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We have measured the light scattering intensity and homogeneous ice nucleation temperatures from water
droplets containing ©33 wt % ammonium sulfate. In these laboratory experiments, we used a free-fall freezing
tube technique to determine the fraction of frozen droplets at a particular droplet temperature by measuring
the depolarized light scattering intensity from the droplets in free-fall. Previously reported freezing temperatures
for solution concentrations greater than 5 wt % display a larger spread than can be accounted for by the
reported experimental errors. We find freezing temperatures in good agreement with the lowest temperature
freezing results reported by previous experiments. Our ammonium sulfate freezing temperature data set with
water activity less than 0.98 is consistent with a curve that deviates in activity shift by about 5% from the
best-fit ice nucleation temperature versus water activity curve found by Koop et al. in 2000, but the significance
of this deviation will only be known with further high-precision ice nucleation temperature measurements for
other aqueous solutions.

1. Introduction process without potential droptetiroplet, droplet-aerosol, or
_ _ _ droplet-substrate interaction effects. Also, our droplet phase

Ice in upper-tropospheric clouds (1) influences the Earth’s detection method is similar to the techniques used in remote-
climate by scattering and absorbing radiatid@) is the major ~ sensing lida except we measure both total and depolarized
source of the Earth’s precipitatidand (3) is the substrate where  |ight scattering intensity, while typical lidar measures the
much of the heterogeneous chemistry leading to troposphericpolarized and depolarized signals.
ozone depletion occtitsice initiation in upper-tropospheric Six laboratory investigations have been conducted in recent
clouds is difficult to model because of our lack of knowledge years to measure the dependence of freezing temperature of
of the microphysical parameters that characterize ice nucleation(NH,),S0,—H.O solution droplets on solute concentration. The
processes and the spatially and temporally varying conditions pyplished ice nucleation temperatures from these experiments
in clouds such as temperature, saturation ratio, cloud particleqo not agree within the reported experimental errors. For
composition, and the presence or absence of ice nuclei (IN). example, at an (NB,SO; concentration of 30 wt %, the reported
Ice initiation can occur in the upper troposphere at higher freezing temperatures vary by over 16.13-1° For regions of
temperatures and low ice saturation ratios via heterogeneoushe upper troposphere containing highly concentrated, (3
nucleation due to the presence of IN (e.g., mineral dust). But, droplets, it is important to determine whether ice nucleation
in the absence of heterogeneous processes, air parcels containingccurs at—45 °C or —60 °C to accurately model cloud
droplets of aqueous §u|fate or sulfur_lc acid solu_t|ons either formation and cloud-particle light-scattering properties.
partially or fully neutralized by ammonia to ammonium sulfate e previous (NH),SQy ice nucleation experiments employed
can rise and cool. These droplets are hygroscopic and adjustjifferent techniques, observation times, particle sizes, and
their composition (becoming more dilute or concentrated) 10 gensitivities, but efforts to determine whether the previous results
keep their water vapor pressure in equilibrium with ambient gre consistent with one common intrinsic volume nucleation
conditions. As temperatures decrease, droplets supercool angate have not been successfist Four of the experiments used
may homogeneously freeze or may remain in this metastable 5er450] flow tubes (AFT) coupled with infrared spectroscopy
liquid state dependent upon whether they reach a sufficiently yetection method& 1618 One group used optical microscopy

low temperaturé.—ll . . . ~ (OM) and differential scanning calorimetry (DSC) technigtfes.
In this laboratory study, we investigate the formation of ice  Another investigation employed a continuous flow thermal
particles from aqueous ammonium sulfate, @HS0O,—H0, diffusion chamber (CFDCY’ Several experimenters reported

solution droplets using a droplet free-fall freezing tube (FFFT) drawbacks in these various techniques: Some AFT experiments
technique. In our technique, droplets with well-known solution encountered difficulties constraining the aerosol composition
concentrations are emitted and cool as they fall down the axis poth in concentration and phakeOften, in the flow tube, the

of a freezing tube. The fractions of droplets that are liquid and (NH,),S0O, particles would effloresce, giving a false positive
solid at various heights (temperatures) are measured by detectingreezing signal. The DSC experiments required suspending the
the amount of depolarized light scattered into two orthogonal droplets in an oil emulsion, while the OM technique involved
directions. This methodology has the advantage of following placing the droplets on a hydrophobic microscope siidEhe

the droplet’s trajectory throughout the homogeneous freezing extent to which potential surface processes influence the freezing
of small-sized droplets remains unci®af? despite a recent

* Corresponding author e-mail address: brian@ess.washington.edu.  study?3 of the freezing of larger-sized pure water droplets.
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Figure 1. Schematic drawing of droplet free-fall freezing tube apparatus.

