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Laboratory Evidence for Surface Nucleation of Solid Polar Stratospheric Cloud Particles
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Nitric acid-containing cloud particles, known as polar stratospheric clouds, play an important role in the
springtime ozone destruction over the polar regions. Nitric acid initially condenses in the polar stratosphere
to form supercooled solution droplets of mainly nitric acid and water with trace amounts of sulfuric acid.
Nitric acid dihydrate (NAD) and nitric acid trihnydrate (NAT) later crystallize from this supercooled solution
phase to form solid polar stratospheric cloud particles. Until now, experimental data on this crystallization
process has been analyzed under the assumption that NAD and NAT nucleation took place in the interior
volume of a cloud droplet. However, in this paper, reanalysis of experimental data on the homogeneous
freezing rates of concentrated aqueous nitric acid solution droplets provides substantial support for the
occurrence of nucleation “pseudoheterogeneously” at theagiueous nitric acid solution interface of the
droplet. Furthermore, in a following paper, theory that provides compelling evidence for such interfacial
nucleation is developed. Together, the reanalysis of laboratory data in this paper and the supporting theoretical
arguments in the following paper suggest that the homogeneous nucleation process occurring in atmospheric
droplets may be a surface- rather than a volume-related rate process.

1. Introduction atmosphere, could potentially condense into th&®—H,0
liquid solution to form a liquid ternary aerosol (LTA) consisting

| It (\;vas;i(r:st suggelsted in 1986 t.hat .sqmzb%)alar strato:;pheric of H,SO,—HNO3;—H,0. The fact that both solid®° and liquid
cloud (PSC) particles may contain nitric ecause they  qia1043-15 \ere suggested for nitric acid-containing cloud
were observed in the stratosphere at temperatures above the 'Cﬁarticles in the stratosphere was in agreement with lidar

s : "
fros:. po'gt'thmt T:I)tgcaero?oll co(;np05|tl[on mff?S‘;fggﬁf‘t‘S. later observations of PSCs, which indicated the frequent occurrence
confirmed tha particles do contain nitric Nitric of both particle types in the stratosphafets

acid trihydrate (NAT) was suggested to be the likely phase of LTA particles in the stratosphere form by condensational

nitric acid particles in the stratosphérel.ater, laboratory . .
observations showed that NAT is stable in the stratosphere atgrOWth such that a nucleation free energy barrier does not have

; . . to be overcomé?®15and currently, there is no debate on how
temperatures of approximayeh K above the ice frost poirit LTA particles form and grow in the stratosphere. In contrast
Other laboratory experiments indicated that nitric acid dihydatre P 9 P ' ’

; . even after more than a decade of research on PSCs, a
(NAD) can also form in the stratosphét&ln addition, Worsnop L . . ) .
et al® found that the metastable NAD phase readily formed in guantitative understanding on the formation mechanism of solid

the laboratory, whereas the stable NAT phase was only formed ir;'tu(;:(:t'ﬁéionﬁ?mg? fr!céu?ngz?llti:lzsl 'S;tenéﬁgﬁ;gapgﬁxgszg’ the
by conversion of NAD into NAT. 9 y

. . . . . heterogeneous nucleation of nitric acid hydrates on the surfaces
In situ observations from the Airborne Arctic Stratospheric 9 y

" . - of ice particles'® However, ample evidence from observational
E_xped|t|9n (AA.SE) f“”he'f compllcate_d_the ur)derstandlng of data seems to indicate that solid nitric acid clouds in the
nitric acid particle formation by providing evidence for the

¢ liauid-oh itat ticles at cold polar t stratosphere often form independent of ice clotf8:22 To
p:eserll(():epo. 'q?' tﬁ aii;lé ag par |c;.es a Col'd po.ta.r em.r()jer'account for the formation of solid nitric acid particles in the
alures.” =rior fo the ouservalions, Solic nifc ac stratosphere (above the ice frost point) several suggestions have

"been made involving homogenedt# and heterogeneo#e?s
freezing of the LTA system. In this paper, we reexamine
laboratory data on homogeneous freezing of NAD and NAT to
show that this process most likely initiates on the surface of a

' supercooled cloud droplet rather than within its bulk volume.

