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Ice nucleation in upper tropospheric aerosols is believed to be a key step in upper tropospheric cloud formation,
and therefore knowledge of the conditions leading to ice formation in these aerosols is crucial. This paper
addresses homogeneous nucleation of ice in (NH4)2SO4-H2O aerosols, a possible upper tropospheric aerosol.
Two complementary techniques were employed in this study. First, differential scanning calorimetry was
used to determine the temperature at which ice nucleates in emulsified solutions of ammonium sulfate and
water. Second, optical microscopy was used to determine the temperature at which ice nucleates in individual
ammonium sulfate-water particles. The results from these two techniques, which are in very good agreement,
indicate that the freezing temperature of ammonium sulfate-water particles (approximately 10µm in size)
ranges from 235 K for 0 wt % to 195 K for 40 wt %. These freezing temperatures correspond to saturation
ratios with respect to ice ranging from 1.45 at 235 K to 1.68 at 195 K, which are similar to the saturation
ratios required for homogeneous freezing of H2SO4-H2O and (NH4)HSO4-H2O particles. Based on these
saturations, we conclude that both homogeneous and heterogeneous nucleation are important in upper
tropospheric cloud formation.

1. Introduction

Upper tropospheric clouds play an important role in the
earth’s climate1,2 and in the chemistry of the upper troposphere.3-5

These clouds form when ice precipitates in or on upper
tropospheric aerosols.6-9 Until recently it was generally assumed
that these aerosols were mainly composed of H2SO4 and
H2O.10,11As a result, researchers have investigated the conditions
required for homogeneous nucleation of ice in H2SO4-H2O
particles.12-14 Recent field work, however, has identified NH4

+

ions in the upper troposphere, which suggests that the composi-
tion of these upper tropospheric aerosols can range from
completely acidic (H2SO4 and H2O) to completely neutralized
[(NH4)2SO4 and H2O].15 Consequently, knowledge of the
conditions under which ice precipitates in partially neutralized
and completely neutralized sulfate particles is highly desirable
for the modeling of upper tropospheric clouds.16,17

In this paper, we report the conditions required for homo-
geneous nucleation of ice in (NH4)2SO4-H2O particles (com-
pletely neutralized sulfuric acid-water particles). Two comple-
mentary techniques were employed in this study. Differential
scanning calorimetry (DSC) was used to measure the temper-
ature at which ice nucleates in aqueous ammonium sulfate-oil
emulsions, and optical microscopy was used to measure the
temperatures at which ice nucleates in individual ammonium
sulfate-water particles.

2. Experimental Section

A brief discussion of the two experimental techniques used
in this study is given here; full details have been given
elsewhere.14,18

2.1. DSC of Emulsions.In the first set of experiments, we
investigated ice formation in aqueous ammonium sulfate-oil
emulsions; that is, micron-sized (NH4)2SO4-H2O droplets
suspended in an inert oil matrix. These emulsions were prepared
by combining 0.2 mL of a (NH4)2SO4-H2O solution with 2.5
mL of an oil phase and shaking the resulting mixture with a
high speed mixer (Thermolyne Maxi-Mix III, type 65800) for
8 min. Using optical microscopy, we determined droplet sizes
in several of the emulsions: the average diameter ranged from
5.6 to 11.0µm, and the standard deviation from 2.1 to 5.9µm.

The bulk solutions of (NH4)2SO4 and H2O used in the
emulsion work were prepared by adding deionized water to
99.9% (NH4)2SO4 crystals (Aldrich Chemical). The uncertainty
in composition of the bulk solutions, and hence the uncertainty
in the compositions of the droplets, is estimated to be(0.1 wt
%. The oil phase used in the emulsions consisted of ap-
proximately 80 wt % halocarbon oil series 0.8 (Halocarbon
Products Corporation) and 20 wt % lanolin (Aldrich Chemical).

Differential scanning calorimetry (DSC) was used to deter-
mine the thermal behavior of the emulsified (NH4)2SO4-H2O
solutions. The DSC technique involved monitoring the dif-
ferential energy required to keep both a sample (emulsion) and
a reference (oil-lanolin mixture) at the same temperature while
the average temperature was varied at a constant rate (5 K/min).
A commercial Perkin-Elmer DSC-7 instrument, calibrated with
pure water (melting point at 273.15 K) and a water-methanol
mixture (eutectic melting temperature at 168.65 K), was used
for these measurements. The uncertainty in the melting tem-
peratures and freezing temperatures after calibration is estimated
to be(1.5 K.

