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Heterogeneous freezing of aqueous particles with solid inclusions of crystallized (NH4)2SO4, ice, and letovicite
were studied using optical microscopy and differential scanning calorimetry. For (NH4)2SO4-H2O particles,
the heterogeneous freezing temperature was found to be dependent on the morphology of the (NH4)2SO4

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 (NH4)2SO4 crystals in equilibrium
with (NH4)2SO4-H2O solution, we have estimated an upper limit of 1.5× 10-5 s-1 µm-2 for Jhet (heterogeneous
nucleation rate of ice, immersion freezing mode). Our results for NH4HSO4-H2O 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 the (NH4)2SO4-H2O
experiments. Our work shows that the surface area and surface microstructure of crystalline solids present in
aqueous 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

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 surface.1-4 In addition,
these clouds play an important role in the chemistry of the upper
troposphere. For example, recent field and laboratory work has
shown that UT clouds can perturb chlorine chemistry and
contribute to ozone depletion.5-8

UT clouds form when tropospheric aerosols cool in rising
air parcels, take up water, and eventually freeze.4,9,10 The
freezing of ice in these aerosols can occur by either homoge-
neous or heterogeneous nucleation; the latter occurs on a solid
substrate, such as dust. Since the presence of a solid substrate
often reduces the free energy barrier for nucleation,4,11 hetero-
geneous nucleation usually occurs at lower saturation ratios than
homogeneous nucleation, that is, at warmer temperatures or
lower relative humidities.

Until recently, homogeneous freezing of aqueous particles
was considered to be the dominant formation mechanism of
UT ice clouds.9,12,13 Consequently, homogeneous freezing of
aqueous particles has been investigated extensively.9,12-20

Specifically, the freezing properties of binary and ternary
solutions of (NH4)2SO4, H2SO4, and H2O have been investigated
(on the basis of modeling results and field data, atmospheric
particles are believed to contain these compounds).21-23

The homogeneous freezing temperatures of H2SO4-H2O,
(NH4)2SO4-H2O, and NH4HSO4-H2O particles have been
determined in our laboratory using differential scanning calo-

rimetry (DSC) and optical microscopy.14,15,17The experimental
data show that large ice saturation ratios (Sice) are needed for
homogeneous nucleation. Such large saturations have been
observed in the upper troposphere,24-26 indicating that homo-
geneous nucleation is the formation mechanism of some upper
tropospheric ice clouds. However, Heymsfield and Milosevich27

and Heymsfield et al.24 have reported that much lower ice
saturations are required for formation of some continental UT
ice clouds. These field measurements suggest that heterogeneous
nucleation, in addition to homogeneous nucleation, is occurring
in the upper troposphere.

Some liquid (NH4)2SO4-H2SO4-H2O particles in the upper
troposphere may contain a solid core of cystallized salt.28,29For
example, Tabazadeh and Toon28 have demonstrated using an
equilibrium thermodynamic model30 and laboratory efflores-
cence data31 that liquid (NH4)2SO4-H2SO4-H2O particles in
the upper troposphere may contain solid ammonium sulfate or
letovicite. The presence of these crystallized salts in UT aerosol
particles may significantly reduce the temperatures and satura-
tions required for ice formation, by providing sites for hetero-
geneous nucleation, and thus, changing the mode of formation
of UT ice clouds from homogeneous nucleation to heteroge-
neous nucleation.

In this paper, we investigate the possibility that ice nucleation
via the immersion freezing mode may occur on (NH4)2SO4

crystals. We prepared droplets containing a solid (NH4)2SO4

crystalline core enclosed by a liquid (NH4)2SO4-H2O solution
and determined the freezing temperatures of these droplets. In
addition, we report conditions required for the immersion
freezing of liquid NH4HSO4-H2O particles with solid inclusions
of letovicite and ice.
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2. Experimental Technique

2.1. Optical Microscope. An optical microscope (Zeiss
Axioskop 20) was used to investigate heterogeneous freezing.
This technique has been previously employed in our laboratory
to study the homogeneous freezing of ice in binary H2SO4-
H2O, (NH4)2SO4-H2O, and NH4HSO4-H2O particles.14,15,17