sulfuric acid tetrahydrate (SAT) particles (the most stabje H
SOy—H,0 phase under polar stratospheric conditiddsgoon
after the AASE observations were published, laboratory inves-
tigations showed that aqueous sulfuric acid can remain liquid
and absorb a substantial amount of HN@t cold polar
temperature$*13 Laboratory dati were later used in aerosol 2 Back d on Surf Nucleati
modeld*1> to show that nearly all HN§) available in the - Background on surface Nucleation
Common examples of nucleation in fluids, such as bubble
* To whom correspondence should be addressed. E-mail: atabazadeh@formatior?® and the crystallization of drops of molten metal,

mail.arc.nasa.gov. ; i A— v licnid i
T NASA Ames Research Center. Moffett Field. involve liquid vapor or liquid-liquid |nterfac'es. However, as
s Department of Physics, San Jose State University. far as we know, until now, laboratory studies and theoretical
Il Department of Chemistry and Biochemistry, UCLA. modelg2-2428-37 of the freezing of atmospheric particles have
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Figure 1. (a) Partially wetting drop of liquid (lens shaped) resting on
a solid substrate surrounded by vapor. The three interfaces are-vapor
liquid (vl, gray line), vapor-solid (vs, dashed line), and liquigsolid

(Is, black solid line). The corresponding surface tensionsoareys,

0is. 6 is the contact angle. (b) Crystal nucleus in a liquid, but with one
face in contact with the vapor. Black solid line indicates faces in contact
with the liquid while the face in contact with the vapor is represented
by the dashed line.
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difference in free energy would therefore §ga + oyia — ov<a.

If the nucleus formation at the surface was favored, then this
free energy difference would be positive such thatt o) —

ays > 0, which is identical with the condition for partial wetting
presented above. Thus, crystallization at the vatiquid
interface should be favored in cases where the solid is only
partially wettable by its own liquid melt.

The above argument is only qualitative, but in the following
paperit we derive a more rigorous thermodynamic criterion to
show how the determination of the contact angle between a solid
an its melt can be used to predict the mode (surface or volume)
of nucleation. This criterion indeed proves to be the condition
of partial wetting suggested qualitatively above.

To test whether the partial wetting criteria can be used to
determine the mode of nucleation in the atmosphere, we briefly
discuss the icewater system. Optical studies on surface melting
of ice show that water only partially wets the ice surf&&€his
observation suggests that ice nucleation in supercooled water
most likely occurs on the droplet surface. In fact, our recent
analysig® of ice nucleation kinetic dat® where water droplets
studied were immersed in various ambient oil baths, show that
the ice-nucleation line (nucleation rate versus temperature) yields

assumed that freezing occurs via nucleation within the particle g different slope in different oils. This observation suggests that

volume. A recent analysis of laboratory d&t&” on the freezing

ice nucleation most likely have occurred on water droplet

of supercooled water droplets suggests that this process maysurfaces because the only physical property that changes when

also be a result of ice nucleation at the droplet surface-(air
water interface) rather than within the droplet voluffén the
present paper, we reanalyze existing laboratory28&%z2 on

the oil is changed is the wateoil interface and not the bulk
properties of pure water. In other words, if ice nucleation had
occurred in the bulk of water droplets, then the rates of ice

the freezing rates of concentrated aqueous nitric acid solutionnycleation should not have varied in different ambient oil baths.
droplets. The results of this analysis strongly suggests that thisThus, at least for the icewater system the condition of partial

freezing process may also initiate at the droplet surface.

wetting leading to surface nucleation of ice in water seems to

The idea of surface freezing is supported by several kinds of ho|d.

independent evidence, which even suggest that droplet surface The case of nitric acid hydrate crystal nucleation in aqueous
nucleation may be the preferred mode in many atmospheric nitric acid solution droplets involves a multicomponent (at least

processes. For example:

1. Computer simulations show that, in fluid clusters, crystal-
line nuclei tend to form at or near surface lay&s.

2. Cahri® has shown that, away from its critical point, a liquid
is not likely to fully “wet” a solid. This could include, as a
special case, a melt and its own solid.

