without severely
damaging the IN. While the peat IN were not soluble in our water droplets, they did
become slightly fragile as experiments progressed and would disperse some fragments
into the droplet. There was no noticeable effect on freezing temperature as a result of this
fragmentation.

Due to their high hydrophobicity, soot particles interacted with the surfaces of
water droplets in a unique way as well. When placed at the interface of the water droplet,
a soot particle would minimize its surface contact and subsequently stay completely
outside the droplet for the entirety of the experiment. Similar to the peat IN, soot could
not be moved inside the droplet without compromising the experiment. However, soot
minimized its surface contact to such a degree that it could easily be moved away from
the droplet, and the particle would fall away from the droplet if the slide were tilted.
Despite the weak adherence of the soot to the droplet’s outside surface, contact was

maintained for the duration of our experiments.
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3.3 Contact Freezing Versus Immersion Freezing

We sought to extend the results (Shaw et al., 2005; Durant and Shaw, 2005) that
showed a definite difference in nucleating efficiency between a volcanic ash IN placed in
the bulk of a water droplet and an IN placed in contact with the water-air interface. In
order to do this, we set up five experiments with an IN at each position using volcanic ash.

In our five contact freezing experiments, with 25 cycles each, using volcanic ash
as the IN, the average freezing temperature was -11.2 °C with a standard deviation of
1.0 °C. This compares to an average contact freezing temperature of between -17 °C and
-18 °C in Shaw et al. (2005) and Durant and Shaw (2005).

In contrast, our five immersion freezing experiments using volcanic ash as the IN,
the average freezing temperature was -18.3 °C with a standard deviation of 2.0 °C. This
compares to a reported average immersion freezing temperature of approximately -22 °C

in Shaw et al. (2005) and Durant and Shaw (2005).
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Figure 8: Recorded freezing temperatures are shown for all immersion freezing
experiments (solid symbols) and all contact freezing experiments (open symbols) with
volcanic ash as the IN.

These results are shown in Figure 9, and it can be seen that although there is some
variability within the results for each mechanism, there is no overlap and the two
mechanisms are significantly different. When the two modes from our results are
compared, we see a significant difference in average freezing temperature of
approximately 7 °C. This is larger than the difference reported by Shaw et al. (2005) and
Durant and Shaw (2005) of 4 to 5 °C. We attribute key differences in experimental
methodology to the difference between studies. Most notably, the cooling rate used in

this study was 1 °C/min, whereas the previous studies used 10 °C/min. Our earlier



29

discussion revealed a significant offset in freezing temperature between these two cooling
rates. Although this does not completely account for the differences in freezing point
data, it could account for a majority of the temperature difference. However, the offsets
due to their faster cooling rate could be even larger than this since they use a chamber of
a much larger volume. The remaining difference could be attributed to differences in the
composition and type of volcanic ash used as the IN (they do not report what kind it is)
and a difference in size range for these IN (250-300 pm used here versus ~100-300 pm
used in Shaw et al., 2005; Durant and Shaw, 2005). In addition, we performed a series of
five experiments for each nucleation mode, with 25 freezing points in each experiment.
Shaw et al. (2005) and Durant and Shaw (2005) use a single IN in a single experiment to
gather many data points (~100) for a specific mode. Performing an analysis on a group
of ten experiments with ten separate IN can possibly lead to different results than a study

using one experiment and one IN would yield.

3.4 Contact Freezing Results as a Function of Composition

As stated previously, we conducted our contact freezing experiments using three
different types of IN, which were Mount St. Helens volcanic ash, Pahokee Peat Soil II,
and Carbon (Lampblack). Our experiments with IN were conducted using a constant
droplet volume of 2.0 pL, and for experimental feasibility, the IN of each type are larger
than those prevalent in the atmosphere. Specifically we used sieving to select IN within
the size range of 250-300 um. Experiments were conducted with all three types of IN

until we had five complete experiments for each IN type. We analyzed the images from
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these experiments and performed statistical analysis on all of the freezing point data that

was extracted from them.

3.4.1 1980 Mount St. Helens Volcanic Ash

Analysis of the experiments run with Mount St. Helens volcanic ash as the IN
showed that the average contact freezing temperature was -11.2 °C with a standard
deviation of 1.0 °C. Our recorded freezing temperatures were in agreement with Mason
and Maybank (1958), Isono et al. (1959), and Isono and Ikebe (1960), which showed that
volcanic ash particles were capable of initiating freezing temperatures below -12 °C.
However, significant caveats include that these studies did not distinguish contact
freezing from other heterogeneous mechanisms and that the source volcanoes were
different. Thus, no direct comparison with our measurements can be made.

