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Abstract. We present the hypothesis of homogeneous nucledynamics and thermodynamics are still unclear. The nucle-
ation of ice nano-particles in the polar summer mesosphereation rates predicted by classical nucleation theory (CNT)
The nucleation of condensed phase is traced back to the firseveal systematic discrepancies from those experimentally
step on the formation pathway, which is assumed to be the@bserved at somewhat higher temperatures (Viisanen et al.,
transition of water vapor to amorphous cluster. Amorphous1993), and we expect the deviations to be much higher un-
clusters then freeze into water ice, likely metastable cubicder mesospheric conditions. The difficulties in predicting
ice, when they reach the critical size. The estimates basethe characteristics of ice particles in the polar summer meso-
on the equilibrium thermodynamics give the critical size (ra- sphere result also from large experimental errors in the satu-
dius) of amorphous water clusters as about 1.0 nm. The sam@ted vapor pressure of water over ice, and in its temperature
estimates for the final transition step, that is the transfor-dependence in particular, as well as the uncertainties in the
mation of cubic to hexagonal ice, give the critical size of dynamics of sedimentation and coagulation of these particles
about 15 nm at typical upper mesospheric conditions duringRapp and kibken, 2004).

the polar summer (temperatufe=150 K, water vapor den- Heterogeneous nucleation is typically used in atmospheric
Sity ,o\,apo,:lo9 cm3). models. For this mechanism to be applicable a signifi-
cant concentration of pre-existing particles (seeds) is needed.
Note that it is always advantageous to consider a barrier-free
condensation of supersaturated water vapor since it occurs on
the surface of large enough seeds, and no work has to be done

Observable in the polar summer mesosphere, typically polel© Puild @ new phase. However, in the recently published
ward of 50, Polar Mesospheric Clouds (PMCs) are a pop- "€View on mesospheric ice nucleation (Re}pp and Thomas,
ulation of nano-sized crystalline @ particles that form at 2006), the authors argue that  several candidates for these

heights of 82 to 86 km. It has been suggested that the longP2rticles (seeds) have been proposed. However, to date, there
term trends in PMC properties, such as the cloud brightnes N0 convincing experimental evidence for any of these pos-

and occurrence rate, may be related to climate change (De3Pilities” On the other hand, recent developments in the
land et al., 2003; Thomas, 1991). nucleation theory point to the possibility of a nucleation sce-

nario for PMC particles based on homogeneous nucleation.

in general and PMC properties in particular is continuously IMotlvateg byhthls, we address fsome of thﬁ open questions
improving due to the ever increasing capabilities and sophis/€/atéd to the thermodynamics of water at the conditions in-
tication of atmospheric models, remote sensing observationd!insic for the polar summer mesosphere with the emphasis

and laboratory experiments; many aspects of mesospheri%r? the homogeneous nupleatlon of PMC ice particles. For
this we use recently published theoretical and laboratory re-

sults on the properties of water at very low temperatures.
Correspondence tcS. Petelina These results are briefly outlined below.
BY (s.petelina@latrobe.edu.au)
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1 Introduction

Although our knowledge of the upper mesospheric region
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First, the PMC ice particles nucleation pathway may not Experiment (SOFIE) on Aeronomy of Ice in the Mesosphere
necessarily be a direct transition from saturated water va{AIM), has been launched in 2007. The work to retrieve up-
por to stable hexagonal ice. It was suggested as early ager mesospheric temperatures and water vapor density coin-
in 1897 (Ostwald, 1897) that a phase transformation can beident with PMCs from the AIM data is currently underway.
stepwise; specifically, it may proceed via several steps that
include intermediate (and possibly metastable) phases before
reaching a final thermodynamically stable phase. 2

Second, in agreement with the above concept, the exper

PMC formation scenario

. : . L'I'en Volde and Frenkel (1999) have recently reminded us of
mental studies (Devlin and Buch, 1997; Devlin et al., 2000)the Ostwald step rule (Ostwald, 1897), which implies that

show that very small water clusters, on the order of 100 :
) .~ "the phase that nucleates first may not be the most stable but
molecules, are amorphous. The first nucleated phase in the : ;
. one with a somewhat lower free energy barrier. The present
mesosphere, therefore, is assumed to be amorphous water . . .
clusters paper describes an attempt to solve the mystery of ice parti-
S . ... _cle formation in the mesosphere by applying this rule in the

Third, it was shown that, when account is taken of realistic P y appiying

. . i : framework of homogeneous nucleation. We suggest that the
(with a finite thickness) interfaces between vapor and con-_ .. . .

