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Abstract. Activation energie® G a¢tfor the nucleation of ni-  ternary solution droplets (STS) of water, sulphuric acid, and
tric acid dihydrate (NAD) in supercooled binary HN®BI,O nitric acid, (2) ice particles, and (3) solid hydrates of nitric
solution droplets were calculated from volume-based nucle-acid, either nitric acid dihydrate (NAD) or nitric acid trihy-
ation rate measurements using the AIDA (Aerosol, Interac-drate (NAT). The different PSC types were extensively inves-
tions, and Dynamics in the Atmosphere) aerosol chamber ofigated in remote sensing studies as well as in situ aircraft and
Forschungszentrum Karlsruhe. The experimental conditiondalloon measurements. The equilibrium composition of STS
covered temperatures T between 192 and 197 K, NAD satparticles can be calculated as function of temperature and
uration ratiosSnap between 7 and 10, and nitric acid mo- relative humidity with well advanced thermodynamic mod-
lar fractions of the nucleating sub-micron sized droplets be-els (Carslaw et a].1995 Clegg et al. 1998. Approved and
tween 0.26 and 0.28. Based on classical nucleation theoryyell developed concepts are also available to calculate, as
a new parameterisation fokGac=Ax (T In Snap) 2+B function of temperature and molar composition, the forma-
is fitted to the experimental data withA=2.5x10°kcal tion rate of ice in STS particles at stratospheric conditions
K2mol~! and B=11.2—0.1(T—192 kcalmott. A andB  (Jensen et g11991; Koop et al, 2000. Solid nitric acid par-
were chosen to also achieve good agreement with literaturécles are of particular importance for correctly assessing the
data of AG,c+ The parameted implies, for the tempera-  efficiency of polar ozone loss. Compared to ice and STS, the
ture and composition range of our analysis, a mean interfacaitric acid hydrates are thermodynamically more stable, i.e.,
tensionoy, =51 cal motl cm~2 between the growing NAD  exist at higher temperatures, grow to larger sizes than STS
germ and the supercooled solution. A slight temperature departicles, and have the potential for vertical transport of ni-
pendence of the diffusion activation energy is representedric acid which affects the ozone depletion chemistiaibel

by the parameteB. Investigations with a detailed micro- etal, 1999.

physical process model showed that literature formulations ) o

of volume-based (Salcedo et al., 2001) and surface-based Despite their importance for polar ozone loss, knowledge
(Tabazadeh et al., 2002) nucleation rates significantly over®f formation pathways and exact compositions of nitric acid

estimate NAD formation rates when applied to the conditionshydrate particles in the polar stratosphere is still fragmentary.
of our experiments. While recent field studies give direct evidence that NAT ex-

ists in PSCs\oigt et al, 200Q Fahey et al.2001;, Brooks

et al, 2003 Deshler et a].2003 Voigt et al, 2005, labora-

tory investigations revealed the metastable NAD to nucleate

in STS and binary water/nitric acid droplets at stratospheric
. . _temperaturesisselkamp et al.1996 Prenni et al. 1998

Polar stratospheric cloud (PSC) particles play a well Bertram and Sloan1998a Bertram et al. 200Q Salcedo

recognized role in the Antarctic and Arctic stratospheric i
ozone loss because they act as micro-reactors for heterog t al, 2009 2001, Knopf et al, 2002 Stetzer et a.2009.

neous activation of halogen reservoir speciestér 1997, d!ﬁeg e: al'ﬁg%a 'dgnm;\';ij[)tw?t metastat:_le forms Oi: the
Solomon 1999. The main particle types in PSCs are (1) imydrate,o- and g- AD, after annealing amorphous
nitric acid samples of variable molar composition. The less

Correspondence taD. Mohler stable phase-NAD preferentially nucleated at lower tem-
(ottmar.moehler@imk.fzk.de) peratures and nitric acid molar ratios less thet O
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3036 O. Mdhler et al.: Homogeneous nucleation of NAD

The direct crystallisation to NAT was in some studies only et al. (2002 suggested another linear approximation for the
observed at temperatures below 180K and saturation ratioactivation energy of the surface induced crystallisation as
of gas-phase nitric acid with respect to NAT larger than 45function of the temperature and the nitric acid molar fraction
(Bertram and Sloan998h Salcedo et al.2001). Such low  of the nucleating solution droplets.
temperatures and high saturation ratios are not reached in The linear approximations for the activation energy of
synoptic-scale PSCs. Therefore, the contribution of homo+olume-based NAT and NAD nucleatiorS4lcedo et al.
geneous nucleation to the direct formation of NAT particles 200]) were in some studies extrapolated to stratospheric
in PSCs is difficult to assess from the available laboratoryconditions in order to explain field observations of PSCs
studies. (Tabazadeh et al2003; Irie and Kondg 2003. Knopf et al.