During individual experiments we see relative consistency of the freezing points
with respect to each other. However, when experiments using different particles of the
same type are compared to each other, there is quite a bit of variability. There is roughly
a five-degree spread of freezing temperatures (-8.3 °C to —12.8°C) when all of the ash
data is pooled together. Note that volcanic ash was an external mixture with a high
variability of relative chemical composition, yet our sieving techniques narrow this

variability somewhat.

3.4.2 IHSS Pahokee Peat Soil 11
The results from the experiments using peat as the IN showed it to be highly

effective at facilitating freezing of the water droplets at higher temperatures, as they had
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an average freezing temperature of -10.5 °C with a standard deviation of 1.8 °C. These
freezing temperatures are in the same range as the volcanic ash IN. Our temperatures are
consistent with Vali (1968), who showed that surface soils containing organic particles
were capable of initiating freezing temperatures of as warm as -8 °C, and Schnell
(1972,1974) who showed some which had freezing temperatures between -5 °C and -8 °C.
However, there is no ice nucleation data available that specifically deals with humic acid
IN, and so direct validation of our data is not possible.

There is an approximate six-degree range (-6.5 °C to -12.8 °C) of freezing
temperatures for peat IN, but most of the freezing temperatures lay within the range of -
9.5 °Cto -12.8 °C. This, and the standard deviation, are affected by one experiment that
had an average freezing temperature of -6.8 °C. We then performed an additional
experiment to further characterize the statistical uniqueness of this single experiment, and
thus we have six experiments instead of five in our data set. This experiment yielded
data in the same range as the majority of the data with an average freezing temperature of
-12.0 °C. Although the freezing points are statistical outliers when compared with the
mean, we include this experiment in our data set because we do not know the reasons for

the difference for certain.

3.4.3 Carbon (Lampblack)

Our experiments resulted in average contact freezing point temperatures of -
25.6 °C with a pooled standard deviation of 3.4 °C. These temperatures are much lower
than those observed for the other two types of IN, possibility due to the low amount of

surface area contact the soot’s chemical composition would allow. These heterogeneous
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ice nucleation temperatures are consistent with values reported by Diehl et al. (1998). If
valid, a direct comparison between traditional contact freezing and the contact freezing in
this experiment would support our broadening of the definition for this mechanism.
However, we note that although the measurements by Diehl et al. (1998) were contact
freezing specific, their techniques make it possible that freezing observed in that study
occurred via other mechanisms. The authors suggest the possibility of a hydrocarbon
film on the droplet or IN surfaces that inhibits contact nucleation. Regardless, the
qualitative results are consistent with several studies on soot as IN (DeMott, 1990;
Mohler et al., 2005; Dymarska et al., 2006) and show soot to be a poor IN with ice
nucleation temperatures below -25 °C.

The soot data set has the largest spread of freezing temperatures of approximately
-13 °C (-18.8 °C to -31.7 °C), with most of the data lying in the range of -23.1 °C to -
31.7 °C. Once again the spread and standard deviation are made larger by a single
experiment with an average freezing temperature of -19.5 °C. We also performed one
additional experiment with this IN because of this experiment, and it also produced
freezing points that fell in with the majority of the data, with an average freezing

temperature of -27.5 °C. We included all six data sets in our final analysis.
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4. DISCUSSION

Our observed freezing temperatures collected for all IN compositions and

mechanisms studied are shown in Figure 9 and Table 1.
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Figure 9: All of our freezing point data is shown for all four experimental groups. The
upper-left graph shows our volcanic ash immersion freezing data, the upper-right graph
shows our volcanic ash contact freezing data, the lower-left graph shows our peat contact
freezing data, and the lower-right graph shows our soot contact freezing data.
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Table 1: Recorded freezing temperatures are shown for all experiments with all types of
IN and mechanisms.