2. FFFT Apparatus and Procedure at a particular temperature, we position the phase detection
system such that a polarized HeNe laser beam intersects the
droplet stream at the height of interest. Using the two cameras
(one without and one with a polarizer) viewing the droplet

. tream through the beam splitter, we obtain streak images of
developed by Wood et 8l.The experimental apparatus (shown S . -
schematically in Figure 1) consists of a droplet-on-demand both the total, TSL, and depolarized, DSL, scattered light

droplet generator mounted coaxially on top of a 50-cm-high intensity from each falling droplet. A video screen splitter allows

hollow cylinder. The temperature gradient along the tube axis US 10 simultaneously display side-by-side (and record on

(for the experiments reported hereJ{dz) ranged from 0.8 to  Videotape and computer) the images from the two cameras. To
1.8°C/cm depending upon the freezing temperature of interest) quantitatively compare the scattering intensity from two dlfferer_lt
is established by circulating cold methanol through copper coils streaks, we calibrated the two cameras to correct for the relative

attached to the tube base. To operate at the low freezingsensitivities of each camera and the transmission efficiency of

temperatures of (NB,SQs—H-O solutions, the freezing tube’s t.he p.olarizilng filter. We a_lso closely monit.or.gd. the scattered
insulation was increased over previous experim&hsid the Ilght_lntensny and dynamic range of our digitizing system to
two large observation windows on either side of the tube were confirm that the streaks were never bright enough to saturate
replaced with four-pane versions. Reservoirs at two heights the camera or the frame grabber.
inside the tube were added, and water was injected into both  For the experiments reported here;“E5-um-radius droplets
reservoirs and onto the tube bottom before cool-down and were emitted at a rate of about 5 Hz, and each data run began
beginning the experiments. The reservoirs stabilized the tubeby first translating the detection stage to find the rough 50%
wall humidity and eliminated nearly all droplet evaporation (and frozen fraction height. The stage was translated down to where
temperature lag effects) reported in our previous experinténts. 100% of the particles were frozen, and measurements were made
The droplet phase detection system consists of two video at different heights by moving the stage at approximately 0.15
cameras with telemicroscopic lenses, a polarizing filter, and a °C intervals along the tube until the 0% frozen level was
beam splitter mounted on a metal stage which, after alignment, reached. For each height;-3 min of streak data were collected
may be translated up and down along the freezing tube’s vertical and subsequently digitized to measure the intensity of the images
axis (see Figure 1). To determine the fraction of frozen droplets of individual droplet streaks. Each experiment typically yielded

Early experiments measuring ice nucleation in free-falling
droplets used either a long column of nitrogen ¢fas, cold
chamber® or a cooled tub@® The FFFT technique we use was
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200—-400 droplet measurements at a single temperature (heightfreezing tubé’ The shadow images of the droplets taken during
in the tube) and 30084000 droplet measurements overall for free-fall show little change in droplet size (less thgmr2—our

a single frozen-fraction curve measurement with the average droplet size resolution limit), and hence, the droplet temperature
total streak brightness typically ranging-180% of the 8-bit correction due to droplet size changes was quite snvdl]
full-scale value. For each droplet streak, we determine the ratio °C) for most droplets. During experimental runs, we did not
DSL/TSL while accounting for background light intensity image the droplets in the first few centimeters after droplet
present in each frame by sampling dark screen locations neargenerator emission; however, subsequent installation of an upper
the streaks and subsequently subtracting the associated backwindow in the chamber and measurements conducted after the
ground light intensity from each streak intensity. The TSL data set was collected suggest that the droplet size is constant
streaks were always bright, with average intensities well above here as well. Since droplet volume changes were less than 10%
the detection threshold. The DSL streaks, however, were during the transit of the tube, we are confident that the droplet
sometimes faint enough that the background light intensity composition remains relatively constant (maximum composition
would make identification difficult. Typically, the background change for a 10% volume change is 4 wt % for the most
light intensity, which appears as white speckles on the video concentrated solutions measured here). Further discussion of
image, approached 4% of the full-scale brightness. From the analysis and experimental details can be found in refs 27
repeated analysis, we found we could reliably identify a streak and 28.

with an average intensity of about 5% of full scale, but no less.

In the cases where the depolarized streaks were indistinguishable3. Results

from the background light intensity in the frame (i.e., a
brightness of 5% or less), they were assigned an intensity of
zero.

