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Heterogeneous freezing of aqueous particles with solid inclusions of crystallizefh@@Q4 ice, and letovicite

were studied using optical microscopy and differential scanning calorimetry. Faj){8iBi—H,O particles,

the heterogeneous freezing temperature was found to be dependent on the morphology of,}s&QNH

solid. If the crystallized solid was in the form of microcrystals, the heterogeneous ice-freezing temperature
was close to the eutectic temperature and the critical saturation with respect to ice was close to 1. However,
if the solid was in the form of one or two large crystals, the heterogeneous freezing temperature was close
to the homogeneous freezing temperature. For particles with one or two large®iHcrystals in equilibrium

with (NH4),SO;—H,0 solution, we have estimated an upper limit of £.40°° st um~2 for J. (heterogeneous
nucleation rate of ice, immersion freezing mode). Our results fosHEO,—H,O particles show that when

one or two large crystals of either ice or letovicite are present in the solution, the freezing temperature does
not deviate significantly from the homogeneous freezing temperature, consistent with theS®H H,0
experiments. Our work shows that the surface area and surface microstructure of crystalline solids present in
agueous aerosols can significantly change the heterogeneous freezing temperature and critical ice saturations
and that heterogeneous ice nucleation induced by crystalline salts may be very important in the formation of
upper tropospheric clouds.

1. Introduction rimetry (DSC) and optical microscopy:1>1"The experimental
data show that large ice saturation ratiSge[ are needed for
homogeneous nucleation. Such large saturations have been
observed in the upper troposphéfe?® indicating that homo-
these clouds play an important role in the chemistry of the upper geneous ngc_leatlon is the formation mech_anlsm of Some Upper
troposphere. For example, recent field and laboratory work hastropospherlc_lce ClOUdi' However, Heymsfield and M"OS&!Ch
shown that UT clouds can perturb chlorine chemistry and @nd Heymsfield et & have reported that much lower ice

Upper tropospheric (UT) clouds play an important role in
the Earth’s climate by scattering and absorbing solar radiation
and radiation given off by the Earth’s surfat#.In addition,

contribute to 0zone depleticn® saturations are required for formation of some continental UT
UT clouds form when tropospheric aerosols cool in rising ice clouds. These field measurements suggest that heterogeneous
air parcels, take up water, and eventually free2&® The nucleation, in addition to homogeneous nucleation, is occurring

freezing of ice in these aerosols can occur by either homoge- i the upper troposphere.
neous or heterogeneous nucleation; the latter occurs on a solid Some liquid (NH)2SO;—H2SO;—H:0 particles in the upper
substrate, such as dust. Since the presence of a solid substratéoposphere may contain a solid core of cystallized¥&fFor
often reduces the free energy barrier for nucleatibrhetero- example, Tabazadeh and Té®imave demonstrated using an
geneous nucleation usually occurs at lower saturation ratios thanequilibrium thermodynamic mod®l and laboratory efflores-
homogeneous nucleation, that is, at warmer temperatures orcence dat# that liquid (NH;)>,SO;—H,SO;—H0 particles in
lower relative humidities. the upper troposphere may contain solid ammonium sulfate or

Until recently, homogeneous freezing of aqueous particles letovicite. The presence of these crystallized salts in UT aerosol
was considered to be the dominant formation mechanism of particles may significantly reduce the temperatures and satura-
UT ice clouds®*213 Consequently, homogeneous freezing of tions required for ice formation, by providing sites for hetero-
aqueous particles has been investigated extensivéiy? geneous nucleation, and thus, changing the mode of formation
Specifically, the freezing properties of binary and ternary of UT ice clouds from homogeneous nucleation to heteroge-
solutions of (NH),SOy, H,SOy, and HO have been investigated  neous nucleation.
(on the basis of modeling results and field data, atmospheric
particles are believed to contain these compou®dsy.

The homogeneous freezing temperatures e8®—H-0,
(NH4)2SO;—H,0, and NHHSO,—H,O particles have been
determined in our laboratory using differential scanning calo-

In this paper, we investigate the possibility that ice nucleation
via the immersion freezing mode may occur on (NSO,
crystals. We prepared droplets containing a solid {N&O,
crystalline core enclosed by a liquid (I}#S0s—H,0 solution
and determined the freezing temperatures of these droplets. In
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2. Experimental Technique (a) ! liquid (b)
5 liquid

Ae/
2001 (NH),80,-liquid line 1/

2.1. Optical Microscope. An optical microscope (Zeiss I o 1E
Axioskop 20) was used to investigate heterogeneous freezing. 2707\\,}i"flf ‘“‘% / R
This technique has been previously employed in our laboratory I Tt e (NH.504(s)
T 5

to study the homogeneous freezing of ice in binaps&,—

Ho0, (NH)>SO—H,0, and NHHSO;—H,O particlest#15.17

Details of the technique and apparatus are described elselfhere.
Briefly, an optical microscope was equipped with a cold stage ,
(Linkam BCS 196) that housed a quartz microcell. The bottom  Homogeneous
surface of the cell was pretreated with an organosilane (AquaSil, 2107 lee-freezing tine S
Hampton Research Inc.) to produce a monomolecular hydro-
phobic surface layer that minimized heterogeneous effects from 1994

