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A new optical microscope technique has been developed to investigate phase transitions in micrometer-sized
droplets. This technique has been used to study the nucleation of ice from aqu&aysakrosols 6-35 wt

% in composition in the temperature range from 273 to 170 K. The aerosols were produced with a nebulizer
and were deposited on a quartz plate, which was coated with a hydrophobic silane monolayer to minimize
the effects of heterogeneous nucleation. More than 1200 aerosol particles were monitored individually with
the optical microscope, and their freezing temperatures and melting points were recorded. The observed
freezing temperatures are lower than the ones from comparable aerosol studies reported in the literature, the
differences in the freezing temperature being up to 30 K, especially for the more concentrated aerosols. No
freezing was observed above 170 K for compositions greater than 27 wt %. A thermodynamic model has
been used to apply the new freezing temperature data to the formation of clouds in the upper troposphere and
lower stratosphere. The results indicate that the homogeneous nucleation of ice particles in cirrus clouds
requires saturation ratios with respect to ice ranging from about 1.5 at 230 K to 1.6 at 205 K. In addition,
the formation of type Il polar stratospheric clouds under volcanically perturbed conditions wie@s id

the main aqueous aerosol component at low temperatures is predicted to ocdu8 Edmelow the ice frost

point.

Introduction concentrationd? Aqueous HSOQ, aerosols are ubiquitous in
Clouds play an important role in the Earth’s atmosphere. the upper troposphere and lower stratosphere and are involved

They strongly affect both the chemistry and radiative properties in both the formation of cirrus clouds and PSCs. In this paper,

of the Earth. One of the biggest uncertainties in assessing the!Ve present new data on '.[he nuc[eation of ice frOESB’.JHZO
global radiation budget is the scattering of both incoming aerosols and discuss the implications for cloud formation. Low-

sunlight and infrared radiation from the Earth's surface by temperature studies on phase transitions in aerosol particles are
aerosols and cloud particlés.This uncertainty is mainly a usuall;l/lﬂgrformed in flow-tube or _settlmg-chamber experl-
consequence of the fact that the mechanisms involving the gwents. d b The aeroszfjl compasition fand t.h‘fe fre(;ezmg IS
effects of aerosols on the formation of different types of clouds d€tected by meaft‘f % Fo_unerhtrans orm 'lf‘ ra_lée (FJIR)
are still poorly understoo#? Cirrus clouds cover up to about spectroscopy, I.e., by observing characteristic liquy & an
20—30% of the Earth and, thus, play a large role in determining Ice absorptlon features in the spectra, Qﬁen relying on extrapola-
Earth’s albedd. Cirrus clouds are also important in the tions from high-temperature calibrations to deduce aerosol
chemistry of the upper troposphere, where they provide surfacescomposr']t'ons'I Th_e onI?/_ pul;)llshed exlgegmental IStUdy ||nvest|-
for important heterogeneous reactions. Modeling studies haveghat"f’;gt eSuc eatlonltc)? 'Ige ro”}"Bo"/ h2 agroscla S egnp oys |
shown the potential for chlorine activation on cirrus-cloud the flow-tube approacir. Recently, we have developed severa
particles and subsequent ozone destructiand field measure- new techniques to investigate the phase transitions of micrometer-
) . : 1 , ;
ments indeed showed disturbed ozone concentrations in theSiZed particles (see e.g., Molina et'§l. The first technique
presence of upper tropospheric clodds Finally, a detailed involves dlffer_entla_l scanning calorlmet_ry of emulsidrisThe
microphysical understanding of the formation of cirrus clouds secqnd technique mvolygs the use Qf infrared spectroscopy to
is needed to assess the effect of aircrafts and contrails on thgonitor the phase transitions of particles attached to the inside
chemistry and the cloud coverage of the upper tropospiere. surfacel of a gfold-plat((ajd tu&é.;’he th|rd_ method],( In Wh"éh h
The general importance of polar stratospheric clouds (PSCs) inderosol particles are deposited on an inert surface and then
ozone chemistry of the polar regions is well understbod. observed vylth an optlcallmlcro.scope while cooling, is prgsented
Although a complex picture of how PSCs form has evolved here: Preliminary work involving the development of this new
over the past decadethe details of some of the formation techtl)’llque hgs been described bny%'Th'S new t_e_chnlquc? h
mechanisms remain poorly understood. However, a detailedfena les a direct measklrﬁment 0 It e composition and the
knowledge of PSC microphysics might be of crucial importance T€€ZINg temperatures of the aerosols.
to assess the possibility of very significant ozone depletion in Experimental Section
the Arctic, especially in light of recent modeling studies o .
suggesting major stratospheric cooling resulting from changes General Description. The experimental apparatus and the

in global circulation patterns induced by rising greenhouse-gas Sample cell are shown schematically in Figures 1 and 2,
respectively. The setup consists of a Zeiss Axioskop 20 optical