._entire cloud formation process consists of several steps. The
dense phases, the rate of gas-to-condense phase nucleatloqils

noticeably higher (Laaksonen and McGraw, 1996: McGraw ISt step on the pathway to forming a cloud is the nucleation
. of small amorphous water clusters that consist nearly only of
and Laaksonen, 1997). Since amorphous cluster have see

ingly diffuse interfaces, this effect is clearly applicable to ther‘[}]e surface molecules (Devlin and Buch, 1997; Deviin et al.,

formation characteristics of water clusters in the mesospher 2000). Thus critical nuclei at the stage of gas-to-amorphous

X X . >PNeTG; o nsition are amorphous water particles whose structure is
The hypothesis of surface stimulated freezing transition is . : o
. . : substantially different from the structure of the final ice par-
the final argument in favor of the multi-steps homogeneousticles The amorphous-to-crystal transition is the next ste
PMC nucleation. Here the hypothesis is considered in con- i P Y b

nection to the amorphous-to-crystal transition. It is based o since it has been recently demonstrated on a thermodynamic

. . o asis (Johari, 2005) that ice particles smaller tha® nm
the suggestion that the height of free energy barrier is lower .

. . -~ “.can freeze to cubic ice, we speculate that the next phase,
near vapor — condense phase interfaces. This reduction in, . . T .
. ) o : . which is also metastable, is cubic ice. The next nucleation

the free energy barrier height for the critical nuclei formation . " : )
S . . . step is the transition to hexagonal ice that is the most stable
can significantly alter (increase) the nucleation rate (Djikaev; . .
etal., 2000) ice polymorph at these atmospheric conditions.

. . . . Summarizing our hypotheses, we suggest that the process
In the following sections we discuss the above mentioned S )
theories, assumptions, and observations in conjunction wit of PMC formation is diffusive, i.e., the sequence of transi-
the ther,mod nafnics (;f water in the polar sunj1mer meso?ions through reduced energy barriers rather than an activated
sphere Atn}1/os heric parameters usleod in our simulationstransmon over a high barrier in a single step as it is assumed
P ' P b In the case of direct gas-to-ice nucleation. The mechanism of

namely values for water vapor densities and temperatures . .
y P b Cloud formation can thus be given as follows:

are those measured by the ongoing satellite mission Atmo- Supersaturated vapes Amorphous cluster~1nm) —>
spheric Chemistry Experiment Fourier Transform Spectrom- P b b

eter (ACE-FTS) (Bernath et al., 2005; Boone et al., 2005).CUbIC Ice &1 nm)— Hexagonal 'Ce]élS nm) . .
The recent validation results for these parameters yield an er- The final stag_e that f_ollows I(_)g|cally from this scenario

. . is the growth of ice particles until water vapor comes to the
ror in the temperature retrievals of less than 2K below 70km~ " .= °. . .
and less than 8K near the mesopause altitudes (Sica et aﬁqwhbnum with nucleated ice.
2008). Water vapor concentration retrievals are better than
5% from 15 to 70 km and better than 10% at PMC altitudes3 Gas-to-amorphous nucleation (Laaksonen — McGraw
(Carleer et al., 2008). formulation)