2501 /J Y

2301

Temperature (K)

e
the glass surface. Previous studies in our laboratdhhave (NHSO4(s)tice
shown that this hydrophobic surface does not promote nucleation 170 e (NH{),804(s)tice
of ice. Particles, with sizes ranging from 10 to BB, were 0 10 20 30 40 S0 i
deposited onto the hydrophobic surface with a nebulizer Concentration (wt%) —Jime

(Meinhard, TR30) and their concentrations were adjusted by Figure 1. (a) Temperature vs concentration phase diagram fo?NH
exposing them to a fixed relative humidity. After adjusting the SQ,—H,0.3The thin solid lines are the solidiquid equilibrium curves
particle composition, Halocarbon grease (Halocarbon Products,for ice and (NH).SO, and the dashdotted line represents the ice
Series 28LT) was added to the cell and the cell was sealed.(NH“)ZSO“ eutectic temperature. The thick solid line indicates the

. . . . . homogeneous ice-freezing data reported by Bertram'éfal.(NH,).-
This resulted in the aqueous particles forming an emulsion, that SQ—H,0 particles. The solid triangles represent the homogeneous

is, each particle was surrounded by the Halocarbon grease freezing events in our experiments. The dotted line represents the
Isolating individual particles with grease minimized the mass thermal history of the particles. The points—& along the dotted line
transfer of water vapor from unfrozen particles to frozen indicate the different stages (see text for detail) in the thermal cycle.
particles, and thus, the concentration of individual particles While points A, B,*and E fl_so_mdmate the liquid composition of the
remained constant throughout the experiment. To check theParticles, points C* and D indicate the concentration of the liquid in
ffect of Halocarbon grease on the freezing properties of aqueou equilibrium with solid (NH);SQ; at stage C and D of the experiment.
e : g ap p_ a b) Photographs taken at various stages of the thermal cycle as a
particles, we measured the homogeneous freezing temperaturegnction of time.

of (NH4)>SO;—H,0O particles with and without the grease

present. These results were in agreement, within experimentalconcentrations between 41.3 and 44.6 wt % and determining
uncertainty, providing evidence that Halocarbon grease does notthe phase transition temperatures of the particles during the
affect the freezing of our aqueous particles. thermal cycling. The composition and temperature of the
During the course of an experiment, the particles were particles during these experiments are shown in Figure 1a, and
observed with a microscope via two focusing eyepieces and aphotographs of the particles taken during each stage of the
video camera (Sony XC 75) connected to a videotape recorder.temperature-cycling experiments are shown in Figure 1b. The
We could easily observe phase transitions in the particles duelabels in the photographs in Figure 1b correspond to poirtE A
to a change in light scattering. For example, each individual in Figure 1a. The vertical and horizontal positions of the
particle would suddenly turn dark on freezing. Furthermore, we photographs indicate the temperature and experimental time at
could clearly distinguish between liquid particles, completely which they were taken during the course of the experiment.
solid particles, and liquid particles with solid inclusions. First, the particles were cooled from room temperature (point
Consequently, we were able to determine homogeneous nuclex in Figure 1a) to 183 K (point B in Figure 1a) at the rate of
ation temperatures, dissolution temperatures, and heterogeneougg Kk min—1. This resulted in ice and solid ammonium sulfate
nucleation temperatures of individual particles. nucleating in the particles. The particles were then heated to a
2.2. Differential Scanning Calorimetry. We also used temperature above the (NJASO,—ice eutectic temperature
differential scanning calorimetry (DSC) to conduct heteroge- (254.2 K, dask-dotted line in Figure 1a), but below the (IYi+
neous freezing experiments on aqueea emulsions. The  SO;—liquid equilibrium line (point C in Figure 1a). Note that
experimental technique is described in detail elsewkefe.  the temperature that corresponds to point C varied from
Briefly, emulsions were prepared by mixing 0.4 mL of an experiment to experiment, but in all cases it was above the
aqueous solution with 5.0 mL of an lanotiHalocarbon oil eutectic temperature and below the (W$O; dissolution
solution and then shaking the resulting mixture with a high- temperature. At point C, each particle consisted of an internal
speed mixer for approximately 5 min. A commercial Perkin- mixture of crystalline (NH),SQ in equilibrium with a liquid
Elmer DSC-7 instrument was used for the calorimetric experi- (NH,),SO;—H0 solution with composition C*. The presence
ments. The DSC technique involved monitoring the differential of the solid core is clearly visible in Figure 1b, photograph C.
energy required to keep both a sample (emulsion) and aThe identity of the crystalline core, (N§3SQs, was determined
reference (lanolirHalocarbon oil mixture) at the same tem-  from the phase diagram. We will refer to the temperature at
perature, while the temperature was increased or decreased. Thgoint C as the “conditioning temperature” throughout the
changes in the differential energy as a function of temperature remainder of this paper. After the particles were held at the
were plotted as thermograms, and peaks in the thermogramsconditioning temperature for approximately 5 min, the cell was
indicated phase transitions. The aqueous particles in the emul-sjowly cooled @41 K min—2 until heterogeneous freezing of ice
sions had sizes ranging from 5 to 4B, as determined with  on solid (NH;),SOs was observed (point D in Figure 1a). In all
the microscope. experiments, this slow cooling rate was chosen to allow the
2.3. Ammonium Sulfate Experiments.These experiments  liquid in the particles to maintain equilibrium with solid (M}
consisted of thermally cycling (NBLSO,—H,0 particles with SO, such that the liquid assumes its equilibrium composition
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Figure 2. (a) Temperature vs concentration phase diagram fos-NH
HSO,—H,0.2 The ice-freezing line represents the homogeneous
freezing data for ice in NeHSO,—H,0 reported by Koop et &F The
points A—D indicate the different stages in the thermal cycle (see text Figure 3. Percentage of drops frozen as a function of temperature for
for detail) for particles with three different concentrationsii (Note: (NH,).SO;—H0 particles. The particles were cooletllaK min=?.
only the two-dimensional phase diagram for M$O,—H,0 is shown Solid circles are results from experiment with a conditioning temper-
but, once letovicite crystallizes in solution, the solution becomes more ature of 291.2 K, the solid triangles correspond to 263.2 K, and the
acidic and leaves the two-dimensional space.) (b) Pictorial illustration solid squares correspond to a conditioning temperature of 255.2 K.
of the phases we expected to detect in,NBO,—H,0 particles at The arrow indicates the expected homogeneous freezing temperature,
different stages of the thermal-cycling experiments. 202.2 K, for homogeneous nucleation of a (J4$0,—H-O solution