*To whom correspondence should be addressed. microscope equipped with a Linkam BCS 196 biological cold
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surface layer. This surface layer is water repellent and, thus,
should minimize heterogeneous effects of the surface on the
nucleation of hydrophilic ice. The aerosols were deposited onto
the crucible with a nebulizer (Meinhard, TR-30). For a more
detailed description of the nebulizer and the aerosol generation
procedure, see Martin et #. Briefly, H,SO, aerosols were
produced from a diluted $$0; solution by flowing N through
the nebulizer, and the aerosol stream was directed at the crucible
--------------- for 1-2 s to deposit the aerosols. This led to an estimated
\ particle coverage of about13 x 10° cm~2. The composition
N = / " N of the LSO, droplets could be changed by varying the total

- amount of water in the sample cell. The diameter of the
deposited aerosols, as observed with the microscope, was
between 5 and 2em depending on the #$0, concentration
of the droplets (i.e., the upper limit being more representative
for the experiments with the most dilute droplets and the lower
| ' limit representative for experiments with concentrated droplets).

top condenser lens

The contact angle of several larger droplets with the hydrophobic
surface was measured using the microscope and observed to
be between 50and 70. An average contact angle of 60
reduces the droplet volume by a factor of 4 when compared to
aerosol droplets a perfect sphere. Hence, the spherical equivalent diameter of
halocarbon grease ’7 the investigated droplets is smaller than the observed diameter
by a factor of about 1.6, yielding spherical equivalent diameters
between 3.1 and 126m for the droplets in the experiments
reported below.
Temperature and Cooling-Rate Calibration. The temper-
ature was measured with a resistance temperature sensor located
in the upper part of the silver block as shown in Figure 1. The

Figure 1. Experimental setup.

silver block temperature calibration was performed in the range from 178.15
to 273.15 K by measuring the melting points of droplets and
aluminum spacer thin films of water (273.15 K), dodecane (263.55 K), octane
Figure 2. Sample cell. (216.35 K), and toluene (178.15 K) in the sample cell. All

stage. The microscope was used in transmitted light (brightfield) '8€Zing experiments were performed at a cooling rate of 10 K
mode with two long-distance Zeiss objectives (magnification Min~* Cooling rates smaller than aktog K min™* had the
of 10x and 50<) and variable Optovar lenses (additional following unwanted effect.: since nucleation is a stochastic
magnification of 1.25 and 1.6<). The cold stage substituted process? some droplets will always freeze earlier than others,
the regular microscope stage and the original top condenser len€ven when maintained at the same temperature. The frozen
was removed and replaced by a lens built into the silver block aerosols have a smaller water vapor pressure than the remaining
of the cold stage (see Figure 1). The aerosols could be observegupercooled droplets, thus mass transport of water takes place
via two focusing eyepieces (10x) and either a Video camera leading to a growth of the frozen ice particles at the expense of
(Sony XC-75) connected to a videotape recorder and a monitorthe supercooled droplets. The volume of the liquid aerosols
or a Zeiss photographic camera (MC-80). The BCS 196 cold decreases accordingly, leading to an increase 4804 con-
stage is a closed system and can be sealed once the sample cdientration. In the extreme case (for infinitesimal cooling rates),
is located on a temperature-controlled silver block inside the the liquid droplets are in equilibrium with the few frozen ones
cold stage. The sample cell can be moved inxhg plane by~ atany temperature, implying that the remaining liquid droplets
a crucible holder connected to two manipulators attached to thewould never freeze since they are not supercooled, i.e., they
outside of the stage. Cooling is achieved by flowing cold N  are in equilibrium with ice. Experiments using varying cooling
gas from a liquid N reservoir through the silver block, and the  rates showed that a cooling rate of 10 K minvas fast enough
temperature was controlled by counterheating the silver block. to avoid this effect and the change in composition associated
Cooling and heating rates can be varied between 0.01 and 130with it. On the other hand, large cooling rates led to an offset
K min—L. Both the interior and the upper window of the cold between the measured temperature in the silver block and the
stage were purged with dry-Nb avoid loss of optical resolution ~ actual temperature at the quartz crucible surface where the
due to water condensation from room air during the experiments. droplets are located, because of heat-transfer limitations.
The sample cell is shown in Figure 2. It consists of a quartz Neglecting this experimental artifact would lead to lower
crucible (15 mm in diameter, 300m base thickness) and an observed freezing temperatures at larger cooling rates. To
aluminum washer about 6ém thick with an inner diameter of ~ account for this artifact, we have performed freezing experiments
about 2 mm. This setup can be closed by a glass cover slidewith one sample of aerosols at varying cooling rates from 5 to
150 um thick. The sealing between the crucible, the washer, 100 K min"* as shown in Figure 3. The points correspond to
and the slide was provided by two layers of Halocarbon grease the median freezing temperature of a number 8@, droplets
about 25um thick. The total volume of the sample cell was (2.1—2.4 wt %, Figure 3a) and octane droplets (Figure 3b). The
about 3.5x 10~ cm®. The quartz crucible base was treated freezing temperature stays almost constant for cooling rates
prior to the experiments with a commercially available organo- smaller than about 20 K mid (0.05 min K1), while it
silane (Prosil 28), resulting in a monomolecular hydrophobic significantly decreases for larger cooling rates. Hence, working