3.1. Light Scattering Intensity Results.Figure 2 displays
the results for the ratio of depolarized to total scattered light
. . ) . intensity (DSL/TSL) for streak images from pure water droplets

Samples of solutions with various concentrations were j.4 33 wt % (NH),SO, droplets. Similar data for other
prepared by mixing high-purity liquid chromatography (HPLC)  concentrations were collected but are not shown here. In these
grade water with 40 wt % (NF.SO, (99.99% pure) from o5 each small gray diamond indicates the ratio of DSL/TSL
Aldrich Chemical. The dilutions were typically mixed to better ¢4 4 single droplet at the temperature listed below the bin. The
than 0.05 wt % accuracy. For each data run, the appropriate,yigih of the columns vary depending on the number of droplets
concentration solution was injected into a new (HPLC water measured at a given temperature.
rinsed and cleaned) droplet generator cartridge and immediately 5 streak in both the TSL and DSL images usually indicates
placed atop the freezing t_ube inside a sealed airtight enclosure., particle is frozen, while a streak in only the TSL image
The enclosure and freezing tube was then purged of aerosolgicates the droplet is liquid. In general, it can be seen that
laden room air using nitrogen gas, thus eliminating the potential b5 /TS| is small for high-temperature liquid droplets, then
problem, especially at colder temperatures, of an occasionalj, reases and saturates at a large average value for low-
influx of aerosol particles inducing droplet freezing through temperature frozen droplets. This behavior is well-understood
contqct nucleation. Droplet solution goncentration appea.rs.to and explained by the fact that scattered light from spherical
remain constant throughout an experiment. The bulk liquid in jiquid droplets remains polarized in the laser's original plane
a cartridge remains in contact with a well-mixed reservoir before ¢ polarization, but once a droplet is frozen, some of the
ejection, and the amount of fluid ejected over a data run (3000  packscattered light will be depolarized because of droplet
4000 droplets) is less than4.—a miniscule fraction of the = agphereicity, cracks, bumps, surface roughness, and birefrin-
total 5 mL fluid reservoir. We checked for systematic changes gence. We also observe that that varies considerably within any
in droplet freezing temperature over the course of a data rungpe pin—particularly for frozen droplets. This is presumably
and also for variability in freezing temperatures extracted from gye to variations in droplet asphericity, number of cracks or
repeat measurements with different cartridges, but none werepmps, and height of any surface roughness present. We find
found. Freezing tube temperatures were regularly recorded viathat it is rare (only about 1% of the time) for the signal to be
computer using thermistors embedded in the cylinder walls and |arger than 0.5, indicating that it is highly unlikely for nearly
a thermistor attached to the bottom of a movable glass rod, spherical newly frozen droplets to depolarize and scatter more
which can be positioned at any level vertically in the air (within - than half of the total scattered light intensity.
a few millimeters) adjacent to the droplet stream. (A 01 At higher temperatures, the depolarized streak is often
correction tF) our air thermistor reading was made ItO account indistinguishable from the background light intensity (such
for self-heating and the small amount of heat conduction through gyreaks are assigned zero intensity and are plotted as zero on
the manganin wire thermistor leads, which are at room tem- {he y_axis). We also find that some high-temperature droplets
perature about 50 cm from the thermistor.) Typically, the wall  gcatter faint streaks of depolarized light (see highest temperature
temperature ghanged no more than a few hundredths of a degregjns in Figures 2 and 3). Some of these higher-temperature
every hour. Since we could not measure the droplet temperatureyroplets scatter as much as 20% of the total depolarized light
or chamber humidity versus height directly, we developed a jntensity scattered by frozen particles, which is remarkable and
computer model (after the model described in Wood éf)ab unexpected. Some of this depolarized scattering may be due to
calculate the droplet temperature. The inputs to this model weremisalignment of our optical lenses, but we have no evidence
the temperatures of the tube walls, the air temperature at varioushat this is the case. A second possibility is that even at high
heights in the tube close to the droplet stream, and the droplettemperatures there is a possibility that some droplets are frozen,
sizes (from strobe video-microscopy shadow images) taken aithough the predicted homogeneous nucleation rate is not high
during the experiments at various heights in the droplet stream. enough to account for this amount of ice nucleation at these

Growth or evaporation during free-fall can change the droplet temperatures and droplet sizes. Heterogeneous freezing is also
temperature and composition. A standard Maxwell-type model a possibility, but the magnitude of the depolarization signal is
has been used to calculate the temperature and radius of a dropletever as large as that found for frozen droplets at lower
as it falls through the temperature and humidity gradient in the temperatures. Another cause might be droplet asymmetry due
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Figure 2. (a) Depolarized light scattering intensity ratio from pure water droplets. The vertical dashed lines are separations between the various
temperature bins (all sma# in a bin are the DSL/TSL ratio for a single droplet at the respective bin temperature). In the center of each bin is
plotted the fraction of frozen droplets (black square), the average scattering intensity ratio for all particles (red diamond), and the avsitgge inte
ratio for solid particles only (blue triangle). The solid and dashed lines through these points serve simply to guide the eye. (b) Same data for 33 wt
% (NH,).SO,—H-0 solution droplets.