Details of the technique and apparatus are described elsewhere.14

Briefly, an optical microscope was equipped with a cold stage
(Linkam BCS 196) that housed a quartz microcell. The bottom
surface of the cell was pretreated with an organosilane (AquaSil,
Hampton Research Inc.) to produce a monomolecular hydro-
phobic surface layer that minimized heterogeneous effects from
the glass surface. Previous studies in our laboratory14,15 have
shown that this hydrophobic surface does not promote nucleation
of ice. Particles, with sizes ranging from 10 to 55µm, were
deposited onto the hydrophobic surface with a nebulizer
(Meinhard, TR30) and their concentrations were adjusted by
exposing them to a fixed relative humidity. After adjusting the
particle composition, Halocarbon grease (Halocarbon Products,
Series 28LT) was added to the cell and the cell was sealed.
This resulted in the aqueous particles forming an emulsion, that
is, each particle was surrounded by the Halocarbon grease.
Isolating individual particles with grease minimized the mass
transfer of water vapor from unfrozen particles to frozen
particles, and thus, the concentration of individual particles
remained constant throughout the experiment. To check the
effect of Halocarbon grease on the freezing properties of aqueous
particles, we measured the homogeneous freezing temperatures
of (NH4)2SO4-H2O particles with and without the grease
present. These results were in agreement, within experimental
uncertainty, providing evidence that Halocarbon grease does not
affect the freezing of our aqueous particles.

During the course of an experiment, the particles were
observed with a microscope via two focusing eyepieces and a
video camera (Sony XC 75) connected to a videotape recorder.
We could easily observe phase transitions in the particles due
to a change in light scattering. For example, each individual
particle would suddenly turn dark on freezing. Furthermore, we
could clearly distinguish between liquid particles, completely
solid particles, and liquid particles with solid inclusions.
Consequently, we were able to determine homogeneous nucle-
ation temperatures, dissolution temperatures, and heterogeneous
nucleation temperatures of individual particles.

2.2. Differential Scanning Calorimetry. We also used
differential scanning calorimetry (DSC) to conduct heteroge-
neous freezing experiments on aqueous-oil emulsions. The
experimental technique is described in detail elsewhere.15,32

Briefly, emulsions were prepared by mixing 0.4 mL of an
aqueous solution with 5.0 mL of an lanolin-Halocarbon oil
solution and then shaking the resulting mixture with a high-
speed mixer for approximately 5 min. A commercial Perkin-
Elmer DSC-7 instrument was used for the calorimetric experi-
ments. The DSC technique involved monitoring the differential
energy required to keep both a sample (emulsion) and a
reference (lanolin-Halocarbon oil mixture) at the same tem-
perature, while the temperature was increased or decreased. The
changes in the differential energy as a function of temperature
were plotted as thermograms, and peaks in the thermograms
indicated phase transitions. The aqueous particles in the emul-
sions had sizes ranging from 5 to 15µm, as determined with
the microscope.

2.3. Ammonium Sulfate Experiments.These experiments
consisted of thermally cycling (NH4)2SO4-H2O particles with

concentrations between 41.3 and 44.6 wt % and determining
the phase transition temperatures of the particles during the
thermal cycling. The composition and temperature of the
particles during these experiments are shown in Figure 1a, and
photographs of the particles taken during each stage of the
temperature-cycling experiments are shown in Figure 1b. The
labels in the photographs in Figure 1b correspond to points A-E
in Figure 1a. The vertical and horizontal positions of the
photographs indicate the temperature and experimental time at
which they were taken during the course of the experiment.

First, the particles were cooled from room temperature (point
A in Figure 1a) to 183 K (point B in Figure 1a) at the rate of
10 K min-1. This resulted in ice and solid ammonium sulfate
nucleating in the particles. The particles were then heated to a
temperature above the (NH4)2SO4-ice eutectic temperature
(254.2 K, dash-dotted line in Figure 1a), but below the (NH4)2-
SO4-liquid equilibrium line (point C in Figure 1a). Note that
the temperature that corresponds to point C varied from
experiment to experiment, but in all cases it was above the
eutectic temperature and below the (NH4)2SO4 dissolution
temperature. At point C, each particle consisted of an internal
mixture of crystalline (NH4)2SO4 in equilibrium with a liquid
(NH4)2SO4-H2O solution with composition C*. The presence
of the solid core is clearly visible in Figure 1b, photograph C.
The identity of the crystalline core, (NH4)2SO4, was determined
from the phase diagram. We will refer to the temperature at
point C as the “conditioning temperature” throughout the
remainder of this paper. After the particles were held at the
conditioning temperature for approximately 5 min, the cell was
slowly cooled at 1 K min-1 until heterogeneous freezing of ice
on solid (NH4)2SO4 was observed (point D in Figure 1a). In all
experiments, this slow cooling rate was chosen to allow the
liquid in the particles to maintain equilibrium with solid (NH4)2-
SO4 such that the liquid assumes its equilibrium composition