8926 J. Phys. Chem. A, Vol. 102, No. 45, 1998 Koop et al.

cooling rate [K min™'] 300 | ' o ' ' i
10050 20 10 5 /
T T T T 280 H L
234 L !
‘ T 1
(]
233 4 e
® 240} i
Q
Q
232 F 4 IS
Q@ 220 F -
231} @ .
200 1
<
[0 o -
é 230// ] 180 b 2 L L L =
© . 0 10 20 30 40
& 207} g H S0, [Wt%]
@ Figure 4. Compositions of aqueous,H0, aerosols as a function of
206 b i temperature. Calculated.80, aerosol composition trajectory for an
experiment with an initial aerosol composition of 24 wt % at 293 K
(- - -). Composition of atmospheric 80, aerosols at an altitude of
205 F 4 200 mb (12 km) and a water mixing ratio of 20 ppmv-). Ice
melting-point curve for the k8O/H,0 system{-). M: Melting point
of ice for the HSQO, aerosols following the experimental trajectory (- - -
204 1 1 ). F: Experimentally observed freezing temperature. |: Atmospheric
ice frost point for the conditions along the atmospheric trajectory. (
(b) See text for more details.
203 | .
0.0 0.05 ol.1 015 ofz freezing temperature (see below). Although there is an initial

dilution of the droplets at higher temperatures, the composition
curve becomes practically vertical below the melting point M.
This is because the number of water molecules in the liquid is
large compared to the number in the gas phase, so that the

inverse cooling rate [K'1 min)

Figure 3. Median freezing temperature as a function of inverse cooling
rate for (a) HSO, droplets 2.12.4 wt % in composition and (b) octane
droplets. The error bars indicate the 20th and 80th percentiles, and the

solid lines are least-squares fits to the data points. change in composition associated with the uptake of the

appropriate amount of water between the melting point M and
at a cooling rate of 10 K mirt (0.1 min K1) had only a small the freezing temperature F is only 0.15 wt % in this case. For
temperature bias and the corrections were between 0.2 K at 24@ll other compositions, this difference was calculated to be
K and 0.5 K at 175 K. always less than 0.2 wt %. For comparison, we also show an