2.2. Particle Microscopy.Phase transitions of (NH4)2SO4-
H2O particles ranging in size from 10 to 55µm were observed
with a Zeiss Axioskop 20 microscope equipped with 10× and
50× objectives. The microscope was modified to include a
Linkam BCS 196 cold stage that housed a microcell (total
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volume of 3.5× 10-4 cm3). The bottom surface of this cell,
made out of glass, was treated with an organosilane (Prosil 28)
to reduce the possibility of heterogeneous nucleation initiated
by the surface. The particles under investigation were deposited
on the bottom surface of this cell with a nebulizer. Temperature
calibration was performed by measuring the melting points of
droplets or thin films of water (273.15 K), dodecane (263.55
K), octane (216.35 K), and toluene (178.15 K).

A typical freezing experiment consisted of cooling the
microcell at a rate of 10 K/min to approximately 173 K. A
cooling rate of 10 K/min was needed to reduce mass transfer
between frozen particles and unfrozen particles. Thereafter, the
temperature of the cell was increased at a rate of 1 K/min until
all of the particles were completely melted.

Typically, 20-30 droplets were monitored simultaneously
during an experiment. All experiments were recorded on tape
via the attached video system, and the tape was evaluated
afterward to determine the freezing and melting temperature of
each droplet. The concentration of each particle was determined
by converting the melting temperature into composition using
the thermodynamic model of Clegg et al.19 The uncertainty in
determining the composition is estimated to be(1.0 wt %, based
on the uncertainty in determining the melting temperature. From
the freezing temperatures and concentrations of the individual
droplets, the average concentration and median freezing tem-
perature was determined for each experiment. We chose to
calculate the median freezing temperature and not the average
freezing temperature because heterogeneous nucleation by a
small fraction of the total drops has a much smaller impact on
the median freezing temperature than on the average freezing
temperature.

3. Results

3.1. DSC Results.DSC thermograms were recorded for
emulsified (NH4)2SO4-H2O solutions with compositions rang-
ing from 0 to 42 wt %. Shown in Figure 1(a) are cooling
thermograms of 10.0, 15.3, and 20.1 wt % (NH4)2SO4 samples.
Over the entire concentration range investigated, only one peak
was observed in each cooling thermogram. This peak, which
corresponds to the nucleation and freezing of the aqueous drops,
shifted to lower temperatures as the concentration of (NH4)2-
SO4 increased. By assuming that the area under these peaks is
directly proportional to the fraction of total droplet mass that
crystallized, we determined the fraction of total mass frozen as
a function of temperature. Shown in Figure 2 are the temper-
atures at which 50% of the total droplet mass is frozen (solid
circles). Note that these freezing temperatures do not change
significantly if a different percentage is used to represent the
freezing data. For example, the difference in temperatures
between 10% and 50% frozen is on average 1.5 K, while the
difference in temperatures between 50% and 90% frozen is on
average 1.1 K.

In contrast to the cooling thermograms, two peaks were
observed in the heating thermograms. Shown in Figure 1(b) are
heating thermograms of 10.0, 15.3, and 20.1 wt % (NH4)2SO4

samples. The low temperature peaks in the heating thermograms
correspond to melting at the eutectic, whereas the higher
temperature peaks correspond to melting at the ice-liquid
equilibrium temperatures. The melting temperatures were
determined by extrapolating the melting peaks to the baseline
of the thermograms. The results of this analysis for compositions
ranging from 0 to 42 wt % are displayed in Figure 2. The open
circles represent the eutectic temperatures and the open triangles
represent the ice-liquid equilibrium temperatures. The ice-

liquid equilibrium temperatures for concentrations greater than
30 wt % were not determined because of the overlap between
the ice peak and the eutectic peak. Also shown in Figure 2 is
the ice-liquid equilibrium curve, the crystalline (NH4)2SO4-
liquid equilibrium curve, and the eutectic line, all of which were
calculated with the model by Clegg et al.19 The good agreement
between the calculations and the measured melting temperatures
confirms the accuracy of our method of determining the droplet
composition.