Figure 1. (a) Temperature vs concentration phase diagram for (NH4)2-
SO4-H2O.30 The thin solid lines are the solid-liquid equilibrium curves
for ice and (NH4)2SO4 and the dash-dotted line represents the ice-
(NH4)2SO4 eutectic temperature. The thick solid line indicates the
homogeneous ice-freezing data reported by Bertram et al.17 for (NH4)2-
SO4-H2O particles. The solid triangles represent the homogeneous
freezing events in our experiments. The dotted line represents the
thermal history of the particles. The points A-E along the dotted line
indicate the different stages (see text for detail) in the thermal cycle.
While points A, B, and E also indicate the liquid composition of the
particles, points C* and D* indicate the concentration of the liquid in
equilibrium with solid (NH4)2SO4 at stage C and D of the experiment.
(b) Photographs taken at various stages of the thermal cycle as a
function of time.

Heterogeneous Freezing of Aqueous Particles J. Phys. Chem. A, Vol. 105, No. 26, 20016459



D*. We have also performed heterogeneous freezing experi-
ments at cooling rates of 3 and 5 K min-1. The results obtained
in these experiments agree with the results obtained at a cooling
rate of 1 K min-1, within experimental uncertainty. These results
provide evidence that the solid is always in equilibrium with
the liquid when the particles are cooled at 1 K min-1. Finally,
the temperature of the cell was increased at the rate of 1 K
min-1 until the solid completely dissolved (point E in Figure
1a). From the dissolution temperatures, we calculated the
compositions of the particles using a thermodynamic model.30

2.4. Ammonium Bisulfate Experiments. Temperature-
cycling experiments were carried out on ammonium bisulfate
particles with the following concentrations: 36 wt % (experi-
ment i), 57 wt % (experiment ii), and 68 wt % (experiment iii).
In each experiment, we thermally cycled the particles in a
manner similar to that in the ammonium sulfate experiments
described above. The three vertical lines in Figure 2a represent
the temperature and composition during each experiment. The
diagram in Figure 2b illustrates the expected morphology of
the particles at each stage of the temperature-cycling experi-
ments. First, the particles were cooled from room temperature
(points A(i), A(ii), and A(iii) in Figure 2a) to 183 K (points
B(i), B(ii), and B(iii) in Figure 2a) at 10 K min-1 and held at
183 K for approximately 30 min. This resulted in homogeneous
freezing of the liquid particles. On the basis of the thermody-
namic model by Clegg et al.,30 it was possible for three solid
phases to be present in the particle at 183 K, but we were unable
to determine whether the third phase crystallized in the particles.
The particles were then warmed at 1 K min-1 to a temperature
below the solid-liquid coexistence line (points C(i), C(ii), and
C(iii) in Figure 2a). At the conditioning temperatures (C(i), C(ii),
and C(iii)) the particles contained both liquid and solid in
equilibrium. After being held at points C(i), C(ii), and C(iii)
for approximately 5 min, the particles were then slowly cooled
at 1 K min-1 to 183 K (points B(i), B(ii), and B(iii) in Figure
2a) and then held at that temperature for approximately 60 min.
Finally, the cell was warmed at 1 K min-1 to determine the
concentrations from their equilibrium dissolution temperatures
(points Di, Dii, and Diii in Figure 2a). From these thermal-

cycling experiments, we determined both the homogeneous
freezing temperatures and heterogeneous freezing temperatures
of the individual particles.

