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Abstract The onset of the aggregation process of frozen droplets was investigated in laboratory
settings. The experiments were conducted in a cloud chamber controlled at temperatures cooler than
—40°C, where pure water droplets freeze spontaneously without the need for ice nucleating particles. We
present laboratory evidence supporting that the aggregation process can occur for frozen droplet sizes
around 10 um in diameter and at concentrations observed in the cloud chamber of 70 + 20 cm ™3, which
can be found in some regions of anvil cirrus. The characteristics and morphology of the aggregates
were examined in detail. Additional experiments performed with electrically charged droplets show that
the aggregation processes can be significantly accelerated, suggesting that the mechanism of collision and
adhesion could be related to electrical forces generated by different charge distributions or dipole
interactions between the interacting ice surfaces. The current work aims at advancing our fundamental
understanding of the aggregation process of frozen droplets, which is necessary for understanding the
cloud microphysical processes.

1. Introduction

Jensen et al. (2009) and Lawson et al. (2010) show measurements of small ice particles reaching concentra-
tions of tens per cm™> near convective turrets in anvil cirrus. These particles can absorb/emit infrared thermal
radiation and absorb/scatter solar radiation; thereby, they play a key role in the radiative energy budget of
the Earth (Liou, 1986; Lynch et al., 2002).

Vigorous continental convective storms can generate anvil cirrus that resides high in the troposphere (Salby
etal, 1991; Sassen et al., 2008). There is observational evidence that homogeneous nucleation in deep con-
vection may be a significant source of frozen droplets to the upper levels of the troposphere (Heymsfield
et al.,, 2009; Lawson et al., 2010; Rosenfeld & Woodley, 2000). In fact, the supercooled cloud droplets are lifted
in strong updrafts and frozen when they reach heights above the —38°C isotherm.

There is extensive evidence that homogeneous nucleation in deep convection could produce high
concentration of frozen droplets in clouds, which could lead to the formation of aggregates of frozen dro-
plets. Gayet et al. (2012) reported unusually high values of ice particle concentrations (up to 70 cm™3) near
the top (~11,000 m) of an overshooting convective cell over continental areas in Europe, which confirms
the availability of cloud droplets to be carried up to regions colder than —38°C.

The aggregation process involves collision and adhesion of ice particles and produces an enhancement of
the growth rates and sedimentation of the particles.

Early in the second half of the last century, it was thought that the aggregation process could only occur at
temperatures above —25°C. Hosler et al. (1957) studied experimentally the aggregation of ice crystals collid-
ing with an ice sphere and found that at ice saturation no aggregation occurred at temperatures below
—25°C. Hobbs and Mason (1964) made a study of aggregation of single crystal and polycrystalline ice spheres.
They used particles of 50-700 um in diameter, and a temperature range of —3 to —20°C, in air at atmospheric
pressure. They suggested that the growth of the initial neck, formed in the contact area, is controlled by the
vapor supply from areas close to the neck and concluded that vapor transport is the dominant mechanism.
However, Kikuchi (1972) analyzed the rate of growth of the ice neck between natural aggregated frozen
cloud particles and concluded that the aggregation mechanism was not only by evaporation-condensation
but also by volume diffusion and plastic or viscous flow.

In situ studies have reported observations of aggregation of ice particles at temperatures colder than
—25°C. Thuman and Robinson (1954) collected ice fog particles in the Fairbanks area, Alaska. Microscopic
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examination of the slides collected in this study showed aggregation of quasi-spherical droxtals with a mean
diameter of 13 um, at surface temperatures around —40°C. Kumai (1966) showed examples of aggregation
of two natural ice fog crystals of 10 um diameter at air temperature around —40°C observed in Fairbanks.
Kikuchi (1972) reported photographs of sintered frozen cloud particles observed at around —25°C in
Syowa Station, Antarctica.

