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Laboratory data of the freezing of nitric acid hydrates (NAD, NAT) from HNO3/H2O and HNO3/H2SO4/H2O
solution droplets have been evaluated with respect to a “pseudoheterogeneous” (surface-induced) nucleation
mechanism of NAD and NAT, which has been argued to possibly lead to the formation of polar stratospheric
clouds (PSCs). In addition, a parametrization of pseudoheterogeneous nucleation of NAD and NAT suggested
recently (Tabazadeh et al.J. Phys. Chem. A2002, 106, 10238-10246) has been analyzed, showing that this
parametrization should not be used in stratospheric modeling studies. The analysis of several laboratory data
sets yields an upper limit of the pseudoheterogeneous nucleation rate coefficient of NAD of 2.2× 10-5 cm-2

s-1. In contrast, the upper limit of the pseudoheterogeneous nucleation rate coefficient of NAT could not be
constrained satisfactorily, since formation of NAT has not been observed at stratospheric conditions in laboratory
experiments applying small droplets. Maximum NAD production rates of 9.6× 10-9 cm-3 (air) h-1 in the
stratosphere have been estimated assuming a pseudoheterogeneous nucleation mechanism that is constrained
by the experimental observations. If maximum NAD supersaturation persisted for 4 weeks in the polar
stratosphere the corresponding NAD particle number densities are estimated to be about 6× 10-6 cm-3.
These particle number densities are 3 orders of magnitude lower than particle number densities recently
observed in the stratosphere. In conclusion, on the basis of laboratory data it is found that a pseudoheterogeneous
nucleation mechanism is not sufficient to explain recent observations of large nitric acid containing particles
in the polar stratosphere.

Introduction

Polar stratospheric clouds (PSCs) convert halogen reservoir
species into active species, which can effectively destroy ozone.
Nitric acid trihydrate (NAT) particles and supercooled ternary
solution (STS) droplets have been observed within PSCs.1-4

Nitric acid dihydrate (NAD) particles have been suggested as
possible PSC particles based on laboratory experiments.5,6

Recently, large nitric acid containing particles, 2-22 µm in
diameter, with particle number densities of up to 10-3 cm-3

have been observed,7-9 which can lead to an efficient denitri-
fication in the polar vortex, intensifying ozone destruction.

The formation mechanism of NAD and NAT particles in the
polar stratosphere is still not resolved. Tabazadeh and co-
workers10-13 suggested recently that a so-called “pseudohet-
erogeneous” nucleation mechanism, representing a nucleation
mechanism occurring at the particle surface instead of in the
bulk, leads to the nucleation in cloud particles. The pseudohet-
erogeneous nucleation rate coefficient should then depend on
the surface area of the particle instead of on the volume as is
the case in classical nucleation theory.10 The evidence of
pseudoheterogeneous nucleation is still under discussion (see,
e.g., Kay et al.14 and Koop15). Attempts have been made to study
this newly suggested nucleation mechanism. Khvorostyanov and
Curry16 implemented pseudoheterogeneous nucleation in gen-
eralized classical nucleation theory to improve the understanding
of the freezing process. Molecular dynamics simulation applying
SeF6 clusters indicated that nucleation can take place at the

surface.17,18 One of these studies showed that nucleation may
be better described by a surface-based nucleation process17

whereas the other study found that nucleation occurred oc-
casionally at the surface but more often in the volume.18 Stöckel
et al.19 and Duft and Leisner20 showed experimentally that the
freezing of supercooled water droplets was due to a volume-
based nucleation process. However, these experiments used
droplets in the size ranges of 19-85 µm19,20 and the question
remains if this result still holds for smaller particles.

In the search of the formation mechanism of NAD and NAT
particles in the polar stratosphere Knopf et al.21 showed, based
on several laboratory data sets,21-27 that homogeneous nucle-
ation rates of NAD and NAT from STS droplets are too low to
account for the formation of large nitric acid containing particles.
Recently, Tabazadeh et al.10 suggested that the formation of
NAD and NAT was due to pseudoheterogeneous nucleation.
Additionally, these authors presented a parametrization for
implementation in stratospheric modeling studies to simulate
the formation of NAD and NAT by pseudoheterogeneous
nucleation. This parametrization has been applied in several
modeling studies showing inconsistencies in reproducing field
data.28-33 In some of these studies the NAD particle production
rates derived from the parametrization had to be corrected by
1-2 orders of magnitude to lower values30,32,33or the activation
energy to form a critical cluster to initiate the crystallization
had to be increased.31 However, the study of Pagan et al.34

suggested that pseudoheterogeneous nucleation cannot be ruled
out when possible temperature uncertainties in the applied
temperature fields of the models are considered.