Up to now it is not clear whether NAT or NAD particles (2002 measured lower limits for the activation energies of
can directly be formed by homogeneous nucleation of suNAD and NAT nucleation and argued that linear equations
percooled STS droplets in the polar stratosphdree and as function of the saturation ratio are not appropriate to es-
Kondo (2003 explained observations of PSC formation and timate the activation energy of nitric acid hydrate formation
denitrification in the Arctic winter 199@997 by process especially if they need to be extrapolated to conditions pre-
model studies along back-trajectories assuming either homovailing in PSCs. This caused a controversial debate about
geneous NAD nucleation followed by conversion to NAT the interpretation of laboratory studies of homogeneous NAD
particles or direct nucleation of NADrdla and Browell —and NAT nucleation rates and their interpretation as a vol-
(2004 concluded from a microphysical modelling study of ume or surface induced effect (Se@bazadeh2003 and re-
the Arctic winter 1999-2000 that homogeneous NAD andspective interactive discussion). In recent modelling studies,
NAT nucleation are not sufficient to explain the observedthe surface-based nucleation rates suggeste@iabpzadeh
solid phase PSC formation and denitrification. Alternatively et al.(2002 had to be reduced by significant factors in order
it was suggested that nitric acid hydrates may nucleate oo match observationdrie et al, 2004 Larsen et al.2004
ice particles formed in mountain-wave PSCa(slaw et al. Hopfner et al.20086.

1999 Voigt et al, 2003. Remote sensing measurements In three simulation experiments at the AIDA (Aerosol
with the MIPAS instrument on Envisatippfner et al.200§  Interaction and Dynamics in the Atmosphere) facility of
showed that mountain wave activity with ice cloud formation Forschungszentrum Karlsruhe we measured nucleation rates
triggered the formation of NAT clouds in the Antarctic win- for the formation of NAD in nitric acid solution droplets. The

ter 2003. Luo et al.(2003 suggested extremely high NAT experimental methods and results are discussed in a compan-
supersturations in mountain wave PSCs to induce NAT nu+on paper byStetzer et al(2006. Wagner et al(2005 anal-
cleation. Other studies argue that NAT particles may nucleysed series of FTIR spectra from these experiments which
ate directly from STS clouds without mountain-wave activity clearly showa—NAD as the predominant phase to nucle-
and ice cloud formation in advancki¢ et al, 2004 Pagan  ate and grow at the conditions in the AIDA aerosol cham-
et al, 2004 Larsen et al.2004) or speculate that nitric acid ber. In the present paper we will discuss the activation en-

hydrates form heterogeneously on solid nucl&igt et al,  ergy for NAD nucleation which was calculated from the
2009 originating from e.g. meteor ablatiol€©grtius et al.  measured nucleation rates. A new parameterisation to cal-
2005. culate the activation energy as function of temperature and

For the quantitative evaluation of homogeneous nucleatiorthe NAD saturation ratio is fitted to our data and compared
the classical nucleation theory provides a relation betweeno various literature data sets of nucleation rates and acti-
the nucleation rate and the activation energy which controlsyation energies for NAD nucleation. The experimental data
the rate of stable solid germs to form and grow in the su-are also compared to results of a numerical model which in-
percooled liquid. Salcedo et al(200]) calculated activa- cludes detailed schemes of thermodynamic and microphysi-
tion energies from various data sets of NAD and NAT nu- cal processes and also considers specific wall boundary con-
cleation rates and suggested a linear equation to approximatgitions of the aerosol chamber experiments. The process
the activation energy for NAD and NAT nucleation as func- model study allows direct comparison of our parameterisa-
tion of the respective saturation ratios. These linear fits alsaion for activation energies of NAD nucleation with the lin-
considered data from cooled flow tube studiBerfram and  ear approximations suggested 8glcedo et al(2001) and
Sloan 1998ab) but disregarded data sets from earlier set- Tabazadeh et a{2002.
tling chamber studied)isselkamp et a] 1996 Prenni et al.

1998 which disagreed to the linear relatiofabazadeh et al.

(2002 re-analysed all available literature data sets for NAD 2  Experimental results

and NAT nucleation rates which have been measured for so-

lution droplets of different size and surface-to-volume ratio, Methods and results of NAD nucleation rate measurements
and obtained better agreement between the nucleation ratés the AIDA aerosol chamber are discussed in detail in a
if the crystallisation of the solid hydrate was formulated as companion paper bytetzer et al.(200§ and are briefly

a surface induced process. Based on this re$aliazadeh summarized here. The basic experimental approach was
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Table 1. Parameters of AIDA experiments and measured nucleationfaiéae NAD. ( T,: Gas temperatures,: total gas pressurefy, Na,
Xna: weight and molar fraction of nitric acid in nucleating dropleSgiap: Saturation ratio with respect to nitric acid dihydratg; J;:
volume and surface based nucleation rateScty: activation energy ).

Experiment El E2 E3
Time (h) 24 28 30 35 23 25
Ty (K) 1922 1921 1971 1970 1958 1958
pe (hPa) 1645 1635 1741 1729 1800 1800
fw.NA 0569 0577 Q550 0560 0564 0565
XNA 0274 0280 Q259 0266 Q269 Q271
SNAD 9.67 102 6.59 7.06 771 7.80
Jy (em3s71 41x10° 1.9x107 <4.4x10* <56x10* 3.9x10° 6.0x10°