Average ' Max.
Freezing Std. Dev. No. of No. 9f M“%' Freezing
Temp °C) Expts Freezing  Freezing Temp
°C) " Events Temp. (°C =
(°C) v p. (C) °C)
Mt. St. Helens
Ash Contact 112 1.0 5 125 -12.8 8.3
IHSS Pahokee 105 18 6 150 1238 s
Peat
Carbon
(Lampblack) ~ >>6 34 6 150 31.7 _18.8
Mt. St. Helens
Ash -18.3 2.0 5 125 -22.2 -14.5
Immersion

We observed a definite difference between the two modes of freezing, and we
find that difference to be larger than in the compared studies. We conducted five separate
experiments that yielded 125 freezing points for each mode of nucleation. Although it is
desirable to eliminate variables by using the same IN repeatedly, if a differently
structured study were to produce the same qualitative difference in nucleation modes,
then this difference between modes becomes a more consistent observation. In our study,
both the size of the aerosol acting as IN and the volume of the droplet were carefully
controlled for reproducible experiments.

We determined the contact freezing temperatures on IN of several different
compositions, in order to evaluate which intrinsic particle properties influence the contact

freezing processes. The average contact freezing temperatures observed for each IN type
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are significantly different at the 95% confidence level. The Pahokee Peat Soil is the most
effective IN and soot is the least effective IN. Although we have stated that the freezing
efficiencies of volcanic ash IN and of peat IN are statistically different, a qualitative
review of the results shows similarity in the two data sets. The freezing efficiency of soot
IN is poor in comparison with peat and ash, as the freezing temperatures are much lower
statistically and qualitatively. A direct and detailed comparison to previous results is
difficult since previous measurements for contact freezing are very limited. However, a
simple comparison to previous studies shows relatively consistent temperature ranges in
which certain IN compositions are active in heterogeneous ice nucleation. More studies
of this kind using different IN compositions are needed to adequately parameterize
contact nucleation events occurring in the atmosphere.

The variability from particle to particle is apparent even within specific IN types.
Table 1 contains freezing temperatures, standard deviations, and in the table it is clear
that there is much variability between experiments on particles within the same IN
composition in this study. This variability could be attributed to many things, including
possible differences in experimental setup and differences in the intrinsic properties of
the particles. Differences in experimental setup could include the positioning and
preparation of both the droplet and particle on the slide prior to the experiment. In a
preliminary study using our apparatus, a series of experiments was carried out in which a
single particle was “re-used” (i.e. after a set of measurements a new droplet was added to
the existing particle and another experiment was conducted). These attempts resulted in
freezing temperatures within one degree of the original experiment. Thus, we believe the

experimental setup does not produce a significant part of this variability due to attempts
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to “re-use” a particular aerosol in multiple setups. The particle positioning within the
droplet, which includes both the way in which the particle is oriented as well as the
location inside or outside the droplet, is highly dependent on the chemical composition
and physical size of the particle. This suggests that most of the variability in freezing
temperatures between experiments comes from the characteristics of the particle itself
rather than from any other source.

Differences in particle composition subsequently lead to possible differences in
hydrophobicity, which can affect how a particle acts in positioning itself within a water
droplet. For instance, a very hydrophobic particle will position itself to minimize its
contact with the water droplet, possibly even keeping itself outside the droplet, as was the
case with the soot particles. In addition, the particle’s size, especially relative to the size
of the droplet, can affect where it will come to rest within the droplet. Particle size also
affects how much available surface area of an IN is available to be in contact with the
surface of a droplet. Finally, the shape and surface roughness of a particle are also
important characteristics that can determine how much surface area is in contact with the
droplet surface.

When attempting to find reasons for the differences in freezing efficiency and
even the variability in results for one type of IN, these IN qualities must be taken into
account. The soot IN had a weak attachment to the droplet surface since it is
significantly hydrophobic. Because of this, we believe soot IN had more positional shifts
during experiments than the other IN. This could have affected the amount of surface
area in contact with the droplet surface, and thus caused more variability between soot IN

than seen in the other experimental groups. Further, soot IN were hydrophobic and
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limited their contact with the droplet surface so that some freezing temperatures were
relatively close to those of pure water. The peat IN had a much stronger attachment to
the droplet surface, and also much less variability between contact freezing experiments.
Since our volcanic ash IN were always inside the droplets, yet could easily be moved
with a hypodermic syringe, we believe that relatively moderate amounts of positional
shifts were possible. They were not firmly fixed in one position on the droplet surface,
yet were also only free to move in an environment that was denser than the air a soot IN
was in. Thus, the variability in our ash experiments for both mechanisms had variability

that was somewhere between that of the peat IN and soot IN groups.