Figure 1. DSC thermograms of aqueous ammonium sulfate-oil
emulsions (the concentration of ammonium sulfate in weight percent
is indicated in the figure). The three curves in (a) correspond to cooling
experiments, and the three curves in (b) correspond to heating
experiments. The arrows indicate the direction of temperature change.

Figure 2. Results from the DSC experiments. The solid circles indicate
the temperature at which 50% of the total aqueous mass of the
emulsions froze. The open circles indicate the measured eutectic
temperatures, and the open triangles indicate the measured ice-liquid
equilibrium temperatures. The solid lines are the ice-liquid, (NH4)2-
SO4-liquid, and eutectic equilibrium temperatures, calculated with a
thermodynamic model by Clegg et al.19
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3.2. Microscope Results.The freezing temperatures of
(NH4)2SO4-H2O particles were also measured using optical
microscopy. The results are displayed in Figure 3. The open
circles correspond to the median freezing temperatures and
average concentrations, and the solid line through the open
circles is the result of a least-squares analysis of these data.
The solid circles shown in Figure 3 are the raw data used to
determine the median freezing temperatures and average
concentrations. Each solid point corresponds to a freezing
temperature and concentration of an individual particle. The
scatter in these points is mainly due to the stochastic nature of
homogeneous nucleation. In addition, heterogeneous nucleation
probably initiated freezing in the few particles that froze at
temperatures significantly higher than the median freezing
temperatures. This, however, does not have a significant impact
on our median freezing temperatures, as discussed above. The
uncertainty in the median freezing temperatures is approximately
(1.5 K.

4. Discussion

The results from the microscope and DSC freezing experi-
ments displayed in Figures 2 and 3 are compared in Figure 4.
The open circles are the median freezing temperatures deter-
mined in the microscope experiments. The solid circles are the
temperatures at which 50% of the total droplet mass froze in
the DSC experiments. The agreement between the two sets of
data is quite good, which suggests that neither the surface in
contact with the particles in the microscope experiments nor
the oil phase in the emulsion experiments affected the nucleation
process. The short dashed curve shown in Figure 4 is the result
of a least-squares fit to both the microscope and DSC results.
The parameters that describe this curve are given in Table 1.

Also shown in Figure 4 are results from Cziczo and Abbatt,
the only other study of homogeneous nucleation of (NH4)2SO4-
H2O reported in the literature.20 Using infrared spectroscopy,
these authors investigated the freezing of (NH4)2SO4-H2O
particles less than 1µm in size suspended in a buffer gas. The
solid diamonds are the temperatures at which they first observed
freezing. The agreement between our data and the Cziczo and
Abbatt data is good at concentrations less than 15 wt %. At
higher concentrations, however, our results show significantly
lower freezing temperatures than Cziczo and Abbatt: at 42 wt
%, a difference of approximately 30 K is apparent. This

discrepancy cannot be explained by differences in particle size,
since the particles investigated by Cziczo and Abbatt were
smaller than the particles investigated in this work, and the
freezing temperature of particles of the same composition
decrease slightly with particle size.21 Additional experiments
are needed to explain the discrepancy; we can only speculate
that it is related to the methods of determining the composition
of the particles. In both the DSC experiments and the microscope
experiments, composition determination is rather straightfor-
ward. Determination of the particle composition using the flow
tube and FTIR technique, however, is inherently more difficult.

Previously, it was suggested that aqueous solution particles
supercool by 40 K below the ice-liquid equilibrium melting
temperature irrespective of the particle concentration.22 In Figure
4, a constant 40 K supercooling (dashed-dotted curve) is
compared with our microscope and DSC freezing results.
Clearly, the 40 K curve underestimates the supercooling of
(NH4)2SO4-H2O particles at concentrations greater than 20 wt
% (NH4)2SO4.