3. Results and Discussion

3.1. Ammonium Sulfate.The solid triangles in Figure 1a
represent the homogeneous freezing temperatures determined
with the microscope during several temperature-cycling experi-
ments. These freezing temperatures, which are in excellent
agreement with the homogeneous ice-freezing results reported
by Bertram et al.17 (thick solid line), did not vary from one
experiment to the next, within the uncertainty of the measure-
ments. In contrast, the heterogeneous ice-freezing temperatures
varied as a function of the conditioning temperature (see Figure
1a) used in the thermal-cycling experiments. Shown in Figure
3 are heterogeneous freezing temperatures from three separate
experiments. The conditioning temperatures used in each
experiment are indicated in the figure. The higher the condition-
ing temperature the lower is the heterogeneous freezing tem-
perature. We also determined heterogeneous freezing temper-
atures of aqueous (NH4)2SO4-oil emulsions using differential
scanning calorimetry. The emulsions were thermally cycled in
the same manner as the microscope experiments. The temper-
atures at which the (NH4)2SO4-H2O particles froze heteroge-
neously in these DSC experiments also depended on the
conditioning temperature “C”. Figure 4 shows the median
heterogeneous freezing temperatures as a function of the
conditioning temperature, determined from the microscope and
DSC experiments. The DSC and microscope results display a
similar trend: heterogeneous freezing occurs at warm temper-
atures if the conditioning temperature is close to, but warmer
than, the eutectic temperature.

What could be the physical reasons for these observations?
Figure 5a shows the morphology of the solid when a condition-
ing temperature of 291.2 K was used, and Figure 5b shows the
morphology when a conditioning temperature of 255.2 K was

Figure 2. (a) Temperature vs concentration phase diagram for NH4-
HSO4-H2O.30 The ice-freezing line represents the homogeneous
freezing data for ice in NH4HSO4-H2O reported by Koop et al.15 The
points A-D indicate the different stages in the thermal cycle (see text
for detail) for particles with three different concentrations i-iii (Note:
only the two-dimensional phase diagram for NH4HSO4-H2O is shown
but, once letovicite crystallizes in solution, the solution becomes more
acidic and leaves the two-dimensional space.) (b) Pictorial illustration
of the phases we expected to detect in NH4HSO4-H2O particles at
different stages of the thermal-cycling experiments.

Figure 3. Percentage of drops frozen as a function of temperature for
(NH4)2SO4-H2O particles. The particles were cooled at 1 K min-1.
Solid circles are results from experiment with a conditioning temper-
ature of 291.2 K, the solid triangles correspond to 263.2 K, and the
solid squares correspond to a conditioning temperature of 255.2 K.
The arrow indicates the expected homogeneous freezing temperature,
202.2 K, for homogeneous nucleation of a (NH4)2SO4-H2O solution
in equilibrium with a solid (NH4)2SO4 core. This temperature was
calculated as the point of intersection between the (NH4)2SO4-liquid
equilibrium line and the homogeneous ice-freezing line (see Figure 1a).
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used. The photographs are of the same particle and since both
photographs were taken at the same temperature (at 255.1 K),
the mass of solid ammonium sulfate in the particle was the same
in both cases. These figures show that the surface area of the
solid changes drastically with the conditioning temperature. We
have performed several heterogeneous freezing experiments and
the same trend was observed in all cases: If the conditioning
temperature was close to the dissolution temperature, but not
above the (NH4)2SO4-liquid equilibrium line, the structure of
the solid in equilibrium with aqueous particle resembled Figure
5a. But if the conditioning temperature was close to the eutectic
temperature, the particle resembled Figure 5b. For the inter-
mediate case, the size of the solid crystals was between the size
of the microcrystals and the size of the large crystals. These
observations indicate that the trend in Figure 4 is due to the
surface area and surface microstructure of the solid ammonium
sulfate.

Using DSC, we were also able to observe the solid-solid
transition of ammonium sulfate,R andâ forms, as reported by
Martin20,29 and Bajpai et al.33 However, since the conditioning
temperature was always warmer than the temperature forR-â
ammonium sulfate solid-solid transition, we do not think the
solid-solid phase transition affected heterogeneous freezing of
the particles.