in equilibrium with a solid (NH).SO, core. This temperature was
D*. We have also performed heterogeneous freezing experi-calc.‘lJ.LaFed ?S the goihnt r?f intersection _bet\f/veen_ th?_@m—liquid
ments at cooling rates of 3 di K min-L, The results obtained equilibrium line and the homogeneous ice-freezing line (see Figure 1a).

in these experiments agree with the results obtained at a cooling_ . . .
g . . cycling experiments, we determined both the homogeneous
rate d 1 K min~1, within experimental uncertainty. These results

provide evidence that the solid is always in equilibrium with freezing temperatures and heterogeneous freezing temperatures

the liquid when the particles are cooletilaK min—1. Finally, of the individual particles.
the temperature of the cell was increased at the rate of 1 K . )
min~t until the solid completely dissolved (point E in Figure - Results and Discussion
la). From the dissolution temperatures, we calculated the 37 Ammonium Sulfate. The solid triangles in Figure 1a
compositions of the particles using a thermodynamic m#tlel.  represent the homogeneous freezing temperatures determined
2.4. Ammonium Bisulfate Experiments. Temperature- with the microscope during several temperature-cycling experi-
cycling experiments were carried out on ammonium bisulfate ments. These freezing temperatures, which are in excellent
particles with the following concentrations: 36 wt % (experi- agreement with the homogeneous ice-freezing results reported
ment i), 57 wt % (experiment ii), and 68 wt % (experiment iii). by Bertram et al? (thick solid line), did not vary from one
In each experiment, we thermally cycled the particles in a experiment to the next, within the uncertainty of the measure-
manner similar to that in the ammonium sulfate experiments ments. In contrast, the heterogeneous ice-freezing temperatures
described above. The three vertical lines in Figure 2a representvaried as a function of the conditioning temperature (see Figure
the temperature and composition during each experiment. Thela) used in the thermal-cycling experiments. Shown in Figure
diagram in Figure 2b illustrates the expected morphology of 3 are heterogeneous freezing temperatures from three separate
the particles at each stage of the temperature-cycling experi-experiments. The conditioning temperatures used in each
ments. First, the particles were cooled from room temperature experiment are indicated in the figure. The higher the condition-
(points A(i), A(ii), and A(iii) in Figure 2a) to 183 K (points  ing temperature the lower is the heterogeneous freezing tem-
B(i), B(ii), and B(iii) in Figure 2a) at 10 K min! and held at perature. We also determined heterogeneous freezing temper-
183 K for approximately 30 min. This resulted in homogeneous atures of aqueous (N§SOs—0il emulsions using differential
freezing of the liquid particles. On the basis of the thermody- scanning calorimetry. The emulsions were thermally cycled in
namic model by Clegg et al% it was possible for three solid  the same manner as the microscope experiments. The temper-
phases to be present in the particle at 183 K, but we were unableatures at which the (NpL.SO,—H,O particles froze heteroge-
to determine whether the third phase crystallized in the particles.neously in these DSC experiments also depended on the
The particles were then warmetllak min~! to a temperature ~ conditioning temperature “C”. Figure 4 shows the median
below the solid-liquid coexistence line (points C(i), C(ii), and  heterogeneous freezing temperatures as a function of the
C(iii) in Figure 2a). At the conditioning temperatures (C(i), C(ii), conditioning temperature, determined from the microscope and
and C(iii)) the particles contained both liquid and solid in DSC experiments. The DSC and microscope results display a
equilibrium. After being held at points C(i), C(ii), and C(iii)  similar trend: heterogeneous freezing occurs at warm temper-
for approximately 5 min, the particles were then slowly cooled atures if the conditioning temperature is close to, but warmer
at 1 K min! to 183 K (points B(i), B(ii), and B(iii) in Figure  than, the eutectic temperature.
2a) and then held at that temperature for approximately 60 min. What could be the physical reasons for these observations?
Finally, the cell was warmedtd K min~! to determine the Figure 5a shows the morphology of the solid when a condition-
concentrations from their equilibrium dissolution temperatures ing temperature of 291.2 K was used, and Figure 5b shows the
(points Di, Dii, and Diii in Figure 2a). From these thermal- morphology when a conditioning temperature of 255.2 K was
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Temperature (K)
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250 260 270 280 290 B) were warmed slightly above the eutectic, ice melted and left behind

