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ABSTRACT

A 1.2 m3 continuous slow-expansion cloud chamber was used to simulate natural, liquid cloud formation
on soluble cloud condensation nuclei (CCN). Droplet freezing was observed during continued simulated adiabatic
ascent and cooling to —40°C. Sharply increasing ice nucleation rates were observed between ~34° and —39°C,
independent of the chemical composition of three CCN used. From the experimental data, nucleation rates are
estimated assuming a homogeneous-freezing mechanism. It is concluded that homogeneous-freezing was observed.
The results are compared to other laboratory and field studies. These results compare most closely with values
calculated from data taken in real clouds and should be relevant to ice formation in cirrus clouds.

1. Introduction

In the atmosphere, cloud droplets typically freeze as
the result of a heterogeneous nucleation process. How-
ever, when ice nucleating aerosols are scarce, cloud
droplets may supercool to temperatures of —35°C or
colder, and nucleation of ice may ultimately occur ho-
mogeneously in solution droplets. Spontaneous freez-
ing has been treated by fluctuation theory (e.g., Prup-
pacher and Klett 1978; Heymsfield and Sabin 1989),
and has been studied in the laboratory (Pruppacher
and Klett 1978; Butorin and Skripov 1972; Hagen et
al. 1981; Taborek 1985) and in the atmosphere (Sassen
and Dodd 1988). Theory predicts that the homoge-
neous nucleation rate in water drops J;; (cm ™ s7!)
increases sharply with decreasing temperature. Exper-
imental estimates of J;, versus temperature have been
derived from laboratory studies that utilized a variety
of techniques, most of which required that artificially
prepared droplets or emulsions be supported, in a me-
dium other than air. Experimental values for suspended
droplets summarized by Butorin and Skripov agree
reasonably well with Taborek’s results for emulsions,
but are about 102 higher than theoretical values given
by Pruppacher and Klett. Hagen et al. studied the
freezing of very small and freely suspended pure water
droplets produced by rapid expansion of humid air to
temperatures below —40°C. Their extrapolation of J;
to temperatures warmer than —40°C gave values as
much as 10 higher than theory. Sassen and Dodd used
in situ and polarization lidar observations in cirrus
clouds and comparisons to a numerical model to es-
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timate Jj, as approximately 10° times higher at —35°C
than theory. They noted the discrepancy with labora-
tory results. However, no experimental data have been
obtained from which Jj; can be estimated for droplets
formed naturally in air on CCN under simulated, re-
alistic atmospheric conditions. The studies reported
here were conducted to provide this information.

This paper describes simulations that were per-
formed in the Colorado State University dynamic
(controlled-expansion) cloud chamber. Our experi-
ments examined the freezing of large populations (on
the order of 10®) of freely suspended cloud droplets of
varying concentrations, sizes, and initial CCN chem-
istry as temperature and pressure were lowered.
Aqueous solution droplets formed during the simulated
slow-adiabatic expansional-cooling of an air parcel. Ice
nucleation rates were estimated and are compared to
selected results from earlier studies.

2. Experimental design
a. Instrumentation and related considerations

The basic characteristics of the CSU dynamic cloud
chamber in the configuration used for these experi-
ments have been described by DeMott (1988). Addi-
tional details are provided here. A cross-section of the
chamber is shown in Fig. 1. The chamber consists of
a 1.2 m3 test volume inside a perforated (with small
holes) cylindrical copper chamber; wall temperature
effects are minimized by circulating temperature con-
trolled fluid through copper tubing that is soldered to
the wall. The copper cylinder is enclosed by a thermally
insulated stainless steel pressure vessel of 2 m? volume,
This volume is evacuated to simulate adiabatic cooling.
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FiG. 1. Schematic diagram of CSU-controlled expansion (dynamic)
cloud chamber, as configured for this study. See text for details.