Melting Points and Composition of Aerosols. The melting atmospheric trajectory. The dotted line indicates the equilibrium
points of ice in the aqueous ,80; droplets were noted composition of aqueous 430, aerosols as a function of
individually for each drop with an uncertainty ¢f0.1 K. The temperature for an altitude of 200 mb-12 km) and a HO
melting point was then used to determine the composition of mixing ratio of 20 ppmv. Upon cooling, the aerosols strongly
the droplet by using the thermodynamic model of Carslaw et dilute and become supercooled below point I, which is the
al2! For each temperature, we calculated the water activity in atmospheric ice frost point under these conditions, until they
solution for varying HSQ, compositions until the water activity ~ finally freeze to form ice at point F. We also note that although
was equal to the one of ice at the same temperature. Thethe atmospheric composition trajectory is different from the
melting-point curve calculated in this way is in excellent experimental one, the freezing point F is the same in both cases.
agreement with the original melting-point data by Gable &t al. Ice Nucleation Measurements. The SO, droplets were
However, to accurately determine the composition of the cooled at a rate of 10 K mirt to about 16-15 K below their
droplets from their melting points, one has to be sure that the observed freezing temperatures. Thereafter they were warmed
composition of the droplets does not change with temperature.to about 10 K below their melting points and then heated at a
Since the equilibrium partial pressure of water over aqueous rate d 1 K min~! until all particles were completely melted.
H,SO, decreases with decreasing temperatugS®4 aerosols The entire experiment was recorded on tape via the attached
in the cell take up water with decreasing temperature to stay in video system. Experimental conditions such as time, temper-
equilibrium with the gas-phase water, thus reducing the water ature, and magnification were converted into a video signal,
partial pressure in the cell. This water uptake would ordinarily overlayed on the camera signal, and recorded simultaneously.
dilute the HSO, droplets upon cooling. To avoid this change The tape was evaluated afterward to determine the freezing and
in composition, we used a large aerosol to gas-phase volumemelting points of individual droplets. In a typical experiment,
ratio by employing a small sample cell with a volume of %5 a set of 26-70 droplets were monitored simultaneously. Each
104 cm? (see Figure 2) and a large number of aerosol droplets of them was marked on the video screen, and the melting and
with a total liquid volume of at least 4.% 108 cm?. The freezing temperature was determined individually for each drop
dashed line of Figure 4 shows the calculated composition of to allow for small differences in concentration. This drop-by-
aerosol droplets in the cell as a function of temperature for an drop evaluation turned out to be important in the concentration
initial composition of 24 wt % at 293 K. The solid line is the range of 25-27 wt %, where small differences in composition
ice melting-point curve in aqueous,8l0, solutions, implying are associated with large changes in freezing temperature (see
that point M is the experimental ice melting point for this set below). Figure 5 shows photographs of several aerosol droplets
of droplets. Furthermore, point F is the experimentally observed during the course of an experiment: Figure 5a shows aqueous
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Figure 6. Measured ice freezing temperatures for a total of 12334

droplets. Each circle represents the freezing temperature of a single
aerosol. The line indicates the ice melting-point curve.
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Figure 5. Photographs of a set of aqueousS8), droplets during the H,SO, [wit%]
course of an experimenia) Liquid droplets at 293 K.(b) Ice . . . .
crystallized after cooling the droplets to 200 K. (c) Partially melted Figure 7. Comparison between different,8Q, aerosol freezing

; ; s temperature data sets. Median freezing temperat@gstifis work.
I 266 K. The ligh les within th I how th - ; .
?er%paﬁ:isn; tice66 e light circles within the droplets show the The error bars indicate the 20th and 80th percentiles, and the solid

line is a least-squares fit to the data points (see Table 1). Freezing

o o temperatures obtained by Bertram et al).{? Freezing temperature
H2S0O;, aerosols {11 wt %) in the liquid state at 293 K at the  parametrization of Tabazadeh ef&based on the data of Bertram et

beginning of the experiment; Figure 5b shows that ice has al. (- - -)22 Temperature where a droplet with an effective diameter of
crystallized after cooling the droplets to 200 K; while Figure 135um crystallized upon warming (no freezing was observed upon
5c shows that the ice is melting again when heated to 266 K. cooling to 140 K) ©). The error bars represent the temperature

uncertainty.
Results and Discussion TABLE 1: Critical Ice Nucleation Temperature as a
Function of H,SO, Concentration?
A total number of 1214 EBO, aerosol droplets have been Ao A Ao As

examined, and thei.r- ice.free.zzing temperatures are §hown 8S @14 3528  _081592 _5894910°  —2.002:10 1
function of composition in Figure 6. Although there is scatter

owing to the stochastic nature of the nucleation process, thewhaeTr;%afi‘sbtﬁ :?ﬁ{fgf’ﬂgﬂ; eﬁfoJr: ?elg"%:; er(‘e"’g:li f‘g v%(rsﬂﬁé
.Co!leCted freezmg temperatures fall on a We"-.demed curve. It H>SO, concentration [in wt %)]. This relagon is valid from O to 26.5

is interesting to note that the supercooling with respect to the Wt %.

melting point as a function of composition is not constant but

increases strongly at higher concentration to a value of abouthigher temperatures have a much smaller impact on the median
66 K at 26 wt %. These raw data points were subsequently freezing temperature than on the average. The evaluated data
evaluated in the following way: All droplets were sorted into is shown as full circles in Figure 7; the error bars represent the
bins according to their composition, with a bin width of 0.2 wt 20th and 80th percentiles. The solid line is a least-squares fit
%. Then the median of the freezing temperatures of all dropletsto the median freezing temperatures, and the parameters
in each bin was calculated for all bins containing at least 6 data describing the curve are given in Table 1. For comparison, we
points. We choose to calculate the median rather than thealso show as triangles the ice freezing temperatures of Bertram
average freezing temperature because the freezing temperaturest all2 which were obtained in flow-tube aerosol experiments.
are not normally distributed around the temperature where the These experiments were performed by continuously producing
maximum number of freezing events occur (see also Pruppachet,SO, aerosols about 0.4m in diameter in a flow tube and