numerous microcrystals of (NJ3SQO, in each particle (. When these

) ) . particles were cooled without further warming, they readily froze
Figure 4. Plot of the median heterogeneous freezing temperatures aspecause of the enhanced surface area available for nucleation (indicated
a function of the conditioning temperature “C”, determined with the ',y b)) However, when the temperature of these particles was raised
microscope and the DSC experiments. The DSC and microscope resultgrther, to G, the microcrystals began to melt and eventually only one
illustrate that heterogeneous freezing of ice on ammonium sulfate o two microcrystals remained. Subsequent cooling of these particles
occurred at warmer temperatures |_f the conditioning temperature was yagyited in only one or two large crystals in each particle, hence,
closer to the (NH),SQ,—H-O eutectic temperature. minimizing the surface area of solid (NHSQ,. These particles froze
heterogeneously atD

Conditioning Temperature (K)

Figure 6 illustrates the surface area and surface microstructure
changes we observe with the microscope during the temperature-
cycling experiments and explains the relationship between the
conditioning temperature and the morphology of the solid
ammonium sulfate. In all experiments, the (N}$0;—H>0
particles were first cooled from room temperature (point A in
: Figure 6) to 183 K (point B). Then the temperature was

e e increased to slightly above the eutectic temperature. At this
Figure 5. Photographs of a (NbpSQ,—H0 particle with a crystalline = point, ice melted and left behind numerous microcrystals of
(NH4)2SO, core produced with conditioning temperatures of (a) 291.2 ammonium sulfate in each particle. What happened next, after

K and (b) 255.2 K. The photographs are of the same particle; since . . .
both photographs were taken at the same temperature (255.1 K), thethe microcrystals had been left behind, determined the surface

mass of solid ammonium sulfate in the particle is the same in both @réa of the solid, and hence, the heterogeneous freezing
cases. temperature. If these (NfpSO,—H,O particles were subse-

quently cooled (from a low conditioning temperature i@
used. The photographs are of the same particle and since bothrigure 6) without further warming, they readily froze (at
photographs were taken at the same temperature (at 255.1 K)femperature pPin Figure 6). However, if the temperature of these
the mass of solid ammonium sulfate in the particle was the samepatrticles was raised further to a higher conditioning temperature,
in both cases. These figures show that the surface area of theC,, most of the microcrystals dissolved, leaving behind only
solid changes drastically with the conditioning temperature. We one or two microcrystals. As these particles were cooled, the
have performed several heterogeneous freezing experiments anchicrocrystals grew in size, resulting in only one or two large
the same trend was observed in all cases: If the conditioning crystals in each particle prior to heterogeneous nucleation. Since
temperature was close to the dissolution temperature, but notthe surface area of the solid ammonium sulfate was minimized
above the (NH),SO;—liquid equilibrium line, the structure of  in this case, these particles supercooled to a lower temperature
the solid in equilibrium with aqueous particle resembled Figure and froze heterogeneously at a temperature that corresponds to
5a. But if the conditioning temperature was close to the eutectic point Dy, in Figure 6.
temperature, the particle resembled Figure 5b. For the inter- The above results show that the heterogeneous freezing
mediate case, the size of the solid crystals was between the sizéemperature depends on the thermal history of the crystals. In
of the microcrystals and the size of the large crystals. These addition, these results show that there is a clear trend between
observations indicate that the trend in Figure 4 is due to the the surface area of the ammonium sulfate crystals and the
surface area and surface microstructure of the solid ammoniumheterogeneous freezing temperature. This is consistent with
sulfate. classical nucleation theory, which predicts that the heterogeneous