The temperature of the copper cylinder is controlled
to match the adiabatic expansion-cooling of the air.
Evacuation control, temperature control, and data ac-
quisition are done by microcomputer. Data are re-
corded at 15 s intervals. Pressure and temperature con-
trol are based on equations for dry and moist adiabatic
expansion. Air temperature, pressure, humidity, cloud
droplet sizes and concentrations, and ice crystal num-
bers settling from the volume are measured in time.

Temperature is measured continuously using an ar-
ray of ten copper-Constantan thermocouples (0.508
mm wire) located on the inner liner and two faster
response (0.0254 mm wire) thermocouples (TA1, TA2
in Fig. 1) located 25 c¢m into the air volume from the
inner wall. Temperature uncertainty is 0.2°C. Pressure
is measured with a strain guage-type transducer. Sen-
sitivity is 0.5 mb at room pressure (~850 mb). Hu-
midity is measured with two optical condensation-type
dewpoint hygrometers.

Cloud droplet sizes and concentrations are measured
with a Particle Measuring Systems (PMS) FSSP-100.
A small funnel shaped glass tube protrudes 10 cm into
the cloud volume and draws cloud air into the FSSP.
The sample inlet necks down to 0.65 mm, and with a
sampling rate of 0.4 L min~!, the flow accelerates to
20 m s~!. This stream is combined with an isokinetic
sheath flow and is directed through the center of the
laser beam. This sampling system has a number of ad-
vantages and avoids some of the measurement prob-
lems associated with these instruments when they
sample the free air-stream from aircraft (Dye and

Baumgardner 1984; Baumgardner et al. 1985; Cooper
1988). The sample volume in our FSSP system is de-
termined by the size of the laser beam (constant ~0.2
mm), the depth of field (DOF), and the air speed
(constant). In aircraft FSSP systems, the DOF and the
air speed can vary: the DOF is determined with a com-
bination of optics and electronics and is typically 2 to
3 mm. With an FSSP sampling in the free stream, there
are many droplets outside the DOF, and they can pro-
duce significant coincidence errors in the droplet-size
measurements (Cooper 1988). However, in our sys-
tem, the DOF is defined by the size of the airstream
(0.65 mm) carrying the droplets. This air stream is
centered in the optical DOF; there are no droplets out-
side the DOF. The isokinetic sheath flow keeps the
edges of the droplet stream intact. This was verified
with smoke tests. The particle stream velocity is higher
than the minimum required, yet is well below the ve-
locity where size corrections become necessary for this
factor (Cerni 1983). At the same time, the volume
sample rate of approximately 1 cm? s™! results in par-
ticle transit rates of 1 to 103 s~! in most experiments,
well below the 10° s™! value for which coincidence
errors become important to measuring concentrations
(Dye and Baumgardner 1984; Baumgardner et al.
1985; Cooper 1988). There are unavoidable, inherent
sizing uncertainties for all FSSP probes which partic-
ularly occur in the 1 to 10 um range of particle sizes
due to the behavior of the Mie scattering function there
(Pinnick and Auvermann 1979). Multiple Mie peaks
for droplets below 10 um can lead to uncertainties as
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large as a factor of 2 to 3 in diameter. The uncertainty
introduced for the clouds measured and calculations
made in this study are discussed further in the next
section.

