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Differential scanning calorimetry has been employed to investigate phase transitions in aquebl&ONH
solutions 0 to 60 wt %. Bulk samples,.:2 in volume, have been used to determine the;NEO, phase
diagram down to 195 K. The results are in very good agreement with the ice, letovicite, and sulfuric acid
tetrahydrate melting points predicted by the thermodynamic model of Clegg &t &hys. Chem. A998

102, 2137-2154). In addition, emulsified samples have been employed to investigate the kinetics of ice
nucleation in micrometer-sized aqueous NSO, droplets. The observed ice freezing points range from 234

K for 0 wt % to 179 K for 35 wt %. A thermodynamic model has been used to apply these freezing point
data to the formation of cirrus clouds. The results indicate that the homogeneous nucleation of ice particles
in cirrus clouds requires saturation ratios with respect to ice ranging from about 1.5 at 230 K to about 1.7 at
200 K.

1. Introduction system developed by Clegg et'dln contrast, very recent bulk
. measurements down to 246 K show very good agreement with
Cirrus clouds cover up to about 280% of the earth and ¢ its from the modéf-16

thus play an important role in_ th_e earth’s a_tmospHeraese In addition, we present new data on the JMSOy/H,O phase
clouds strongly affect the radiative properties of the earth by qjaram including phase-transition temperatures down to 195

scattering incoming sunlight and absorbing long-wavelength -S4 aiso on the nucleation of ice from MHISOY/H,O

radiation from the earth’s surface. The optical properties of cirrus droplets. The implications for cirrus cloud formation are also
clouds depend on their formation conditions, which are mainly jiscssed

controlled by preexisting aerosols. However, the exact role

aerosols play in phe formation of pirrus clou.ds. is §ti|l poorly 2. Experimental Section

understood and is one of the main uncertainties in assessing

the global radiation budgég In addition, an assessment of the ~ 2.1. General Description Differential scanning calorimetry
effect of aircraft and contrails on the cloud coverage of the upper (DSC) is a standard technique for characterizing phase transi-
troposphere requires a detailed microphysical understanding oftions in condensed-phase samples. The experimental setup

the formation of cirrus cloudg? employed in this paper has been described in detail previdtsly.
Up to now it has been generally believed that aerosols in the  1he DSC technique consists of warming or cooling a sample
upper troposphere consist mainly of aqueouS®4.5 However, cell and a reference cell at a predetermined rate, while the

recent measurements during the SUCCESS field campaign havdémperature difference between the two cells is always main-
shown that considerable and highly variable amounts of tained close to zero by heating with individual electric heaters.
ammonia (as Ng) and nitric acid (as N@) can be present What_ls monitored is the difference between the electric power
in upper tropospheric aerosols over the continental United SuPplied to heat the sample cell and the reference cell. If a
State$ Also, theoretical studies have pointed out the importance S@mple releases latent heat during freezing, less power is
of ammoniated sulfate aerosols for cirrus cloud formafidn. ~ 'equired to heat the sample cell, and thus, a signal can be
These studies suggest that cirrus clouds can form from a varietyobserved (see Figure 1). . .
of multicomponent aerosols. Only a few experimental studies, N this study we used a Perkin-Elmer DSC-7 with a low-
however, have investigated the kinetics of ice formation from temperature head and a glovebox addition. The glovebox was
relevant aerosols, i.e., from,80/H,0 21 HNOyH,O and purged with dry air, and the sample and reference cell
HNOy/H>SOy/H;0,1t and (NHy),S0y.12 compartments were purgeql with helium gas to prevent any
In this paper we focus on the thermodynamics and the phase-””W‘_anted water condensation. The operational temperature of
transition kinetics of aqueous NHSQ; solutions, i.e., partially ~ Our instrument ranged from 100 to 450 K, and only a few
neutralized sulfate aerosols. There are only limited data on the Milligrams of sample were required for each measurement. A
NH4HSO/H,0 system at low temperatures. Imre et3vere scanning rate fo5 K min durlr_]g heating and cooling was _
the first to report a phase diagram using an electrodynamic SNosen for both bulk and emulsion sample measurements. This
balance aerosol experiment. Their data are in disagreement withf &€ Yi€lds the best sensitivity while maintaining a high degree

results from a thermodynamic model of the MHL,SO,/H,O of accu_racyl.l ) o
Solutions of (NH)HSO, were prepared by adding deionized

i 0,
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— T aqueous solutions have been described in detail in our previous
—— Cooling publication!! Calibration of the cell temperature for the emulsi-