However, Schmitt et al. (2013) carefully observed that there was no aggregation in the free atmosphere in
polar regions. They studied the microphysical properties of ice fogs measured in the Fairbanks region at
—30°C and colder and found that most of the observed particles smaller than 10 um were quasi-spherical
droxtals and noted that the droxtals aggregation observed in the images were not aggregated in the air
but came into contact after collection. These results suggest that the previous observations of aggregation
in polar regions were probably the result of particles falling on top of one another.

Heymsfield (1986) and Kajikawa and Heymsfield (1989) observed aggregation of ice crystals in cirrus at tem-
peratures between —30°C and —45°C. More recently, Lawson et al. (2003), Connolly et al. (2005), Gayet et al.
(2012), and Stith et al. (2014), using aircraft instrumentation, observed chains of frozen droplets in several
locations and also found evidence that the aggregation process can occur at temperatures of —40°C
and below.

Latham and Saunders (1967) measured the force required to separate two ice spheres in the presence of an
external electric field (E). They found that the force increased rapidly with increasing E and suggested that the
rate of growth of snowflakes in a cloud by means of ice crystal aggregation can be markedly enhanced if the
cloud is highly electrified. It was hypothesized that the aggregation processes occurring at low temperatures
is due to electrical forces in the clouds (Connolly et al., 2005; Lawson et al., 2003). However, the primary
mechanism to explain aggregation process and its link with electrical forces has not been elucidated yet.

Here we present new laboratory results, which extend the number of observations of frozen droplets
aggregates for temperatures <—40°C. In this work, the onset of the aggregation process of frozen droplets
was closely examined and analyzed for the purpose of inferring the controlling factors in the processes.
The knowledge of the aggregation processes of frozen droplets is necessary for understanding the cloud
microphysical processes.

Laboratory studies have the great advantage of being able to control and characterize the environmental
conditions, under which the experiments are performed. In addition, the processes on the scale of the tens
of microns can be discerned in good detail, which is very difficult for the instruments used for airborne, in
situ measurements.

2. Experimental Method

The current set of experiments was carried out in the Atmospheric Physics Laboratory of the University
of Cérdoba, Argentina, where the altitude is ~470 m above sea level. The tests were conducted in a
thermostated cloud chamber of 170 L of capacity with temperature control down to —50°C and at
atmospheric pressure.

A cloud of water droplets was generated outside the cloud chamber by condensation of water vapor, pro-
vided by a boiler connected to a controlled power output. This vapor creates the cloud of water droplets,
which is conducted into the chamber. The water used in all experiments was prepared from a Milli-Q. After
being introduced, the droplets reach the temperature of the chamber (<—40°C) and then they sponta-
neously begin the freezing process until the drop is completely solidified. It can be estimated that the ther-
malization and freezing times for a droplet of 10 um in diameter are around 10~® s and 1073 s, respectively
(Johnson & Hallett, 1968). Thus, for all practical purposes it can be assumed that an ice cloud is immediately
formed after the droplets are introduced inside the chamber. Controlling the injection time, it is possible to
control the cloud density in the chamber. A thermometer was fixed to continuously monitor ambient
temperature inside the cloud chamber. Initially, the droplets were generated outside the cloud chamber in
order to be sure that we work with liquid droplets that subsequently freeze upon entering the chamber at
temperatures <—40°C. Otherwise, if the vapor is introduced directly into the chamber, ice particles could
form without passing through the liquid phase, and they do not hold the typical spherical shape of the frozen
droplets that we want to analyze.
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N= 557 Samples of the ice cloud were obtained at different times by taking plas-

Dinean = 9.0 pm tic replicas of the cloud with a glass microscope slide (Schaefer, 1956). In
6 =2.6pm this technique, the particles are allowed to immerse into a solution of
polyvinyl formal resin (Formvar) dissolved in a solvent (chloroform).