PMC particle number densities have also been calculated
from ACE-FTS measurements of more than 200 clouds.Departing from a non-uniform droplet model of critical nu-
These values vary between 20 and 1308&mnd are in a  clei Romero-Rochin and Percus (1996) and the Kelvin re-
good agreement with the findings of Baumgarten et al. (2008)ation, Laaksonen and McGraw (1996) and McGraw and
based on 10 years of ground-based lidar measurements d&faaksonen (1997) showed that the predictions of classical
PMCs over ALOMAR in northern Norway (6N, 16° E). In nucleation theory, which are ... insufficient for the quan-
the above work, the values for mesospheric ice number dertitative prediction of the rate of nucleation” (Adams et al.,
sity were found to be between 33 and 105¢m\We note that ~ 1984; Viisanen et al., 1993), can be considerably improved.
ACE-FTS is currently the only instrument that provides si- This elaboration of CNT predicts a reduction in the nucle-
multaneous measurements of PMCs and reliable upper meseation barrier height with the free energy of interfacial cur-
spheric temperature and water vapor concentrations. Anotharature (McGraw and Laaksonen, 1997). The diffuse droplet
instrument with such capabilities, Solar Occultation for Ice model, i.e., droplets in which the interface has a smoothly
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Fig. 2. Mass density profile for amorphous cluster of 244 water
molecules obtained by molecular dynamic simulations at 120 K.

Accordingly, the Gibbs free formation energy for a droplet

] . with a diffuse interface as a function of particle radiusan
Fig. 1. Snapshot of a water cluster composed of 244 molecules SiMpe written as

ulated with “vacuum” boundary conditions at 120 K.
2 K
AGvawAW(r) =4nr yoo+r_2+... - (1)

4 pawr3kT In(S)
3mu,0

varying density profile and a finite thickness, is consistent
with the gas-to-amorphous or even gas-to-crystal transition
of water, as even the interface of ice particles appears to have Here, the subscript (vap AW) refers to the transition from

a quasi-liquid interfacial layer of finite thickness (Henson et water vapor to condense amorphous particlgsjs the sur-

al., 2005). We performed molecular dynamics (MD) simu- face tension of a flat interfacg,is the (mass) density, is the
lations of water clusters at the mesospheric conditions using/apor saturation ratiog,o is the mass of molecule, arid,

the method utilized in (Zasetsky et al., 2007). In the presents the rigidity coefficient (which gives the scaling Kg/rz).
work, MD simulations were carried out in the NVT ensem-  Since we assume that the first step in PMC formation is
ble (isochoric — isothermal conditions) with temperature con-the nucleation of small (nanometers) amorphous water clus-
trolled by the No&-Hoover thermostat (Nose, 1984). The ters from saturated vapor, the density of amorphous water
simple point charge extended (SPC/E) model by Berendsem,w=0.94g/cn? is used. The value of the bulk surface
et al. (1987) for the water-water interaction was used. Thetension,y, is taken from (Hruby and Holten, 2004). The
equations of motion were integrated using the Verlet leaprigidity coefficientK for water at the mesospheric tempera-
frog algorithm with the SHAKE constraints technique with- tures is not known. Our calculations based on the results of
out any special treatment for long range electrostatic intermolecular dynamics simulations give the rigidity coefficient
actions (“vacuum” simulations) and a time step of 2fs. Lig- value asK;~ — 0.9kT. This is in a good agreement with
uid water was originally prepared in the standard bulk sim-calculations for simple (Lennard-Jones) systems (Laaksonen
ulations (Allen and Tildesley, 1987) at room temperature.and McGraw, 1996; McGraw and Laaksonen, 1997), which
Spherical liquid particles were then cut out and placed in agive K;~ — kT. This relatively small reduction in the nucle-
large simulation box. The particles were equilibrated at theation barrier height is enough to increase the nucleation rate
reduced temperature of 120-150K for one nanosecond bef by 3 orders of magnitude in comparison to that of CNT,
fore sampling over the time period of 100 ns any propertiesJ/JCNT%eS” ~2x10%, making the hypothesis of homoge-
(such as the density profile used in this work). Figure 1 il- neous nucleation of water vapor to amorphous particles in
lustrates a typical amorphous water particle at a temperaturthe mesosphere plausible.

of 120 K. The simulations were performed to obtain realistic  The calculated dependence of the Gibbs free formation en-
density profiles for interfaces between water vapor and amorergy on the particle radius is shown in Fig. 3. Apparently the
phous clusters. The average density profile for this particle igealistically low values of the saturation rati®, in view of
shown in Fig. 2. These simulation results prove that the interdarge temperature gradients and water vapor density fluctu-
face is diffuse, with the thickness of about 8—/fmgstrom. ations in the mesosphere, are required to shift the radius of
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Fig. 4. Water vapor saturation ratio at mesospheric altitudes com-
Fig. 3. Free formation energy of amorphous water droplets as aputed from ACE-FTS observations.
function of their size at 120K (calculated using Eq. 1).