The relevance of item 2 above is the following. Consider

a binary) system, and the simple vapor of the preceding
discussion is replaced by air with its several components. Thus,

to make the argument more convincing, it will be necessary to

derive a criterion (or criteria) for surface versus volume
nucleation irmulticomponensystems. The thermodynamics will

be complicated, not only by the presence of several components,
but also by the need to consider surface adsorption by all

Figure 1a that applies to a single component system. The Figurecomponents. Nevertheless, in a future paper, we plan to derive
shows a lens-shaped drop of melt (liquid) resting at equilibrium sych extended criteria.

on the surface of its crystalline solid. Both solid and melt are

In the remainder of the present paper, we reexamine existing

exposed to the vapor of the same substance. The surface ofahoratory data on the nucleation of NAD and NAT crystals in

interfacial tensionsss, oy, and ois refer to the vapor-solid,

vapor-liquid, and liquid-solid interfaces shown as dashed,
gray, and solid lines, respectively. The equilibrium configuration
in Figure 1a shows that the melt only partially wets its solid,

highly concentrated aqueous nitric acid solution droplets. The
manner of analysis indicates that this nucleation process is most
likely surface rather than volume based.

and the contact angie exceeds zero (complete wetting would 3. Relation between the Interpretations of Experimental

have® = 0). Such an equilibrium configuration indicates that
oy + 05 > oys, the condition for partial wetting, and suggests
that the extension of the liquigsolid interface at the expense

Data as Volume or Surface Nucleation

Homogeneous freezing of a supercooled liquid droplet in the

of the vapor-solid interface would be discouraged by an increaseatmosphere can occur when a crystal nucleus forms either_within
in the total surface free energy of the overall system. the volume of the droplet or on its surface. Although a single
Now consider Figure 1b, which shows a schematic crystal nucleus is .suff|C|en't to crystallize a supercooled liquid droplet,
nucleus forming within the liquid melt with one face, say of the nucleation rate is often expressedathe number of nuclei
area “a’, at the interface with the vapor so that it constitutes a formed per second in a unit volume of the liquid. Similarly, let
vapor-solid interface denoted by a dashed line. If the nucleus Js P€ the number of nuclei formed per second on unit surface
formed entirely within the bulk of the liquid, instead of with area of the liquid. Thus, the total number of crystal nuclei formed
one face in contact with the vapor, then the difference in free PE unit volume of air per second is
energy would reflect that the free energya would be replaced
by osa + oya (assuming that the new face was also of area a)
corresponding to the two new interfaces, vaplaguid and
liquid—solid, that replace the single interface, vapor-solid. The whereV; and S are the total volume and surface area of all

=V, t IS 1)
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droplets per unit volume of air. In atmospheric studies of TABLE 1: Laboratory Freezing Investigations
homogeneous freezing to form either ice or nitric acid hydrate experimental
particles (both NAT and NAD) from aqueous solutions, it is  type sample size technique references
— 22—24,28-37 i i
falways assumed _tha}r = V. Th|_s assumption 1—2um FTIR Tisdale et al.
ignores the potential effect of nucleus formation at the surface aerosol ~0.5m particles ~ cloud chamber/FTIR Disselkamp et al.

of a liquid aerosol particlé’-38-3%41n fact, if the free energy of Anthony et al.
liquid formation is lower on the surface of a particle than within _ Prenni et al.
its bulk?! then the overall rate of particle freezing will be aerosol ~0.38um particles flow-tube/FTIR Bertram and Sloan

aerosol ~25um particles  optical microscopy/Salcedo et al.

proportional to the total available aerosol surface area and not X . ;
visual inspection

to aerosol volume. _
In atmospheric sciences, a standard expression for the rate *In the aerosol experiments (except for Anthony et al. where LTA

of homogeneous crystal nucleation within the bulk of a fluid Solutions were used) binary aqueous nitric acid solutions were used.
(v) is given by Aqueous nitric acid solutions were also used in the film experiments.

oAb
3 = NL(kT/h)EXP[ AGaCt] @) aqueous HN@ These rates are then_usgd in eq 3 to derive
RT AG: values for NAT and NAD formation in the stratosphere.