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 (NH4)2SO4-H2O
particles were first cooled from room temperature (point A in
Figure 6) to 183 K (point B). Then the temperature was
increased to slightly above the eutectic temperature. At this
point, ice melted and left behind numerous microcrystals of
ammonium sulfate in each particle. What happened next, after
the microcrystals had been left behind, determined the surface
area of the solid, and hence, the heterogeneous freezing
temperature. If these (NH4)2SO4-H2O particles were subse-
quently cooled (from a low conditioning temperature Cl in
Figure 6) without further warming, they readily froze (at
temperature Dl in Figure 6). However, if the temperature of these
particles was raised further to a higher conditioning temperature,
Ch, most of the microcrystals dissolved, leaving behind only
one or two microcrystals. As these particles were cooled, the
microcrystals grew in size, resulting in only one or two large
crystals in each particle prior to heterogeneous nucleation. Since
the surface area of the solid ammonium sulfate was minimized
in this case, these particles supercooled to a lower temperature
and froze heterogeneously at a temperature that corresponds to
point Dh in Figure 6.

The above results show that the heterogeneous freezing
temperature depends on the thermal history of the crystals. In
addition, these results show that there is a clear trend between
the surface area of the ammonium sulfate crystals and the
heterogeneous freezing temperature. This is consistent with
classical nucleation theory, which predicts that the heterogeneous
freezing rate is proportional to the surface area.4 From the
microscope images we were able to determine the surface area
of the large crystals; however, we were unable to determine
the surface area of the microcrystals. Consequently, we could
not ascertain if the change in heterogeneous nucleation tem-
perature was due solely to a change in surface area. We have
done calculations (based on classical nucleation theory) indicat-

Figure 4. Plot of the median heterogeneous freezing temperatures as
a function of the conditioning temperature “C”, determined with the
microscope and the DSC experiments. The DSC and microscope results
illustrate that heterogeneous freezing of ice on ammonium sulfate
occurred at warmer temperatures if the conditioning temperature was
closer to the (NH4)2SO4-H2O eutectic temperature.

Figure 5. Photographs of a (NH4)2SO4-H2O particle with a crystalline
(NH4)2SO4 core produced with conditioning temperatures of (a) 291.2
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), the
mass of solid ammonium sulfate in the particle is the same in both
cases.

Figure 6. Schematic to explain the dependence of the surface area
and morphology of solid (NH4)2SO4 cores on the conditioning tem-
perature in the thermal cycle. When the frozen particles (indicated by
B) were warmed slightly above the eutectic, ice melted and left behind
numerous microcrystals of (NH4)2SO4 in each particle (Cl). When these
particles were cooled without further warming, they readily froze
because of the enhanced surface area available for nucleation (indicated
by Dl). However, when the temperature of these particles was raised
further, to Ch, the microcrystals began to melt and eventually only one
or two microcrystals remained. Subsequent cooling of these particles
resulted in only one or two large crystals in each particle, hence,
minimizing the surface area of solid (NH4)2SO4. These particles froze
heterogeneously at Dh.
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ing that the required variation in surface area between large
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
preactivation, which is a well-known phenomenon in hetero-
geneous nucleation theory.4,34 Initial formation of solid am-
monium sulfate in the presence of ice may modify the crystalline
structure of (NH4)2SO4 at the interface. This modified surface
may have sites that closely match the ice lattice (activated sites).
If the temperature is increased only slightly above the eutectic
temperatures, these activated sites may continue to exist on the
solid ammonium sulfate surface, and as a result, heterogeneous
freezing of ice may occur at much higher temperatures. On the
other hand, the activated sites may not continue to exist if a
conditioning temperature much warmer than the eutectic is used.
Surface area, surface microstructure, and preactivation of surface
sites, are all possible explanations for our heterogeneous freezing
results. All these possibilities are dependent on the thermal
history of the particles.

In the experiments where only one or two large solid
ammonium sulfate crystals were present in each particle, the
average solid surface in each individual particle was 380( 260
µm2. The median heterogeneous freezing temperature of these
particles was 203.7 K. The temperature required for homoge-
neous nucleation of the ammonium sulfate solution that was in
equilibrium with the ammonium sulfate crystals was calculated
using the model by Clegg et al.30 and the homogeneous ice-
freezing curve determined by Bertram et al.17 (this corresponds
to the intersection point of the (NH4)2SO4-liquid line and the
homogeneous ice-freezing line in Figure 1a). This freezing
temperature, 202.2 K, is indicated in Figure 3 with an arrow.
The calculated homogeneous ice-freezing temperature is only
slightly lower than the median heterogeneous ice-freezing
temperature of particles with one or two large (NH4)2SO4

crystals, which indicates that a surface area of 380( 260µm2/
particle does not significantly increase the rate of freezing of
ammonium sulfate particles in our experiments.