critical nuclei to a scale of 1 nanometer. We have computedAGAW_)Ice = AHawoice — TASAw— 1ce+ @)
the saturated water vapor pressure over ice by using the relat- A
tion from (Murphy and Koop, 2005) and the ACE-FTS level ‘'c¢ ™ vaw)

2 data forT_ and \_/vater vapor density. The calculation reSUItS'whereAH andAS are the differences in molar enthalpy and
shown in Fig. 4, imply that at temperatures below 145 K&he entropy, respectivelyyaw andyce are the values of surface

values are in the range suitable for PMC formation, betweenanqion for amorphous water and ickjs the surface area of
1 and 18. TheseT values agree well with the upper meso- the particle, and is the temperature.
spheric frost point temperature of about 150K obtained with Equation (2) can be further explained in terms of molar

various ground-based and satellite instruments (&1gken,  \5es (denoted with tilde), differences between vapor and

1999; Petelina et al., 2005). We note that the uncertainty irice phase &), and differences between phases, i.e. amor-
temperature of up ta:8 K and uncertainty in water vapor phous and cr;/stalline ica) ’

concentration of up te10% result in the error ity of about
300%. e . . 3(AG) AW —ice = AGvap—>ice —AGvap—>AW,
The equilibrium vapor pressure over ice can be apProXi- s (A A aw - ice = A[:]vap—ﬂce —AﬁvawAW

mated, according to the experimental data provided by Lide(S(AS)AW o = Agvap—uce —Agvap—>AW ©)
- —_— k]

. . 12 ). \p 5
(1999), by the following relatiorPeqox {(T — To) /C} ™. S(AG) L ice = S(AH) Aw—ice —8(T AS) aw—ice,

Here C is the difference between boiling point and melt- Sy = Wapice —Vvap AW

ing point: C~373K-273K and7,=136K is the tempera-

ture of the phase transition between glassy amorphous ice Here the term (AG)S ;.o refers to the differences be-
! —> 1

and deeply supercooled amorphous water. We note that thigyeen the corresponding free enthalpiggy 4w denotes the

is a very steep function of and a relatively small uncer-  gyrface tension of the vapour/amorphous ice interface, and
tainty in the 'retrieved temperature, therefore, translates i”t%ap/ice is the surface tension of the vapour/crystalline ice in-
large errors in the water vapor pressure. terface. Equation (2) can now be rewritten as:

$(AG) aw—ice = 8(AG)S 1o + BASY,

m N, N, M (4)
_ HoONA UH,0NA HO _ Ny
In order to determine the critical size of amorphous clusters,/3 T 4mrlpaw n
we use the approach described in (Johari, 2005). In the lan- ) ]
guage of classical equilibrium thermodynamics, the differ- Herému,o is the mass of one water moleculey,o is
ence in Gibbs free formation energy for particles in amor- the volume occupied by a water molecule in the correspond-
phous (AW) and crystalline (Ice) states is given by the fol- I ice cluster,My,o is the molar mass of watew is the
lowing relation (see Eq. 1 in Johari, 2005): mass of the droplet (embryo of the new phase) of radjus
n=m/mu,o is the number of water molecules in the droplet,
andN,4 is the Avogadro constant.

4 Critical size of amorphous clusters

%ﬂrs m n
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Consideringd=4xr2 and requiring ice is approximately 15nm in the temperature region be-
~ tween 160 and 200 K. This result suggests that the particles
$(AG)aw—ice =0 () with sizes smaller than 15 nm freeze in the cubic form of ice,
we obtain the critical radius: whereas fpr bigger particle_s it is thermodynamically prefer-
able to exist as hexagonal ice. We should note that, because
. <3mH20NA ) Sy (©) of a small volume of particles, this transition may take a very
‘ PAW 3(Aé)gW—>ice long time to occur at the temperatures typical for PMC for-
mation events (this state is sometimes referred as a “kineti-
Inserting (6) into (2) gives cally stable”).
8(AG) aw-ice = 5(AG)] s icell = =) ()