to the droplet emission process inducing shape oscillations orobtained the frozen fractioR(T) by counting the number of
some shape distortion due to drag when falling through air, but droplets with DSL/TSL above and below the threshold value
droplet asymmetry is predicted to be quite small for this size (near 3% in the Figure 2 case of pure water droplets).
droplet?® F(T), the average DSL/TSL for all droplets, and the average
Since DSL/TSL is sometimes nonzero for higher-temperature DSL/TSL for frozen particles only are plotted at the center of
(apparently liquid) droplets, we set a minimum, nonzero each binin Figure 2. The pure water case, for which the largest
depolarized signal strength, or threshold value, that separatesamount of low-temperature data were collected, most clearly
liquid from frozen droplets. We set this threshold signal by demonstrates the observed trend that, as more particles become
varying DSL/TSL from 0.03 to 0.11 for the various data sets frozen, the average DSL/TSL increases, approaches a maximum,
and selected a value that required the droplets to be all liquid and levels off to a near constant value at which most of the
at high temperature and all solid at temperatures far below the particles are frozen. This trend indicates that as droplets freeze
nucleation temperature (essentially at the lowest temperaturesat lower temperatures they apparently “saturate” in the amount
at the bottom of tube). Once the threshold was determined, weof internal disorder and surface roughness they have and that
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Figure 4. Depolarized and total streak intensity for 33 wt % (B4$O, droplets with color coding corresponding to droplet temperature. The
intensity units are 8255 with 255 being the most intense scattering.

after they freeze the amount of internal disorder and surface averaged DSL/TSk 0.25 and frozen water DSL/TS# 0.20.
roughness apparently does not increase as they cool to lowerThe larger DSL/TSL ratio for the frozen (NSO, solution
temperature (at least for the short times after freezing we observeparticles presumably comes from an enhanced asphericity, more
here). The triangles do not extend to the far right of the plots, cracks or bumps, larger surface roughness, the formation of solid
because at higher temperatures, too few of the droplets froze to(NH4).SO4, or increased birefringence and internal disorder
produce a meaningful average. induced by the presence of the newly formed concentrated
Three other observations stand out in Figures 2 and 3. First,regions of solute within the frozen droplets. As the solution

the liquid-phase DSL/TSL signal ratio (excluding those particles concentration increases, the amount of supercooling required
with a depolarized streak indistinguishable from the background) to initiate freezing is greater and may also lead to a more rapid
was always noticeably larger for (NHSO, solution droplets or violent freezing process. This process could induce larger
than for pure water (see Figure 3). The ratio DSL/TSL averaged surface deformations or crystal disorder. Since ice excludes
about 0.02 for pure water and0.05 for 33 wt % (NH)>.SOy impurities as it freezes, an increase in solute concentration may
solution droplets. Second, the number of high-temperature change the solid particle morphology and the number and/or
droplets exhibiting a nonzero DSL/TSL ratio was greater for size of grains and grain boundaries within the frozen droplet.
solutions than for pure watetl6% for pure water and 46% for Figure 4 shows another way to visualize the DSL/TSL ratio
33 wt % solution droplets. The cause of this is unclear, but data for liquid and solid 33 wt % (NHLSO, droplets. Here,
experiments to measure the optical activity of supercooled the depolarized streak intensity is plotted on xkexis and the
(NH4)>SO, solutions are suggested. Third, the average DSL/ corresponding total streak intensity on axis. The higher-
TSL ratio for the frozen particles (triangles on the graph in temperature particles, with 10% or less frozen fraction, are
Figure 2) was larger for frozen (Nj$SO4 solution particles. reddish, while the lower-temperature, 60% or higher frozen
For example, 33 wt % frozen (NHSO, solution particles fraction bins, are bluish. Purple points are intermediate tem-
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Figure 5. (NH4),SO,—H-0 Droplet Nucleation Temperatures. T®eplotted here are our (N)HSO:—H,0O solution data foiT; (temperature of
50% frozen fraction). The solid line is the best-fit polynomial parametrization of the data (see eq 7). Also shown are the results from recent
laboratory experiments: Czizco et &, ,Bertram et all3; Prenni et allf; Chelf et al.}% Hung et all8 Chen et al’ (1% activation level).