4.1 Application of Classical Nucleation Theory

While it is well known that the presence of an object or nuclei can facilitate the
freezing of a supercooled water droplet at warmer temperatures than the freezing of pure
water, a complete mechanistic understanding of such heterogeneous nucleation events
does not exist. In fact, over the last half-century there has been much disagreement on
the theories and proposed mechanisms that govern heterogeneous nucleation by contact
freezing alone. Despite much recent advancement in heterogeneous ice nucleation theory
(Liu, 1999; Khvorostyanov and Curry, 2000, 2004, 2005; Chen et al., 2008), the classical
nucleation theory equations from Fletcher (1962) remain the most-tested and widely-used
method of quantifying heterogeneous ice nucleation. Although Fletcher (1970) states that
these equations do not apply to contact freezing, he speaks of the mechanism in the
traditional sense which involves a collision of the IN and droplet. In the case where the

IN is constantly in contact with the surface of a droplet, these equations still apply.
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In classical nucleation theory, the nucleation rate per particle is described by the

following equation:

k,T

B

AG
J= 4ﬂr,3Kexp[—} (1)

In this equation, ry represents the radius of the IN, K represents the kinetic coefficient,
AG” represents the Gibbs free energy of the formation of a critical ice embryo on the
surface of the IN, kp represents the Boltzmann constant, and 7 represents the temperature
in Kelvin (McDonald, 1964). Significant differences in nucleation rate can be caused by
relatively small changes in the thermodynamics, or by very large changes in the kinetics.
In other words, the Gibbs free energy term AG" is the most variable term in the equation.
Next, this general nucleation equation is modified for the case of heterogeneous
nucleation of supercooled water (Fletcher, 1962).

As shown in Pruppacher and Klett (1997), and Fletcher (1962), the correct form

for calculation of the single-particle nucleation rate according to classical theory is:

Ag  AG

k,T
J =L 4nrin’ exp| - — - —
oo p{ RT kBT} )

Here the additional exponential term attempts to account for the activation energy (4g) of
water molecules diffusing across the solid-liquid interface, and the kinetic coefficient is
further expanded where / is the Planck constant and 7.’ is the number of water molecules
in contact with a unit area of the IN surface (Turnbull and Fisher, 1949; Fletcher, 1962).

The Gibbs free energy term still remains the most dominant value, and is defined as:
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. lénM’c .
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Here M,, represents the molecular weight of water, o;4, represents the interfacial free
energy per unit area between ice and liquid water (this is equivalent to the surface
tension), f represents the wetting parameter, n; represents the number of molecules per

unit volume for ice, /s is the latent heat of fusion for water, and AT is the difference

between the melting point of water and the given temperature (Fletcher, 1962;
Pruppacher and Klett, 1997).

In our experiments, all of these terms are the same, regardless of composition,
with the exception of the wetting parameter, /. The wetting parameter is a function of
both the size and composition of the IN. As shown above, f'is a function of m;4,, which is
equivalent to the cosine of the contact angle, 6, between the IN substance and the ice
embryo:

m,,, =cos0 4)
In addition, f varies with x, which is equivalent to the ratio of IN radius, 7, to the critical
radius of the outer surface of a spherical-cap ice embryo, »* (Fletcher, 1962; McDonald,

1964):

; 6)

The formula for fis (Fletcher, 1962; Pruppacher and Klett, 1997):

f(m,x)=1+[l_¢mx] +x{2_3[x;m]+[x;m] }mﬁ[[%)-l] ©)

where
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1

¢ =(1-2mx+x)? (7)

Based on the equations above, for IN of a certain size, a substance with a higher
contact angle will subsequently have a higher corresponding wetting parameter. A higher
wetting parameter results in a smaller value for nucleation rate, which means that an IN
with a smaller f parameter will be more efficient at nucleating ice than an IN with a larger
f parameter. In contrast, changing the size of the IN and thus changing the x parameter
has very little effect upon changing the magnitude of . These equations will be used for
calculating the single particle heterogeneous nucleation rate in the next section. Today
there remains much debate as to how appropriate and accurate it is to apply classical

nucleation theory to heterogeneous processes (Eastwood et al., 2008).