) ) 6 Conclusion
As follows from the experimental results and will be ref-

erenced lateB(AH) aw—ice<0 ands(AS) aw—ice>0. TAUS  The present work is focused on the thermodynamic aspects

50 - . . . .
(AG) 4w _ice<0and Eq. (7) can be rewritten as of the formation of ice particles at typical polar summer

. <0 e mesospheric conditions. We introduce a scenario of ice parti-

3(AG)aw—ice = |8(AG) gy ice| (1 = 7 (8)  cle formation based on homogenous nucleation and describe

a particle formation pathway which makes this hypothesis
feasible, subject to some conditions. The central assumption
is that the particle formation occurs in several steps. Specif-
ically, the system overcomes several barriers with reduced
heights. This is rather different from the commonly dis-
cussed (but not yet confirmed) scenario of a direct transition
of saturated water vapor to crystalline hexagonal ice (Mur-
phy, 2003). The latter results suggest that the transition time
is too long to be of any relevance for mesospheric conditions.
O'ZI'he %;norphous water particles — clusters that consist of
10¢ to 10° water molecules — are considered to be critical nu-
ASaw—1ce¥1.7 JMOI K~ (Speedy et al., 1996). The den- clei for the first nucleated phase. Attention is drawn to a re-

sity c;f amofrrigc())u; wa(;etr Ilf' equal to 0':343;‘: osing ;agam— cent development in nucleation theory that predicts substan-
perature ot - and taking account ot tn€ reported Uncery; o4y ction in the height of a free energy barrier for parti-
tainties, we find the critical particle radius to be on the order

£1405 cles with realistic structures of the gas-condense phase inter-
of ~==U.onm. _ . face (Laaksonen and McGraw, 1996; McGraw and Laakso-
This is in good agreement with infrared studies of large

water clusters that are produced by fast expansion of a mixe e 1997). To avoid ambiguity, a critical radius of the amor-
) . phous particles was computed using the ACE-FTS measure-
ture of water-He vapor in vacuum (Devlin and Buch, 1997; phous part W puted using y

. . ments of water vapor and temperature. The resulting value
Devlin et al., 2000). Note that the temperature reported in thefor the critical radius of £0.5 nm is in good agreement with

?hb t?[vet(;;:ed ngrkst 1S a?thgt 1OQ Kt’hWh'Ch IS e\r/]en Iovlvjer tlhan he results of an infrared study of water clusters (Devlin and
at at the coldest conditions In I€ mesosphere. LEVIN €p,,.n 1997; Devlin et al., 2000). As for a possibility for

al. (2000) have convincingly shown that the crystalline COr€ - ubic ice formation, this could be the next nucleated phase,

(bulk crystalline ice) contributions to the IR intensities are which is reported to be thermodynamically stable for the par-

or;llyf d|st|n?ul|shab_lgl ft?]r relz'qvelly Iar?ﬁ palrtlé:les ar_:_?].va.n— ticles with the radius<15 nm (Johari, 2005). Hexagonal ice
ISh Tor particies wi € radius 1ess fhan 1.onm. IS 1N assumed to be the final nucleated phase.

dicates the presence of the interface between the bulk core . . S
and surrounding vapor thus providing the basis for the dif- In addition to the thermodynam|c§ and klnetl_cs of_pure
H>0, we should mention the potential effect of impurities,

fuse _droplet model (!_aaksonen and.McGraw, 19.96)' It 'Ssuch as meteoritic dust (Plane, 2003) and/or atomic metals
also in agreement with our assumption that the first nucle- . ;
. : . . .~ such as Fe, Na, K, on the speed of particle formation and
ated phase is amorphous water particles with a critical radius A o
growth. The contamination of the PMC particle interface
of about 1 nm. . .
with these substances is known to affect the surface excess
free energy. Although this effect will clearly depend on the
5 Critical size for cubic to hexagonal ice transition type of impurities, a reduction in the height of a nucleation
barrier is expected in any case. The evidence for the re-
Based on the thermodynamics of water at lower temperamoval of Fe atoms by PMC particles has been recently re-
tures, Johari (2005) has recently shown that the critical raported (Plane et al., 2004). Considering the significant stick-

dius for ice particles to transform from cubic to hexagonal ing probability of atomic Fe and Na on the surface of ice

According to (8), it is thermodynamically favorable for
the particles to be in the amorphous state whemn,, i.e.
S(AG) aw—ice>0, and in the crystalline state if>r. and
thuss (AG) aw—ice<O.