act

This represents a crude approximation based on the original
theory of absolute reaction rates (there are better expressions;, |nterpretation and Analysis of Laboratory Nucleation
today), but it is good enough for our analysis, given the accuracy Rates

of the experimental data. In eq R is the molecular solute
concentration in the liquid (for our casé¢ is the molecular
concentration of HN@in the liquid solution per cfof volume),

k and h are the Boltzmann and Planck constarfsis the
temperature in KelvinR is the gas constant, ankﬁgct is the
free energy of formation, in the bulk, of the crystal nucleus. A
similar relation forJs the rate of nucleus formation on the droplet
surface is

Table 1 lists the laboratory investigations discussed below.
First, data from aerosol experimefis?-3%-32 gre used to derive
surface-based nucleation rates for NAT and NAD formation.
Second, results from film experimefftsare used to provide
support for the idea that the nucleation of NAD crystals from
aqueous nitric acid solutions occurs at the surface layer of a
droplet.

Figure 2 shows laboratory reported aerosol nucleation freezing
As ] rates over a temperature range from 165 K to 205 K for different

act (3) solution compositions (the HN@GQnole fraction,X, is given on
RT the bottom of each panel). All of the Figure 2 panels (except
for panel (d) where NAT nucleation freezing rates are shown)
show laboratory freezing rates for NAD aerosols. Equations 4
and 5 were used to convert the reported volume rates (filled
symbols) into surface rates (open symbols).

In Figure 2a, nucleation data for nitric acid solutions with
concentration ¥no, = 0.333 are shown from three labora-
tories?328:30-32 At temperatures above 190 K, the volume based
data (filled symbols) exhibit considerable discrepancy, especially
between triangle€d and the other symbof8:30This discrepancy
in laboratory data is as great as 4 orders of magnitude.
Furthermore, nucleation rates should decrease with increasing
temperature, but some of the data, due to Disselkamp ¢t al.,

Js= (VIS)J, 4) admittedly limited, suggests_either an increase or no chang_e in
the rate as temperature is increased. Yet there is no obvious
Note that in deriving the above relation, we have assumed that€XPerimental reason for the discrepancy (Margaret Tolbert,
formation of just one nucleus is sufficient to freeze a single Personal communication, 2001). In contrast to this behavior,
droplet in the ensemble of those monitored in the labora- When €gs 4 and 5 are used to convert the rates, reported as
tory 23:28-32 Thus, the measured number of droplets that freeze VO!UMe based (filled symbols), to surface based (open symbols)
in unit time can be expressed as eittigY; or JsS, depending rates, most of the discrepancy disappears as is evident from the

upon which mechanism (volume or surface based) is assumed@P€N Symbols in the lower part of Figure 2a. Not only do the

If the distribution of droplet sizes is monodisperse, then eq 4 data from diffgrent laboratories now lie within about only 1
reduces to order of magnitude of each other, but also now they all trend

downward with increase in temperature, a functional dependence
Js= (r/3)Jy (5) that is expected. This result provides support for a surface based

nucleation mechanism.
wherer is the aerosol droplet radius. Thus, if the nucleation = What could be the origin of the discrepancy in the volume
process is surface-based, different rates of freezing would bebased data? The best answer involves eq 5, which shows that
observed, depending on the droplet size distribution. For if indeed nucleation is surface based, then the size of the aerosol
example, a larger fraction of droplets will freeze if the aerosol droplets must play a strong role. In the experiments of Salcedo
volume is spread over many small dropt&#8-32than if it were et al.Z8 the average size of an aerosol droplet was 25 microns,
confined to a few larger oneé8Below, eqs 4 and 5 are used to  whereas in the experiments of Prenni e#’aind Disselkamp
convert reported volume-based rates into surface-based rates foet al.?8 the droplet size was of the order of 0.5 microns. Thus,
NAT and NAD particle formation from droplets of concentrated on the basis of eq 5 alone, assuming that nucleat@assurface

Jo= NS(kT/h)EXP[

whereNg is the total number of molecules per unit surface area
of the fluid (for our caseNs = XunogNs, where Xpno, is the
mole fraction of HNQ on the surface of the liquid solution
andns = 10'%is the approximate number of molecular surface
sites per criof surface area of the liquig), andAGS, is the
free energy of formation of a crystal nucleus on the droplet
surface.