Ice crystals are detected by a laser-based detection
device similar to that of Lawson and Stewart (1983).
A primary difference, however, is that the instrument
described by Lawson and Stewart uses transmission /
depolarization to detect ice crystals and rolls off to near
zero response for particles smaller than about 75 um.
Our device was configured, instead, to detect single
particles by extinction in a laser beam. Ice crystals
which fall through a 3.8 mm diameter hole on the bot-
tom of the copper liner are collected by a converging
air stream which flows into a funnel-shaped glass sam-
ple tube (10 mm o.d. inlet, 0.7 mm o.d. outlet, flow
15 cm?s™!'). This air stream crosses a HeNe laser beam
(0.7 mm diameter ), which falls on a fast-response solid-
state photo ‘detector. The extinction signal should be
approximately proportional to the particle cross section
area. Experiments have shown that the technique re-
sponds to cloud droplets, ice particles, and electronic
noise. A threshold circuit is used to discriminate against
both noise and small cloud droplets. Cloud droplets
rarely reach sizes larger than 20 to 25 um before settling
out of the chamber, so the threshold is first calibrated
coarsely to detect glass beads of 35 um but not 15 um;
finer adjustments are made to discriminate against
droplets in warm cloud formation tests. The largest
droplets in the experiments described here were 15 um,
so it is unlikely that cloud droplets were mistaken for
ice particles. Other evidence also supports this conclu-
sion (i.e., the FSSP measurements collected simulta-
neously with ice formation). Calibration of the ice
particle counts was made versus “ground truth” col-
lections onto microscope slides. From numerous cal-
ibrations, it was found that the standard deviation in
ice particle counts was about 30% of the total, inde-
pendent of temperature or ice crystal habit. The total
ice-crystal number settled from the chamber was de-
termined by multiplying the ice-particle count by the
ratio of liner bottom-surface area to the sample hole
area. :

A slight measurement lag in detecting freshly nu-
cleated ice crystals occurs because crystals must grow
and settle to the bottom of the chamber. “Instanta-
neous” pulse nucleation tests in the chamber using liq-
uid CO, and dry ice injections into supercooled water
clouds have shown a nearly Gaussian response, peaking
30 to 75 s after nucleation, depending on temperature
and pressure (which affect crystal growth rate and fall
velocity). A deconvolution procedure is used to obtain
the true response from the measured ice crystal signal
(Mage and Noghrey 1972). The finite difference ap-
proximation to the Laplace transform that describes
the relation between the measured ice crystal signal
s1(R) and the actual nucleation response (X ) is given
by,
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n=71/At
> C(n)X(t— nADAt

n=1

R(1) = (1)

where the coefficients C(#n) represent a transfer func-
tion describing the response to a unit impulse of ice
crystals, 7 is the total time required for the unit impulse
to settle from the chamber, and At is a small increment
of time. The transfer function for the procedure in this
paper is based on pulse nucleation results in the —7 to
—12°C temperature range. The ice crystal signal for a
particular pulse nucleation test and the transfer-func-

- tion fit to the data from several of these experiments

are shown in Fig. 2. The results of using the procedure
on experimental data (Az = 15 s) are shown later. The
transfer function has not been exactly determined for
the crystals and conditions existing at homogeneous-
freezing temperatures. The use of the warmer temper-
ature transfer function is justified since crystal fall
speeds are similar at the colder temperatures and lower
pressures. In order to assess the significance in decon-
voluting the data, we used the crystal growth and fall
equations of Rogers and Vali (1987) to estimate how
long it takes for growing crystals to fall out of the
chamber. For example, let us hypothesize two droplets
that bracket the extremes of observed size, 1 um and
15 um diameter. Let these droplets freeze at —35°C
and 400 mb at the top of the chamber. They then grow
and sediment in a water-saturated environment. The
15 um droplet falls 180 ¢cm to the bottom of the cham-
ber 84 s later as a solid ice column 32 um long (the
change from spherical to columnar habit is assumed
to occur at 20 um). The 1 um droplet takes 108 s and
is also 32 um long. If these droplets start from the mid-
dle of the chamber, the fall times are 55 and 78 s, and
the crystal lengths at the bottom are 26 and 25 um.
These model results suggest that the crystals should be
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FiG. 2. Normalized response of ice particle counter to seeding a
supercooled water cloud at —12°C with a short burst of liquid CO,:
measurements at 15 s intervals (open squares) and smoothed mea-
surements at 1 s intervals (dotted line). The solid line shows the
mathematical function which approximates the response, evaluated
at 15 s intervals. The mathematical function is based on this and
several other tests.
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of detectable size, and if they all nucleated at once,
they should be detected between about 55 and 110 s.
These are similar to the times for crystal growth and
sedimentation in the warmer temperature region where
the transfer function was defined. At this time, we do
not have observations of the crystal sizes or habits in
the cloud chamber, although we are installing a mi-
croscope video camera to provide this information in
the future.