We computed the critical radius ir6)( using the fol-
lowing experimental dataA Haw_ ice=—1.29 kJ/mol (Hall-
brucker et al., 1989), the surface tension for amorphous wa
ter yaw= 0.088-0.092 J/hand ice yce=0.122 J/M from
(Hruby and Holten, 2004) and (Hale and Plummer, 1974),
respectively, and the difference in the molar entropy of

www.atmos-chem-phys.net/9/965/2009/ Atmos. Chem. Phys., 993852009
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particles at lower temperatures, it is reasonable to expect a Simon, P., Skelton, R., Sloan, J. J., Soucy, M. A., Strong, K.,
reduction in the surface tension value due to their uptake and Tremblay, P., Turnbull, D., Walker, K. A., Walkty, I., Wardle, D.
thus a further increase in the nucleation rate. A., Wehrle, V., Zander, R., and Zou, J.: Atmospheric Chemistry
We emphasize again that the hypothesis of homogeneous Experiment.(ACE): Mission overview, Geophys. Res. Lett., 32,
nucleation of ice particles in the polar summer mesosphere 115501, do':10'1029/2_005GL022386’ 2005.
described in this work is yet to be confirmed or denied. Lab-Bere.nd.Sen’ H.J. C., Grigera, J. R,, F.’md Straatsma, T. P. J.. The
oratory studies on the low temperature ice nucleation are gn;imggtg;m in effective pair potential, Phys. Chem., 91, 6269
negded to improve our understanding of.the nucleat?on ki'Boone, ’C. D.,- Nassar, R., Walker, K. A.. Rochon, Y., Mcleod, S.
netics. Satellite, ground based, and in-situ observations of p Rinsland, C.P., and Bernath, P. F.: Retrievals for the atmo-
mesospheric water fill a gap in experimental studies and help spheric chemistry experiment Fourier-transform spectrometer,
to improve our understanding of fundamental thermodynam-  Appl. Opt., 44, 7218-7231, 8445, doi:10.1029/2002JD002398,
ics and kinetics of water at such low temperatures. Cubic 2005.
ice may be kinetically stable at the mesospheric conditionsCarleer, M. R., Boone, C. D., Walker, K. A., Bernath, P. F.,
In other words it may require very long time to transform  Strong, K., Sica, R. J., Randall, C. E..0Mel, H., Kar, J.,
into the stable hexagonal form and thus be a main compo- Hopfmer, M., Milz, M., von Clarmann, T., Kivi, R., Valverde-
nent of PMCs at some conditions. However, to the best of Can0ssa, J., Sioris, C. E., Izawa, M. R. M., Dupuy, E., McEl-
our knowledge, any accurate visible, infrared, or microwave % & T- Drummond, J. R., Nowlan, C. R., Zou, J., Nichitiu, F.,

spectra for cubic ice (or any difference from hexagonal) have Lossow, S., Urban, J., Murtagh, D., and Dufour, D. G.: Vali-
P y 9 dation of water vapour profiles from the Atmospheric Chemistry

not yet been reported a”?‘v Fher?fore' ther.e have not been any Experiment (ACE), Atmos. Chem. Phys. Discuss., 8, 4499-4559,
successful attempts to distinguish cubic ice from hexagonal »qpg,
ice based on optical measurements. The kinetic aspects of ice http:/www.atmos-chem-phys-discuss.net/8/4499/2008/
freezing, which control the transition of amorphous-to-cubic Deland, M. T., Shettle, E. P., Thomas, G. E., and Olivero, J. J.: So-
and cubic-to-hexagonal ice, as well as the effect of impurities lar backscattered ultraviolet (SBUV) observations of polar meso-
on the nucleation kinetics, require additional studies. spheric clouds (PMCs) over two solar cycles, J. Geophys. Res.,
108(D8), 8445, doi:10.1029/2002JD002398, 2003.
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