If we assume that homogeneous freezing occurs in the
laboratory, solely due to nucleus formation on particle surfaces,
then the reported volume-based freezing Fit&s3? are related
to surface-based rates by the following expression
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Figure 2. Volume- and surface-based nucleation rates of NAD (panels a, b and ¢) and NAT (panel d) aerosols from aqueosisi NG

determined by laboratory observations. Filled and open symbols give volume (in units®sem') and surface (in units of cm sec?) rates,
respectively. Circles are from Bertram and Sloan (B83,Triangles are from Salcedo et al. (S&)squares are from Prenni et al. (FRand

diamonds are from Disselkamp et al. (B1)The HNG; mole fraction of the solution (X) is given on the bottom of each panel. The surface rates

are derived from the reported volume-based nucleation rates using egs 4 and 5. For BS data a monodisperse size distribution with a mode radii of
0.38 micron was used. For PR data, a monodisperse size distribution with a mode radii of 0.5 micron was used. For DI the size distributions given
in Table 1 of this article were used. For SA, the large supermicron-sized partie®srficron in radius) immersed in oil were nonspherical and
therefore the measured geometric aspects of particles were used to convert volume to surface area. For SA, the average behavior of many data
points are shown only as few symbols. This was done to give equal weight to data reported from all laboratories for the determination of the
nucleus free energy of formation.

based and that surface rates were similar in all cases, the Salceddgain, the filled symbols indicate the assumed volume based
et al23 results should lie, as they do, far below the results of rates, whereas the open symbols indicate the surface rates
the other investigators. Actually, the aerosol of Salcedo €t al. obtained by transforming the observed assumed volume rates.
(triangles) was eventually immersed and caused to freeze in aOnce more, there is a reduction of the discrepancy from almost
matrix of oil, so that an oitaqueous nitric acid rather than an 3 orders of magnitude to less than 1 order of magnitude.
air—aqueous nitric acid interface was involved. Thus, we cannot |t is of interest to estimate the free energies of formation of
really be sure that the surface rates were similar for both the nuclei for the surface based nucleation rates. For this
interfaces. Also, in the Salcedo et?lcase, the droplets were  purpose, all of the data for the assumed surface based rates
not entirely spherical and a more realistic geometry than that exhibited in Figure 2a2d were used in eq 3 to estimate the
assumed in the derivation of eq 5 was used in converting the AG;,, for both NAD and NAT nucleation in aqueous nitric
assumed volume rates to surface rates. Nevertheless, the casgeid. Although, these measured rates show a considerable scatter,
for surface nucleation remains compelling. they are still useful in estimating free energies because of the
Figure 2c provides similar support, in the NAD case, for exponential relation between rate and free energy (i.e., in taking
surface nucleation. It exhibits data of Salcedo &€ahd Prenni the logarithm to extract the free energy, the scatter is consider-
et al®for nitric acid solutions of concentratiofino, = 0.246. ably reduced). This is a typical feature of most nucleation
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. ——— dependence can be estimated using the NAD dependence, i.e.,
r i from
oo | 0.246 -
— - X s,NAT _
‘TB F 0-333] AGact (XHNO3’ T) -
€ i 0.276 ] NAD
T 20 L i AGZC'( (XHNOSI T SNAT
£ L i SNAD AG;;" (0.246,T) (8)
3 L 1 AG;;" (0.246,T)
2 418l ]
"é,')' - . where it is assumed that the changes in the slope of NAT nucleus
i I ] formation free energies with acid concentration are proportional
3 161 7 to those of NAD, along th&uno, = 0.246 composition line.
3 L o Bertram and Sloan | Even the most extreme points shown in Figure 3 deviate from
z 14l o Prennietal. 1 the least-squares-fits by only abaut0.5 kcal mot™ (error bars
» o Disselkamp etal. . . . s -
L : in Figure 3). As mentioned abovAG; depends less critically
| 0.246 A Salcedo et al. ] th X | iNGa38.36 32 | .
L (NaT) i on the experimental uncertain : (aerosol composition,
12 L B aerosol size-distribution, and temperature) than the actual rate.
160 170 180 190 200 210 For example, changing G, by 0.5 kcal mot? could alter the

Temperature (K) rates by an order of magnitude (see Figure 4).