Here, a reinvestigation of various laboratory data sets
concerned with the formation of NAD and NAT from binary
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HNO3/H2O and ternary HNO3/H2SO4/H2O solution drop-
lets21-27,35-37 is presented. This analysis will show that pseudohet-
erogeneous nucleation is not sufficient to explain the particle
number densities observed in the polar stratosphere. In addition,
the parametrization suggested by Tabazadeh et al.10 is analyzed,
indicating that it is not suitable to be applied in stratospheric
modeling studies.

Nucleation Formulation Analysis

Tabazadeh et al.10 derived the following equation for the
pseudoheterogeneous nucleation rate coefficient:

whereNS is the number of HNO3 molecules per unit surface
area of the liquid (i.e.,NS ) XHNO3‚nS, whereXHNO3 is the mole
fraction of HNO3 in the bulk liquid andnS ) 1015 cm-2 is an
approximate number of surface sites on the liquid surface),R
is the universal gas constant,k is the Boltzmann constant,h is
the Planck constant,T is the temperature, and∆Gact

S is the
activation energy required to form a critical cluster on the droplet
surface. Tabazadeh et al.10 presented a parametrization to
determine∆Gact

S for the formation of NAD and NAT by
pseudoheterogeneous nucleation (see eqs 6-8 in Tabazadeh et
al.10). These∆Gact

S values can be used to calculate pseudohet-
erogeneous nucleation rate coefficients,JS, using eq 1 as a
function of HNO3 and H2O concentration and temperature.
Figure 1 shows the resulting pseudoheterogeneous nucleation
rate coefficients. The following deficiencies arise applying this
parametrization:

First, this parametrization produces finite values ofJS at the
melting points of NAD and NAT (solid lines in Figure 1, where
the saturation ratioSNAX ) 1, X ) D, T). This is thermody-
namically not reasonable since it implies that a solid NAD or
NAT crystal would not melt at its melting point. The pseudo-
heterogeneous nucleation rate coefficient must decrease to zero
when approachingSNAX ) 1. Second, the pseudoheterogeneous
nucleation rate coefficient of NAD does not change significantly
in a temperature range of 200 to 170 K at stratospheric
conditions (between the solid and dotted lines in Figure 1a),
although supersaturation with respect to NAD increases from
1.1 to 3.5. This is in contrast to laboratory observations which
indicate that a change inSNAX results in a significant change in
JS.21-27,35 Third, the parametrization predicts the highestJS

values at conditions for which Bertram et al.26 did not observe
nucleation in submicron HNO3/H2O droplets (solid squares in
Figure 1). Assuming an uncertainty of the suggested param-
etrization of about half an order of magnitude10 (which is based
on a similar uncertainty of the experimental data sets) the
nucleation data of Bertram et al.26 can be reproduced for HNO3
concentrations of up to 65 wt % by the parametrization.
However, for higher HNO3 concentrations (solid squares in
Figure 1) the parametrization is in disagreement with the
laboratory data.

For these reasons, it is strongly recommended that this
parametrization should not be used in stratospheric modeling
studies.

Experimental Results and Discussion

In the following the data obtained and used by Knopf et al.21

and the data of Disselkamp et al.,35 Anthony et al.,36 and Prenni
et al.37 are inspected with respect to pseudoheterogeneous
nucleation. This analysis is conducted under the following
assumptions which apply to all data sets used in this
study:21-27,35-37 (1) There are no significant amounts of sur-
factants on the surface of the droplets and bulk volumes which
could hinder the pseudoheterogeneous nucleation process.13,38

(2) The excess surface coverage of nitric acid at the surface of
the droplets does not differ for the various particle sizes applied
in this study. The latter is in accordance with the work of
Djikaev and Tabazadeh,39 who showed that the excess surface
coverage of nitric acid does not change significantly for droplet
radii >0.03 µm. The radii of the particles of the applied
experimental data sets21,24-27,35-37 range from 0.33µm to 1.3
mm.