JE—

c3 fied samples was performed by using pure water (deionized,
melting point at 273.15 K) and a 41 wt % solution of absolute

c2 methanol in water (eutectic melting point of ice and methanol
monohydrate, CkDH-H,0, at 168.65 K7). As in the bulk
experiments, cooling and heating raté$d min— were used

cl in all emulsion experiments. The DSC signal during freezing
and melting in an emulsion sample is basically identical to the
one in bulk samples and emulsion DSC runs looked comparable
to Figure 1.

One of the advantages of studying phase transitions using
emulsions is that the aqueous droplets are isolated by the oll
Warming —=— phasg, and_ hence, th.eir (_:omposition i; f.ixed..ln g_ddition, Qach

T freezing point determination has a statistical significance, since
180 200 220 240 260 a large number of droplets(L0P) is monitored. The emulsifica-

Temperature [K] tion procedure results in droplets of aboutI0 um in size as
determined by optical microscopy. The corresponding uncer-
tainty in the freezing point is small (see section 3.2.2. below).

wi

Heat flow

w3

Figure 1. DSC bulk experiment with gL of a 26.6 wt % NHHSO,
solution: (top trace) cooling experiment; (bottom trace) warming

experiment. The labels eZc3 indicate freezing peaks, and labels-w1 The extent of crystallization of the total droplet distribution
w3 denote melting peaks. The freezing peak labeled c1 was split to corresponds to the mass fraction of the crystallized phase and
reduce its size, allowing c2 and c3 to be easily observed. can be determined by integrating the exothermic crystallization

) ) peak in a DSC emulsion experiment. The freezing points of

2.2. Bulk Samples.The cells used in the bulk experiments  the emulsified droplets were defined as the temperature at which
consisted of a stainless steel ferrule placed in a stainless steeygoy, of the aqueous sample mass was frozen.
cup. The ferrule had an inner diameter'af in. and a height 2.4. Optical Microscopy. In a third type of experiment we
of 1.5 mm, yielding a total sample volume of abouB. To gygjed the freezing of highly concentrated droplets using an
avoid evaporation of water from the sample_z during an experi- optical microscopy technique developed in our laborai®fhe
ment, the ferrule was covered with a thin glass plate ap- gxperimental setup is identical to the one used in our earlier
proximately 17Q:m in thickness. The sea}mg between.the CUP, work 10 Briefly, aerosols were deposited on a hydrophobic quartz
the ferrule, and the glass cover was achieved by a thin layer of .. ,ciple that was placed onto the cooling stage of an optical