and Klet?®). Also, a few droplets freezing heterogeneously at controlling their composition by changing the water partial
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pressure in the gas stream. The flow-tube temperature was Heterogeneous Effects. Did the surface supporting the
varied, and composition and freezing was detected by meansdroplets during the experiments have any effect on the freezing
of FTIR spectroscopy, i.e., by observing characteristic liquid temperature, i.e., did heterogeneous nucleation take place in our
H,SO, and ice absorption features in the spectra. The freezing experiments? Although heterogeneous nucleation can never be
temperatures of Bertram et ®lare systematically higher than  excluded with absolute certainty, we have some strong argu-
our measurements, in particular for concentrations larger thanments suggesting it was unimportant in the experiments
about 20 wt %. The highest concentration for which we described above. First, as pointed out earlier, our freezing
observed freezing is 26.7 wt %, while Bertram et4aktill temperatures are lower than the ones obtained in experiments
observe freezing at 37.3 wt %, revealing a difference iB®} with unsupported droplets, thus suggesting that our data are
concentration of more than 10 wt %. The higher freezing much closer to the real homogeneous freezing temperature than
temperatures in Bertram et ®l.are surprising, particularly ~ the older data set. Second, a few out of the total of 1214
because their aerosol droplets were smaller than ours, whichdroplets evaluated in this study froze at significantly higher
should have lower rather than higher freezing temperatures sincéde€mperatures than the rest of the ensemble, which can be seen,
the nucleation probability is proportional to the liquid aerosol for example, in Figure 6. One of the most dilute droplets and
volume. To ensure that in fact no ice freezing occurs in aerosols Several droplets at concentrations between 20 and 25 wt % froze
more concentrated than about 27 wt %, we performed several@ few Kelvin above the main portion of the droplets. We think
experiments with a large 430, droplet, about 21%m in these freezing temperatures were influenced by heterogeneous
diameter (spherical equivalent diameter about 3§, and with freezing due to either defects in the hydrophobic surfacel coating
a composition ranging from 30.4 to 35.4 wt %. This droplet OF @ dust par'glcle encl_osed in the droplets. However, since we
did not freeze upon cooling in five out of six experiments when 00k the median freezing temperature, none of these points had
cooled at a rate of 10 K mirt to 140 K, and crystallizaton & significant effect on the freezmg results reported .at.)o_ve.
occurred only upon warming to temperatures of about-165 Finally, we compared our freezing temperature for infinite
172 K (open circles in Figure 7). In contrast to our observations, dilution, i.e., for pure water, with the homogeneous freezing
the 0.4um droplet freezing data of Bertram et'8limply that point for water reportt_ed in the literature. Recently, Pruppe?éher_
such big particles would freeze well above 170 K. The evqluated all the available data_ on the homogeneous nuc]gatlon
differences between our study and the one of Bertram &t al. Of ic€ from pure water and fitted the data to an empirical
cannot be explained by the stochastic nature of the nucleationfuncnor? for the temperature dep_enden_ce of the homogeneous
process, since the variation in freezing temperatures in our Nucléation rate constand(T). Using this functionJ(T), the

experiments are smaller than the discrepancies between th edian freezing temperature for homogeneous ice nucleation
different experiments. We can only speculate that the exact rom an ensemble of water droplets can be calculated #om
determination of the 8O, concentration of the aerosols in -

Bertram et al2 might be the reason; note also that infrared LOJ(DdT= 0.693%/ 4V, Q)
absorption spectra for liquid 4$0s/H2O solutions in this "
concentration range are not available at low temperatures an%hereTm
had to be extrapolated from higher-temperature measurements,
These authors estimate an uncertainty in the®® concentra-

tion of £7 wt %, which is about as big as the difference of 10
wt % between our data and their data. Clapp et*allso cooling rate, and/y is the individual droplet volume. For our
observed the freezing of ice from,80; aerosols 2538 Wt % gyherimental cooling rate of 10 K mif and our spherical

in composition above 170 K. However, since they were using gqyivalent droplet diameters, the calculdfedor homogeneous

an experimental technique very similar to the one of Bertram \yater freezing would be between 235 and 236 K for our
et al.}? the differences between their data and our data can beexperimental conditions. The experimentally determifigéor
explained by the same reasons. MacKenzie et' dlave pure water with our microscope technique is 235.3 K (see Table
performed a theoretical study on the nucleation of ice from 1), which is in excellent agreement with the calculated
binary HSO/H20 solutions using a simplification of the  homogeneous freezing temperature. We consider this to be a
classical nucleation equation. They calculated significantly strong argument in showing that the ice nucleation in our
higher ice freezing temperatures than those observed in ourexperiment was not influenced by the supporting surface but
experiments for solutions between 15 and 35 wt %, implying \was indeed homogeneous.