4.2 Probability of Freezing

Probability is traditionally used to describe ice nucleation because ice nucleation
has been theorized to be a stochastic process. Given the large number of freezing points
collected in our experiments, we can use the collective data sets for each composition to
generate an ‘empirical’ probability of freezing as a function of temperature for droplets
set up with each composition of IN (Shaw et al., 2005). Figure 11 shows our data in
terms of the probability that a droplet would have frozen at a certain temperature for a
given IN type. For instance, out of 150 total contact freezing events recorded for soot, a
number of them will be observed to have frozen by a given temperature. This empirical

probability of freezing is related to the nucleation rate in the following manner:
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Here, Ny is defined as the total number of droplets, Nris defined as the number of those
droplets which have frozen at a certain temperature, J is the heterogeneous nucleation
rate, and ¢ is the time elapsed over an experiment (Shaw et al., 2005). Even though there
is variability in freezing temperatures as previously discussed, overall the freezing is
likely to occur over a relatively narrow range for a specific IN type. The likelihood that
an IN will induce freezing is highly dependent upon composition and mechanism, which

can be seen in Figure 11.
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Figure 10: All recorded freezing temperatures are shown as data points along the
empirical freezing probability curves. The curves represent the probability (y-axis) that a
water droplet with a certain IN type will have frozen at a given temperature (x-axis). The
left-most (red) curve represents the peat contact freezing experiments, the next (blue)
curve represents the volcanic ash contact freezing experiments, the next (green) curve
represents the volcanic ash immersion freezing experiments, and the right-most (black)
curve represents the carbon (lampblack) contact freezing experiments. The fitted curves
(navy) represent the calculated theoretical freezing probability of an IN of each
experimental group.
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Using the classical nucleation equations and the mathematical relation between
the nucleation rates and empirical freezing probability, we can create theoretical
probability curves for IN with estimated parameters similar to those IN used in our
experiments. Many of the estimated values that are entered into the equations come from
Pruppacher and Klett (1997). These curves can then be fitted at the 50% probability
levels to our empirical probability curves in order to estimate the numerical value of the
wetting parameter, f, for the IN compositions and mechanisms in this study (Shaw et al.,
2005). These fitted theoretical curves are also in Figure 10.

As discussed, when all of the freezing data is grouped together for each IN
composition and mechanism, then we can produce the empirical probability curves seen
in Figure 10. When we fit the theoretical curves from classical nucleation theory to these
empirical curves at the 50% probability level, we get f values of 0.093 for peat contact
freezing, 0.097 for volcanic ash contact freezing, 0.251 for volcanic ash immersion

freezing, and 0.537 for soot contact freezing.
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Figure 11: The empirical freezing probability curves (various colors) for one

experimental group, volcanic ash immersion freezing, are shown with their fitted
theoretical probability curves.

However, since each experiment uses a different IN with possibly different
wetting parameters, we deem it more appropriate to perform this method of estimating f
with each separate experiment. The empirical and theoretical probability curves for all
five volcanic ash immersion experiments are shown in Figure 11. As it can be seen, the
empirical curves for individual experiments match their corresponding theoretical curves
much more closely than the curves in Figure 10. Additionally, we attain five f values for

each composition and mechanism rather than assigning a single f value to five separate
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IN. For each group of freezing experiments, we report the range of acquired wetting
parameter values in Table 2.

In our application of classical nucleation theory to our results, the efficiencies of
each type of IN and mechanism are quantified further. When all experiments are grouped
together by composition or mechanism, we can see that the total f values are lowest for
the peat contact freezing experiments, followed by volcanic ash contact freezing,
volcanic ash immersion freezing, and soot contact freezing, in order. However, as we
noted earlier, we thought it was more appropriate to calculate the f values for each
individual experiment due to our methodology. We then report the range of f values, as
well as the average and median f value for each group in Table 2. In doing so our data
set shows the relative difference in nucleating efficiencies between groups, as well as the
variability of freezing efficiency with each group. Here we again see peat contact and
ash contact to be quite close in nucleating efficiency, yet we see that the ash immersion
and soot contact experimental groups are shown to be much less efficient at nucleating

ice.
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Table 2: The calculated f values are shown for all types of IN and mechanisms.