In the following the derivation of the pseudoheterogeneous
nucleation rate coefficient,JS, and the corresponding activation
energy to form a critical cluster at the air-liquid surface,
∆Gact

S , for the applied data sets are given. An upper limit of the
pseudoheterogeneous nucleation rate coefficient,JS

up, for the
experimental data sets of Knopf et al.21 (large droplet data) and
Koop et al.22,23 (bulk experiments of about 1 cm3 in volume)
was obtained by applying the equation

whereti(T) ) ∫T
Ti/ (dT/dt)i

-1 dT is the time interval that theith
droplet or bulk volume with surfaceAi remained liquid between
T andTi

/. Ti
/ is either the nucleation temperature of the droplet

or the lowest investigated temperature (i.e., in the case in which
the formation of a solid phase has not been observed), and (dT/
dt)i is the cooling rate applied in the particular experiment.Ai

indicates the air-liquid surface of the droplets or bulk volumes.
n* is the upper fiducial limit of n determined by Poisson
statistics at a confidence level of 0.999,23 i.e., if the experiments
were repeated an infinite number of times the observed number
of nucleation events will be smaller thann* in 99.9% of the
cases.n* is always larger thann and, therefore,JS

up(T) repre-
sents an upper limit ofJS. JS

up(T) also represents a conservative
value for the following reasons. The time interval,ti(T), that a
droplet stays liquid belowT is always smaller than the time
interval it would stay liquid atT. This assumes thatJS

up(T)
monotonically increases asT decreases for the investigated
temperature range. Additionally, for larger sample volumes
heterogeneous nucleation cannot be entirely ruled out. Hetero-

Figure 1. Pseudoheterogeneous nucleation rate coefficients of NAD
(a) and NAT (b) in binary HNO3/H2O solutions as a function of
temperature and concentration calculated from the formulation of
Tabazadeh et al.10 Solid lines show the melting point curves of the
different solid phases (S ) 1). The regions between dotted and solid
lines indicate typical polar stratospheric temperatures (e200 K) and
saturation ratios(SNAD e 4.7 andSNAT e 23.5 for NAT). The solid
square marks the temperature and concentration range in which Bertram
et al.26 did not observe nucleation in submicron HNO3/H2O particles.

JS(T) ) NS(kT
h ) exp[ - ∆Gact

S (T)

RT ] (1)

JS
up(T) )

n*

∑
i

Ai·ti(T)

(2)
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geneous nucleation by a solid impurity such as a dust particle,
for example, is more efficient than pseudoheterogeneous
nucleation since a preexisting solid most likely lowers the
activation barrier to form a critical cluster.40 Such an “artificial”
increase in the pseudoheterogeneous nucleation rate coefficient
is considered by applying an upper limit ofJS.

The derivedJS
up values were used to calculate lower limits of

the activation energy for the formation of a critical cluster,
∆Gact

S,low, after solving eq 1 for∆Gact
S :

The nucleation experiments of Anthony et al.36 have been
considered in this study. To obtainJS, first JV has to be derived.10

An estimate of the homogeneous nucleation rate coefficient,
JV, of the ternary H2SO4/HNO3/H2O aerosol data of Anthony
et al.36 has been derived by using the following equation as
given by the authors

where t is the time the aerosol particles stayed atTinitial

representing the lowest temperature studied in the experiment.
t has been taken as 30 min (see Table 1 of Anthony et al.36).
vol is the volume of an aerosol particle 0.7µm in diameter.
The factor of 0.05 represents the detection limit of the
instrumental setup to observe nucleation. No nucleation of NAD
and NAT has been observed in these studies. For this reason
the evaluatedJV values represent upper limits.

JS values for the data of Disselkamp et al.,35 Anthony et al.,36

Prenni et al.,37 Bertram and Sloan,24,25 Bertram et al.,26 and
Salcedo et al.27 were obtained by applying the analysis of
Tabazadeh et al.:10 JS was calculated usingJS ) (r/3)JV, where
r is the radius of the droplet andJV is the homogeneous
nucleation rate coefficient.10 For the data sets of Disselkamp et
al.,35 Anthony et al.,36 Prenni et al.,37 Bertram and Sloan,24,25

and Salcedo et al.27 droplet sizes of about 1.5, 0.7, 1, 0.76, and
50µm, respectively, were applied.10 For the data set of Bertram
et al.26 a surface median diameter of 0.66µm and a homoge-
neous nucleation rate coefficient ofJV ) 4.4 × 109 cm-3 s-1

were used (A. K. Bertram, personal communication).
The derivedJS values were used to derive∆Gact

S by applying
eq 3. This procedure resulted in∆Gact

S values as a function of
nucleation temperature and saturation ratio for the individual
experiments. Figure 2 represents these∆Gact