There are clearly uncertainties in trying to decon-
volute the ice-particle flux data. If we do not perform
the deconvolution, there will be two effects: the esti-
mates of nucleation temperature will be too cold, and
the calculations of J; will be too small. The maximum
possible error in nucleation temperature can be esti-
mated from the cooling rate, which is about 1.0°C
min ! for a 2.5 m s™! updraft. From the model cal-
culations and from the liquid CO, tests, the time lag
between nucleation and the first detection of ice is 30
to 60 s, so the temperature error in nondeconvoluted
data will be about 0.5 to 1.0°C. It is more difficult to
estimate the error in J), because the exact duration of
nucleation (for liquid CO, injections) is unknown. If
we estimate this duration as about 2 s, then the error
in J; could be as large as a factor of 15 (the width of
the transfer function, 30 s divided by 2 s). It is im-
portant to deconvolute the data, although the results
will not be drastically different if we do not (values of
Jy, range over five orders of magnitude in our experi-
ments). We are investigating other methods for per-
forming this mathematical correction and for detecting
the nucleation.

In these experiments, a water cloud is quickly trans-
formed (over a few minutes) to an ice cloud, so as
supersaturations drop, cloud drops begin to evaporate
and further ice particle growth is eventually inhibited.
Consequently, at some point during cloud glaciation
the transfer function is no longer valid, since ice growth
rates are inhibited. Therefore, the calculations of nu-
cleation rates were not carried out beyond the point
where cloud droplet concentrations fell below about
50 cm 3. Still, it can be expected that the deconvolution
procedure we used may underestimate the nucleation
rate at the coldest temperatures calculated because
crystal growth slowed in response to lowered saturation
ratio.

b. Procedures

In order to avoid possible effects of impurities on
nucleation, the cloud chamber surfaces and sample
lines were carefully cleaned at the start of the experi-
mental series. Initial conditions for these experiments
used ambient pressure (840 mb) and temperature
{+20°C) air with initial dewpoints between —15°C and
—25°C, and particle concentrations < 0.1 cm ™ as
measured by a condensation nucleus (CN) counter
(Thermo Systems Inc., Model 3020). Peak supersat-
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uration of butanol achieved in the CN counter is
~300%, so concentrations are considered to be the
Aitken particle concentrations. The simulated adiabatic
expansion rate was standardized to 2.5 m s~ (~1°C
min ! cooling) in all experiments. With these condi-
tions, cloud formation occurred between —20°C and
—30°C. The expansions continued until the temper-
ature fell to < —40°C.

CCN were generated by bubbling filtered dry air
through 1% (by weight) solutions of either ammonium
sulfate, ammonium bisulfate, or sodium chloride in
doubly distilled and deionized water. These CCN aero-
sols were polydisperse, having modal diameters near
0.1 um, and concentrations at the start of expansion
were 1000 to 1500 cm 3, Concentrations of particles
produced from bubbling the distilled water with no
dissolved salt were nearly three orders of magnitude
lower. These particles could have contaminated the
experiments by acting as heterogeneous ice nuclei, al-
though the cumulative numbers of ice crystals that
formed in the experiments were far too large (~10%)
to be explained by these few insoluble particles (~10°).
Another source for heterogeneous ice nuclei was the
insoluble trace material in the reagent grade soluble
salts used for CCN generation. Pruppacher and Nei-
berger (1963 ) found “large” but unspecified quantities
of insoluble particles in solutions made with highly
purified water, and noted the potential effect on freezing
of highly supercooled solutions. Manufacturer-specified
insoluble content of the salts used in our experiments
was <0.002% (J. T. Baker Chemical Co., reagent
grade). At this level, it is possible that every soluble
CCN particle generated could potentially contain one
~0.01 pm diameter insoluble particle, although it
seems highly unlikely that the insoluble material would
be distributed in this manner. It can only be noted that
some potential for heterogeneous contamination ex-
isted. However, other experimental results following
contamination by heterogeneous aerosols, and follow-
ing the purposeful use of particles of high insoluble
content as CCN (DeMott 1989) support our assump-
tion that the trace insoluble material had little or no
influence on the results presented here, particularly be-
low —34°C. This is discussed later in this paper. Salt
concentrations in nucleated droplets were less than
1073 molar, which should have no influence on freezing
temperature, except during cloud evaporation at gla-
ciation.