Average f :
No. of Individual f for Median f for
Grouped f . Individual
Expts. Range Individual .
) Experiments
Experiments
Mt. St. Helens
b Contact 5 0.097  0.087 to 0.108 0.098 0.101
THSS Pahokee 6 0.093  0.032t00.111  0.086 0.092
Peat
Carbon 6 0.537  0.290 to 0.741 0.526 0.483
(Lampblack) ' ' oY ' '
M, St. Helens 5 0251  0.196t00351  0.263 0.248

Ash Immersion

Significantly, we also find a large difference in nucleating efficiency between
contact freezing and immersion freezing using volcanic ash IN regardless of whether we
examine total f'values or individual experiment f values. Seeing that the same type of IN
was used in order to compare the mechanisms, we must re-examine the mathematical
definition of the wetting parameter, /. The wetting parameter is a function of both m,
which is equal to the cosine of the contact angle between the specific IN and the ice
embryo, and also x, which is a function of both the size of the IN and the critical size of
the ice embryo. In this understanding, the contact angle would not change between IN of
the same composition. However, the critical size of the ice embryo needed would be
lower at the water-air interface than in would in the bulk of the droplet (Djikaev et al.,
2002). Lowering this critical size would increase the size of x, which in turn would lower
the size of the wetting parameter, f. Our observations are consistent with these qualitative

arguments, though as we noted earlier, a change in x does not change the f value
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significantly. Our results for f values show a significant numerical difference between
the mechanisms of contact and immersion freezing. Thus, the critical ice embryo size is
reduced quite significantly when comparing contact freezing to immersion freezing, or
the classical nucleation theory equations does a poor job in characterizing these
heterogeneous ice nucleation processes. More work must be done before a definitive
answer can be reached, but significant advances in ice nucleation theory must be made in

order to successfully understand these atmospheric processes.

4.3 Heterogeneous Nucleation Rates and Contact Angles

Although our previous discussion of classical nucleation theory and f values
involved a significant amount of assumptions and uncertainty, it is possible to continue
this treatment further and report heterogeneous nucleation rates and contact angle values.
Despite values for homogeneous ice nucleation rates being reliable and relatively
consistent between different studies, heterogeneous nucleation rates are rarely reported
due to the difficulties and uncertainties in deriving these values (Pruppacher and Klett,
1997). In studies where they are calculated and reported (DeMott, 1995; Hung et al.,
2003; Archuleta et al., 2005; Kanji and Abbatt, 2006, 2008; Pant et al., 2006; Eastwood
et al., 2008) the values can vary as much as by six orders of magnitude. This is in part
expected since rates depend theoretically on a number of factors including mechanism,
temperature, relative humidity, IN composition and size, and droplet size. Much more
work must be done in this field in order to rectify these issues, as heterogeneous
nucleation rates, particularly ones that are mechanism-specific, are highly important in

describing how prevalent these processes are in the atmosphere.
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Different methodologies in both experimentation and calculations of
heterogeneous nucleation rates account for much of the variability in these reported
values. Though there are few rates reported for the mechanisms of contact freezing and
immersion freezing, it is important to note that the calculation techniques used here for
our investigations of contact freezing differ from those for collisional contact freezing
because our calculations do not involve collisions. Thus, Brownian collection of IN
particles by droplets used in the calculation of rates in DeMott et al. (1983), DeMott
(1995), and Finnegan (1998), which is likely to be the rate-limiting step in studies
examining collisional contact freezing, is not incorporated into our rates.

We calculate rates by first finding the corresponding f value using the fitting
process described earlier for a particular set of experimental data. For reasons described
in Section 4.2, we use the average f value for individual experiments within each
mechanism or IN type. Equation 2 in Section 4.1 shows the calculations necessary for
single-particle heterogeneous nucleation rates. For the heterogeneous nucleation rate for

an IN population, the surface area term (4mr’) is removed from Equation 2 and the

calculation is performed using the appropriate f value.

Due to the constraints of the classical nucleation theory used here, heterogeneous
nucleation rates are identical for each experimental group at a given ratio of freezing.
Although each group may have a unique f value, the theoretical probability curves
calculated by classical nucleation theory are simply translated left or right depending on
the change in f value, but remain identical in shape. As an example, for volcanic ash
contact freezing, which had an average f value of 0.098, the rate of heterogeneous

freezing was ~ 2.8 x 10 cm™ sec™' at the 50% probability level. Volcanic ash immersion
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freezing has an identical nucleation rate at the 50% probability level, but the temperature
at which the 50% probability level occurs is different for each. Thus, from our
calculations it is only possible to compare the heterogeneous nucleation rates of each
experimental group at a specific temperature and thus assess their relative nucleation

efficiencies. Our reported heterogeneous nucleation rates are shown in Figure 12.