that their approach works better at more dilute solutions. The  Atmospheric Implications. Cirrus clouds and ice PSCs are
freezing upon warming points reported here (open circles in pelieved to form from sulfate aerosols, which are ubiquitous in
Figure 7) also reveal another piece of important information. the upper troposphere and lower stratosphere. However, in situ
Freezing involves two processes: nucleation of a stable germmeasurements of the formation conditions of these clouds are
and crystal growth of this germ to freeze the whole liquid droplet difficult. Detailed field measurements together with micro-
(see Koop et a? for a more detailed discussion on this matter). physical modeling have become available only very recently
However, at temperatures below about 170 K, the viscosity of from orographically induced wave clouds on the cirrus &I
aqueous KHSO, becomes so large that the crystal growth of ice and in the lower stratosphe?. In the following sections, we

is only very slow. Hence, the droplets do not freeze even if describe some thermodynamic calculations we performed in
germs have nucleated. On the other hand, at higher temperaorder to relate the experimental results presented above to the
tures, the crystal growth is fast enough that the droplets freezeatmosphere, thus allowing a comparison between laboratory data
practically instantaneous once a germ nucleates. This was alsand field observations.

observed when evaluating the video in slow motion, showing  Thermodynamic Modeling. Recently, Tabazadeh et #l.

the ice crystals growing within a fraction of a second at the used the data of Bertram et’&lto constrain a model describing
higher temperatures (23200 K) but requiring up to about 1 ~ the homogeneous nucleation kinetics of ice fropSB/H,0

s at 170 K for a 2Qum droplet to freeze completely. solutions. The model was then applied to the formation of cirrus

is the median freezing temperatufg,s a temperature
where all droplets are still liquid (chosen to be at 240.15 K in
our case, at whicl(T) contributes only negligibly)J(T) is the
homogeneous nucleation rate constant (see abgvé$, the
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TABLE 2: Critical Ice Nucleation Parameters, X*, as a Function of the Atmospheric Water Partial PressurePy,0?

X* Ao A A As A As

™ 2.53437910"2 1.57779810" 3.06337410° 6.16031710* 6.46439310 2 2.60254710°3
wt* —2.87285110"* —2.71577710%* —6.11673310%° —7.07819210* —3.742763102 —5.91386310*
ay* 1.06521210"° 4.41981910 2 —8.42887610* —3.03440310 4 7.18793110°7 8.79722510°7
See* 1.30739710"° —1.23381110! —2.78035010 2 —4.76299010°° —4.58715910 * —1.78835310°°
AT* —2.91556410t° 4.70082310* 1.512852101 2.08947210°? 1.54295310°2 4.78915910°°

@ The different critical ice nucleation parametexs, can be calculated fronx* = 2?:0 A(In Pyu,o), wherePyo is the atmospheric water partial
pressure [in mb]T* is the critical temperature [in Kwt* is the critical composition [in wt %]a.* is the critical water activity (which is equal
to the critical relative humidity)Sce* is the critical ice saturation ratio, anfiT* is the critical cooling below the ice frost point [in K]. These
parametrizations are valid over the water partial pressure range from 208? to 2.2 x 10~ mb. For verification, aPn,0 = 10°2 mb, the above
parameters yield the follwing values for the differeit T™ = 209.26,wt* = 20.14,a,* = 0.8719,S.* = 1.582, andAT = -3.318.

clouds to predict the conditions under which ice particles would 1.7 T T T v T
nucleate from HSO, aerosols in the upper troposphere. Here
we show how incorporating the new ice freezing temperature
data shown in Figure 7 affects the critical parameters for the
formation of ice particles from ;$O, aerosols. We follow the
same approach as Tabazadeh efaising, however, our new

ice freezing data to constrain the model. The water saturation
vapor pressure and the ice saturation vapor pressure were taken
directly from Tabazadeh et &°,and the water activity in the
liquid phase was calculated from the model of Carslaw étal.,

165}

16

1.55}

145}

Critical Ice Saturation Ratio
=

which is the same as the binarp$0y/H,O model of Clegg [l S 3
and Brimblecomb® used by Tabazadeh et%l.This was done 135k 3

to ensure that the difference in the new parametrization is solely .