AGacty (kcalmoll) 2462 2402 >2703 >2693 2601 2584

Js (cm2s71) 218 1016 <03 <0.4 24 37

to observe homogeneous nucleation of solid hydrates in aifseeStetzer et a).20086 for details). Only lower limits where
aerosol cloud of supercooled, micrometer-sized HNGQO obtained during experiment E2. The NAD patrticles were de-
solution droplets over a time period of several hours. Careected with an optical particle counter (OPC). Because of
was taken to simulate as closely as possible thermodynamithe very low formation rates we had to average the OPC
conditions prevailing in PSCs. Prior to each experiment, thedata over time periods of about 15 min in order to minimize
large aerosol vessel was evacuated and replenished with pateunting errors. Therefore we obtained only two nucleation
ticle free synthetic air to a pressure between 160 and 180 hPaate data points for each experiment. For E1 and E2 nitric
Binary HNO3/H,O particles added to the well-mixed vol- acid mass concentrations and weight fractions of the liquid
ume (84ni) of the chamber at the beginning of an exper- aerosol given in Tablé were retrieved from in situ FTIR ex-
iment, reached a composition in equilibrium with the sur- tinction spectra as described Wagner et al(2003. For E3,
rounding gas-phase within a few minutes. While part of theno reliable FTIR data was obtained during the nucleation of
gas-phase water and nitric acid was steadily deposited to thBIAD particles. The composition of the liquid particles was
cold chamber walls made of aluminium, the slowly evapo- therefore calculated with the aerosol inorganics model AIM
rating liquid aerosol particles served as a reservoir to main{Carslaw et aJ.1995 Clegg et al. 1998 which is available
tain, over a time period of up to 5h, a nitric acid concen- via the world wide weblfttp://mae.ucdavis.edu/wexler/gim
tration close to the saturation pressure with respect to theising the measuref], and relative humidity as input param-
liquid aerosol. Because water and nitric acid are depositecters. Assuming saturated gas-phase conditions with respect
to the wall at different rates, the relative humidity steadily to the liquid phase, the NAD saturation raigap was cal-
decreased and therefore the nitric acid concentration in theulated with the same model.
binary solution droplets increased during the course of an ex-
periment. Consequently, the nitric acid vapour pressure and As mentioned above, the number concentration of solid
the saturation ratio with respect to the solid nitric acid hy- NAD particles formed by homogeneous nucleation of the bi-
drates also increased. The saturation ratios ranged betwedrary solution droplets was measured with an optical particle
3 and 10 with respect to nitric acid dihydrate (NAD) and be- counter. The solid hydrate particles could be distinguished
tween 18 and 26 with respect to nitric acid trinydrate (NAT). from the small solution droplets because they grew to larger
These values are at least partly overlapping with the stratosizes by nitric acid vapour diffusion from the evaporating
spheric range of NAD and NAT saturation ratios. liquid particles to the solid-phase particles. Two thermo-
dynamically metastable phases of nitric acid dihydrate,
Three simulation experiments (E1, E2, E3) were carriedNAD and 8-NAD, were identified in previous studieSigek
out at gas temperaturdy between 192 and 1971K and et al, 2002. The formation of the less stable phas®AD
pressurep, between 165 hPa and 180 hPa (see Tablg). is favoured because of the lower activation barrier, according
During each experiment, the volume and surface nucleatiorio Ostwald’s step rule. During E1, the analysis of FTIR spec-
rates of NAD particles,J, and J;, were calculated from tra clearly revealed-NAD as the dominant phase nucleating
the increase rate of the NAD particle number concentrationin our experimentsStetzer et a.2006. A detailed analysis
and the respective aerosol volume and surface concentratiorsd the same spectra Byagner et al(2005 showed that the
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shape of the NAD patrticles which grew by vapour depositionliquid to the solid phase, and of (2) larger droplets deposited
over a time period of about one hour may be approximatedon cooled substrates with freezing detection by optical mi-

by oblate spheroids with aspect ratios larger than 5.
In a companion papeiStetzer et al(2009 discuss the

AIDA results in comparison with literature data sets assum-

ing the critical germ to form either in the volume or near the

croscopy Salcedo et al200Q 2001 and Raman microscopy
(Knopf et al, 2002. AGacty is plotted as function of the
NAD saturation ratios,Snap, Which were, if not explic-
itly mentioned in the respective literature, calculated from

surface of the supercooled liquid particles. The latter wasthe known composition of the nitric acid solutions and the

suggested byrabazadeh et a(2002 who argued that bet-

temperature using the AIM thermodynamic modea(slaw

ter agreement between the different data sets was achievest al, 1995 Clegg et al. 1998.
by describing the nucleation as a surface-induced effect. Ta- The dashed line in Fidl indicates the linear fit suggested

ble 1 lists the NAD volume nucleation rates which were
determined from the AIDA experiments. For E2 only up-

by Salcedo et al(2001) to approximate the NAD activation
energy, and thereby the nucleation rates, as functioi Q.

per limits of the nucleation rates were obtained because onlyrhis fit is based on their own data and the dateBleytram
a small number of solid particles were formed during this and Sloan(19983 which was measured at ¥Gnap <33.

experiment. It can be seen from the data listed in Tadble
that in the AIDA experiments NAD nucleation rates were
measured for binary HN§H>O droplets with nitric acid
molar fraction between.@6 and 028 at 192 K<T7,<197K
and 7<Snap <10. The estimated uncertainties aré0% for
the nucleation rates antd10% for Syap. The resulting un-
certainty range for the activation energyG ¢ty is +0.5 to
—0.3kcalmol. The activation enregy will be discussed in
the following sections.