We can use the experimental conditions to estimate an upper
bound for the heterogeneous ice nucleation rate coefficientJhet

on single (NH4)2SO4 crystals. None of the 43 particles inves-
tigated crystallized at temperatures between 204 and 254.2 K.
To estimate an upper limit forJhet, we take the minimum surface
area of 120µm2 ()380-260 µm2) and an observation time of
60 s at each 1 K temperature interval (the cooling rate was 1 K
min-1). Using Poisson statistics,35 this yields an upper limit for
Jhet e 1.5 × 10-5 s-1 µm-2 with a confidence level of 99%.

Chen et al.36 studied heterogeneous nucleation of ice by
effloresced (NH4)2SO4 particles. In these experiments the
particles were completely crystalline until the deliquescence
point was reached. In contrast, the particles in our experiments
were always partially crystalline. Chen et al.36 did not observe
a decrease in the ice saturation ratio required for freezing in

the effloresced (NH4)2SO4 experiments when compared to ice
formation in completely liquid (NH4)2SO4 particles, indicating
that crystalline (NH4)2SO4 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-
crystals.

The trajectories in our experiments (temperature and con-
centration histories) are not common in the atmosphere.
Nevertheless, there is a range of atmospheric conditions for
which our results are applicable.

The first situation is when the ratio of ammonia-to-sulfate in
the atmospheric aerosol is exactly 2:1. In these cases, at low
relative humidities, the particles will be completely dry am-
monium sulfate. When the temperature decreases and the relative
humidity increases, the particles will deliquesce and temporarily
exist as a solid-liquid mixture. This is schematically illustrated
in Figure 7. The dotted line shows a hypothetical atmospheric
trajectory of an initially dry (NH4)2SO4 crystal (at low relative
humidity) in a rising air parcel. Upon increasing relative
humidity, ice becomes supersaturated above the solid line and,
hence, the dry (NH4)2SO4 crystal can serve as ice nuclei in the
deposition mode. If ice deposition nucleation does not occur,
the (NH4)2SO4 crystal will start to deliquesce once the appropri-
ate deliquescence relative humidity value (dash-dotted line) is
reached. At this point the (NH4)2SO4 crystal will dissolve and
intermediately form a crystalline core within a (NH4)2SO4

solution. During the time it takes the crystal to fully deliquesce,
ice nucleation via the immersion freezing mode may occur. If
not, the particle will fully deliquesce and ice nucleation will
only occur when the homogeneous ice nucleation limit (dashed
line) is reached.

Our results might also be applicable when the ammonia-to-
sulfate ratio in atmospheric particles is nonstoichiometric. In
these cases, the particles can exist as partially crystalline
ammonium sulfate, i.e., internally mixed liquid-solid particles,
over a wide range of conditions in the atmosphere. This is likely
the dominant situation in the atmosphere since the conditions

Figure 7. Hypothetical atmospheric trajectory of an initially dry (NH4)2-
SO4 crystal (shown as the dotted line) in a temperature vs relative
humidity phase diagram. The solid line is the ice saturation line and
the dashed line represents the parametrization for homogeneous ice
nucleation from liquid aqueous aerosols.26 In the light shaded region
ice is supersaturated whereas above the dashed curve (indicated as the
dark shaded region) homogeneous ice nucleation will occur. The dash-
dotted line indicates deliquescence relative humidity of (NH4)2SO4

crystals as calculated using the model of Clegg et al.30 For a detailed
discussion, see text.
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required for forming perfectly stoichiometric particles are
probably rare. For nonstoichiometric particles, the ammonium
sulfate crystals will be in equilibrium with a nonstoichiometric
solution. This is in contrast to our ammonium sulfate experi-
ments where solid ammonium sulfate was always in equilibrium
with a solution having a 2:1 ratio of ammonia-to-sulfate. Despite
this fact, we suggest that the freezing temperatures of nonstoi-
chiometric particles containing solid ammonium sulfate can be
predicted on the basis of the ice saturations required for
heterogeneous freezing determined in our experiments. For
example, we propose on the basis of our freezing results that
ice saturations only slightly larger than 1 are required to freeze
nonstoichiometric particles containing microcrystals of am-
monium sulfate. This assumes that the freezing temperatures
can be predicted on the basis of ice saturations regardless of
the stoichiometry of the solution, which has been shown to be
applicable for homogeneous ice nucleation from aqueous
solutions.26