Halocarbon grease. The cell temperature was calibrated usingmicroscope. The phase, liquid or crystalline, was determined
a P_erk_ln-EImer two-point calibration program with pure water f.om the optical appearance of the particles.
(deionized, melting point of 273.15 K) and cyclohexane (EM
Sc?ence_, sol_idsolid transition at 186.09 K) as the s_tandards_. 3. Results and Discussion
This calibration was used for both cooling and heating experi-
ments. Before each experimental run the sample cell was 3.1. NH;HSO, Phase Diagram.The results obtained during
completely filled with approximately L of one of the NH- the warming cycles of the bulk measurements are shown in
HSQy solutions described above and placed into the DSC, and Figure 2a and Table 1. Each point in Figure 2a represents the
then the sample was cooled to 153 K at a rate of 5 Kthin  average phase-transition temperature of at least three runs at a
Subsequently, it was heated to 283 K at a rdt& & min—™ given composition. The error bars indicate the standard deviation
A typical experiment is depicted in Figure 1, which shows of the individual runs from the mean plus an estimated
the cooling and heating of a sample of 80O, 26.6 wt % uncertainty of 0.5 K in the absolute accuracy of the temperature
in composition. Three freezing signals are clearly visible in the after calibration. Also shown as lines are the equilibrium
cooling run corresponding to the nucleation and freezing of ice conditions of ice and liquid (dotted), letovicite and liquid
(c1), letovicite (c2), and sulfuric acid tetrahydrate (SAT, ¢3), (dashed), ice, letovicite and liquid (solid), and finally ice,
where letovicite is solid (NgsH(SOQy)2. When the sample is  letovicite, SAT, and liquid (dashdotted) as calculated from
warmed, three peaks are visible corresponding to different the thermodynamic model of Clegg etf'4The measured phase-
melting points (w1, ice/letovicite/SAT eutectic; w2, the point transition temperatures are in excellent agreement with the
at which the last letovicite melts in equilibrium with ice and model calculations for these crystalline phases at temperatures
liquid; w3, the melting point of ice). From the peaks w1 to w3 above 220 K and have only a slight deviation of abbi for
the phase diagram of the NHSOyYH,O system can be the transitions at 196 K. This agreement suggests that indeed
constructed (see below). ice, letovicite, and SAT are formed in our experiments. In the
2.3. Emulsion SamplesThe emulsion samples were prepared following we will support this conclusion and also compare our
by mixing 0.4 mL of an aqueous solution with 2.5 mL of an oil  results to other measurements reported on the aqueous NH
phase containing approximately 80 wt % halocarbon oil series HSO, system.
0.8 (Halocarbon Products Corporation) and 20 wt % lanolin ~ Recently, Yao et al® and Chelf and Martitf performed
(Aldrich Chemical). Emulsification was achieved by shaking melting point measurements of aqueousNBO, solutions
the agueous solutieroil mixture at room temperature manually using bulk samples with volumes of 40 and 100 mL at
for about 15 s and then with a high speed mixer at a frequency temperatures greater than 246 K. The melting points determined
of 1400 Hz for 2 min. For each experiment approximately 22 in both of these studies agree closely with the model of Clegg
ulL of the emulsion was placed in a disposable aluminum sample et all* In addition, Chelf and Martif also analyzed the
pan. All samples were prepared just before the experiment to composition of the liquid in equilibrium with the precipitates
minimize degradation of the emulsion due to slow chemical and found that letovicite was the crystalline solid that had the
reactions. The procedure and the properties of emulsified highest melting point at concentrations greater than 47 wt %
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TABLE 1: Melting Points of NH 4HSO, Solutions?
conc [wt %] Ti(exp) [K] T1(mod) [K] Ta(exp) [K] To(mod) [K] Ts(exp) [K] Ts(mod) [K]

5.3 195.3+ 1.3 197.0 243.5+ 0.7 242.9 271.2+ 0.6 271.4
10.7 195.6+ 0.8 197.0 243.3+ 0.7 242.9 269.7+ 0.8 269.6
15.8 195.74+ 0.8 197.0 243.0+ 0.8 242.9 267.3+ 0.8 267.5
21.2 195.9+ 0.7 197.0 243.1+ 0.7 242.9 264.5+ 0.7 264.8
26.6 195. 74 0.6 197.0 242.7+ 0.7 242.9 260.4+ 1.0 261.1
30.1 196.2+ 0.7 197.0 243.1+ 0.7 242.9 257.0+ 1.2 258.1
34.7 196.1+ 0.7 197.0 243.0+ 0.7 242.9 253.1+ 0.9 253.2
39.5 195.9+ 0.7 197.0 242.8+ 0.6 242.9 246.3+ 0.9 246.8
44.2 195.8+ 0.7 197.0 241.7+0.8 241.9 248.7+ 1.2 248.2
49.9 196.2+ 0.7 197.0 238.7+ 0.7 238.68 e 261.%
54.4 196.2+ 0.9 197.0 2345+ 1.0 234.9 e 270.4
59.6 196.0+ 0.7 197.0 225.8+0.8 227.0 e 280.3