Using DSC, we were also able to observe the seatialid freezing rate is proportional to the surface atelrom the
transition of ammonium sulfate, andg forms, as reported by ~ microscope images we were able to determine the surface area
Martin?%2°and Bajpai et at® However, since the conditioning  of the large crystals; however, we were unable to determine
temperature was always warmer than the temperature-fgt the surface area of the microcrystals. Consequently, we could
ammonium sulfate solidsolid transition, we do not think the  not ascertain if the change in heterogeneous nucleation tem-
solid—solid phase transition affected heterogeneous freezing of perature was due solely to a change in surface area. We have
the particles. done calculations (based on classical nucleation theory) indicat-
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ing that the required variation in surface area between large 100
crystals and microcrystals would be beyond a physically :
reasonable quantity for surface area alone to be responsible for
the variation in heterogeneous freezing temperatures. The
difference in heterogeneous freezing temperatures shown in
Figure 4 may also be due to the surface microstructure of the
crystals (differences in surface defects of the crystals) since
heterogeneous nucleation may occur predominately at surface
defects such as cracks, steps, or dislocations. These surface
defects may be enhanced on the microcrystals that are produced
at fast crystal growth rates due to the high supersaturations at
point B. In comparison, when the crystals were prepared by
growing one or two microcrystals, the number of surface defects
may be significantly reduced because the crystal growth rate is
low, thus allowing for ion reorientation. Yet another possibility

is that the heterogeneous freezing results may be due to T T T T
preactivation, which is a well-known phenomenon in hetero- 200 220 240 260 280

geneous nucleation theoty# Initial formation of solid am- Temperature [K]

monium sulfate in the presence of ice may modify the crystalline Figure 7. Hypothetical atmospheric trajectory of an initially dry (k&
structure of (NH),SQ, at the interface. This modified surface SO crystal (shown as the dotted line) in a temperature vs relative
may have sites that closely match the ice lattice (activated Sites)_humldlty phase diagram. The solid line is the ice saturation line and

L s . .~ the dashed line represents the parametrization for homogeneous ice
If the temperature is increased only slightly above the eutectic nucleation from liquid aqueous aeros#idn the light shaded region

temperatures, these activated sites may continue to exist on thgee js supersaturated whereas above the dashed curve (indicated as the
solid ammonium sulfate surface, and as a result, heterogeneougark shaded region) homogeneous ice nucleation will occur. The-dash
freezing of ice may occur at much higher temperatures. On the dotted line indicates deliquescence relative humidity of NGO,

other hand, the activated sites may not continue to exist if a crystals as calculated using the model of Clegg &t Bbr a detailed
conditioning temperature much warmer than the eutectic is used.discussion, see text.

Surface area, surface microstructure, and preactivation of surface ) )

sites, are all possible explanations for our heterogeneous freezinghe effloresced (Ni.SCO, experiments when compared to ice

results. All these possibilities are dependent on the thermal formation in completely liquid (Nk),SO; particles, indicating
history of the particles. that crystalline (NH),SO, is a poor heterogeneous nuclei for

ice. This result is consistent with the results we obtained when
the solid was in the form of large crystals rather than micro-
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In the experiments where only one or two large solid
ammonium sulfate crystals were present in each particle, '[heCr stals
average solid surface in each individual particle was 38860 y - . .

S ; . The trajectories in our experiments (temperature and con-
um?, The median heterogeneous freezing temperature of these . L .

: . centration histories) are not common in the atmosphere.
particles was 203.7 K. The temperature required for homoge- . . o
) ; . - Nevertheless, there is a range of atmospheric conditions for
neous nucleation of the ammonium sulfate solution that was in __~. .
which our results are applicable.

equilibrium with the ammonium sulfate crystals was calculated The first situation is when the ratio of ammonia-to-sulfate in

Ezlgginthiunr]\?:ziatt; );rr(ﬁfeggbet E?; 2?;mt2?_£§$0§;?§§u§ngse' the atmospheric aerosol is exactly 2:1. In these cases, at low
9 y P relative humidities, the particles will be completely dry am-

to the |ntersect|pn point .Of thg (MHSQ—lIQUId line "?‘”d the . monium sulfate. When the temperature decreases and the relative
homogeneous ice-freezing line in Figure 1a). This freezing humidity i th ticles will deliquesce and temporaril
temperature, 202.2 K, is indicated in Figure 3 with an arrow. umidity increases, the par e d : : P y
The calculated homogeneous ice-freezing temperature is Only_ems_t as a soligliquid mixture. This is schemanc_ally illustrated _
slightly lower than the median heterogeneous ice-freezing n F|gure 7 Thg thted line shows a hypothetical atmosphenc
temperature of particles with one or two large (NSO, trajeptpry qf an |q|t!ally d.ry (NH)>SO crystgl (at lO\-N relatlvg
crystals, which indicates that a surface area of 28860um?/ hum!d!ty)_ln a rising air parcel. Upon Increasing re_lat|ve
N o . . humidity, ice becomes supersaturated above the solid line and,
partlcle.does not S|gn|f|.cantly increase the rate of freezing of hence, the dry (NE,SQx crystal can serve as ice nuclei in the
ammanium sulfate partu;les in-our e>.([.)er|ments.. deposition mode. If ice deposition nucleation does not occur,