S values as a
function of temperature andSNAX. Since also upper limits of
JS

up, and thus lower limits of∆Gact
S,low, have been employed, the

evaluated data represent conservative lower limits of the
∆Gact

S . For this reason, the actual∆Gact
S must be larger than the

values shown in Figure 2, which results in actual lowerJS

values. Additionally, in Figure 2 the stratospheric relevant
regime is indicated by the blue and orange lines. It should be
kept in mind that a high∆Gact

S value corresponds to a lowJS

value and vice versa (see eq 1). This has implications for the
analysis of these data sets. For example, in the case of
heterogeneous nucleation by an impurity, an overestimation of
JS and, thus, an underestimation of∆Gact

S would result. There-
fore, for one specific experimental temperature the highest
∆Gact

S value corresponds most likely to a purely pseudohetero-
geneous nucleation process. The∆Gact

S values obtained with
use of the parametrization by Tabazadeh et al.10 are also shown
in Figure 2 as dashed lines. Although it has been shown in the

previous section that the parametrization is erroneous the results
of the parametrization are plotted in Figure 2 for analytical
purposes. The parametrization of Tabazadeh et al.10 produces
significantly smaller∆Gact

S values in the case of NAD nucle-
ation (Figure 2a) than the ones obtained from the various
experiments at stratospheric conditions. As discussed above, the
actual∆Gact

S values have to be higher than the experimentally
obtained values, clearly indicating that the parametrization is
erroneous in the stratospherically relevant regime. In the case
of NAT nucleation (Figure 2b) the parametrization is in
agreement with the experimentally obtained∆Gact

S,low values at
stratospheric conditions since it produces more conservative
∆Gact

S values than the ones obtained by the analysis of the
experimental data. The presented differences in the∆Gact

S

values derived from the parametrization and experimental data
are significant. An underestimation of∆Gact

S by 1 kcal mol-1

increases the pseudoheterogeneous nucleation rate coefficient
by a factor of 14, which is 3 times higher than the uncertainty
in most data and parametrizations.10

The experimentally derived∆Gact
S values shown in Figure 2

also represent lower limits with respect to a possible enrichment
of HNO3 at the surface of the particle or bulk liquid.41 From eq
3 it is conceivable that an increase of the HNO3 surface
concentration (i.e., an increase inNS) leads to a higher value of
∆Gact

S for a fixed JS value, which has been obtained from the
experiment. Therefore, an increase in∆Gact

S due to HNO3

surface enrichment is also in agreement with the estimated lower
limits of ∆Gact

S,low shown in Figure 2.

∆Gact
S,low(T) ) - RT ln[ h

kT

JS
up(T)

NS
] (3)

JV < 0.05
t·vol

(4)
Figure 2. ∆Gact

S is given as a function of the NAD and NAT
saturation ratios derived from laboratory nucleation data. Large droplet
data: (×) 63.6 wt % HNO3; (+) 53.8 wt % HNO3; (/) 32.2 wt HNO3

and 13.8 wt % H2SO4; and (b) 38.3 wt % HNO3 and 7.6 wt % H2-
SO4.21 Bulk solution data: (4) binary HNO3/H2O solutions of varying
composition;23 (]) ternary HNO3/H2SO4/H2O solutions of varying
composition.22,23 Aerosol data: (a) (9) 57, 60, and 64 wt % HNO3,27

(0) 64 wt % HNO3,35 (3) 54, 58, and 64 wt % HNO3,37 (O) ternary
HNO3/H2SO4/H2O solutions of varying composition,36 ([) 64 wt %
HNO3,24 (2) binary HNO3/H2O aerosol of varying composition;26 (b)
(9) 54 wt % HNO3,27 ([) 54 wt % HNO3,25 (O) ternary HNO3/H2-
SO4/H2O solutions of varying composition.36 The color coding indicates
at which temperature the data were obtained. Dashed lines indicate
∆Gact

S values derived by using the parametrization of Tabazadeh et
al.10 applying XHNO3 ) 0.333 and 0.246 for NAD (a) and NAT (b),
respectively. Panels a′ and b′ show an enlarged view of the top left
corner of panels a and b, respectively.
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The combined data21-27,35-37 were used to derive upper limits
of the pseudoheterogeneous nucleation rate coefficients,JS

up,
under stratospherically relevant conditions. Figure 3a shows the
composition of STS droplets at a height of 50 mbar for typical
stratospheric mixing ratios of 5 ppmv H2O, 10 ppbv HNO3,
and 0.5 ppbv H2SO4, and the corresponding saturation ratios
with respect to NAD and NAT.42 Figure 3b presents the
experimentally obtained upper limits of the pseudoheterogeneous
nucleation rate coefficients of NAD and NAT as squares and
circles, respectively, for the conditions shown in panel a.JS

up

has been derived by selecting all available experimental data
points in Figure 2 for one temperature and then interpolating
these data as a function of saturation ratioSNAX. The highest
values of∆Gact