aconc is the overall NJHSO, concentration of the sample [in wt %l;(exp) are the experimentally determined phase-transition temperatures
and their standard deviations [in K] (see data points in Figure 2a)Td&mubd) are certain phase-transition temperatures [in K] as calculated from
the model of Clegg et &f.(see lines in Figure 2a}.Ternary ice/letovicite/SAT eutectic temperaturéce melting point in equilibrium with letovicite.
d Letovicite melting point in equilibrium with icet Melting points could not be determined because of sensitivity probleires.melting point.
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Figure 2. (a) NHsHSO/H>O phase diagram from 0 to 60 wt %. Each

circle indicates the average phase-transition temperature as experimen
tally observed with DSC bulk samples. Also shown as thick lines are
the equilibrium lines of ice with liquid (dotted), letovicite with liquid
(dashed), ice and letovicite with liquid (solid), and finally ice, letovicite,
and SAT with liquid (daskdotted) as calculated from the thermody-
namic model of Clegg et &f The labels indicate which mixture of
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Figure 3. Freezing points of NeHSO, bulk samples 3L in volume
measured with a cooling ratd 6 K min—t. Each point represents the
median of several experiments, and the solid lines are fits to the data
points. Open circles represent freezing of ice; solid circles represent
freezing of letovicite; squares represent freezing of SAT. The dashed
lines indicate the melting point curves of ice and letovicite. The labels
indicate regions of stability of the different phase mixtures. In the shaded
region, NHHSO, aerosols in the atmosphere do not freeze homoge-
neously but exist as metastable liquid droplets.

expression can be found in ref 16). This implies that a complete
solidification of a NHHSO, solution requires the formation of

a third crystalline phase apart from ice and letovicite. This is
what we observed in our experiments; i.e., all solutions
investigated in this study exhibited three phase transitions.

phases is stable at certain temperatures and compositions. The lightlyynfortunately we could not detect the exact melting points for

dotted horizontal line at about 209 K indicates the calculated ternary
eutectic of ice, letovicite, and SAH. (b) Comparison of various melting
point measurements in the literature. The open circles and lines are a

letovicite at concentrations larger than 44.2 wt % with a
satisfactory accuracy, but we did observe three phase transitions

in panel a. The triangles and squares represent the bulk-phaseUPOn cooling in these experiment as well (see Figure 3). Note

measurements by Yao et*dland Chelf and Martif respectively.

The diamonds indicate the single aerosol data by Imre 8t al.

NH4HSO. Letovicite ((NHy)sH(SQy)2) is more alkaline than
NH4HSOy; that is, it contains a larger N#fH,SO, ratio (3:2)
than NHHSO, (1:1). Hence, if letovicite were formed from
NH4HSO;, solution, the remaining liquid would become more
acidic; i.e., it would contain relatively more;HO, (an analytical

that when letovicite forms, the remaining liquid assumes a ratio

of NH3/H,SOy smaller than 1:1, and hence, the letovicite/liquid
curve (dashed line in Figure 2) and the ice/letovicite/liquid curve