3 Evaluation of nucleation rate data and activation en-
ergies

According to classical nucleation theory, the rajeat which
stable solid nuclei form in a supercooled fluid per unit time
and unit volume as function of the temperati@rean be cal-
culated as

1)

kT —AG T
T = nig exp[ﬂ} ,

RT

Salcedo et al(2007) noted that the linear relationship should
not be extrapolated and applied $fap beyond the range
of their experimental data. In the same w@#lcedo et al.
(2007 suggest another linear fit for the activation energy
of NAT nucleation as function of the NAT saturation ra-
tio in the range 5@ Snat <110 which relies on their own
data set and measurements of NAT nucleation in a flow tube
cooled to temperatures below 18K (Bertram and Slogn
19980. The earlier settling chamber measuremelis-(
selkamp et a).1996 Prenni et al. 1998 have been disre-
garded bySalcedo et al(200). As already mentioned in
the introduction,Tabazadeh et a(2002 argued that better
agreement between all available data sets on NAD nucleation
is achieved assuming surface instead of volume induced crys-
tallisation of the solid hydrate. From this assumption linear
relationships for the activation energy of NAT and NAD sur-
face nucleation were derived as function of temperature and
the nitric acid molar fraction in the supercooled liquid parti-
cles.

However, a problem of applying these linear relations to
calculate NAD and NAT nucleation rates in stratospheric

whereniiq is the number density of the nucleating species yogels arises from the fact that in regions of polar strato-

in the fluid (in our case the number density of N@ the
aqueous phasek, h, and R are the Boltzmann constant,

spheric cloud formation NAD saturations are typically less
than about 8 and NAT saturations are less than about 30. This

Planck constant, and universal gas constant, respectively, and \ye|| below the range of saturation ratios achieved so far in

AG acty IS the nucleation activation energy related to the for-

laboratory experiments. Linear extrapolations/of; ot to

mation and growth of stable nuclei in the fluid volume. Equa- giratospheric saturation ratios are physically unreasonable as

tion (1) can be solved for

_ KT niig
AGactv(T) = RT In |: A Ju(T)i| v

the activation energy should approach infinity, corresponding
to a zero nucleation rate if the saturation ratio approaches
one. As already discussed Bynhopf et al.(2002), this lin-

ear extrapolation may lead to unrealistically high nucleation

to calculate the activation energy from measured nucleatiorrates. In Sect we will discuss in detail how our experimen-

rates.

The filled circles in Fig.1 show AGactv for the nucle-
ation of NAD in HNGO3;/H2O solution droplets measured in
AIDA experiments (see TablB. The literature data sets also

shown in Fig.1 are taken from the nucleation rate measure-

tal data sets compare to the results of a process model which
makes use of the linear equations Bglcedo et al(2007)
andTabazadeh et a{2002 to calculate the NAD formation
rate as function of the thermodynamic properties of the lig-
uid aerosol particles. The process model will be described in

ments of (1) small droplets in an aerosol settling chamberSect.4.

(Disselkamp et al.1996 Prenni et al.1998 and an aerosol
flow tube systemBEertram and Sloarl998a Bertram et al.
2000, both with FITR detection for the transition from the

Atmos. Chem. Phys., 6, 3033647, 2006

The increasing slope ak Gty With decreasingnap is
obvious from the laboratory data summarized in BigThe
AIDA data for instance show fofyap <10 a much steeper
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Fig. 1. Activation energies for the homogeneous nucleation of NAD calculated from laboratory nucleation rate data u@nd&ata from
the present work are compared to literature data measured for binarg HNO solution droplets of different nitric acid weight fraction by
Disselkamp et al(1996 (Dis96, 64 wt.%) Prenni et al(1998 (Pre98, 64 wt.% and 58 wt.%dBertram and Sloa(i19983 (Ber98, 64 wt.%),
Bertram et al(2000 (Ber00, non-stoichiometric aerosol compositicdglcedo et al(2000 (Sal00, 64 wt.%)Salcedo et al(2001) (Sal01,

57 wt.%, and 54 wt.%), anidnopf et al.(2002 (Kno02, only lower limits ofAGactv). The dashed line indicates the interpolation line given
by Salcedo et al2001).

dependence ofiyap than the fit suggested (Salcedo et al.  volumev; of the growing NAD germs:

(2007 for 10<Snap <30 which is indicated by the dashed 5

line. This steeper slope &iap <10 is also indicated by the AG germ = Enas [ Vs } _ 4)
data fromPrenni et al(1999, which where disregarded in 9 37 ' RT In Snap

the analysis bySalcedo et al(2001), and the lower limits
from the work byKnopf et al.(2002). Based on our own re-
sults and the available literature data which were measured 2

at different temperatures, we suggest a new parameterisatio«iﬁrGactpar =A [W} +B ®)
of AG ety as function ofSyap and the temperature. This pa- NAD

rameterisation is based on classical nucleation theory wherwhich was used to fit the laboratory data shown in Hig.
the nucleation activation energy is given by the sum of theThe solid lines in Figl show results of Eq5) calculated for
free energy for the formation of the critical germsGgerm, ~ temperatures between 173 and 203 K with

and the so-called diffusion activation eneryys gis :

Equations ) and @) can be simplified to

16 5rvs72 kcalk?
A= mod [E] =25x10° —— 6)
AGacty = AGgerm+ AGyi. 3 and
The latter accounts for the fact that, in our case, nitric acidB(T) = AGgi = (112 — 0.1(T — 192)) kLal @)

molecules need to diffuse across the boundary between the mol

supercooled solution and the solid NAD germ. The first termwith the temperature given in K.
can be expressed as function$fap, T, the interfacial ten- Tisdale et al(1997) have interpolated own measurements
sion oy; between the solid and liquid phase, and the molarof the diffusion activation energy for NAD crystallisation at

www.atmos-chem-phys.net/6/3035/2006/ Atmos. Chem. Phys., 6, 3083-2006
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Fig. 2. Difference between the measured activation energies shown &igl respective activation energies calculated with Exjgo((7).