The solvent then evaporates leaving the ice particles encased in the
plastic film. The ice particles evaporate through the film leaving hollow
plastic replicas, which exactly reproduce the shape and size of the origi-
nal particles. These replicas can then be examined under microscope at
room temperature and digital images are taken with a digital camera.
The collection was performed by pumping out 4 L air volume from the
chamber into the coated glass slide. The smallest particle size that can
— be identified with this technique is ~2 pm.

Diameter (um)

3. Results and Discussion

Figure 1. Size distribution of cloud droplets formed by condensation of Plastic replicas were taken before the injection of the cloud droplets in

water vapor.

order to check the absence of spurious particles inside the chamber.
Each test lasted approximately 6 min, and the cloud was sampled in
intervals of about 1 min.

The droplet sizes ranged from 2 to 20 pm, while the average diameter and the standard deviation were
9.0 um and 2.6 um, respectively. Figure 1 displays the histogram of the droplet size distribution; the single
frozen droplets on the plastic replicas were measured to build the histogram. This spectrum shows that
the droplets used in this study could be representative of those found in real clouds (Rosenfeld et al., 2006).

Besides the frozen droplets with the typical spherical shape, it was observed that the ice cloud samples also
included some irregular-shaped particles. Likely, the irregular particles belong to ice particles grown directly
from the vapor phase on ice nucleating particles (INPs), that is, through the deposition nucleation mechan-
ism. During the experiments, natural INPs can be activated due to the vapor pressure is raised due to warm
humid air (at ambient temperature) enters into the chamber together with the droplet cloud.

Figure 2 shows the photographs of typical ice particles found on the replicas belonging to an experiment car-
ried out at T= —(46 £ 1)°C. In the figure it is possible to identify the following varieties of ice particles: single
frozen droplets, ice crystals grown by vapor deposition, droplet-droplet aggregates, crystal-droplet aggre-
gates, and crystal-crystal aggregates. A photograph of a circular region of the replica with typical ice particles
found in the above mentioned experiment can be observed in Figure 2a. Single frozen droplets, some of
them with a smooth spherical surface, the other ones with protuberances on their surfaces, can be seen in
Figure 2b. Pure aggregates of single frozen droplets, most of them composed of two or three frozen droplets,
are shown in Figure 2c. Ice particles like hexagonal plates, columnar ice crystals, dendrites and sector plates,
and other asymmetric ice particles are observed in Figure 2d. Pure aggregates of ice particles mentioned in
Figure 2d are shown in Figure 2e. Finally, mixed aggregates of single frozen droplets with particles mentioned
in Figure 2d can be seen in Figure 2f.

The particles shown in Figure 2 were sampled 60 s after the cloud injection. In general, we observe that the
number of aggregated particles is incremented with time, as well as the number of the aggregates with more
than two droplets increases with time. Nevertheless, we cannot rigorously study the temporal evolution of
the droplet population because the larger particles rapidly fall to the floor of the chamber.

The particle concentration was estimated quantitatively by passing a known volume of the cloud over the
glass slide. The concentration during this experiment was estimated at (70 + 20)10® particles L™, which
belongs to an ice water content ~0.03 g m~>. These estimates consider a monodisperse particle size distribu-
tion with diameter equal to the average diameter shown in Figure 1. Higher values of the concentration of
small ice particles were found near the top of convective cells when compared with values of cirrus at similar
temperatures. For instance, Gayet et al. (2012) reported concentrations of small ice particles between (20 and
70) x 103 L™ " in overshooting convective cells for temperatures around —50°C, while the concentration
within surrounding cirrus cloud was ~6 x 10® L™". Concentrations of small ice particles between (50 and
100) x 10 L™" have been also measured near the top of tropical convection by Knollenberg et al. (1993)
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Figure 2. Examples of ice particles captured during an experiment at T = —(46 + 1)°C. (a) A typical photograph of the
collected sample. (b) Single frozen droplets. (c) Droplet-droplet aggregates. (d) Ice crystals grown by vapor deposition.
(e) Crystal-crystal aggregates. (f) Crystal-droplet aggregates.

and Heymsfield et al. (2005, 2006). The ice particle concentrations used in this work are higher but of the
same order of magnitude as found in anvil cirrus, but not in synoptic cirrus.