We can estimate the fraction of (NH4)2SO4-H2O particles
(ammonia-to-sulfate ratio 2:1) in the atmosphere that will freeze
heterogeneously during deliquescence using theJhet determined
in our experiments. For this estimation we assume that during
deliquescence each atmospheric particle consists of a 0.5µm
(NH4)2SO4 crystal with a surface area of∼0.8 µm2 that is in
equilibrium with the liquid (here we assume a spherical shape
for the crystals, but similar results are obtained if we assume a
cylindrical shape). On the basis of these assumptions, less than
10-4% of these aerosol particles would be frozen after 10 s,
less than 0.7% after 10 min, and less than 4.2% after 1 h at
temperatures above 204 K. Since these estimates are based on
upper limits forJhet, the frozen aerosol fraction is likely to be
significantly smaller than the values calculated here. The
deliquescence process of an initially dry (NH4)2SO4 may take
between a few seconds and several minutes in the atmospheric
situation depending on the rate at which the relative humidity
increases and also on the absolute water vapor pressure. As a
result, at maximum only a small fraction of the aerosols will
have nucleated ice during deliquescence. On the other hand,
depending on whether microcrystals form upon efflorescence
or not, the ice nucleation ability of (NH4)2SO4 crystals might
be significantly enhanced in the atmospheric situation. We
conclude that it is important to understand the surface area and
microstructure of atmospheric (NH4)2SO4 crystals in order to
evaluate their ability to act as heterogeneous ice nuclei.

3.2. Ammonium Bisulfate. The following concentrations
were used in the ammonium bisulfate experiments: 36, 57, and
68 wt % NH4HSO4. In all cases, the ammonium bisulfate
particles did not freeze homogeneously while cooling from room
temperature to 183 K. The particles did freeze, however, at 183
K, but even at this temperature it took approximately 30 min
for all the particles to freeze.

In the experiments with 36 wt % NH4HSO4 particles, the
liquid was in equilibrium with ice after cooling to B and
subsequently warming to the conditioning temperature C(i) (see
Figure 2). When these particles were cooled to 183 K,
heterogeneous freezing of a second solid phase was observed
in less than 5% of the particles (see Table 1). An additional
26% of these particles froze when they were held at 183 K for
approximately 60 min. The saturations with respect to sulfuric
acid tetrahydrate (SAT), sulfuric acid hemihexahydrate (SAH),
and letovicite in these liquid-solid particles at 183 K, calculated
with a thermodynamic model,30 are listed in Table 1. Since
letovicite is highly supersaturated in these particles, the solid
phase that nucleated on ice was probably letovicite. Even if a

third solid phase crystallized in the particles, it would be below
our detection limit. The saturations in Table 1, row 1, are lower
limits to the saturations necessary for heterogeneous nucleation
of a large fraction (>5%) of NH4HSO4-H2O particles with solid
inclusions of ice at temperatures warmer than 183 K.

In the experiments with 57 and 68 wt % NH4HSO4 particles,
the liquid was in equilibrium with letovicite at the conditioning
temperatures C(ii) and C(iii) in Figure 2. Only 9% of these
particles froze heterogeneously above 183 K (see Table 1). An
additional 38% froze when the particles were held at 183 K for
approximately 60 min. The saturations with respect to ice, SAH,
and SAT in these solid-liquid particles at 183 K are given in
Table 1 (rows 2 and 3). In the 57 wt % particles, ice was the
solid that nucleated heterogeneously, as it was the only solid
supersaturated in the liquid. Ice, SAT, and SAH were all
supersaturated in the 68 wt % experiments. On the basis of the
results of Koop et al.,15 we believe that SAT is the solid that
nucleated heterogeneously on letovicite even though SAH has
a higher supersaturation. We were unable to determine whether
a third solid nucleated in these particles.

We also used DSC to investigate heterogeneous freezing of
57.7 wt % NH4HSO4-H2O particles. In these experiments, no
heterogeneous freezing was detected above 183 K, which is
consistent with the microscope results.