temperatures below 180K to data from viscosity measurerameterisation agrees withis0.5 kcal mol to the AG gty
ments at temperatures above 180 K. This fit shows the diffumeasured in our experiments. Agreement within about
sion activation energy to increase from aboitle&cal mot?! +1.0 kcal mol? is achieved to the data sets for 64%tni-

at 199K to about 13 kcal mot at 190 K. Our empirical fit  tric acid solutions byPrenni et al (1998, most of the data
for AG acty SUggest\ G giff to increase from 1@ kcal mol1 by Bertram and Sloa(l.9983 andBertram et al(2000, and

to 114 kcal mol1 in the same temperature range. Regardingthe data sets for 54 v nitric acid solutions balcedo et al.
the difficulties and uncertainties for retrieving such quanti- (2007). All other data sets b$alcedo et al2001) show acti-
ties, both results are in good agreement, however, our apvation energies more than 1 kcal mélaboveAGacgpar. Es-
proach indicates a smaller temperature dependence of thgecially the lowSnap data fromPrenni et al(1998 andDis-
diffusion activation energy. selkamp et a(1996 are about 2 kcal moft belowA Gactpar-

The interfacial tensiorr;; between the solid NAD and A change of 1kcal mol! corresponds to a change in the nu-

the liquid phase, especially its temperature dependence, i%‘._lﬁat'(;n rate by ab?u(; onr:e order of fmﬁgnl!tude (see(:jlbf_q.f
only poorly understood. We have therefore, as a first or- erefore we conclude that most of the literature data for

der estimate, assumed the parametein Eq. &) to be NAD nucleation rates agrees within about two orders of mag-
constant. This implies a constant interfacial tension ofn'tUde with the parameterisation suggested in EB)SD((?).

51 kcal mot! cm2 which was calculated from Eg6)with Part of the measurements Bﬁﬂ(?EdO et al(2002) deviate by

a molar volume of 66 cAmol-L for the NAD germ. This MOre than two orders of magnitude.

value is about twice as large as the interfacial tension of about

25 kcal mot 1 cm~2 derived byPrenni et al(1998 but com-
pares well to a value of 48 kcal molt cm=2 derived from

the so-called Turnbull expression at 200Ku¢nbull, 1950. The analysis of phase changes in supercooled solution

The activation energy curves in Fij.comprise all labo-  droplets requires a detailed description of the droplets them-
ratory data sets which have been measured in the same terselves which, in the case of the present studies, are subjected
perature range. Figur2 shows the difference between the to varying temperature, pressure, and partial pressure of the
measured activation energies ah@ ¢t par calculated forthe  condensable trace gases. Based on equations describing
temperature of any data point. It can be seen that the pathe growth kinetics of particles depending on the saturation