We can use the expenmentgl condltloqs to estimate an uppefine (NH,), SO, crystal will start to deliquesce once the appropri-
bound for the heterogeneous ice nucleation rate coeffidignt  5te deliquescence relative humidity value (dadbtted line) is
on single (NH),SQ, crystals. None of the 43 particles inves-  reached. At this point the (NHLSO; crystal will dissolve and
tigated crystallized at temperatures between 204 and 254.2 K.intermediately form a crystalline core within a (WSO,

To estimate an upper limit fake, we take the minimum surface  sojution. During the time it takes the crystal to fully deliquesce,
area of 12Qum? (=380-260xn) and an observation time of  ice nucleation via the immersion freezing mode may occur. If
60 s at each 1 K temperature interval (the cooling rate was 1 K npot, the particle will fully deliquesce and ice nucleation will
min~1). Using Poisson statistié this yields an upper limit for  only occur when the homogeneous ice nucleation limit (dashed
Jnet < 1.5 x 107° s71 um~2 with a confidence level of 99%. line) is reached.

Chen et aP® studied heterogeneous nucleation of ice by  Our results might also be applicable when the ammonia-to-
effloresced (NH),SO, particles. In these experiments the sulfate ratio in atmospheric particles is nonstoichiometric. In
particles were completely crystalline until the deliguescence these cases, the particles can exist as partially crystalline
point was reached. In contrast, the particles in our experimentsammonium sulfate, i.e., internally mixed liquigolid particles,
were always partially crystalline. Chen et®aidid not observe over a wide range of conditions in the atmosphere. This is likely
a decrease in the ice saturation ratio required for freezing in the dominant situation in the atmosphere since the conditions
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required for forming perfectly stoichiometric particles are TABLE 1. Results from Heterogeneous Freezing
probably rare. For nonstoichiometric particles, the ammonium Experiments on NHHSO,—H0 Particles®

sulfate crystals will be in equilibrium with a nonstoichiometric no.of no.frozen no.frozen .- o
solution. This is in contrast to our ammonium sulfate experi- _avconcn _particles above 183K at183K Sc2° 7 S Sley
ments where solid ammonium sulfate was always in equilibrium i: 36 wt % 223 2l 6 1.00 8.93 3.33 5252OO
; : ; . ; ; Lo 0 B7wt% 1 5 157 012 087 1
with a solution having a 2:1 ratio of ammonia-to-sulfate. Despite i 58Wt% 10 0 5 Toa 229 4084 100

this fact, we suggest that the freezing temperatures of nonstoi-

chiometric particles containing solid ammonium sulfate can be Safu-[;‘t?oﬁzfﬁtmigﬁe‘é‘ﬁftﬁgr\‘/i‘:icotﬁg seg“t(;‘srzet’ fggﬁ;ﬁti?m rae”d the
\ . : : : D

predicted on the ba.SIS of the .Ice S_aturatlons requ'red for calculated using the thermodynamic model of Clegg et aQ.# The

heterogeneous freezing determined in our experiments. Forzg \t o particles contained solid inclusions of ice while the 57 and

example, we propose on the basis of our freezing results thateg wt % particles contained solid inclusions of letovicite. Less than
ice saturations only slightly larger than 1 are required to freeze 10% of the total particles exhibited heterogeneous freezing at temper-
nonstoichiometric particles containing microcrystals of am- atures warmer than 183 K.

monium sulfate. This assumes that the freezing temperature

can be predicted on the basis of ice saturations regardless O ur detection limit. The saturations in Table 1, row 1, are lower

the st0|ch|ometry of the solut|on_, which has_ been shown to be limits to the saturations necessary for heterogeneous nucleation
apphf:ablée6 for homogeneous ice nucleation from aqueous of a large fraction £ 5%) of NHHSQu—Hs0 particles with solid
solutions: inclusions of ice at temperatures warmer than 183 K.