Up to the point of total cloud glaciation, it was pos-
sible to calculate the homogeneous-freezing nucleation
rate Ji; (cm ™2 s7!) from the numbers of ice crystals
formed during discrete time intervals, from cloud
droplet concentration, and from average droplet di-
ameter. That is,

(2)
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where X; is the instantaneous rate of ice crystal for-
mation (number s~!) from (1), ¥, is chamber volume,
and V;and N, are average droplet volume and droplet
concentration, respectively. Equation (1) was applied
at each 15 s data record. This equation is strictly valid
for monodisperse droplets, but it should be appropriate
for large populations of dispersed cloud droplets if the
size distribution is peaked in a narrow range of sizes
about the mean. Uncertainties involved are discussed
in relation to the presentation of experimental data in
section 3. =

3. Resulits

Data from a homogeneous freezing experiment
(ammonium sulfate CCN) are shown in Figs. 3 and 4.
Figure 3 shows time, temperature, cloud droplet con-
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FIG. 3. Plots of time, temperature, droplet concentration, average
droplet diameter, and ice crystals formed s™" as a function of pressure
during a simulated adiabatic expansion. Simulated updraft was 2.5
m s~'. Letters (a, b, ¢, d) refer to points where droplet spectra are
presented in Fig. 5.
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F1G. 4. Instantaneous raw (— @—), smoothed raw (—+-—), and
deconvoluted (top curve) numbers of ice crystals formed, plotted as
a function of temperature. The experiment shown is the same as in
Fig. 3.

centration, average droplet diameter and ice crystals
formed s~' (computed at 15 s intervals) during a por-
tion of the simulation of adiabatic cooling and expan-
sion. Cloud droplet size spectra at selected points are
shown in Fig. 5. Figure 4 shows the instantaneous
number of ice crystals formed as a function of tem-
perature for the same experiment. The raw signal is
distinguished from the deconvoluted signal to show
the effect of the application of the transfer function
described in section 2. The raw signal was smoothed
with a binomial filter to prevent numerical instabilities
in using (1). Notice that ice formation began in this
particular experiment with cloud formation near
—30°C, and generally increased rapidly in rate until
complete cloud glaciation near —38.5°C (395 mb in
Fig. 3).

Initially, nine such experiments were performed.
Droplet concentrations ranged from 50 to 700 cm 3,
and average droplet diameters ranged from 3 to 7 um
at the onset of freezing. The cloud droplet size distri-
butions were characterized by dispersion values near
0.3. The point of cloud glaciation is quite apparent in
Fig. 3. Note that the water cloud rapidly evaporates
after the ice crystal formation rate exceeds ~3 X 10¢
s™L. For all experiments together, the temperature at -
which cloud rapidly dissipated was —37.5 £+ 0.4°C. The
cumulative number of ice crystals formed by —40°C
in Fig. 4 is about 30% of the total number of droplets
originally present; this result was typical (£20%). The
remaining 70% of droplets evaporated. Once rapid gla-
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FIG. 5. FSSP cloud droplet size spectra at various points (a, b, ¢, d) in the experiment shown in Fig. 3.

ciation began, the experiments lost sensitivity to detect
further ice nucleation. It was thus not possible to cal-
culate a median droplet freezing temperature—a pa-
rameter used to characterize the results of many earlier
laboratory studies reported in the literature.