4 Model description

Atmos. Chem. Phys., 6, 3033647, 2006 www.atmos-chem-phys.net/6/3035/2006/
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levels of the condensing (or evaporating) trace gases, a modélased rate/, (in units cn3s™1) or a surface-based ratk
was developed to calculate the time-dependent size and confin units cnt2s™1), respectively. In both cases the nucle-
position of the particles. Since the mass growth rate is pro-ation rate is determined by the exponent of the activation
portional to the difference between the partial pressure ofenergy times a kinetic pre-factor (see Hefor the volume
the condensing gas and the vapour pressure over the partiate). These terms can either be determined by theoretical
cle surface, the necessary vapour pressures have to be knownnsiderations or by evaluation of laboratory experiments.
as a function of particle composition and temperature. TheFor calculating the formation rate of NAD particles in the
model uses the parameterisation givenlioyw et al. (1995 model, three different formulations for the activation energy
which correlates the vapour pressures eO-IHNO;z, HCI, of NAD nucleation have been implemented, namely (1) the
and HBr to the mass fractions of these compounds and ofinear fit of AG4ctv as function of the NAD saturation ra-
H2SOs in the particles. In the present study onlg®and  tio Snap (Salcedo et al.2001), hereafter termed model run
HNOj3 had to be considered as constituents. The kinetic preSal01, (2) the linear expression for calculating the activation
factor of the growth equation includes dependencies on thenergy of the surface-induced NAD nucleation as function of
particle diameter, gas pressure, diffusivity of the condensinghe temperature and liquid particle compositidalfazadeh
gas, and the accommodation coefficient (assumed to be unitgt al, 2002, hereafter termed model run Tab02, and (3) the
in our calculations). Details of the model were already dis-new parameterisation for calculatingG ety as function of
cussed byBunz and Dlugi(1997). temperature an@nap (Egs.5to 7), hereafter termed model
The important partial pressures of the condensable gasasin Moe06.
are calculated on the basis of a detailed balancing taking into At the beginning of the three experiments the NAD satura-
account the initial conditions, wall deposition, and conden-tion ratio and nitric acid mass fraction passed through values
sation to or evaporation from the particles. In the presentslightly below the minimum values of previous laboratory
study the process model application mainly aimed at com-tudies (se8tetzer et a)2006 and discussion in Se&). As
paring the different formulations for NAD nucleation to the discussed above, linear equations for activation energies and
measured formation rates. These formation rates criticallyespecially extrapolations to lower saturation ratios or more
depend on the temperature and the composition of the liquidiilute solution particles are unreasonable from a theoretical
aerosol to nucleate. To minimize systematic uncertaintiespoint of view. Nevertheless, in lack of other concepts and
the model was enforced to follow the measured time profilesfor comparison with our new parameterisation, we rigorously
of pressure, temperature, as well as the nitric acid mass corapplied, for the model runs Sal01 and Tab02, the linear equa-
centration and mass fraction of the liquid aerosol particlestions to the whole range of thermodynamic conditions and
retrieved from the FTIR spectra. For E3 FTIR measurementgarticle compositions of our simulation experiments. This
were available only during the first 15 min after the aerosolgives at least an estimate of how these formulations apply
addition was finished. For this experiment the model used theo the conditions of our experiments which, in contrast to
relative humidity to calculate the composition of the liquid previous laboratory studies, more closely simulate PSC con-
aerosol particles. The relative humidity was calculated formditions. Another motivation for this approach was to directly
the water vapour pressure measured with the TDL spectromapply and test, for small nitric acid solution droplets, the con-
eter and the water saturation pressure with respect to the gagpt of surface-induced NAD nucleation in comparison to the
temperature. volume nucleation rate. Comparisons between the model and
Constraining the model to the measured data sets evadeskperimental results are presented in the following sections.
uncertainties concerning the wall deposition rates of the trace
gases. Therefore, the composition of the particles is known
at any time of the calculation and the activities of the dif- 5 Model results
ferent components (water and nitric acid in our case) can be
calculated on the basis of the composition dependent vapoufigures3, 4, and5 show model results together with exper-
pressures for the particle phase. It should be mentioned thatental data for experiments E1, E2, and E3, respectively.
uncertainties exist concerning the vapour pressures,@ H The time is given in hours relative to a reference time for each
and HNG; over solutions at low temperatures and that re- experiment which is defined as the start time of adding binary
sults of the different modeld.(10 et al, 1995 Carslaw et al.  nitric acid solution droplets to the aerosol vessel. Panel (a)
1995 Clegg et al. 19998 differ by up to 20%. The NAD shows the saturation ratios of the solid phases NAT, NAD,
and NAT saturation ratios calculated from these data may bend ice which were calculated with the model assuming sat-
uncertain by the same amount. urated conditions between the gas phase and the supercooled
The activities in the particle phase are the basis for the calliquid aerosol droplets. It can be seen that in all three exper-
culation of the nucleation rates. The probability for the phaseiments the aerosol was subsaturated with respect to the ice
transition of a specific droplet is proportional to the so-called phase but highly supersaturated with respect to the nitric acid
nucleation rate/ times either the volume or the surface of hydrates. The horizontal lines in panels (a) indicate the lower
the droplet depending on the formulation.bfas a volume-  limits of the range of saturation ratios which was covered by
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Fig. 3. Comparison of experimental and modelling data for experi- Fia 4. S Fia f . E2
ment E1. Panga): Saturation ratio with respect to ice, NAD, and ig. 4. Same as Fig3 for experiment E2.
NAT, calculated assuming saturated conditions with respect to the

supercooled liquid phase. The horizontal lines indicates the range . . . e
to which Salcedo et al(2003) suggested a linear fit of the activa-  VVhile the relative humidity decreases with time, the NAD

tion energy for NAD formation as function dfyap. Panel(b): and NAT saturation ratios increase which is mainly due to
Nitric acid weight fraction of liquid aerosol retrieved from FTIR Wall deposition of water and nitric acid at different rates. Be-
extinction spectra. The horizontal lines indicate the range to whichcause the binary liquid particles are almost in equilibrium
Tabazadeh et (2002 suggested a linear fit of volume-based NAD with the ambient conditions, the nitric acid mass fraction in
nucleation rates as function of the temperature and molar compothe liquid droplets (panel b) also increases with time from
sition. Pane(c): Nitric acid mass concentration from filter analy- about 045 at the beginning of the experiment to abol80
sis (total HN@), FTIR analysis (only liquid aerosol fraction) and - \yhen NAD nucleation was observed. This corresponds to an
ot e o o Wt st s 11252 Of 1 i mol ractin ot 0 274
Moe06 (solid), Sal01 (dashed), and Tab02 (dotted). and a decrease of thg ther to 'nltrlc apld .molar rat'|o from
4.3 to 265. The empirical linear fit of activation energies for
the surface induced nucleation of NAD bBwabazadeh et al.
(2002 relies on data sets with nitric acid molar fractions of
the data sets used for the evaluation of NAD and NAT activa-the liquid aerosol from @46 to 0333 which corresponds to
tion energies byalcedo et a2001). Only during E1,Snap nitric acid weight fractions between383 and 0636. These
exceeded a value of 10 which is the lower limit for the NAD values are indicated in panel (b) as horizontal dashed lines.
case. During E2 and E3 the maximuiigap was about 7 and
8, respectively.
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Panels (c) of Figs3 to 5 show the modelled evolution of 100.0 @
the nitric acid mass concentration in the binary liquid (blue o
lines) and the NAD phases (pink lines). The results for the g 10,0
model runs Tab02, Sal01, and Moe06 are plotted as dotted, < ///—T
dashed, and solid lines, respectively. Nitric acid mass con-  NAD
centrations from FTIR extinction spectra (squares) and ion- 5 103 NAT
chromatographic analysis of nylon filter samples (triangles) & I
are also shown (seBtetzer et a).2006 for a discussion of 0.1 \ , :
the measured data). A comparison of modelled and mea- S 0.7 )
sured number concentration of NAD particles is depicted in 5
panels (d). It can clearly be seen, both from panels (c) and E 0.6
(d), that the model results are significantly different for the @
different parameterisations (see Sédt. < 05 %