perature particles. The radial lines indicate constant DSL/TSL parameters in the classical model are difficult to measure directly
ratios. Two lobes are evident in Figure 4: a red lobe of liquid with sufficient precision to provide an actual prediction of ice
droplets with low DSL/TSL ratio, and a more spread-out blue nucleation temperature versus solute concentration. One interest-
lobe of solid particles with a higher DSL/TSL ratio. We expect ing idea published in a paper by Koop efaktates that, when
the greater range of DSL/TSL ratios for solid particles, because solution concentrations are converted to water activitigshoth
they are not nearly as uniform as the liquid droplets. On the the melting temperaturd,,,, and the freezing temperaturg,
y-axis, one sees the same particles that appear at the bottom obf a number of aqueous solutions fall on two distinct but
the graph in Figures-23; these particles exhibit little to no  “universal” curves-curves independent of solute type. Further-
depolarization and are indistinguishable from the background more, both thé,, andT; data appear to follow a single similarly
light intensity. Finally, the relatively open space between the shaped temperature versag curve, only shifted ina, by an

red and blue lobes indicates the location of the threshold valueamountAa. This link between melting and freezing is both
we use in determining the cutoff between liquid and solid intriguing and puzzling, since the melting of ice is thought to

particles. be an equilibrium first-order phase transition while ice nucleation
3.2. Freezing Temperature ResultsRepeated measurements is considered to be a kinetic nonequilibrium process. But the
of F(T) have been made for droplets with (Ws8O, concentra- strength of this approach is that it provides a solute-independent

tions from 0 to 33 wt %. We extradf (the temperature where  prediction for ice nucleation temperature versus solute concen-
50% of the droplets are frozen) froR{T) and plot these results  tration, which is difficult to obtain from the classical model.
in Figure 5 along with the results from other recent laboratory The theoretical foundation for this behavior is missing, but one
experiments. The line in Figure 5 is the best-fit simple important aspect of the work reported here is testing this idea
polynomial parametrization of¢(x). The typical error bars of  using a new experimental methodology to determine to what
+1 °C shown in Figure 5 are primarily due to uncertainty in extent the predicted solute independence holds for various
determining the actual droplet temperature using the droplet solutes.

temperature model as discussed in section 2.3. Rep&gted In general, we present our (NSO, freezing results in terms
measurements (two each) were made at 0, 10, 25, and 30 Wlof a frozen fraction curv&(T), the percentage of droplets frozen
%, and the respective extract@gvalues agree within a few gt temperatur& [°C], and throughout, we use the term “freezing
tenths of a degreehence the small error bars for these points. temperature” T;) to mean the temperature where 50% of the
The three independef(T) measurements made for 20 wt %  droplets in a uniformly sized droplet population are frozen. (The
concentration agree less well, as indicated by the error bars forissye of freezing temperature dependence on droplet size is
this point in Figure 5, and our measurements of particle size giscussed below in conjunction with our comparison with other
changes and reasonable assumptions for the tube humiditygata.) In our experiment, we meast@) directly and extract

conditions do not explain this spread. the nucleation ratel(T) (the rate at which ice nucleation occurs
_ in droplets, for a given droplet population, with units of {fn
4. Analysis s71)), by inverting
4.1. Ice Nucleation Models.In recent years, several new Vv
ideas for the phase diagram of water and the mechanism of ice ET=1-— ex;{ _ Vd TJ ) dT' 1
nucleation have been explored (see refs-38 and references (M T ﬁ) (™) (1)

therein). These ideas challenge the classical model for ice )
nucleation and make apparent its shortcomings; the importantwhere Vy is the droplet volume and = (dT/d2)vierm is the
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cooling rate (here, (@dz) is the temperature gradient experi-
enced by a droplet when falling down the freezing tube, and
vierm IS the droplet’s terminal velocity). Following the method
of Flagan and Seinfeléf;3” we calculate the terminal velocity
with the relationuerm = u{ R€t/paiDp, WhereD, is the particle
diameter,u the air viscosity,par the air density, and Re the
Reynolds number, as given by ref 29.

We will make a comparison with two formulations fa¢T).
In the case of the classical model, the precise formulation of
the nucleation rate function differs among authors, although all
relateJ(T) exponentially to two energy quantities, the activation
energy for the transport of molecules across the ligisialid-
phase boundaryAF,; and the formation energy for the
critically sized ice germAFgem

JT) = C(T) expl(~AF,q — AFgedKT] % (2)
where C(T), the preexponential factor, contains the attack
frequency, droplet size dependence, the interfacial energy of
the ice-water boundarygiw, and other quantities dependent
on the physical properties of watdris Boltzmann’s constant.

In this expression, the formation energy, in turn, may be related
to the germ radius;germ and

2

germ Oipw

AF ar

©)

germ :__3

As alluded to above, the most problematic unknown quantities
are oy and AF,¢, whose values are required to fully test the
theory; so, a direct prediction d¥(T) is not available, since
these quantities have yet to be measured diré@tR3°

In contast to the classical model, the power of the translated
melting-point curve (TMPC) idea is that it makes an explicit
prediction forT; for solutions with various,. The idea begins
with the melting point curvey—m(T) = aw(Tm), which can be
parametrized &340

Ay-m(T) =

exp[15.8083+ 25301.4 ! — 399757 % — 5018.85—~

(4)

(where T is the temperature in K). This parametrization is
consistent with melting point data from 18 different aqueous
solutions in equilibrium with ice with solute molality ranging
from 0 to 20 mol/kg®® The freezing point curve,—(T) = aw(Tr)

is then defined by translating the melting point curve by a
constant offset im, as given bya,—(T) = aw-m(T) + Aawith

the offset value\a = 0.305 selected such thaf¢(T) intersects
the point &, = 1, T = 235 K), a measured freezing temperature
for 1-um-sized pure water droplets.