(solid line) should not be used to deduce the composition of
the remaining liquid.
The dotted horizontal line at 209 K in Figure 2a indicates
the ternary ice/letovicite/SAH eutectic, which according to the
Clegg et al. model is the highest ternary eutectic in thesNH
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T T ] were formed, one would expect the latent heat released at the
ice/NHHSCOy-8H,0 eutectic to show a maximum at the eutectic
2801 ,,/' T composition, which is reported to be at about 26 wt %,NH
“""5----9---_3_ : HSQO, by Imre et al'® (see note 21). In contrast, both phase
260 b \”\u\ﬁ i transitions at~243 and~196 K in our experiments show a
_ . monotonic increase in latent heat release for concentrations up
X, 5 ] to 44.2 and 59.6 wt %, respectively. These observations are in
g DT, e B s s i agreement with the formation of ice, letovicite, and SAT.
© It is interesting to note that the NHSO, melting point curve
qg’- reported by Imre et df agrees closely with the letovicite
g 220 ] melting point curve in the bulk experiments and the model. Also,
Imre et al*® reported the NFHSOy/NH4HSO,-8H,0 peritectic
200 | to be at 243.2 K, which closely agrees with the ice/letovicite/
. liquid coexistence temperature at a concentration smaller than
1 . approximately 43 wt % NEHSO, measured in this paper (243.1
180 | kY " K) and calculated by the Clegg et al. model (242.9 K). Whether
R these agreements are coincidences or do have a physical or
0 10 20 30 40 50 60 experimental meaning remains to be determined. At present the
Overall Sample Composition [wit%(NH;HSO,)] reason for the discrepancies between the phase diagram of Imre
Figure 4. Experimentally observed melting points (open circles) and €t al'3and our phase diagram is unclear; however, considering
ice freezing points (solid circles) of emulsified aqueous/NBO, the good agreement between our studies and the experimental

droplets. The solid line is a fit to the freezing data, while the dotted studies by Yao et df and Chelf and Martift® we believe our
line is an extension for which the parameters given in Tables 2 and 3 phase diagram is correct. The very good agreement between

are outside their validity range. The dashed lines indicate the ice melting .
point curve, the letovicite melting point curve, and the ice/letovicite/ the last three studies and the model by Clegg ét auiggests

liquid coexistence temperature as calculated with the model of Clegg that this model is applicable at upper tropospheric temperatures.
et al!* (see Figure 2). The squares in the lower right corner indicate  3.2. Supercooling Experiments.3.2.1. Bulk Experiments.

the conditions under which letovicite nucleation experiments were The formation of a crystalline phase from a liquid requires a
performed (see text). nucleation process and thus usually exhibits a superco&ling.

H,SOW/H,0 system when ice and letovicite are present. Our In addition, the nucleation probability is directly proportional
experiments indicate that SAT formed although SAH (sulfuric t© the volume of the liquid. Hence, bulk-phase supercooling
acid hemihexahydrate) was already supersaturated at higheStudies can only provide an upper limit for the conditions (i.e.,
temperatures and SAH had a higher supersaturation than SATCONcentration and temperature) at which aerosols in the atmo-
at any temperature below 209 K. The same behavior has beersPhere will exhibit phase transitioA%.This implies that an
observed in the ternary HNgH,SOy/H,O system where ice aerosol droplet will most likely crystallize at a significantly
nitric acid trihydrate (NAT), and SAT often formed, although lower temperature than a bulk sample of th_e same composition.
the combination of ice, NAT, and SAH was the stable ternary Here, we present bulk supercooling studies in order to get a
eutectict®20 A likely explanation for this observation is that  first estimate of the freezing behavior of the NSO, system.
the compatibility between ice and SAT is higher than between Figure 3 shows the freezing point measurements performed with
ice and SAH; thus, once ice is present, SAT nucleates more PUlk ;amples of 3iL volume. Each point indicates the median
readily than SAH. The temperature for the ice/letovicite/SAT [r€€zing temperature of three or more samples at each concen-
eutectic observed in our experiments is 195.9 K compared to tration. The open circles indicate the freezing of ice, the solid
197.0 K predicted by the Clegg et al. model. This deviation is circles the freezing of letovicite, and the squares the freezing
small given the fact that large extrapolations to low temperatures ©f SAT (see peaks eic3 in Figure 1 for comparison). The
were required in the model, since only high-temperature data 'dentities of the solid phases were determined by warming each
(=273 K) were available. sample and determining its melting point. For comparison the