With the assumption of surface induced nucleation by & @ i FTIR
Tabazadeh et a{2002 NAD particles emerge by far too £ — Liquid Moe06
early compared to the observations. Furthermore, this for- 0.4 * *
mulation predicts NAD particle concentrations which are or- 10990 3 mn ©
ders of magnitude larger than the ones measured, especiallyz o FTR
for experiments E2 and E3. Note that during E2 only few & 1004 & E':slfd \oe0s
NAD particles were detected. From the detection limit of the —— NAD Moe06
optical particle counter we derive an upper limit of @m—3 % 10420 ;if\‘;j"sjﬁjil
for the NAD number concentration. The model runs SalOl 5 ~+----- Liquid Tab02
also tend to overestimate the nucleation rates at |IGngp 1  NAD Tabo2
which also results in early NAD formation. This is an arte-  1000.0 J J
fact of the linear extrapolation ti\yap <10 especially during 4 Wwelas @
E2 and E3. Only the model runs Moe06 which use the for- & ***°3|— e —
mulation of NAD nucleation discussed in Segare in good 1004 i:t?olz '

O
agreement with the experimental results for all experiments ¢
P4
(=

E1, E2, and E3. G /;(;/i}ﬁ{
0.1 5 T
el -2 $

6 \Volume versus surface induced NAD nucleation 0 1 2
Time (h)

Recently, there was some debate in the literature whether

homogeneous nucleation in supercoooled nitric acid soluig. 5. Same as Fig3 for experiment E3.

tions is initiated on the surface or in the overall volume of

small nitric acid droplets in the atmospheténppf et al,

2002 Tabazadeh et al2002 Tabazadeh?003. Tabazadeh tration in red. Note the different scales for the colour scheme
(2003 argued that nucleation measurements in large dropletin the different panels. It can be seen from both the onset time
like those byKnopf et al. (2002 are not sensitive to the for the formation of larger NAD particles and the complete
surface-induced nucleation which may dominate in micron-evaporation of the mode of smaller liquid particles with di-
sized droplets with a large surface-to-volume ratio. We haveameters less than about 1 um that the model run Tab02 clearly
measured nucleation rates of NAD formation of supercooledoverestimates the formation rates of NAD particlearsen
nitric acid solution droplets with diameters less than 1 pm.et al. (20049 also concluded from back-trajectory process
The comparison of experimental and process model resultmodel studies of in situ measurements in the Arctic strato-
(see Figs3 to 5) clearly shows that the linear fit of the acti- sphere in early December 2002 that the parameterisation by
vation energy for surface induced NAD nucleation as func-Tabazadeh et a[2002 overestimates the formation rate of
tion of temperature and nitric acid molar fraction suggestedsolid nitric acid particles.

by Tabazadeh et a{2002 disagrees to our results. Thisis  The model runs Sal01 for E1 to E3 also show early NAD
also supported by Fig which shows the size distributions nucleation onset compared to the experimental data. This
of liquid and NAD particles measured with an optical par- corresponds to an overestimation of the nucleation rate or
ticle counter (upper panel) and calculated in the model runsan underestimation of the respective activation energy for
Moe06 (panel 2), Sal01 (panel 3), and Tab02 (panel 4). TheSyap <10 which can at least partly be explained by the
size distributions are depicted as coloured contour plots withextrapolation of the linear equation suggestedSaltcedo

low number concentration in blue and high number concen-et al. (2001). In microphysical process model studies of the
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10 Frrr e - 100. NAT and NAD nucleation byprdla and Browel(2004) rely
o ] 80. on similar assumptions, the NAT nucleation rates may also
% ] 60 be underestimated for NAT saturation ratios below about 50.
£ J ' The parameterisation given in EQgS) o (7) also assumes
E 40. a constant interfacial tension but, in contrastCtadla and
a ! E 20. Browell (2004, requires a slightly temperature dependent
10 100. diffusion activation energy to achieve reasonable agreement
o ] 80. to all laboratory data sets of NAD nucleation rates. The fit
% 60 was empirically adjusted to obtain agreement within less than
£ ' an order of magnitude to the NAD nucleation rates measured
E a0 in our simulation experimentS(etzer et a).2006 at 192 K
o 1! 20. <T,<197K and %Snap <10. As discussed in Seq, the
10 T e 10. same parameterisation agrees within two orders of magni-
7 8 tude with most of the laboratory data of NAD nucleation
‘,_% 5 rates measured at 173K, <204 K and &Snap<29. If
2 : extrapolated to temperatures and saturation ratios beyond the
E given ranges, larger deviations may occur e.g. if there is a
a1 significant dependence ef; on temperature at these condi-
Lo .. tions.
g
% 7 Conclusions
£
-g 1 In this paper we discussed the activation energigs,c;
for NAD nucleation in supercooled binary HNZH,O so-

lutions droplets of different molar composition and temper-
Time (h) ature. The activation energies were calculated from nucle-

ation rates measured in AIDA experimentdtzer et a.
Fig. 6. Time evolution of droplet and NAD particle size distribu- 2006 or taken from the literatureDisselkamp et a).1996
tionsdN /d logd measured with an optical particle counter during Prenni et al.1998 Bertram and Sloari998a Bertram et al.
experiment E1 (top panel) and obtained from the model runs MonGZOOQ Salcedo et a).200Q 2001, Knopf et al, 2009. A
(panel 2), Sal01 (panel 3), and Tab02 (panel 4). The colour codée\y formulation of the activation energyG actpar for the
indicates the number concentration of particles (note the d'ﬁerem\/olume-based NAD nucleation as function of temperature
colour scales). and the saturation ratiSyap of nitric acid with respect to