The following mathematical expression, which is based on
emulsion experiments of NH4F, NH4Cl, NaCl, and NaF aqueous
solutions,23 has also been used in the past to predict the freezing
temperatures of (NH4)2SO4-H2O particles:24,25

whereTf is an effective freezing temperature (in Kelvin),∆Tm

is the equilibrium melting point depression for a specific salt
concentration, and∆TH2O is the supercooling of pure water
droplets. In Figure 4 we compare this expression (dotted curve)
to our freezing data by setting∆TH2O ) 38 K. Fixing∆TH2O at
38 K makes the original expression valid for particles of a few

Figure 3. Results from the microscope experiments. The solid circles
are the freezing temperatures determined for individual particles and
the open triangles are the median freezing temperatures. The solid line
is the best fit to the median freezing temperatures. The long dashed
line is the ice-liquid equilibrium curve.

Figure 4. Comparison of our DSC and microscope freezing points
with other data. The solid circles represent the DSC results, and the
open circles represent the microscope results. The short dashed line is
a fit to both the microscope and DSC results. The diamonds represents
the results from Cziczo and Abbatt,20 and the solid line through the
Cziczo and Abbatt data is the result of a least-squares analysis. The
dashed-dotted line represents a constant 40 K supercooling, and the
dotted line represents a mathematical expression previously used to
predict freezing of ammonium sulfate-water particles.24,25

TABLE 1: Freezing Temperature as a Function of
(NH4)2SO4 Concentration

A0 A1 A2 A3

T* 235.15 -0.70305 7.1221× 10-3 -9.0405× 10-6

T* can be calculated fromT* ) A0 + A1wt + A2wt2 + A3wt4, where
T* is the freezing temperature (in K) andwt is the (NH4)2SO4

concentration (in wt %). These parameters are valid from 0 to 42 wt
% (NH4)2SO4.

Tf ) 273.15- (1.7∆Tm + ∆TH2O) (1)
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microns in size, the approximate size used in our experiments.
The resulting freezing curve is in good agreement with our
freezing data but slightly underestimates the supercooling at high
concentrations. We suggest that the freezing temperatures are
better represented by the parameters given in Table 1, the results
of a least-squares analysis of our freezing data.

5. Atmospheric Implications

Based on our particle sizes and cooling rates, we estimate
that our freezing curve (Figure 4, dashed line) corresponds to
the temperatures and concentrations at which the homogeneous
nucleation rate of ice is approximately 3× 108 cm-3sec-1.21

The nucleation rate required to freeze 10% of the particles in a
typical aerosol in the upper troposphere is approximately 1011

cm-3sec-1. Consequently, the temperature required to freeze
10% of the particles in an upper tropospheric aerosol will be
lower than the temperatures displayed in Figure 4. On the other
hand, even small temperature changes lead to very large changes
in the homogeneous nucleation rate of ice in dilute solutions.21

Hence, our freezing curve, to a first approximation, should be
directly comparable to the field data.

One of the most convenient parameters for comparing particle
freezing temperatures measured in the laboratory with field data
is the critical ice saturation (the ice saturation ratio required for
freezing). The critical ice saturation is defined by the following
equation:

where Sice*(T) is the critical ice saturation at the freezing
temperatureT, PH2O*(T) is the equilibrium partial pressure of
water over liquid (NH4)2SO4-H2O at the freezing temperature,
and Pice(T) is the vapor pressure of ice also at the freezing
temperature.

Using the model of Clegg et al. and our freezing data, we
have calculatedSice* as a function of water vapor pressure. The
results of these calculations are presented in Table 2. The
following parameters were also calculated as a function of water
vapor pressure for comparison with field data: the critical water
activity (aw*), the freezing temperature (T*), and the cooling
below the ice frost point (∆T*). These parameters are also
included in Table 2.

Note that the parameters shown in Table 2 do not apply to
particles smaller than approximately 0.1µm. For these sizes,
the Kelvin effect becomes important, and, hence, the parameters
shown in Table 2 provide only an upper limit forT* and a lower
limit for Sice*, aw*, and∆T*. Most upper tropospheric aerosols,
however, contain a significant amount of particles larger than
0.1 µm. These larger particles will most likely freeze first and
induce cloud formation. Consequently, the parameters quoted
in Table 2 can be used to approximate the freezing of upper
tropospheric aerosols and cirrus cloud formation.