due to the different experimental data while keeping consistency 1.3 i : s P ]
between the calculations by using identical thermodynamic 180 190 200 210 220 230 240
models. The critical B8Oy concentration and the critical Temperature [K}

temperature for ice nucleation given in Table 1 were used as Figure 8. Critical ice saturation raticSee*, as a function of temper-
the experimental input data. The critical water activiy¥, ature: this work €); parametrization of Tabazadeh efabased on

and the water vapor pressuRe,o, were calculated directly from the data of Bertram et al-.~().1? The gray areas indicate the temperature
the model. The critical ice saturation ratf.*, was calculated regimes where PSCs and cirrus clouds are most commonly observed.

as '1.5 1 L] L) 1 L)
P o*(T*, wt*
Sce* = i ( ) (2)
Pice(T*) X 20t ]
S 3
wherePp,o*(T*, wt*) is the equilibrium water partial pressure Té
of an LSQY/H,0 aerosol at the critical temperatuFeand the o 25F ]
critical compositionwt* and Pice(T*) is the water vapor pressure g
of ice atT*. Finally, the critical cooling below the ice frost @
point, AT*, was calculated from g 3or ;
o
AT* =T (Py o) — T* 3
|ce( HZO) ( ) a5k » ]
. o : | Cirus
whereTic(PH,0*) is the atmospheric ice frost point temperature L i ¢ rus i
for the critical water partial pressurBs,o at T*. All the 180 190 200 210 220 230 240
parameters were fitted as a function of the water partial pressure Temperature [K]

to allow easier comparison to field measurements. The different Figure 9. Critical cooling below the ice frost poingT*, as a function
critical parameters for ice nucleation from$0, aerosols are  of temperature: this work—); parametrization of Tabazadeh efal.
given in Table 2. We note again that the differences between based on the data of Bertram et at-X'? The gray areas indicate the
this parametrization and the formulas given by Tabazadeh ettemperature regimes where PSCs and cirrus clouds are most commonly
al?® are solely due to the different experimental data used to observed.

constrain the model while the models themselves are identical. —

This means that the different thermodynamic models describing ©" the data of Bertram et &. The old parametrization shows
the water activity in HSO, solutions at low temperatures can & maximum value foiSee* of about 1.51 at 213 K, sharply

be used interchangeably with this new parametrization. The decreasing to about 1.35 at 186 K (see Figure 8). Our new
two most important parameters in terms of cloud modeling and data shows instead thafice* continues to increase with
observations are probably the critical saturation ratio with respect decreasing temperatures, its values ranging from 1.57 at 213 K
to ice, Sce*, or equivalently the critical cooling below the ice 10 1.67 at 185 K. Also, on the basis of the old parametrization,
frost point, AT*, needed to form the ice particles. Both are the critical cooling below the ice frost poiT* is about—3.3
shown as a function of temperature in Figures 8 and 9, K attemperatures around 230 K and then rises to approximately
respectively. The solid lines indicate our new parametrization, —1.7 K at 186 K (see Figure 9). In contrast, our new values
and the dashed lines indicate the one by TabazadeR%aded start at—3.4 K for T = 230 K, with only a small increase to
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—2.9 K at 185 K. This has important consequences for our K does not seem to be very much. However, at the same time,

understanding of the formation of both cirrus clouds and PSCs. the ice saturation ratio, which is the key factor in the micro-
Cirrus Clouds. Sulfate aerosols are thought to be involved Physics of ice formation, changes from 1.35 to 1.65, hence

in the formation of cirrus clouds in the upper troposphere, and Producing ice clouds with very different size distributions and

under clean conditions, these sulfate aerosols are believed tdCce particle number densities. This has important consequences

be composed of binary4$0y/H,0 solutions231-33 During the for the lifetime and the opti_cal properties_ of these oloods.

recent field experiment SUCCESS (Subsonic Aircraft: Contrail Although our value 63 K cooling below the ice frost point is

and Cloud Effects Special StuBly high supersaturations in ~ Very close to the observation by Carslaw e?&_loe nucleation

tropospheric clouds were obsen&dThe in situ measurements  IN the stratosphere seldom occurs from binaryS6/H:0

near the leading edge of a wave cloud at 209 K revealed a@erosols, because,80; is the main aerosol component at low

maximum saturation ratio with respect to ice of about?&. ~ temperatures only under volcanically perturbed conditions.