It is important to remark that practically in all the aggregated particles observed on the Formvar samples, the
contact occurs on the surfaces of each one of the involved droplets. Superimposed droplets are not observed
as would be expected in the case in which they were coupled after collection of particles on the Formvar. This
is a clear indication that the frozen droplets do aggregate in the free air and do not come into contact after
collection as noted by Schmitt et al. (2013) in ice fogs measured in the Fairbanks.

In the case that the droplet number concentration is incremented, the number of collisions between the
frozen droplets is expected to increase; thereby, aggregates with larger droplet number and more complex
particle shapes should appear with a larger frequency. Figure 3 shows the photographs of different types of
aggregates found for an experiment where the droplet number concentration was deliberately incremented
by almost one order of magnitude [~(50 + 20)10% L] with respect to the previous measurement. The run
was performed at T = —(43 £ 1)°C. The varieties and morphologies of the frozen droplet aggregates found
in this experiment were similar to the CPl images of particles encountered by Connolly et al. (2005) and
Stith et al. (2014) and displayed by Stith et al. in their Figures 5-7 and 14. According to their classification
of aggregates, simple forms, primary linear chains, heavily branched, and internally mixed aggregates could
be sampled and identified in the above mentioned experiment of the present work, and they are shown in
the Figure 3. These results suggest that the concentration of particles is a very relevant factor for the forma-
tion of aggregates that explains why aggregation of small frozen drops and ice crystals is mainly found in the
tops of continental thunderstorms (Connolly et al., 2005; Lawson et al., 2003).

In order to study the physical mechanism responsible for the aggregation process, another cloud production
method was used. The water droplet cloud was now generated from an ultrasonic nebulizer. Electrical charge
is separated when a liquid surface is disrupted by nebulization, so that electrically charged water droplets
were generated by using typical clinical nebulizers (Bailey et al., 1998; Saini et al., 2007). This observation is
generally supported by our earlier measurements. In fact, we have performed laboratory experiments where
simulated graupel pellets were grown by accretion or riming of supercooled water drops. Riming occurred on
a fixed collector of millimeter size, which is connected to a sensitive current amplifier capable of detecting
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Figure 3. Images of chain aggregates found for a measurement performed at T = —(43 + 1)°C and droplet concentration ~(50 + 20)104 particles L

electrical currents larger than 1 pA. We observed that the accretions of supercooled water droplets generated
by nebulizers produce an oscillating electric current and an increment of the electric noise. On the other
hand, the accretions of supercooled water droplets generated by condensation do not produce electric
current nor electric noise on the collector. The occurrence of the electric noise and oscillating current is a
clear indication that the droplets generated by the nebulizers are charged with both signs. However, in
those experiments we did not measure the magnitude of the charge carried by individual droplets, so that
we appeal to data from the literature, which unfortunately are very scarce. Chow and Mercer (1971)
measured the charges on droplets produced by atomization for different concentration of sodium
chloride-uranine solute in water (0.1%, 1.0%, and 10%). They showed that the number of elementary
charges on the droplets depends on the droplet size and for a concentration of 0.1% they found that the
number of elementary charges on the droplets (n) can be estimated as n = 4.8d°° where d is particle
diameter in microns. They estimated that about 20 elementary charges can be carried per droplet up to
10 um in diameter; the droplets can carry charges of both signs. This result is not directly applicable to the
current results because the nebulizer was used with pure water (Milli-Q), but it could give an idea of the
order of magnitude of the charge per droplet. For comparison with droplets formed by condensation,
Allee and Philips (1959) measured the cloud droplet charge in natural supercooled clouds, and they found
that droplets of 10 um in diameter carried in average five elementary charges per droplet, being the
charge distribution symmetric about zero charge.