the solid NAD phase was fitted to the AIDA results. This

formulation is also in reasonable agreement with most liter-
1999-2000 Arctic winterDrdla and Browell(2004 used a  ature data oA Gactv. According to classical nucleation the-
parameterisation of the activation energy for NAD nucleationory, this approach accounts for the fact theG ;e should
according to Egs.3) and @) in order to calculate the nu- steeply increase fofnap approaching 1. In lack of reli-
cleation rates at synoptic-scale stratospheric PSC conditionsible data for the interface tensiey between the growing
This parameterisation assumed a constant interfacial tensioNAD germ and the supercooled solution, we empirically fit-
oy between the solid NAD germ and the supercooled nitricted A Gactpar to the laboratory data sets and obtained a mean
acid solution and a diffusion activation energy®&ir=0.  valueoy=51calmottcm=2 as the best estimate. Because
The interfacial tension was adjusted for the parametrisatiorthe interface energy normally decreases with decreasing tem-
used in the model runs to roughly fit the data sets ff®al perature, this approach tends to overestimate the activation
cedo et al(2001). However, this parameterisation yields ac- energy and therefore to underestimate the nucleation rate at
tivation energies to increase from about 30 to 35 kcalthol lower Syap. A linear temperature dependence of the dif-
at NAD saturations decreasing from 10 to 8 (see Fig. 5 infusion activation energy is obtained with.4kcal mot? at
Drdla and Browell 2004. These values are by more than 190K and 104 kcal mof* at 200 K.
5 kcal mol! larger than our experimental data measured in A process model was applied to compare the formula-
the same range of saturation ratios. From that we concludéion of NAD nucleation activation energies suggested in the
that the parameterisation Bydla and Browel(2004 under-  present work to the linear equation fAIG 5¢v as function of
estimates the homogeneous nucleation of NAD by at least $yap (Salcedo et a].2001) and the linear fit ofA G a¢ts for
orders of magnitude fo§yap <10 and should therefore not the surface-induced NAD nucleation as function of the tem-
be used in stratospheric models. Because the formulation foperature and the nitric acid content of the nucleating solution
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droplets Tabazadeh et al2002. Comparison of the model tion droplets need to be known. A thorough assessment of
runs with the experimental results clearly revealed the for-the potential role of homogeneous NAD nucleation for PSC
mulation byTabazadeh et 82002 to overestimate the NAD  formation on the basis of Eqsb)(to (7) would require a de-
nucleation rates measured in our experiments at temperatureailed modelling analysis which is beyond the scope of the
between 192 and 197 K, NAD saturation ratios between 7present paper.
and 10, and nucleating HNPH,O droplets with diameters In a companion papegtetzer et al(2006 discuss the nu-
less than 1 um. Disagreement was also observed to the fogleation rate data from the AIDA simulation experiments in
mulation bySalcedo et al(2001) even forSnap close to 10 more detail and already show that better agreement to most
which was the lower limit for the data considered®sicedo literature data is obtained if the NAD nucleation is formu-
et al.(2007) for the linear fit to the activation energy as func- lated as a volume-based rather than a surface-based process.
tion of Snap- It should be noted that the present work only uses nucleation
The steep dependence AfG ¢ty 0N Snap Measured be-  rate measurements for binary HY/®1,0 solution particles.
tween 7 and 10 could be approximated by the empirical fitin case of applying the same formulations to calculate NAD
suggested in Egs5) to (7) of the present study. This for- nucleation rates in ternary solution droplets of water, sul-
mulation also agrees to the lower limits &fGacty Mmea-  phuric acid, and nitric acid which exist in PSCs, it should
sured byKnopf et al.(2002. Both key parameters for as- be kept in mind that the sulphuric acid content may possibly
sessing NAD nucleation rateSyap and7', are highly vari-  change the NAD nucleation rates. More laboratory studies
able in the polar winter stratosphere. In a recent paper, NADof NAD and NAT nucleation in STS solution droplets at rel-
and NAT pseudo-heterogeneous nucleation rates where estvant PSC conditions are certainly needed to provide a more
mated for a stratospheric pressure of 50 hPa and volume mix-eliable data base for the quantitative formulation of homoge-
ing ratios of 5ppm, 10 ppb, and®ppb for HO, HNG;, neous nitric acid hydrate formation rates in the polar strato-
and HSQy, respectively Knopf, 200§. At these condi-  sphere.
tions, the aqueous sulphuric acid particles take up signif-

icant amounts of nitric acid at temperatures below abOUtAcknowledgementsNe thank D. Knopf for helpful discussions
192K. Assuming equilibrium composition of the ternary and copies of literature data sets. This work was funded by the Ger-
solution particles as a function of the ambient temperatureman Bundesministeiif Bildung und Forschung (BMB+F) through
Snap reaches a maximum value of abouR4at a tem-  the project “Multiphase processes in the polar stratosphere: in situ
perature of 191 K. For these conditions, the parameterisameasurements and simulations” (POSTA, 07ATF04) which was
tion given in Egs. %) to (7) results in an activation energy Ppart of the German Atmospheric Research Programme AFO2000.
of 33.3kcal/mol and a respective volume-based nucleation

rate of 410~ cm3s1. For a total aerosol volume of Edited by: B. Karcher
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