4.2. Data—Model Comparison. Figure 6 displayd=(T) for
three data sets with concentrations= 0, 15, and 33 wt %.
The lines in Figure 6a are the best fit to logistical growth model
parametrization

In(T)
T

1

FT,x)=1- —1 g

®)

with t =T — T(X). In this model,Tx(x) is the 50% frozen fraction
freezing temperature for each (WSO, concentrationy, in
fractional weight percent, ani(x) is a tunable parameter. From
these fits, one finds that the slopeF(T, x) att = 0 decreases
as x increases. The temperature range over which 33 wt %
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Figure 6. (NH,).SO,—H,O frozen fraction curve comparison. (a)
Frozen fraction data and fits (solid lines using eq 5) to our data for
pure water®; 15 wt %, a; and 33 wt %,®. Data and fit lines are
each shifted by their respective nucleation temperatie)) Plot of

the derivative of the best-fit frozen fraction curves(d)/dT for pure
water,—; 15 wt %, - - -; and 33 wt % (NSO, — — —.

solutions go from 10% frozen to 90% frozen is more than 2
°C, while for pure water, it is less than°C.

The resultingA(x) and Ts (x) values result from fits of each
individual data set to eq 5. A best-fit polynomial parametrization
for the entire data set was then determined

A(X) =4.9— 1.1x — 30¢° (6)

()

where the & errors in A(x) and T¢(x) are +£1.4 and=+0.9,
respectively. The best-fit simple polynomial parametrization of
Ti(X) with best-fit parameters given by eq 7 are plotted as the
line in Figure 5. Figure 6b plots’ = (dF/dT) for the data shown
in Figure 6a, clearly indicating the decrease in slopE(@t=
Ts) with increasing (NH),SOy concentration.

Using the eq 5 parametrization B{T, x), we deriveJ(T, x)
for each (NH).SO, concentration

T.(x) = —36.2— 170« + 842¢ — 17708

—T_AK
Vo 14 "

whereT is the cooling rate“C/s] andVy is the droplet volume.
Figure 7 displays our results in terms of (BESO; solution
nucleation rates with the solid lines indicatiag, xX) over the
rangeTs = 0.5 °C and dotted lines being IC extensions of
J(T, X) above and below this temperature range. We note that,
as expected] = 10" m?s falls within the rangd; & 0.5°C
for most (NH)>,SO; concentrations with the shaded area
surrounding thel(T, x = 0) line indicating the limits to our
precision in determining-(T, X). These findings are in general
agreement with previous studi€s218 although many lacked
sufficient precision to establish a trend.

An alternative analysis is to fit the data set to classical
nucleation rate theory (eq 2) with two free parameteZ$T)

JT,x)= (8)
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] ) } measurements at various concentrations with error bars as discussed
Figure 7. (NH.4);SQ;—H-0 solution nucleation rates. Each measure- in sections 2.4 and 3.3. The dastiotted line is the melting-point curve.
ment is the average of the repeat measurements at eac), 8- The solid line is the melting-point curve translated Ag = 0.305
H20 concentration. Both the eq 2 (large-dash line) and egs 1 and 5 The dashed line is the melting-point curve translateday= 0.320
(small-dash line) parametrizations agree well in the inted¢al= T; which fits well our (NH).SOQ,—H,O data witha, < 0.99 but is

+ 0.5°C) (solid line) but increasingly diverge outside this range. Note inconsistent with oury = 1 data point.
the change iMJ(T)/dT|r = 1, with increasing concentration.
-30

and AFact + AFgermy. This has been done for the data ranging
from 0.2 < F(T) < 0.8 and is plotted as the long dashed lines
in Figure 7. However, the precision of this fit is limited by the
amplification of the scatter in the data points (even after
smoothing with a three-point running average) during the 50
conversion ofF(T) data toJ(T) data using eq 1.