Thus, the effect of the presence of electrically charged droplets on the aggregation process was analyzed.
Figure 4 displays the droplet size distribution of the cloud generated by the nebulizer. The water droplet sizes
ranged from 2 to 16 um, while the average diameter and the standard deviation were 7.4 um and 2.1 um,
respectively. Figure 5 shows pictures of the particles found on the replicas belonging to an experiment
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Figure 4. Size distribution of cloud droplets formed by ultrasonic nebulizer.

Figure 5. Images of collected cloud particles generated by an ultrasonic

nebulizer.

Diameter (um)

carried out with a cloud droplet generated with a nebulizer at
T = —(43 = 1)°C. The particle concentration during this experiment was
estimated as (60 + 20)10° particles L™".

Table 1 displays the results obtained in experiments working with the
ultrasonic nebulizer and with water condensation. The table lists the
temperature range, the initial concentration of frozen droplets (C,),
the number of single frozen droplets and the number of aggregates
with 2, 3, 4, and >4 frozen droplets counted in each experiment. Only
single frozen droplets and droplet-droplet aggregates were considered
in this analysis. It can be observed that in the experiment working with
the ultrasonic nebulizer, the ratio between the total number of aggre-
gates (two or more frozen droplets, N,) to the number of single frozen
droplets (Ngq) is significantly higher than in the case without nebulizer.
In fact, Ny/Ngg ~ 0.32 in the case with nebulizer and N,/N,; ~ 0.07 in
the case without nebulizer. It is plausible to assume that the enhanced
ability for aggregation is due to the effect of the electrical charge carried

by the droplets generated by the nebulizer. Ice consists of polar water molecules that can interact with other
substances containing polar molecules. There is theoretical and experimental evidence about the existence
of a surface charge on ice; this surface charge can interact with another surface; particularly, it is reasonable to
assume that two charged surfaces can generate electrostatic interactions. Therefore, there is a real possibility
that two ice particles come into contact and adhere due to electrical forces generated by different charge

s

20um ‘L), O

o
~

distributions or dipole interactions between their surfaces; even in the
case that both particles can be electrically neutral as in the case of the
droplets produced by condensation. Certainly, the probability of colli-
sion and adhesion will be enhanced if the particles are charged, as in
the case of the droplets generated by the ultrasonic nebulizer. We can
assume that each one of the nebulized droplets with enough electric
charge produce an attractive force to a neighbor neutral droplet, due
to the interaction between the droplet charge and the electric dipole
induced on the neutral droplet. Schlamp et al. (1979) found that the col-
lision efficiency between droplets of about 20 um in diameter charged
with 5 x 1078 esu (~100 elementary charges) of opposite sign may be
raised by more than 30% respect to uncharged droplets. They con-
cluded that in the absence of an external electric field, electric charges
of opposite sign residing on drops invariably raise the collision efficiency
of the drops with the increase most pronounced for the smallest drops.
These results are also in agreement with the results reported by Latham
and Saunders (1967) who found that crystal aggregation can be mark-
edly enhanced if the cloud is highly electrified.

Actually, aggregation of frozen droplets in nature should occur in pre-
sence of electric fields (E) rather than by charging of drops (Saunders
& Wahab, 1975). In highly electrified thunderstorms, the electric field
can induce dipoles on the droplets that can favor the aggregation
mechanism through dipole-dipole interactions between neighboring
droplets, similar to what happens with the charged frozen droplets in
our experiments.