Figure 2b shows a comparison of various melting point Melting point curves for ice and letovicite are shown as dashed
studies for the NEHSO, system. Our data agree closely with Imes._ All solutions exhibit a supercoollng _of about 20 K for
the measurements by Yao etl@land Chelf and Martiis both ice (below about 40 wt %) and letovicite (above about 40
However, our measurements do not agree with the experimentalWt %), which is about the same as that reported by Chelf and
results obtained by Imre et & The largest deviations occur at ~ Martin'® for 100 mL samples. Given the fact that the sample
the ice melting point curve with differences in temperature of volumes used in these experiments are several orders of
up to 20 K at about 26 wt % NHHSOs. This deviation cannot ~ Magnitude larger than the volume of atmospheric aerosols, the
be explained by the fact that we used bulk samples while Imre Shaded area gives conditions at which the aerosols will not freeze
et al3 employed a single aerosol experiment. The melting of homogeneously in the atmosphere. However, this area only
ice is not a kinetically driven phase transition but occurs at the Provides an upper limit and the freezing temperatures of aerosol
equilibrium value. Hence, no size dependence of the ice melting droplets of the same composition are most likely much lower.
point curve is expected for droplets in the micrometer range. For example, water droplets in the micrometer size range freeze
This is supported by our emulsion experiments reported below Only at temperatures of about 234 k20 K below the upper
(see Figure 4), which show the same melting temperatures adimits shown in Figure 3. Therefore, we have investigated

the bulk samples shown in Figure 2. emulsified droplets in the micrometer range to get a better
In addition, Imre et at3 report that NHHSQ, and NHHSOy- estimate of the ice freezing ability of NHSOy/H,O aerosols

8H,0O formed in their aerosol experiment rather than letovicite in the atmosphere.

or SAT. We can exclude the formation of WHSO,+8H,0 in 3.2.2. Emulsion Experiment®¥Ve have used the emulsion

our experiments for the following reasons. If hH50,-8H,O technique successfully for similar studies with aqueous HINO
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TABLE 2: Critical Ice Nucleation Temperature as a 1.0 7 T
Function of NH,HSO, Concentration for Micrometer-Sized

Aqueous NHHSO, Droplets?
Ao A A As Ay

0.8

T 233.84 —0.711 —2.97x 10° —7.70x 10® —8.35x 107° g

aT* can be calculated from* = Ag + Ay wt + A, wt?+ Agwt* + E’ 06 )
A, wtb, whereT* is the critical ice nucleation temperature [in K] and e
wt is the NHHSO, concentration [in wt %]. This relation is valid from 2 0.4 J
0 to 33.5 wt %. g

H,0 and HNQ/H,SQOyH,0 dropletst! The experimental results 0.2
are shown in Figure 4. The solid circles show the measured ice
freezing points. The solid line is a fit through the data, and the
parameters for this curve are given in Table 2. For comparison
the melting point curves of ice and letovicite as well as the Time [min]

|.ce/Iet(I)V|C|t.e/I|qU|d coexstenceT curve are also shown as dashedFigure 5. Fraction of 34.4um NHHSQ, droplets 61.4 wt % in
lines in Figure 4. No freezing of ice was observed for composition that remained liquid as a function of time for different
concentrations greater than 34.7 wt % M$0,. We believe temperatures. Each point corresponds to a nucleation event. The curves
that the ice freezing points reported here are not influenced by are exponential fits to the data as described in the text.
heterogeneous processes at the aqueous phase/oil interface. ) )
Using the tabulated homogeneous nucleation rate coefficientsNUcleation becoming faster at lower temperatures. At 198.2 K
for the nucleation of ice from pure wate calculate freezing ~ NONe of the droplets froze within an observation time of 30 min.

temperatures (90% of the particles frozen) at a cooling rate of Since nucleation is a stochastic process, the fraction of liquid
5 K min~? of 233.3 K for 1um particles, 234.3 K for 2.5m droplets is expected to decrease exponentially with #me.