These two approacheshe eq 8 parametrization and the eq
2 classical nucleation modeproducel(T) curves (see Figure
7) that increasingly deviate from each other the farther they are
away from the interval(T = T; £+ 0.5 °C) because of the
differences in the two functional forms fd¥(T). The F(T)
parametrization in eq 5 is asymmetric ab&i(T;) in the sense -80 " ©
that for some small temperature intervel one findsF(Ts + .
AT) =1 — F(Ts — AT). In contrast, eq 1 and eq 2 yield a : o
nonsymmetrid=(T) with F(T > Ty) — 1 with a sharp shoulder & .
while F(T < Ty) — 0 with a long, gently sloping tail. To date, o
the data set is not sufficiently precise to distinguish between "%
these two forms fofF(T).

The dasheddotted line in Figure 8 is the melting point curve £ o Nucleati e dat ) TeendicateafiogQ)]

; e i : _ igure 9. Nucleation rate data comparison. ndicated[log
3-m(T) g_lvzn tt))h/ e? 4 The So.llci line in Figure ??'Bf(-llz — t 0T |x=constfor our (NH,),SO,—H0 data evaluated dt= 10 m=3 s
aw-m(T) + Aa, the freezing point curve suggested by Koop et 1,6 sjid line is the best-fit line to our (\JSQ—H,0O data. The

al33 with Aa = 0.305. Koop et al. showed that freezing  gashed line i[log(J)]/T|a.consfor the Aa = 0.305 translated melting-
temperatures for the 18 different agueous solutions are describegoint curve evaluated dt= 104 m=2 s71. Thed[log(J))/dTa,—constdata

well by this curve whe\a = 0.305, but the agreement between for LiCl (O), NH4HSGO; (2), and HSO; (O) are taken from Koop et
the data and this curve is not precise, and the spread in the dat&!** The B is for pure water given by classical nucleation theory
form a cloud of points overlaying this line with the scatter in calculated from the fit by Spice et &.

a, of about+0.015. The extent of this scatter is indicated by

the gray shaded region centeredaan(T). In this approach, it ~ which agrees well with our (NSO, data fora, < 0.98 but

is necessary to convert solution concentratiomgpand (for does not fit well the pure water freezing data poinagt= 1.

this 18 aqueous solution data set) Koop et al. used either theThese results indicate that, within the errors of our measure-
aqueous solution model of Clegg et*abr assumea,, has no ments, a TMPC does not precisely follow our (W50,
temperature dependence betwdgnand T;. freezing data set.

The solid circles in Figure 8 are our measured mean freezing In Figure 9, we comparg{log(J)]/dT|x=constfor each (NH),SOy
temperatures for (NLSOu. Our (NH,).SO; freezing data falls concentration (solid points) with[log(J))/dT|a,=const data for
outside the cloud of data from the 18 other aqueous solutions LiCl, H,SO,, and NHHSO, (open symbols) taken from Figure
used by Koop et al. to define thea = 0.305 curve, and our  2b of Koop et aP? Also shown in Figure 9 (dashed line) is
1o error bars are inconsistent with tie = 0.305 curve. The d[1og(J)}/ 9T|a,=constfrom theAa = 0.305 melting-line translation
dotted line in Figure 8 isw—+(T) with Aa = 0.32Q a curve curve. (All results shown in Figure 9 are calculated with

-60

Temperature (°C)

8(Log(3))/8T
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10 md/s.) The best-fit curve for the (NHESO, data (solid line) to a time on the order of 0.1 s. So, although we do not know to
does not precisely follow thda = 0.305 TMPC, but as with  what extent the smallest germ within a droplet is detected, it
the deviations shown in Figure 8, more high-precision data from appears that the DSL/TSL signal that we detect (the proxy for
other solute solutions are required to evaluate the significancefreezing) saturates quite rapidly.

of this deviation. The deviations shown in Figures 8 and 9 between our
(NH4)2S0O, data, the TMPC, and the data for LiCl,$0,, and
5. Discussion NH4HSO, may, to some degree, be caused by the model used

) ] ) to convert solution concentration @, or to our imprecise
We measure (Nk)>SO, freezing temperatures consistent with knowledge ofaw_m(T). Usually, the conversion of to a, has

previous OM and DSC studié$and also with previous CFDC paen done using models such as the aqueous solution model of
experiments/ despite the fact that they use an activation level Clegg et al4142and there has been some discussion regarding
of F(T) = 0.01. Our droplet free-fall technique practically {he accuracy of the various models at low temperattfres.
eliminates potential substrate and emulsion-interface effects,|nqeed. this conversion is potentially problematic, since the
thereby easing these concerns in previous OM and DSC reSU|tSextrapolation to low temperature of the important physical
The freezing temperatures reported here are significantly |0werparameters has yet to be tested by comparison with low-
than those found by previous AFT studiés:®*® The AFT temperature experimental results. Also, the finding that ice
apparatus'’s ability to detect 1 particle freezing ir? particles  ncleation temperatures for aqueous solutions appear to line up
and the fact that some AFT experiments define the nucleation ¢4 \well on a single curve may, to some degree, be an artifact of
temperature as the point whevg * J(T) = 1/s may cause @  the models used for convertingo a,. The precision to which