Figure 3. Surface-based nucleation rates shown in Figure 2 were used In Figure 4, the calculated volume and surface nucleation
in eq 3 to derive nucleus free energy of formation for NAD (HNO rates are shown for two solution compositions. It is apparent

mole fraction= 0.246, 0.278, and 0.333) and NAT (HN®ole fraction that volume nucleation rates for NAD (panels a and b) are much
= 0.246) in aqueous HNgXolutions. A least-squares-fit line is shown ~ more temperature-dependent than the estimated surface based
for each solution composition and phase. The error h&r§.6 kcal rates. For example, foXyno, = 0.333 (panel a), volume and
mol™) show the range of variation in the nucleus free energy from the surface nucleation rates between 165 and 200 K vary by 6 and
Ieast-sq_uares-flt line. The error bars do_ not reflect experlrr_lental 2 orders of magnitude, respectively. Disselkamp &8 alave
uncertainty and only show deviation of points from the theory line. been able to observe freezing of concentrated aqueoussHNO
solutions (e.g.Xuno, = 0.333) to form NAD crystals up to a
phenomena. Estimates obtained in this way are plotted in Figuretemperature of about 204 K (Figure 2a). Although a surface-
3. The estimated free energies range between 40 and 55 RTbased rate process can readily account for these observations, a
(for T taken nominally as 190 K), which is typical for most highly temperature sensitive volume-based rate process cannot
nucleation processes. The lines plotted in Figure 3 can be useceXplain why NAD particles were formed in the laboratory at
to establish empirical fits for the dependence of formation free temperatures as high as 204 K. Disselkamp &t ebuld detect
energies on both temperature and nitric acid concentration. In NAD freezing only if (at least) 5% of the particles froze in about
this connection, Salcedo etZlhave recently used laboratory 2 h. On the basis of the measured rates, a volume rate process

volume-reported rates in eq 2 to extrav6Z, for NAT and would have caused freezing of less than 1% of the droplets into
NAD nucleus formation. In their estimates Achu only the NAD in 2 h. Therefore, we co.nclude that sugh a process would
results from Salcedo et al. (triangles in Figur&2)nd Bertram ~ Nave been too slow to explain NAD formation at 204 K.

and Sloan (circles in Figure #)®2were used in the parametriza- Up to now, no aerosol experiments have been able to produce

NAT nuclei in compositions such thXfino, > 0.246. However,
at temperatures below 178 K and f¥tno, = 0.246, NAT
nuclei, instead of NAD nucle®®31-32do form selectively in
aerosols (see Figure 4b and 4c). This observation provides
additional support for surface nucleation of NAT and NAD
uclei in aqueous HN® The volume-based rates indicate that
AD nuclei (Figure 4b) still retain higher nucleation rates,
compared to NAT nuclei (Figure 4c) down to a temperature of
fabout 174 K. If the nucleation process occurred in the volume,
then NAT formation should not have been observed near 178
K because at this temperature NAD volume-based nucleation
rates remain a factor of 5 larger than those for NAT. On the
sNAD - _ other hand, as the temperature is lowered, the surface nucleation
AGa™ Kino, T) = 11.5593+ 0.080 421 % rate for NAT first exceeds that of NADno, = 0.246) in the
{71.5133— 0.256 724} X,yno, (6) neighborhood of about 178 K, indicating that below this
temperature NAT nuclei can form at a higher rate than those of
whereas that for NAT is NAD, in accord with the observations. Because many laboratory
measurements, showing NAT formation, exist in the temper-
AGINAT (0.246,T) = —45.2429+ 0.364 844 (7) ature range between 174 K and 178 K, it is unlikely that a
volume-based freezing process could account for these observa-
We were not able to derive a direct composition dependencetions.
for the NAT free energy because NAT nucleation rates were  Avrami analysis of the crystallization kinetics involved in
available only for a single acid concentration, namélyio, = the freezing of HN@H-O films (condensed on a silicon-wafer
0.246 (Figure 2d). However, because in Figure 3 the slope of substrate) into NAD, indicates that the nucleation of NAD occurs
the free energy lines for NAD are nearly parallel, a crude in a 2-dimensional (2D) field® Tisdale et af'® suggested that
expression for the NAT formation free energy composition the 2D nature of the observed NAD freezing rates was perhaps