The solid in the NH4HSO4-H2O experiments was always in
the form of large crystals rather than microcrystals. Producing
microcrystals in these experiments proved to be difficult because
most of the microcrystals were dissolved when the conditioning
temperature was only 2 or 3 K above the eutectic. This can be
explained by the slopes of the solid-liquid equilibrium curves
for both ice and letovicite (see Figure 2). Because the solid-
liquid equilibrium curves for both ice and letovicite are relatively
flat, a slight increase in the conditioning temperature above the
eutectic temperature results in significant dissolution of the
crystalline solid (either ice or letovicite) in order to maintain
the liquid-solid equilibrium. In contrast, the (NH4)2SO4-liquid
line is very steep, thus requiring only minor dissolution of
(NH4)2SO4 in order to maintain equilibrium.

Our heterogeneous freezing results show that when one or
two large crystals of either ice or letovicite are present in NH4-
HSO4-H2O particles, the freezing temperature does not deviate
significantly from the homogeneous freezing temperature of
NH4HSO4-H2O particles. This is consistent with the (NH4)2-
SO4-H2O-freezing results. To find out whether microcrystals
of letovicite or ice induce freezing at higher temperatures, as is
the case with microcrystals of (NH4)2SO4, will require additional
experiments.

4. Summary and Conclusions

The heterogeneous freezing of (NH4)2SO4-H2O and NH4-
HSO4-H2O particles by solid inclusions of crystallized (NH4)2-

TABLE 1: Results from Heterogeneous Freezing
Experiments on NH4HSO4-H2O Particlesa

av concn
no. of

particles
no. frozen

above 183 K
no. frozen
at 183 K SICE

183K SSAT
183K SSAH

183K SLET
183K

i: 36 wt % 23 1 6 1.00 0.90 5.53 5252
ii: 57 wt % 12 2 5 1.57 0.12 0.87 1.00
iii: 68 wt % 10 0 2 1.04 2.22 40.84 1.00

a The experiments were conducted at three concentrations and the
saturations with respect to the various solids at 183 K (S183K

SOLID) were
calculated using the thermodynamic model of Clegg et al., H2O.30 The
36 wt % particles contained solid inclusions of ice while the 57 and
68 wt % particles contained solid inclusions of letovicite. Less than
10% of the total particles exhibited heterogeneous freezing at temper-
atures warmer than 183 K.
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SO4, ice, and letovicite was investigated with optical microscopy
and differential scanning calorimetry. The temperature at which
ice nucleates heterogeneously from solution on solid (NH4)2-
SO4 crystals was found to be dependent on the surface area
and microstructure of the solid, as well as the thermal history
of the particles. If the solid was in the form of microcrystals,
the heterogeneous ice-freezing temperature was close to the
eutectic temperature, but if the solid was in the form of large
crystals, the freezing temperature was close to the homogeneous
ice-freezing temperature. A surface area of 380( 260 µm2/
particle (large crystals only) did not significantly increase the
rate of freezing of ammonium sulfate particles in our experi-
ments. Although the estimated upper limit for the heterogeneous
nucleation rate of ice (immersion mode), based on our experi-
ments, does not rule out that single (NH4)2SO4 crystals may
act as heterogeneous ice nuclei in the atmosphere, we consider
this to be unlikely. However, if atmospheric aerosols contain
solid (NH4)2SO4 in the form of microcrystals, with the associated
surface defects and higher surface area, they might function as
efficient heterogeneous ice nuclei.

In the case of NH4HSO4-H2O particles, where one or two
large crystals of ice or letovicite were in equilibrium with a
liquid, the heterogeneous freezing temperatures were close to
the homogeneous freezing temperatures, similar to the (NH4)2-
SO4-H2O experiments. This suggests that heterogeneous nucle-
ation by ice or letovicite with a similar morphology is not an
important atmospheric process.

This work shows that the morphology of crystalline solids
can significantly change the heterogeneous freezing temperature
and that heterogeneous nucleation of ice induced by crystalline
salts (immersion mode) may be very important in the formation
of UT clouds. We suggest further laboratory and field work to
investigate the morphology of crystallized cores in atmospheric
aqueous particles, as well as to determine the ice nucleation
conditions and heterogeneous nucleation rates relevant for the
formation of UT clouds.
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