In order to analyze whether or not the aggregation process occurs with
preferential or selected droplet sizes, a comparison between the droplet
size distribution of single and aggregated droplets was performed.
Figure 6 displays the size distribution of the single frozen droplets
(Figure 6a) and the size distribution of the individual frozen droplets in
the aggregates (Figure 6b) for cloud droplets formed by vapor conden-
sation. Droplets aggregated with ice crystals were also considered in this
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Table 1

The Temperature Range (T), the Initial Concentration of Droplets (C,), the Number of Single Frozen Droplets and the Number of Aggregates With 2, 3, 4, and >4 Droplets
Counted in Each Experiment Performed With the Ultrasonic Nebulizer and With Water Condensation

(@ Single Two droplets Three droplets Four droplets >4 droplets
Method T(°Q) (particle/L) droplets aggregates aggregates aggregates aggregates
Condensation —(46 £ 1) (70 = 20)103 557 34 3 1 2
Nebulization —(43£1) (60 = 20)103 374 70 25 8 16

analysis, in order to have a larger number of droplets. The same comparison was made for droplets formed by
the ultrasonic nebulizer (Figures 6¢c and 6d). The existence of statistically significant differences between the
size distribution of the single frozen droplets and the individual frozen droplets in the aggregates was
determined with the chi-square test with a significance degree p < 0.05.

The size distribution of frozen droplets formed by the nebulizer and undergoing the aggregation process has
more than 45% of droplets <6 pm, while the percentage of single frozen droplets <6 pm is less than 28%.
Similarly, the size distribution of frozen droplets formed by condensation and undergoing the aggregation
process has about 30% of droplets <6 pm, while the percentage of single frozen droplets <6 um is less than
20%. These results suggest that the size distribution of frozen droplets undergoing the aggregation process
has a larger proportion of small droplets (<6 um) than the size distribution of the single frozen droplets, both
for droplets formed by condensation and for droplets formed by the nebulizer. The average droplet dia-
meters calculated in each case confirm this trend. In fact, the mean droplet diameter of single frozen droplets
for droplets formed by vapor condensation and nebulizer were 9.0 um and 7.4 um, respectively, while the
mean droplet diameter of aggregate droplets formed by vapor condensation and nebulizer were 8.2 um
and 6.6 um, respectively. This result could be a consequence of the process of collision and adhesion con-
ducted by electrical forces, which may be improved for smaller and lighter frozen droplets.

Water condensation droplets Ultrasonic nebulizer droplets

35

|E| N= 557
807 ™  Dpew=9.0um

© =2.6um
25 H

20

%

35

IEI N=174
307 Dinean = 8.2Um
251

201

%

o 2 4 6 8 10 12 14 16 18 20
Diameter (um) Diameter (um)

Figure 6. Size distribution of (a) single cloud droplets formed by condensation of water vapor. (b) Aggregated frozen
droplets formed by vapor condensation. (c) Single cloud droplets formed by ultrasonic nebulizer. (d) Aggregated frozen
droplets formed by ultrasonic nebulizer.
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4, Summary and Concluding Remarks

This study reports laboratory measurements of the onset of the aggregation process of frozen droplets. The
experiments were carried out for temperatures <—40°C, where the pure water droplets freeze spontaneously
without the need for INPs. It was found that the aggregation process can occur for frozen droplet sizes
around 10 pm in diameter and at concentrations of 70 + 20 cm >, particle concentrations this high can be
found in some regions of anvil cirrus. Studies of the aggregation process of frozen droplets are important,
because it involves an enhancement of the growth rates and sedimentation of the particles, which play a
key role on the lifetime of clouds that reside high in the troposphere.

Subsidiary experiments performed with electrically charged droplets show that the aggregation processes
can be significantly improved, suggesting that the mechanism of collision and adhesion could be related
to electrical forces generated by different charge distributions or dipole interactions between the interacting
ice surfaces. It was observed that the aggregation process preferentially involves small frozen droplets, con-
sistently with the idea that the electrical forces lead the process of collision and adhesion.

The current work aims at advancing our fundamental understanding of the aggregation process of frozen
droplets, which is necessary for understanding the cloud microphysical processes and for climate modeling.
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