tion of AG2,, mainly because (as discussed above) the vol-
ume-reported laboratory rates from Prenni et al. (squares in
Figure 25°and Disselkamp et al. (diamonds in Figuré2yere

up to 4 orders of magnitude higher than those reported by
Salcedo et &2 Because the surface-reported rates show much
less discrepancy, in our estimates, we have used all the reporte
laboratory nucleation data rates on the freezing of NAD and
NAT aerosols. The resulting formation free energy for the NAD
surface based nucleus, obtained through an empirical fitting o
our estimates is given (in units of kcal mé&) by the expres-
sion
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Figure 4. Calculated nucleation rates of NAD (panles a and b) and NAT (panel c) formation from 2 aqueoyseiM®n compositions (HNO

mole fraction= 0.333 and 0.246). The symbols are defined in the legend of Figure 2. All of the data points reported by Salc&dresabwn.

The volume rates are calculated using eq 2 and the nucleus free energy expressions given in Salé€tibessaiface rates are calculated using

egs 3, 6, and 7. The dotted lines give upper- and lower-bound nucleation rates obtained by using minimum and maximum possible values of
nucleus formation free energies. Error bars show the reported range of temperature uncertainties.

due to heterogeneous nucleation at the film-silicon interface. 28

However, the preceding analysis opens the alternative possibility ' ' . '
that the observed 2D nature of the freezing rates could be the [
result of surface based nucleation at the aqueous nitric acid film- 26 - .
gas interface. With this alternative possibility, film experiments [ -
also provide some support for surface and/or 2D nucleation of 04 '_ f ]
NAD in aqueous HN@ = L 3

In arriving at the fitting formula, eq 6, for the temperature s [ E
and concentration dependence Af, we assumed that % 22 - £ ]
Xunos in eq 3 is equivalent t&Xuno, in the bulk of the aqueous Q =
HNO; droplet. This is an approximation since surface enrich- 5 og [ 205 i
ment of HNQ should be taken into account. Indeed, recent Q" i 200
studies in bulk aqueous HN®® as well as in LTA7 solutions 195
provide evidence for the surface enrichment of HN®both e 190 &
systems. However, because the experiments were performed a i BT 185 1
warm temperatures, the observed enrichment might differ from 16k Range 556 4
that at cold temperatures. In any event, the measurements in I o 1
refs 46 and 47 were not used in the development of eq 6. In the T A BN NS e ]
absence of significant experimental data on the surface enrich- 0 0.1 0.2 0.3 0.4 0.5
ment of nitric acid at cold temperatures, it is beyond the scope HNO Mole Fraction
of this work to attempt to quantify the level of HN@nrichment 3
in the surface layer of the LTA system. Figure 5. Calculated NAD surface nucleus free energy of formation

as a function of HN@mole fraction and temperature using eq 6.

5. Implications for Atmospheric Processes if H,SQy is not a surface active component, then we suspect
The nucleation of both NAD and NAT crystals in the that trace amounts of 430, in LTA solutions will not
atmosphere takes place in LTA droplets rather than in droplets significantly change the rate of hydrate formation relative to
of pure aqueous nitric acid. Above, we have only derived that measured in pure agueous HN®urther, even the rates
empirical expressions for nucleation rates involving pure derived here for pure aqueous HB@re for concentrated
aqueous nitric acid. Thus, the absence of rate data for LTA solutions. Thus, it is not clear whether these rates will reasonably
droplets leaves us with the only alternative of extrapolating the extrapolate to stratospheric compositions, where nitric acid mole
current pure nitric acid results to LTA droplets. At temperatures fraction in droplets remains below 0.18. Because of these
where LTA patrticles freeze into hydrates of nitric acid, the H  considerations, the discussion in the present section, in which
SOy acid weight percent of the LTA solution in the stratosphere we apply rates obtained with pure concentrated aqueous nitric
drops to below about 2915 If H,SO, at cold temperatures  acid to LTA, must be regarded as less rigorous than that in the
is a surface active component, then even small amounts ofpreceding sections of this paper.
sulfuric acid can cause dramatic changes in the surface tension Having said this, we can turn to Figure 5 where shading
of the solution because the nucleation free energy barrier is moreindicates the composition ranges for NAD nuclei formation free
sensitive to surface tension than any other parameter. Howevergnergies for both the laboratory and atmospheric processes.
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Figure 6. (a) Temperature variations in the HN@ole fraction and NAD saturation. (b) Temperature variations in the total LTA aerosol surface

area and volume. An assumed sulfate aerosol size distriBtitias used to convert LTA volume into surface area (c) Temperature variations of