1-2 °C shift in freezing temperature depending on droplet 5 Ty is known remains to be established, and certainly, low-
concentration, but for the nuclgatlon rateslshown here, this doestemperature measurements of important physical quantities such
not account for the observed difference. Finally, our g¥8O, as solution vapor pressures are required to validate the aqueous
droplets were much larger than the aerosols used in the AFT ¢ ,tion models at low temperatures.

experiments, yet froze at lower temperattivehich is opposite Finally, the Figure 9 analysis involves comparing two partial

to the behgwor one would expect on the basis of the size jerjyatives-one with constané,, and the other with constant
differences The differing droplet sizes used in the experiments y Formally, the difference between these two quantities is given
(15—25um-radius droplets for our (NBLSO, data, whll_e some by 810g(J)/8T|aconst= 10g(3)/dT|xconst-+ N0G(I)/IX|T=constdX!

of the other results discussed here were done using smaller-a-|-|a:Const Evaluating this difference using the Clegg motfel

and larger-sized droplets) does account for some spread in the,q jinear extrapolations of the nucleation rate data indicate
data, but predictions of the size-dependent shifts from classicaline gitference is negligible.

nucleation theory are (a) not large enough to account for the
5+ °C freezing-point variations shown in Figure 5 and (b) not 6. Atmospheric Implications
large enough to account for the disagreement between the
average value for the 18 other solutes and our Jh%0, data
illustrated in Figure 8.

Our (NHs)2SOs results show that with increasing solute
concentration the freezing temperature decreas&&/@s|—const

Our parametrization od(T, X) may be useful for predicting
(NH4)2SQO, freezing in cirrus cloud formation models. To
compare our data with observations from field experiments
monitoring the onset of cirrus cloud nucleation, we define the

[Kiwt %] = —170+ 1684 — 53102, while at the same time critical ice saturation rati&;,, necessary to nucleate ice from
the nucleation rate decreasesdbgy[J(T)]/9T|r=r, = — 5.56 x preexisting aerosol

N - .
107°T¢ + 11.26 (whereTy is in K). These trends are in general Sie = P ercoT/Pio(T) (9)

agreement with the trends expected from the melting-point
translation idea and a more recent approach by Baker andwhereP; ... ..(Tr) is the equilibrium water partial pressure of
Baker3* Also, perhaps the increasing solution viscosity and the liquid solution at freezing temperatuFe(x) associated with
decreasing diffusivity induced by both increasing solute con- (NH.)2SO, concentratiorx, andPice(Ty) is the vapor pressure
centrations and the associated decrease in freezing temperaturef ice also atTi(x). A plot of T versusS;, for our results
act to decrease the rate at which the initial ice crystal germ showsS;, = 1.6 at—64 °C. This agrees well with the findings
forms and grows within a liquid droplet. In addition, the process of Bertram et al3 and with field measurements made at the
of ion rejection from the growing ice germ will be slowed by leading edge of a wave of cloud4® These results provide
both an increased (N#tSOs concentration and a reduced evidence that low-temperature homogeneous ice nucleation
freezing temperature. could be occurring in these regions, since high water vapor
Our results can speak to the questions of whether particle concentrations are required to maintain sufficiently dilute
solidity is constant once ice initiation is detected and to what aqueous droplets. But, a wide range of ice saturation ratios have
extent we detect freezing in partially frozen droplets. If been observed, and field observations made in other loca-
significant numbers of partially frozen droplets were being tions'®4’find S, values near-53 °C to be much less than the
detected, then one might expect the magnitude of DSL/TSL for predicted S, = 1.55 required for homogeneous freezing.
frozen droplets to increase with decreasing temperature, andCirrus cloud chemistry is highly variable and inhomogeneous,
the detection of partially frozen droplets could st#fT) and and the extent to which cirrus clouds are produced via
Ts to higher temperature. But this is not what is observed either homogeneous and not heterogeneous processes remains an open
for pure water or for 33 wt % (NkJ.SOs (see Figure 2). Instead,  question’48-52 More field experiments that sample cirrus cloud
we find that the magnitude of DSL/TSL for frozen droplets formation conditions and more high-precision freezing experi-

quickly saturates to the frozen particle value (0.2 for pure water ments for other aqueous solutes are required to make further
and 0.25 for 33 wt % (ler)gSO4 by the timeF(T) = 03) and progress.

no further change in the magnitude of DSL/TSL is found at
lower temperatures:(T) changes from 0.1 to 0.9 (even for the Acknowledgment. We would like to acknowledge experi-
most concentrated solutions) in a few centimeters correspondingmental assistance from Ben Wearn, Beni Zobrist, and Robert
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