Heterogeneous Nucleation Rates (cmZsec™)

002G = 0 0 0 0
-10°C —|__16x103 ...... 50x107 ...... 2.0 x 1055 1.5 x 10-132
20°C - 1.2 x 105 g 1.9 x 104 é 17x103 ...... g 4.0 x 10-15
-30°C - 3.2x 1016 g 1.6 x 1016 é 9.5 x 10" g 1.8 x 105

Peat Contact Ash Contact Ash Immersion Soot Contact

Figure 12: Our calculated heterogeneous nucleation rates are shown. The blue regions
represent the temperature range over which a specific experimental group would be
active as IN according to our experimental data. Subsequently, rates in red indicate that
there is no ice nucleation occurring in our experimental data, while rates in black indicate
that there is ice nucleation occurring. The horizontal dotted lines within the blue regions
indicate the temperature at which 50% of our freezing events had occurred.



49

We can also calculate specific values for the contact angle between the ice
embryo and IN surface by taking advantage of a simplification for the calculation of f
values. In instances where the radius of the IN far exceeds the radius of the critical ice
embryo, the formula for fbecomes (Fletcher, 1962; Pruppacher and Klett, 1997):

3
flom) =22 ©)

By solving for m and using Equation 4, the contact angle value can be calculated for any

corresponding f'value. These values are reported in Table 3.

Table 3: The calculated 6 values are shown for all types of IN and mechanisms.

Average 0 for Median 0 for

No. of Groupedp [ndividual O (4 idual  Individual
Expts. Range . .
Experiments  Experiments
Mt. St. Helens 50.453  to
Ash Contact 5 52.063 53 720 52.153 52.678
IHSS Pahokee 38.220 to
Peat 6 51.432 54 154 49.714 51.267
Carbon 73.264  to
(Lampblack) 6 92.830 109.495 92.027 92.487
Mt. St. Helens 64.380  to
Ash Immersion 5 69.771 78382 70.696 69.492

The calculated contact angle values differ greatly in range from those reported in
Eastwood et al. (2008) for deposition onto mineral dust. Although two different
heterogeneous mechanisms are being examined and different IN compositions are being
used, both our data and the data from Eastwood et al. (2008) are calculated using

classical nucleation theory and should agree somewhat. The discrepancies are primarily
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due to the calculation and use of experimental nucleation rate values by Eastwood et al.
(2008), which range from 1 cm™ sec™ to 22000 cm™ sec”. The authors calculate their
experimental heterogeneous nucleation rates based on the estimated number of ice
crystals observed, the estimated surface area available for deposition, and the observation
time, and then they solve for /' by substituting their estimated rates into the classical
nucleation theory equations. We find our f values by employing the Shaw et al. (2005)
fitting technique, which has inherent limitations that can be seen in the curve fittings in
Figures 11 and 12, but the results are still of significant value to this study. As we have
stated, any result that is derived by applying classical nucleation theory to heterogeneous
processes inherently has great amounts of uncertainty attributed to it, and this is the case
with both the values in Table 3 and the values derived by Eastwood et al. (2008). The
discrepancies may indicate that classical nucleation theory cannot adequately describe
deposition, contact, and immersion freezing, or that one or more assumptions used by

Eastwood et al. (2008), or by us, is more appropriate.
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5. CONCLUSIONS AND IMPLICATIONS

In this study, the contact and immersion freezing temperatures of droplets induced
by atmospherically relevant aerosols are measured. This study provides a direct
comparison between the ice nucleating efficiencies of two heterogeneous ice nucleation
mechanisms, as well as direct comparisons between three different IN compositions for a
particular mechanism: Carbon (Lampblack), Mount St. Helens Volcanic Ash, and IHSS
Pahokee Peat Soil II. In our comparison of contact freezing versus immersion freezing
using volcanic ash as the IN, we observed an average contact freezing temperature of -
11.2 °C + 1.0 °C and an average immersion freezing temperature of -18.3 °C + 2.0 °C. In
both experimental results and qualitative analysis of heterogeneous ice nucleation theory,
we supported the conclusions of Shaw et al. (2005) and Durant and Shaw (2005), which
called for a broadened definition of contact freezing to include the surface-initiated
freezing caused by an IN being in constant contact with the surface of a water droplet. In
our comparison of three IN compositions using the same heterogeneous mechanism,
Pahokee Peat Soil II particles were the most effective IN with an average contact freezing
temperature of -10.5 °C + 1.8 °C, followed by Mount St. Helens volcanic ash with an
average contact freezing temperature of -11.2 °C £ 1.0 °C, and then carbon (lampblack)
with an average contact freezing temperature of -25.6 + 3.4 °C.