Jensen et & compared these measurements to numerical However, under volcanically quiet conditions, Hbiptake will

simulations for the formation of ice from480,/H,O aerosols occur in strato_spherlc aerosols sev_eral degrees above the frost

using the parametrization of Tabazadeh e®liey calculated ~ POINt, so that ice nucleates from either ternary HNGSOY/

a maximum saturation ratio of 1.5, which is much closer to the H20 or nearly binary HN@H,O aerosols. The calculations of

in situ measurements than an earlier value of about 1.3 calculated! @0azadeh et &.suggest that binary HN¢H;O aerosols would

by these authors using a different parametrizatfoin contrast, require a larger cooling than binary,80/H-0 aerosols, but

using the parametrization based on our new laboratory data,'€C€Nt laboratory measurements suggest a similar cooling of

we obtain a value of about 1.6, in excellent agreement with the about 3 K% In the case of high sulfate loading, we suggest

measured value. In a sensitivity study, Jensen &tiatreased ~ that @ cooling of abal8 K would be required to form ice from

the critical saturation ratio to 1.6 (no. 9 in their Table 2), leading Stratospheric aerosols.

to a calculated peak ice particle number concentration of 5.7 )

cm~3, which falls within the observed range ofZ cn 3. These Conclusions

comparisons indicate that our new parametrization yields the

best agreement between observations and microphysical simula

tions in the case of orographic wave clouds. In the case of

wave clouds where strong cooling occurs due to high updraft

velocities, heterogeneous nuclei probably play only a minor role.

In this paper, we have presented a new technique to study
Tiquid—solid phase transitions in aerosol particles. This optical
microscope technique allows us to obtain information on the
phase-transition temperatures and also on the composition of
; A the aerosols under investigation, which is more direct than has
I only_a few ice particles form heterogeneously, they would been achieved in the past with flow-tube or settling-chamber
need time to grow to remove th? available water vapor from gtudies coupled to FTIR spectroscopy. We have used the
the surrounding air, thus decreasing the supersaturation. HoW-picraseone technique to investigate the temperatures at which

ever, in wave clouds, the _s_upersaturation riseo SO qui_ckly d”eice nucleates from bBOJ/H-0 aerosols with concentrations in
to the large updraft velocities that these few ice particles do range from 0 to 35 wt %. The experiments reveal that a

not have time to remove a significant amount of water vapor supercooling of up to 66 K is needed to form the ice, much

before a supersaturation is reached, at which the majority of pigher than was inferred from earlier calculations and measure-
the remaining I|qU|d.aerosoIs freeze homogeneously, leading ments. A thermodynamic model has been used to apply the
to a sharp decrease in the relative humidity. On the other hand, e,y freezing temperature data to the formation of clouds in the
in the case of slow gradual cooling, heterogeneous nucleation,ner troposphere and lower stratosphere. The results indicate
will have a much stronger impact because a few heterogeneouslythat the homogeneous nucleation of ice in cirrus clouds requires
nucleated ice particles have time to grow and remove the water a1 ration ratios with respect to ice of up to 1.6, in excellent
vaporgfsrom the gas phase and, hence, decrease the supersatiyyreement with in situ observations of tropospheric wave clouds
ration> The supersaturation needed to induce homogeneousypjished recently. The cooling below the frost point for the
ice nucleation from binary $$Q/H,0 revealed in this paper  formation of ice PSCs is predicted to be about 3 K, which is

is higher than that previously thought and, thus, incréases thegisg in much closer agreement with recent field observations
chance for heterogeneous nuclei to play a more important role. nan the previously published value.

Further studies will be needed to investigate both the effect of
heterogeneous nuctéiand also the incorporation of N+and

HNO; into the aerosof$:*7 on the formation conditions of ice  the preliminary development of this technique, A. Bertram for
cirrus clouds. providing us with his freezing temperature data, and A.
Polar Stratospheric Clouds. Previously, it was generally  Tabazadeh for sending us hes3®; ice nucleation code. This
believed that ice would freeze without much supercooling from work was supported by grants from NASA’s Atmospheric
stratospheric aerosols and usually a critical cooling of about 1 Effects of Aviation Program, the National Science Foundation,
K below the ice frost point was assum&#? On the basis of  and the Max Planck Research Award to M. Molina and P.
the HSQ/H;O data by Bertram et al? Tabazadeh et &F. Crutzen. T.K. gratefully acknowledges a Feodor Lynen Fel-
suggested that a value of about 227 K would be more lowship from the Humboldt Foundation and an Otto Hahn

appropriate at stratospheric temperatures. For binary #iNO Fellowship from the Max Planck Society.

H,O aerosols, they calculated values of about2® K at

stratospheric temperatur&s. On the other hand, Carslaw ef8l.  References and Notes
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