S,low have been chosen (see discussion above) to
obtain∆Gact

S,low as a function ofSNAX for constant temperature.
Then, for the chosen temperature,SNAX was read off Figure 3a
and used to derive the corresponding∆Gact

S,low value, from
which JS

up with use of eq 1 was derived. The maximum
experimentally obtained pseudoheterogeneous nucleation rate

coefficients for NAD and NAT are 2.2× 10-5 and 1.4× 10-2

cm-2 s-1, respectively. The pseudoheterogeneous nucleation rate
coefficients for NAD and NAT derived from the parametrization
of Tabazadeh et al. are also shown in Figure 3b as solid and
dotted lines, respectively. The arrows in Figure 3b,c mark the
temperature at whichSNAD ) 1. At this temperature, i.e., the
melting point of NAD, the pseudoheterogeneous nucleation rate
coefficient must approach 0. It should be kept in mind that it
has been shown above that the results of the parametrization
are physically unreasonable (without the need of additional
experimental data). However, the results of the parametrization
are given in Figure 3 for comparison with the experimentally
derived data, since under these stratospheric conditions the
parametrization was applied in several modeling studies men-
tioned earlier.

The number of experimental data points in Figure 3b reflects
the number of experiments with observed nucleation of NAD
and NAT at temperatures between 190 and 192 K. However,
Bertram and Sloan,24,25Bertram et al.,26 Anthony et al.,36 Prenni
et al.,37 and Salcedo et al.27 did not observe NAT formation
utilizing small droplets (r e 25 µm) at temperatures above 180
K (see Figure 2b). Therefore, the derivation of an upper limit
of the pseudoheterogeneous nucleation rate coefficient of NAT
could only be based on large droplet data21 and bulk experi-
ments.22,23 As discussed above, heterogeneous nucleation may
have occurred that may lead to an overestimation ofJS

up. For
this reason, it is argued that the experimentally derived upper
limits of the pseudoheterogeneous nucleation rate coefficients
of NAT are not sufficiently constrained to be applied to
stratospheric conditions. Laboratory studies have shown that the
metastable NAD phase forms more readily than NAT.5,6,26,43

For these reasons, the upper limit of the pseudoheterogeneous
nucleation rate coefficient of NAT has to be lower than the one
for NAD.

Figure 3c shows the experimentally derived hourly production
rates of NAD and NAT particles in 1 cm3 stratospheric air as
squares and circles, respectively. The total particle surface area
in 1 cm3 stratospheric air was estimated by applying the
observed particle volume44 and by using a particle number
density of about 10 cm-3. The upper limits of the particle
production rates of NAD and NAT obtained from the experi-
mental data yield 9.6× 10-9 and 6.4× 10-6 cm-3 (air) h-1,
respectively. However, as discussed above, it should be kept in
mind that the derived production rates of NAT are not well
constrained and are given solely for the sake of completeness.
The solid and dotted lines are NAD and NAT production rates,
respectively, which were derived by using the parametrization
given by Tabazadeh et al.10 The dashed line indicates the
minimum particle production rate (∼10-5 cm-3 (air) h-1)
necessary to explain the observed particle number concentrations
and subsequent denitrification of the polar vortex.10,45,46

The maximum experimentally obtained pseudoheterogeneous
production rate of NAD is about 3 orders of magnitude lower
than the minimum production rate necessary to explain the
observed particle number densities and subsequent polar deni-
trification in stratospheric modeling studies.10,45,46In addition,
the combined experimental data results in NAD production rates
under stratospheric relevant conditions, which are about 5 orders
of magnitude lower than the values obtained by the parametriza-
tion. This is a further corroboration that the proposed param-
etrization should not be applied at stratospheric conditions. This
analysis of various NAD and NAT nucleation studies, which
applied different aerosol sizes, indicates that pseudoheteroge-