This is the first study of mechanism-specific freezing events that involves
aerosols such a variety of well-characterized compositions as explored here. We found

that, in terms of IN efficiency, peat soil raised the freezing temperature of a water droplet
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the most, followed closely by volcanic ash. Carbon (lampblack) particles were the most
hydrophobic particles included in the study and were found to be the least active as IN.

In our application of classical nucleation theory to our data set, we further
characterized the nucleation efficiency of each IN type and mechanism by finding f
values for each experimental group. In comparing these values, we found further
evidence for a large difference in nucleating efficiency between immersion freezing and
contact freezing. We also found further quantification of the nucleating efficiency of
three different IN compositions under the contact freezing mechanism. These results
were then extended to heterogeneous nucleation rates and contact angle values.

Better data on the temperatures at which heterogeneous ice nucleation occurs can
lead to much better cloud models, which can produce much better models regarding
Earth’s radiative budget. Measurements of exactly how well a certain type of aerosol
acts as an IN are also needed to characterize the relative impacts of anthropogenic
aerosols on atmospheric processes that have an effect on Earth’s climate. The numerical
parameters found in our analysis of the freezing point data can assist atmospheric
modelers in more accurately characterizing the processes of heterogeneous ice nucleation
in the atmosphere.

Further, our study attempts to isolate single heterogeneous ice nucleation
mechanisms in order to assess their characteristic nucleating abilities.  Few
heterogeneous ice nucleation studies have done this, yet it is vital that we have individual
mechanism properties in order to understand ice nucleation in the atmosphere. We
believe that our data set provides some key pieces of information to atmospheric

scientists that may allow for a better understanding of atmospheric ice nucleation.
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APPENDIX A

The following appendix outlines the methodology behind a very simple optical
technique used to verify the location of a nucleating particle implanted into a sessile
water droplet on a horizontal surface. To determine the position of an implanted
nucleating particle within a water droplet, we used a simple optical technique that
exploited the distinct focal plane associated with compound light microscopes. This
technique utilized a boom-mounted compound microscope set in a horizontal orientation.
Such a configuration allowed the droplet to be viewed from the side, placing the focal
plane perpendicular to the horizontal glass microscope slide on which the droplet resided.
Thus by adjusting the focus on the microscope, it was possible to intersect the focal plane
with the droplet as was previously depicted in Figure 2. Because of the well-defined
focal plane offered by the microscope, quantitative measurements of particle position
within a given droplet were possible. This was accomplished by orienting the
droplet/particle system such that the particle was between and collinear with the center of
the droplet and the objective lens, establishing a reference focal plane location within each
droplet and then finally moving the focal plane until the particle was brought into focus.

The distance traversed by the objective lens during this process was measured by
gradations on the microscope's fine focusing unit (to the nearest 0.001 mm) and used to

determine the position of the particle relative to the reference focal plane within the

droplet.
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Figure 13: A slightly more complex illustration of our optical particle-locating method is
shown here.

The overall concept associated with this approach is illustrated in Figure 13. Due
to the semi-spherical shape of a given droplet of radius R, focusing on the center plane of
the droplet at x = 0 proved to be the most reliable choice for the reference focal plane.
And because the working distance of the objective lens, L, is constant, it follows that the
distance traversed by the lens to bring the immersed particle into focus must be equal to
the distance between the reference and particle focal planes given by €. It should be noted
that € represents the distance from the reference focal plane to the edge of the particle
closest to the outer edge of the droplet (or alternatively, the edge closest to the objective
lens). Based on this methodology, we were able to verify whether or not a particle was
partially or completely immersed in a given water droplet. Assuming that the droplet

radius R is known a priori, a particle known to be much smaller than the droplet itself can



be considered fully immersed so long as € <| R |.
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