particles, 234.9 K for 5m particles, and 235.6 K for 10m Consequently, the experimental data were fitted to exponential

particles. First, this shows that the freezing points are rather lunctions; the resulting curves are shown in Figure 5. Both the
insensitive AT ~ 2.3 K) to a variation in droplet size from 1 193.2 and 188.2 K data were fit to single exponentials. However,

to 10um, which is the uncertainty in our experimental droplet a sum of two weighted exponentials (see eq 19 in ref 20) was

size. Second, these values are in very good agreement with ouf €duired to fit the 183.2 K data, which suggests two different
measurements of emulsified water droplets that froze at 234.1Processes are occurring at the lowest temperature. In addition,
K, thus supporting our hypothesis that we are indeed monitoring & constant term o2 min was added to the double-exponential
homogeneous nucleation of ice. It also suggests that the freezindUNction because of the observed slow crystal growth at 183.2
points reported here correspond to droplets of abet.Bum. . We cannot give a conclusive explanatlon for the two dlffere_nt
As an additional check for the composition of the aqueous processes at 183'2_ K, but we provide two suggestl_ons. First,
droplets and the nature of the crystallized solid phases, all the faster process is due to heterogeneous _nucleatlon qnd the
samples were heated afterward and the melting points wereSlower one is due .to homogeneous nucleation. A.Iternau.vely,
determined similarly as in the bulk-phase experiments. The the faster process is due to homogeneous nucleation whlle the
emulsion melting points for concentrations up to 34.7 wt % slower one is due to mass transport from unfrozen partlcle_s to
NH4HSO; are shown as open circles in Figure 4 and are in very frozen particles (mass transport will cause the unfrozen particles

good agreement with the bulk-phase results. We note that thelo become slightly 'Iess conpentrated). When the data are fit to
ternary ice/letovicite/SAT eutectic measured in the emulsion & double exponential, the highest possible rate for the faster of

system is abau2 K lower than in the bulk-phase system. the two processes is determined and hence is the most
However, the bulk experiments were specifically designed and conservative estimate for an upper boun‘?' of the .holmogeneous
optimized for the detection of melting points in terms of nucleation rate coefficient. The upper confidence limits (99.9%)

sensitivity and accuracy. Thus, we do believe the bulk-phase Were calculated us_ig\g_lfoisson statisticand are‘]h°"‘(183_'32
melting points to be more accurate. K) = 7.5 10° cm™ 574, Jnon(188.2 K) = 4.8 x 10f cm

—1 — —3 o1 —
3.2.3. Microscope Experimentae did not observe letovicite S -Jhorr(§3193-?3 Kzl_ 1.2 10f em® s, andJhon(198.2 K)=
freezing in emulsified droplets with concentrations between 39.5 8.6 x 10° cm= s, V_Vhere‘]hmﬂ) refers (o the homoge_neous
and 59.6 wt % NHHSQ, at temperatures greater than 180 K. nucI(_eat|on rate coefficient at temperatdrerhese vaIu_e_s |mply
Therefore, we used the optical microscopy technique developedthat it would take about 163 days to nucleate letovicite in 50%

in our laborator§Pto study the freezing of letovicite from larger ~ ©f 0-5#m aerosols containing 61.4 wt % NHSO at 183.2
aqueous NEHSO, droplets. Twenty-one droplets with an K. Hence, higher concentrations are required to freeze letovicite

average equivalent diameter of 34uh were deposited on a from NHsHSO, aerosols on relevant atmospheric time scales.

hydrophobic quartz crucible and cooled to a fixed temperature.
The particles were observed for about 60 min with an optical
microscope, and the entire experiment was recorded on video- Until recently, cirrus clouds were believed to form from
tape. Subsequently, the particles were warmed to their melting sulfate aerosols, which are ubiquitous in the upper troposghere.
point from which the particle composition was determined to However, recent in situ measurements over the continental U.S.
be 61.4 wt % NHHSO,. Experiments were performed at 198.2, showed that significant amounts of NE&n be present in upper
193.2, 188.2, and 183.2 K; the experimental conditions are tropospheric aerosofddence, it is important to understand how
indicated in Figure 4 by the solid squares in the lower right. ice particles in cirrus clouds form from ammoniated aero%bls.
The amount of time it took the individual droplets to nucleate In the following section we describe thermodynamic calculations
at each temperature was noted, and the results are shown as thee performed in order to relate the ice freezing results from
fraction of particles that remained liquid as a function of time emulsified aqueous NHSO, droplets presented above to the
in Figure 5. A clear temperature trend can be observed with atmosphere.