We can estimate the fraction of (NHSQ,—H,O particles In the experiments with 57 and 68 wt % MHSO, particles,
(ammonia-to-sulfate ratio 2:1) in the atmosphere that will freeze the liquid was in equilibrium with letovicite at the conditioning
heterogeneously during deliquescence usingtheletermined  temperatures C(ii) and C(iii) in Figure 2. Only 9% of these
in our experiments. For this estimation we assume that during particles froze heterogeneously above 183 K (see Table 1). An
deliquescence each atmospheric particle consists of ard.5  additional 38% froze when the particles were held at 183 K for
(NH4)2SO; crystal with a surface area 0f0.8 um? that is in approximately 60 min. The saturations with respect to ice, SAH,
equilibrium with the liquid (here we assume a spherical shape and SAT in these solidliquid particles at 183 K are given in
for the crystals, but similar results are obtained if we assume aTaple 1 (rows 2 and 3). In the 57 wt % particles, ice was the
cylindrical shape). On the basis of these assumptions, less tharsolid that nucleated heterogeneously, as it was the only solid
10~%% of these aerosol particles would be frozen after 10 s, supersaturated in the liquid. Ice, SAT, and SAH were all

less than 0.7% after 10 min, and less than 4.2%r dfta at supersaturated in the 68 wt % experiments. On the basis of the
temperatures above 204 K. Since these estimates are based ofsults of Koop et alt® we believe that SAT is the solid that
upper limits forJne, the frozen aerosol fraction is likely to be  nucleated heterogeneously on letovicite even though SAH has
significantly smaller than the values calculated here. The g higher supersaturation. We were unable to determine whether
deliquescence process of an initially dry (§b8O: may take 3 third solid nucleated in these particles.

between a few seconds and several minutes in the atmospheric We also used DSC to investigate heterogeneous freezing of
situation depending on the rate at which the relative humidity 57.7 wt % NHHSO,—H,0 particles. In these experiments, no
increases and also on the absolute water vapor pressure. As feterogeneous freezing was detected above 183 K, which is
result, at maximum only a small fraction of the aerosols will consistent with the microscope results.

have nucleated ice during deliquescence. On the other hand, The solid in the NHHSO,—H,0 experiments was always in
depending on whether microcrystals form upon efflorescence the form of large crystals rather than microcrystals. Producing
or not, the ice nucleation ability of (NHLSO;, crystals might  microcrystals in these experiments proved to be difficult because
be significantly enhanced in the atmospheric situation. We most of the microcrystals were dissolved when the conditioning
conclude that it is important to understand the surface area andtemperature was only 2@ K above the eutectic. This can be
microstructure of atmospheric (NJ4SO; crystals in order to  explained by the slopes of the sofitiquid equilibrium curves
evaluate their ability to act as heterogeneous ice nuclei. for both ice and letovicite (see Figure 2). Because the solid

3.2. Ammonium Bisulfate. The following concentrations  liquid equilibrium curves for both ice and letovicite are relatively
were used in the ammonium bisulfate experiments: 36, 57, andflat, a slight increase in the conditioning temperature above the
68 wt % NHHSO,. In all cases, the ammonium bisulfate eutectic temperature results in significant dissolution of the
particles did not freeze homogeneously while cooling from room crystalline solid (either ice or letovicite) in order to maintain
temperature to 183 K. The particles did freeze, however, at 183 the liquid—solid equilibrium. In contrast, the (NSO, —liquid
K, but even at this temperature it took approximately 30 min line is very steep, thus requiring only minor dissolution of
for all the particles to freeze. (NH4)2SOy in order to maintain equilibrium.

In the experiments with 36 wt % NHISO; particles, the Our heterogeneous freezing results show that when one or
liquid was in equilibrium with ice after cooling to B and WO large crystals of either ice or letovicite are present insNH
subsequently warming to the conditioning temperature C(i) (see HSQ:—H-0 particles, the freezing temperature does not deviate
Figure 2). When these particles were cooled to 183 K, significantly from th_e homogeneous f_reezmg_temperature of
heterogeneous freezing of a second solid phase was observellH4HSQi—H-0 particles. This is consistent with the (Mgt
in less than 5% of the particles (see Table 1). An additional S —H20-freezing results. To find out whether microcrystals
26% of these particles froze when they were held at 183 K for Of letovicite or ice induce freezing at higher temperatures, as is
approximately 60 min. The saturations with respect to sulfuric the case with microcrystals of (N}SQ,, will require additional
acid tetrahydrate (SAT), sulfuric acid hemihexahydrate (SAH), €XPeriments.
and letovicite in these liquigsolid particles at 183 K, calculated
with a thermodynamic modé?, are listed in Table 1. Since
letovicite is highly supersaturated in these particles, the solid The heterogeneous freezing of (WkBO;—H,0 and NH-
phase that nucleated on ice was probably letovicite. Even if a HSO,—H,0 particles by solid inclusions of crystallized (Mgt

hird solid phase crystallized in the particles, it would be below

4. Summary and Conclusions
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SO, ice, and letovicite was investigated with optical microscopy (6) Ja?jgle, L, Jachob. D.J.; Brung, W. H.; Faloona, I.; Tan, D.; Hei]ikes,
; ; ; ; ; B. G.; Kondo, Y.; Sachse, G. W.; Anderson, B.; Gregory, G. L.; Singh, H.

gnd differential scanning calorimetry. The temperature at which B.: Pueschel R. Ferry, G.. Blake, D. R.: Shetter, RJEGeophys, Res.

ice nucleates heterogeneously from solution on solid{¥H  >00q 105 3877-3892.