Shown in Figure 5 are critical ice saturation ratios as a
function of temperature. The solid circles are the critical ice

saturation ratios required for freezing of ammonium sulfate-
water particles, calculated from our DSC and microscope
freezing results. The solid line through the data points was
calculated with the parameters displayed in Table 2. The
uncertainty inSice* associated with this curve is estimated to
be (0.05, based on the uncertainties in the measured freezing
temperatures. Also shown in Figure 5 are critical ice saturations
required for freezing of H2SO4-H2O particles14 [short dashed
line] and (NH4)HSO4-H2O particles26 [long dashed line] that
have been previously measured in this laboratory. The uncer-
tainty associated with these curves is also estimated to be(0.05.
The critical ice saturations shown in Figure 5 are very similar
in all three cases: the saturation required for freezing increases
with decreasing temperature, and large saturations are required
for freezing regardless of the concentration. Such large satura-
tions have been observed in the upper tropospheric region. For
example, saturations of approximately 1.6 at 209 K have been
observed in upper tropospheric wave clouds,27,28indicating that
homogeneous nucleation is occurring. Much lower saturations,
however, have also been observed. For example, Heymsfield
et al.28,29measured values of approximately 1.3 at 220 K during
several campaigns. Our laboratory measurements indicate that
a saturation of at least 1.53 must be reached in order for
homogeneous nucleation to occur at this temperature. These two
sets of results suggest that heterogeneous nucleation is occurring
in these clouds. We conclude that both homogeneous nucleation
and heterogeneous nucleation are important processes in upper
tropospheric cloud formation. To accurately assess the relative
importance of these two mechanisms, more measurements of
critical ice saturations in the upper tropospheric region are
needed.

TABLE 2: Critical Ice Nucleation Parameters, X* , as a Function of the Water Vapor Pressure,PH2O, for Micron-Sized
(NH4)2SO4-H2O Droplets

X* A0 A1 A2 A3 A4 A5

T* 2.503× 102 1.139× 101 8.034× 10-1 8.666× 10-2 7.08× 10-3 2.47× 10-4

Sice* 1.263× 100 -1.782× 10-1 -4.755× 10-2 -8.599× 10-3 -7.86× 10-4 -2.66× 10-5

aw* 1.016× 100 -1.820× 10-2 -2.842× 10-2 -6.298× 10-3 -6.05× 10-4 -2.18× 10-5

∆T* -2.531× 100 9.835× 10-1 3.693× 10-1 6.796× 10-2 6.39× 10-3 2.36× 10-4

X* can be calculated fromX* ) A0 + A1(lnPH2O) + A2(lnPH2O)2 + A3(lnPH2O)3 + A4(lnPH2O)4 + A5(lnPH2O)5, wherePH2O is the water vapor
pressure (in mb).T* is the critical temperature (in K).Sice* is the critical ice saturation ratio.aw* is the critical water activity.∆T* is the critical
supercooling (in K).

Sice*(T) ) PH2O*(T)/Pice(T) (2)

Figure 5. Critical ice saturations required for homogeneous nucleation
of various aqueous aerosols. The solid line and solid circles correspond
to ammonium sulfate and water (this work). The dashed line corre-
sponds to sulfuric acid and water (Koop et al.14), and the long dashed
line corresponds to ammonium bisulfate and water (Koop et al.26).
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6. Conclusions

Differential scanning calorimetry and optical microscopy were
used to determine the temperature at which ice nucleates in
ammonium sulfate-water particles. The results from the two
techniques are in very good agreement, which suggests that both
are capable of determining freezing properties of solution
droplets. The results from this study reveal that a supercooling
of 59 K at 40 wt % is needed to form ice, which is higher than
expected based on previous laboratory measurements and
theoretical considerations.

Using a thermodynamic model, we determined that the ice
saturation required for homogeneous nucleation of ammonium
sulfate-water particles ranges from 1.45 at 235 K to 1.68 at
195 K. These saturations are similar to the saturations required
for homogeneous freezing of H2SO4-H2O and (NH4)HSO4-
H2O particles, and are sometimes larger than observed during
field campaigns in the upper tropospheric region. We conclude
that both homogeneous nucleation and heterogeneous nucleation
are important processes in upper tropospheric cloud formation.
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