The temperature range in which Jj can be estimated
from the data is approximately —32.5° to —38.5°C.
The results of the computations for the experiment
shown in Figs. 3 and 4 are shown in Fig. 6. Again, the
result without deconvolution is displayed to indicate
the effect and importance of the procedure to the re-
sults. The results shown in Fig. 6 are typical of all nine
experiments, for any one of the three CCN chemistries
we used. No significant or systematic difference in the
temperature dependence of Jj; was found as a function
of CCN chemistry. This result was as expected since
the aqueous solutions present in cloud droplets are
quite dilute (<1073 molar). Results of all tests are
therefore presented together as a single sample scatter-
plot in Fig. 7. Typical J; values measured were 5 X 10°
at —35°C and 5 X 107 at —37°C. Greater spread in
values is noted at temperatures warmer than about
—34°C—which may be a sign of contamination by the
small amounts of insoluble matter than may be intro-

duced with CCN particles—and below —37°C, where

rapid cloud changes due to increasing ice formation
affected the computations.

The uncertainty in calculated values of Ji can be
estimated from uncertainties in measurements of

droplet size and concentration, and ice crystal detec-
tion. As discussed, X; has an associated uncertainty of
30%. Average droplet diameter uncertainty is taken as
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Fi1G. 6. Computed nucleation rate Ji, (cm™3 s~') as a function of
temperature for the experiment shown in Fig. 3. The lower curve is
from the raw ice signal. The upper is from the true (deconvoluted)
signal.
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a factor of 2 to account for the inherent ambiguity of
the FSSP sizing of drops smaller than 10 um. Short-
term temporal changes of up to 30% in N, are evident
in Fig. 3 and may indicate spatial inhomogeneities of
the same magnitude throughout the chamber. The
greatest uncertainty contribution is from the sizing of
cloud droplets. Using these uncertainties in (2), and
standard error propagation methods, we estimate the
uncertainty in Jj, is a factor of 6. This is consistent
with the spread of calculated values in Fig. 7.

It is our assertion that the results in Fig. 7 represent
homogeneous-freezing nucleation rates at temperatures
below —34°C. This is supported by other experiments
we did, where heterogeneous contamination occurred
(purposely in one case and accidentally in the other).
We present these other data here for comparison. Fig-
ure 8 shows the results from the initial experiments
(indicated by points coded as 1’s) compared to the
results for six soluble “CCN only” experiments [ which
were performed after a large series of heterogeneous
ice nucleation experiments using carbonaceous soot in
the chamber, (2)], and three experiments in which
carbonaceous soot particles were forced to act as CCN

-3 -

Jgglem s )

r IV G R UNNS VT U SO SR ST S IO S S S|
-40 -38 -36 -34
TEMPERATURE (°C)

F1G. 7. Summary of results for nucleation rate versus temperature
in nine experiments with three CCN types (O). Theoretical homo-
geneous freezing nucleation rates are shown by solid and dashed
curves denoting various assumed values of interfacial surface tension
i (ergs cm 2). Solid and dashed curves of 0, assume temperature
dependent and constant values, respectively, for the quantities Zyand
AF,, as described in the text.
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(3). The latter experiments are reported by DeMott
(1990). The other CCN experiments were originally
intended to add to the sample size for the study reported
here, but the sample inlet piping was obviously con-
taminated by the soot experiments. The effect of het-
erogeneous nucleation can be seen by comparing the
contaminated results with the initial soluble CCN se-
ries. Note that the results from all three converge at
temperatures below —34°C. Warmer than —32°C, the
nucleation rate shows little dependence on tempera-
ture. Colder than —32°C, the rate increases rapidly and
consistently. This change in rate strongly suggests a
change in the mechanism responsible for ice formation.
The limiting (competing) rate at the coldest temper-
atures is the homogeneous rate; it shows no preference
for the absence or presence of the inert soot particles
in the drops.