Figure 3. Panel a shows the composition (dashed and dashed-dotted
lines) and the saturation ratios (solid and dotted lines) of STS aerosols
as a function of temperature at 50 mbar with 5 ppmv H2O, 10 ppbv
HNO3, and 0.5 ppbv H2SO4.42 The shaded region indicates the
temperature range where theSNAX values reach a maximum. Panel b
shows upper limits for the pseudoheterogeneous nucleation rate
coefficients of NAD (squares) and NAT (circles) in STS droplets,
derived from experimental data for the conditions shown in panel a.
For comparison, solid and dotted lines indicate pseudoheterogeneous
nucleation rate coefficients in STS droplets for the same conditions
calculated, using the parametrization of Tabazadeh et al.10 Panel c
represents hourly production rates of NAD and NAT particles (squares
and circles, respectively) per cm3 of air derived from the nucleation
rate coefficients shown in panel b. Also shown as solid and dotted
lines are the NAD and NAT production rates for the same conditions
calculated by using the formulation of Tabazadeh et al.10 The black
dashed line indicates the minimum hourly production rate (∼10-5 cm-3)
to observe NAD and NAT particle number densities and subsequent
polar denitrification.10,45,46Arrows in panels b and c mark the temper-
ature where the saturation ratio of NAD equals one.
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neous nucleation does not play a significant role in the formation
of solid nitric acid containing particles in the polar stratosphere.

Conclusions

The experimentally obtained upper limits of the pseudohet-
erogeneous nucleation rate coefficients for NAD and NAT
yielded maximum values of 2.2× 10-5 and 1.4× 10-2 cm-2

s-1, respectively. Applying the experimentally obtained upper
limits of the pseudoheterogeneous nucleation rate coefficients
to the stratosphere resulted in maximum production rates of 9.6
× 10-9 and 6.4× 10-6 cm-3 (air) h-1 for NAD and NAT,
respectively. As discussed above, the upper limits of the
pseudoheterogeneous nucleation rate coefficients and production
rates for NAT are not well constrained and are most likely not
relevant for the stratosphere. This conclusion is corroborated
by the fact that nucleation of NAT has not been observed in
laboratory studies at stratospheric conditions applying small
droplets.24-27,36,37 This is in agreement with laboratory data
showing that indeed NAD nucleates more readily than NAT.5,6,26,43

The maximum experimentally obtained pseudoheterogeneous
production rate of NAD is about 3 orders of magnitude lower
than the minimum production rate necessary to explain the
observed polar denitrification in stratospheric modeling stud-
ies.10,45,46 Applying the maximum NAD production rate and
assuming that NAD supersaturation persisted for 4 weeks45

maximum particle number densities of about 6× 10-6 cm-3

are obtained. These particle number densities are up to 3 orders
of magnitude lower than the particle number densities observed
in the polar stratosphere.7-9

The following two main conclusions can be drawn from this
work:

(1) It has been shown that the suggested parametrization of
pseudoheterogeneous nucleation is erroneous for stratospheric
applications. It is in disagreement with thermodynamics and
previous HNO3/H2O nucleation data. In addition, the newly,
experimentally obtained pseudoheterogeneous nucleation rate
coefficients are 5 orders of magnitude lower than the values
derived by using the parametrization under stratospheric relevant
conditions. For this reason, this parametrization should not be
used in stratospheric modeling studies.

(2) The analysis of various laboratory nucleation studies with
respect to a pseudoheterogeneous nucleation mechanism yields
maximum NAD particle production rates which are 3 orders of
magnitude lower than the minimum production rates necessary
to explain the large nitric acid containing particles and subse-
quent denitrification observed in the polar stratosphere. Pseudohet-
erogeneous nucleation cannot be excluded as a possible particle
formation mechanism; however, it is not sufficient to explain
the particle number densities observed in the stratosphere.

This study and the work of Knopf et al.21 show that the
homogeneous and pseudoheterogeneous nucleation of NAD in
STS droplets is not sufficient to explain the large nitric acid
containing particles observed in the polar stratosphere. For this
reason, it is most likely that heterogeneous nucleation of NAD
and NAT on an insoluble particle must be involved as discussed
in other studies.4,47-50 It should be emphasized that the presented
data do not rule out the possibility of a pseudoheterogeneous
nucleation mechanism. However, in the case of NAD nucleation,
the mechanism is not sufficient to explain the particle observa-
tions in the polar stratosphere. Pseudoheterogeneous nucleation
may be an important nucleation mechanism in other liquid
particle systems or for other atmospheric conditions and warrants
further investigation.
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