SO, crystals was found to be dependent on the surface area  (7) Solomon, S.; Borrmann, S.; Garcia, R. R.; Portmann, R.; Thomason,

and microstructure of the solid, as well as the thermal history Iianggfiﬁz?éfz\évmker’ D.; McCormick, M. PJ. Geophys. Red.997,

of the particles. If the solid was in the form of microcrystals, (8) Kley. D.- Crutzen, P. J.: Smit, H. G. J.: Vomel, H.: Oltmans, S. J.

the hgterogeneous |ce-frge2|ng temperature was close to thesyass|, H.: Ramanathan, \Bciencel996 274, 230-233.

eutectic temperature, but if the solid was in the form of large (9) Jensen, E. J.; Toon, O. B.; Westphal, D. L.; Kinne, S.; Heysmfield,

crystals, the freezing temperature was close to the homogeneou$- J- J. Geophys. Red.994 99, 10421-10442.

[y ; 2 (10) DeMott, P. J.; Rogers, D. C.; Kreidenweis, S.MGeophys. Res.
ice-freezing temperature. A surface area of 38@60 um?/ 1997 102, 19575-19584.

particle (large crystals only) did not significantly increase the (11 vaji, G.J. Atmos. Sci1994 51, 1843-1856.

rate of freezing of ammonium sulfate particles in our experi- (12) Sassen, K.; Dodd, G. Q. Atmos. Sci1988 45, 1357-1369.
ments. Although the estimated upper limit for the heterogeneous  (13) Sassen, K.; Dodd, G. Q. Atmos. Sci1989 46, 3005-3014.
nucleation rate of ice (immersion mode), based on our experi- | 1%323 Eggpégzl;ﬁgé;i P.; Molina, L. T.; Molina, M. JI. Phys. Chem.
ments, does not rule 9‘” that §i_ng|e (580, crystals may . (15) Koop, T.; Bertra.m, A. K;; Molina, L. T.; Molina, M. 0. Phys.
act as heterogeneous ice nuclei in the atmosphere, we considethem. A1999 103 9042-9048.

this to be unlikely. However, if atmospheric aerosols contain  (16) Bertram, A. K.; Patterson, D. D.; Sloan, JJJPhys. Chen.996
solid (NH,),SQy in the form of microcrystals, with the associated 100 2376-2383.

surface defects and higher surface area, they might function asCh(elrp E;ggg%fggg_‘é%%p’ T Molina, L. T.; Molina, M. . Phys.

efficient heterogeneous ice nuclei. (18) Cziczo, D. J.; Abbatt, J. P. D. Geophys. Re4999 104, 13781
In the case of NbHSO,—H,0O particles, where one or two ~ 13790. o o _
large crystals of ice or letovicite were in equilibrium with a (19) Clapp, M. L.; Niedziela, R. F.; Richwine, L. J.; Dransfield, T.;

LS . Miller, R. E.; Worsnop, D. RJ. Geophys. Re4997 102 8899-8907.
liquid, the heterogeneous freezing temperatures were close to (20) Martin, S.Chem. Re. 2000 100, 34033453,

the homogeneo_us freezing temperatures, similar to the)gNH (21) Talbot, R. W.; Dibb, J. E.; Loomis, M. B5eophys. Res. Let998
SO,—H,0 experiments. This suggests that heterogeneous nucle-25, 1367-1370. _
ation by ice or letovicite with a similar morphology is not an (22) Adams, P. J.; Seinfeld, J. H.; Koch, D. W.Geophys. Re4999

: : 104, 13791-13823.
important atmospheric process. (23) Dibb, J. E.; Talbot, R. W.; Scheuer, E. M.; Blake, D. R.; Blake, N.

This work shows that the morphology of crystalline solids ;. Gregory, G. L.; Sachse, G. W.; Thornton, D.JCGeophys. Re4999
can significantly change the heterogeneous freezing temperaturel04, 5785-5800.
and that heterogeneous nucleation of ice induced by crystallineon(24) HeSY(anSfierl]d, AﬁzJ'; Eﬂigggviczhs, Iiéi\/le-ﬁ;l'lé\gflghy, C.; Sachse, G.;
salts (immersion mode) may be very important in the formation gg??enéei?%.%é;' Toisr;’ 5 5 '?abéza deh. A Sachse, G. W.; Anderson,
of UT clouds. We suggest further laboratory and field work to g, E. chan, K. R.; Twohy, C. W.; Gandrud, B.; Aulenbach, S. M.:
investigate the morphology of crystallized cores in atmospheric Heymsfield, A.; Hallett, J.; Gary, BGeophys. Res. Lett99§ 25, 1363~
aqueous particles, as well as to determine the ice nucleation1366-

conditions and heterogeneous nucleation rates relevant for theslfs) Kaop, T.; Luo, B. P.; Tsias, A.; Peter, Mature2000 406 611

formation of UT clouds. (27) Heymsfield, A. J.; Miloshevich, L. MJ. Atmos. Sci1995 52,
4302-4326.
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