The experimental results-obtained in this study are
compared with the results of other experimental studies
in Fig. 9. Uncertainties in J (vertical lines) and tem-
perature (horizontal capping lines) are indicated by
error bars in our experimental results. The slope of the
results for homogeneous freezing nucleation rate in all
studies are similar, but our Jj; are 10" to 10> higher
than Butorin and Skripov (1972) for prepared distilled
water droplets, and more then 103 lower than results
extrapolated for pure water droplets formed by rapid
expansion in the experiments of Hagen et al. (1981).
The calculations of Sassen and Dodd (1988), based
on observations in real clouds, fall within an order of
magnitude on the high side of our results. It is not
obvious why Butorin and Skripov’s purified water
droplets supported in oil or Taborek’s emulsions should
freeze at colder temperatures than freely suspended di-
lute solution droplets.

The results for theoretical nucleation rate are also
compared to our results in Fig. 9. The experimental
rate exceeded the theoretical rate by 103 to 10° over
the temperature range from —34° to —37°C. It is useful
to ask what the values of critical theoretical parameters
would have to be to provide agreement with our ex-
perimental results. After all, the classical theoretical
rates shown in Fig. 9 include assumptions concerning
the interfacial surface tension at the ice-water interface
in a supercooled droplet (o;,), the activation energy
for self-diffusion ( AF, ), and the appropriate value for
the latent heat of fusion (L,). These quantities influence
the nucleation rate in the classical calculation, which
may be written (Pruppacher and Klett 1978)

_ pwkT Tiow 12 —AFq
J= 2Nc( oh )(kT) eXp\

—167ai,

3kT(pr,-ln(T0T“))2] )

X exp[

where N, is the number of monomer molecules adja-
cent to a critical embryo, p; is ice density, p,, is water
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F1G. 8. Comparison of results for J; from Fig. 6 (1) and results after slight heterogeneous
contamination of clouds (2), and in clouds formed on only slightly soluble carbonaceous soot

particles (3).

density, 7 is temperature in °K, 7; is temperature at
the melting point, and /4 and k are Planck’s and Boltz-
mann’s constants, respectively.

Nucleation rate is particularly sensitive to o,,. To
demonstrate this, we assume the temperature depen-
dence for AF,, as given in Pruppacher and Klett, and
we choose p;, p.,, and L, values to be average values
over the supercooling, with temperature dependence
also as given in Pruppacher and Klett. The results over
. the temperature range of our experiments and for a
range of g;_,, values are shown by the solid curves in
Fig. 7. A constant value of 6., ~ 22.5 characterizes
most of the data, although a temperature dependence
is noted. If this temperature dependence is considered,
then o, = 28.6 + 0.167T (°C) characterizes the results
well, using data from below —34°C. Taborek ( 1985),
Butorin and Skripov (1972) estimated characteristic
values for ¢;.,, of 28.6 and 28.3, respectively, over the

same temperature range as our results, but these au-
thors assumed L, to be constant at its value at 0°C,
and they assumed AF, to be constant with tempera-
ture (Taborek gives this a value of 3.4 X 10713 ergs).
Under these assumptions, a value for ¢;_,, of 27.2 can
characterize our results (see dashed curves in Fig. 6).

A Summary

Estimates of the freezing rate of cloud droplets were
made in simulations of the natural formation, growth,
and cooling of an air parcel containing only CCN par-
ticles of soluble salt. Nucleation appears to be by ho-
mogeneous-freezing nucleation of the dilute solution
droplets. Warmer than about —32°C, heterogeneous
contamination produced clearly different results.
Colder than —34°C, all results were dominated by the
homogeneous-freezing process. The nucleation rate
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FiG. 9. Average Jj, versus temperature from this study is plotted
(with uncertainties given by bars) for comparison with results
extrapolated from Hagen et al. (1981) (- - -), from Sassen and Dodd
(1988) (@), from Butorin and Skripov (1972) (O), and from theo-
retical homogeneous-freezing nucleation ( Pruppacher and Klett 1978)
(—e—).

estimates are limited by experimental uncertainties in
measured quantities and the dispersive nature of the
clouds simulated. However, these experiments are

some of the first realistic simulations of very cold cloud ,

formation and freezing as it might occur in an ice nuclei
scarce atmosphere. These results compared reasonably
well with Jj; derived from natural cloud studies.
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