0.0

4. Atmospheric Implications
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TABLE 3: Critical Ice Nucleation Parameters, X*, as a Function of the Water Vapor PressurePy,o for Micrometer-Sized
Aqueous NHHSO, Droplets?

X Ao A A As

T 2.4973x 10*2 1.065x 101 4.465x 1071 1.178x 1072
an* 1.0579 x 10*° 3.633x 1072 —3.050x 104 —1.390x 104
Sce* 1.3176 x 10™° —1.056x 1071 —9.180x 1073 —3.130x 104
AT* —2.9668x 10t 4.109x 101 7.679x 102 3.619x 1073

@ The different critical ice nucleation parametexs, can be calculated fron* = ziioA.-(ln Ph,0)', WherePy,o is the water vapor pressure [in
mbar], T* is the critical temperature [in Klp,* is the critical water activity (which is equal to the critical relative humiditg)e* is the critical ice
saturation ratio, andT* is the critical supercooling [in K]. These parametrizations are valid over the water vapor pressure rand®2 @ 2.4
x 1074 mbar. For verification, aPy,0 = 1072 mbar the above parameters yield the following values for the diffexentT* = 209.00,a,* =
0.8977,Sce* = 1.640, andAT* = —3.584.

18k T T T T T ] clouds, the dominant ice particle formation mechanism in these
"/// events will most likely be homogeneous nucleation. However,
o field data also show lower ice saturation ratios than measured
8.7l //// ] in this study?62” Hence, further studies will be needed to
£ / / investigate both the effect of heterogeneous nétkd also
"% ////////// 08 the incorporation of HN@into ammoniated aerosélen the
216} ///// - formation of ice particles in cirrus clouds.
e H,SO _
g 2904 /// )
= ////// 5. Conclusions
g 5 /”'/,,, 1 We have investigated the NHSOy/H,O phase diagram in
the concentration range-B0 wt % using differential scanning
14t /4 | calorimetry. Phase transitions have been observed for temper-
190 2(')0 210 220 P atures down to 180 K. Both bulk-phase and emulsion studies

agree closely with the results from the thermodynamic model
of Clegg et al* and indicate that ice, letovicite, and SAT are

. ; ) : ! . the crystalline phases present in our experiments. The melting
The points are the ice saturation ratios for the experimentally determined ~ "~ . . . . .
emulsion ice freezing points (see Figure 4) as calculated with the model POINtS obtained in this study differ from the phase diagram
of Clegg et al and the solid line is a fit to the data (for a reported by Imre et at3 especially for the ice melting point
parametrization, see Table 3). The line faS@y/H,0 aerosols as given ~ curve. However, our results are in very good agreement with
by Koop et alis also shown for comparison. The shaded area indicates the recent melting point investigations by Yao et’and Chelf
the combined uncertainties of the two studies. and Martinl6
Emulsified aqueous NFHSO, droplets have been investigated
4.1. Thermodynamic Modeling. The number density and  to study the homogeneous nucleation of ice from such aerosols.
size distribution of ice particles in a cloud are mainly controlled The results indicate that a high supercooling of up to 70 K is
by two parameters, temperature and the critical ice saturationrequired before ice nucleates. A thermodynamic model has been
ratio, Sce*, required to nucleate ice from preexisting aerosols. ysed to apply the ice freezing data to the formation of clouds
Sce* is defined as the ratio of the water vapor pressure of an in the upper troposphere and lower stratosphere. The results
aerosol at its freezing temperatuf®, and the water vapor ndicate that the homogeneous nucleation of ice fromB0,
pressure over ice at*. aerosols in cirrus clouds requires saturation ratios with respect
We used the model of Clegg et™dlto compute the critical to ice of up to 1.7.
water activity,ay*, for each droplet composition at its experi-
mentally observed freezing temperatét&rom these dat&.e* Acknowledgment. We thank S. Clegg for providing us with
and the cooling below the ice frost poilkT* = Tice(P*H,0) — a code for his thermodynamic model and a preprint of their
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