NAD volume- and surface-based nucleation rates for LTA compositions in the stratosphere. The gray shaded area marks the possible upper-bound
surface nucleation rates for LTA compositions determined in the labor#tédy. Temperature variations in the hourly stratospheric volume and
surface production rates of NAD particles. All calculations were performed at 60 mb fosH#MO and HSO, mixing ratio of 12 ppbv, 5 ppmv,

and 0.5 ppbv, respectivef§.

Clearly, these ranges are quite different. Because the laboratoryphysical sensitivity studié$have shown that hourly particle
compositions were more concentrated in FIN®AD germ production rates below about 10 cm™3 cannot have a
formation energies were smaller, and allowed efficient freezing significant influence on the overall stratospheric number density
to occur within minutes to at most hours, when a large ensemble of nitric acid-hydrated particles.
of droplets & 10° particles cm?®) was studied. In the atmo- Figure 6, parts a and b, displays important LTA and NAD
sphere, HN@mole fraction in LTA are smaller (typically less  aerosol properties for solid particle nucleation in the stratosphere.
than 0.18), and result in higher free energies of formation. Thus, To estimate volume-based nucleation rates, the NAD nucleus
in the atmosphere, longer exposure times are needed to freezéormation free energy due to Salcedo et@lvas used in eq 2.
stratospheric aerosols. Also, the number densities of LTA For surface-based rates, eq 3 was used. The LTA properties
droplets in the stratosphere arel0 cnT3, so that the total (NAD saturation in solution, HN@LTA mole fraction, total
available surface areas in stratospheric aerosols are at I¢ast 10LTA surface area and total LTA volume) are calculated using
times smaller than those available in the laboratory. This factor the parametrized model of Lin and TabazadeFor a given
too will cause atmospheric aerosols to freeze more slowly than temperature, “NAD saturation” is obtained by dividing the vapor
their laboratory counterparts. pressure of HN@over the LTA system by the equilibrium vapor
Below, typical LTA aerosol nitric acid concentrations and pressure of HN@over the NAD phase. Using the parameters
surface areas are used to estimate (using expressions based ahown in Figure 6a in egs 2 and 3, we obtain the volume and
rates measured in pure aqueous nitric acid) the rates of nitricsurface rates shown in Figures 6c. Figure 6c gives NAD
acid hydrate particle formation in the stratosphere. It should be nucletion rates per unit volume and surface area of the
emphasized and reiterated again that to obtain the results showrstratospheric LTA system.
in Figures 5 and 6, we have extrapolated the free energy The gray band in Figure 6¢c marks the smallest values of
formulas derived in both the present paper, and in that due tosurface nucleation rate that would be needed for Anthony et
Salcedo et aP3 beyond the range of the laboratory compositions. al.?° to detect freezing of the LTA system in the laboratory.
We will deal with estimates only for NAD particle production  These authors could detect NAD freezing only if (at least) 5%
rates in the stratosphere, becauseXgio, ~ 0.20 (this is the of the droplets froze within about 2 h. The estimated (Figure
largest possible HN@mole fraction in the stratospheric LTA  6c¢) surface based nucleation process could have caused freezing
solution), the extrapolated formation free energy for NAT is into NAD of only about 0.05% of the droplets in about 2 h.
~26.2 kcal mot?! (obtained from eqgs 3 and-@). With this Therefore, the observations of Anthony ef%bn the lack of
smallest possible value (26 kcal mé), the hourly atmospheric ~ LTA freezing in the laboratory are not in disagreement with
NAT particle production rates are around=2@&m=3. Micro- our estimates. If the volume of studied laboratory droplets could
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be spread over smaller particles (to increase their surface areaNe thank Margaret Tolbert, Dara Salcedo and Katja Drdla for
by a factor of roughly 100, see eq 5), then it might be possible fruitful discussions.

to detect the freezing of LTA droplets in the same laboratory

using experiments in the aerosol chamber (see Table 1). AsReferences and Notes
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