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Grain growth theories and the isothermal evolution of the specific surface
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Quantifying the specific surface aré8SA) of snow and its variation during metamorphism is
essential to understand and model the exchange of reactive gases between the snowpack and the
atmosphere. Isothermal experiments were conducted in a cold room to measure the decay rate of the
SSA of four snow samples kept in closed systems &6 °C. In all cases, a logarithmic law of the

form SSA=B—AIn(t+At) fits the SSA decrease very well, whefe B and At are adjustable
parametersB is closely related to the initial SSA of the snow aAdlescribes the SSA decay rate.
These and previous data suggest the existence of a linear relationship bAtareds so that it may

be possible to predict the decay rate of snow SSA from its initial value. The possibility that grain
coarsening theories could explain these observations was investigated. The logarithmic equation
was shown to be an approximation of a more general equation, that describes the time evolution of
the mean grain radiuR in most grain coarsening theories, such as Ostwald riperiRig: R}

=Kt. Ry is the initial mean grain radiu® is the mean grain radiusi and K are the growth
exponent and the growth rate, respectively. Valuesadietween 2.8 and 5.0 are found. It is
concluded that snow metamorphism and Ostwald ripening processes are governed by similar rules.
Ostwald ripening theories predict that a steady-state regime is reached after a transient stage, but our
results suggest that the steady-state regime is not reached after a few months of isothermal snow
metamorphism. This last feature makes is difficult to predict the rate of decrease of snow SSA using
the theory of Ostwald ripening. @004 American Institute of Physic$DOI: 10.1063/1.1710718

I. INTRODUCTION ture, they evolve at the same time, and both microstructure
and physical properties then need to be studied simulta-

~ The snowpack is a peculiar material of interest to manyheously for a satisfactory understanding of snow metamor-
scientific fields such as avalanche forecastirfyclimate phism.

modeling® remote sensinfand, more recently, atmospheric

chemistry. Sngv:/ h"?‘?] renlwarkable shtructural properties. Itis acnanical properties of snow layers illustrates this necetity.
Forqus tmatterla t‘;]\"tt a aytered, etero%?ne(t)#s, an(.jt anls(Eiry snow metamorphism under high temperature gradients
rf?prlfi; slruc LtjireI r? |:np?l(;sr,r1am0;gn0 er; rlng;,tlgt Meields faceted crystals with few bon#s” while dry snow
chanical, optical, heal, a 1ass transport propertis metamorphism under low temperature gradients yields cohe-
above all, it is a dynamic medium that evolves with tifite. . . oth

Ssive layers of rounded grains well bonded to each other.

Its transformations and the underlying mechanisms th Th nditions of metamorohism determine the chan
cause them are described as a whole under the name “meta- € co ons of metamorphis ete € he changes

morphism.” Snow metamorphism can take place in the presQf grain shapes and sizes and thus impact the radiative prop-

ence or in the absence of liquid water in the snowpack, lead€"i€s Of srgov}/g in all the spectral range, from microwaves to
ing to different physical processes. This study concentrated1® Visible” Snow emissivity has been shown to depend on
on the metamorphism of dry snow. Regarding wet snowf€Sh snow accumulation, but also on the development on the
metamorphism, the reader is referred to earlier work bySnowpack surface of faceted snow crystals called surface
Colbeck!®** Raymond and Tusintaand Brun' hoar!® The remote sensing community is thus directly inter-
Dry snow metamorphism originates, to a large extentested in metamorphic effects and hence climate modelers,
from the very high saturating vapor pressure of water. Undef00, because they use accumulation or albedo data from sat-
gradients of temperature or curvature this generates high gr&llites. Climate modelers also need to quantify the energy
dients of water pressure. In response, snow grains grow dind mass fluxes at the air-snow interface, and therefore in-
sublimate, which produces morphological chanfjéé® side the snowpack, where they depend on the snhow
Mechanical action of wind or fresh snow accumulation alsostructure! 32021
affects she structure of this fragile porous medium. Since The exchanges of water vapor between the snowpack
snowpack physical properties are related to its microstrucand the atmosphere during metamorphism can also entrain
trace gases dissolved in snow crystals or adsorbed on their
dAuthor to whom correspondence should be addressed; electronic maiﬁ.urfacesj These proce§ses are part of the air-snow interac-
florent@Ilgge.obs.ujf-grenoble. fr tions reviewed by Dominand ShepsohThese authors em-

The relationship between grain morphology and me-
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phasized that the surface area of the ice-air interface integlects surface kinetic effects and diffusion in the vapor phase
venes in each of these processes and should be consideredoason the surface of snow. It also needs high resolution 3D
a central parameter. Legagneux, Cabanes, and Déftior-  tomographic images as input data, which requires synchro-
firmed this importance by measuring the specific surface areion beam time, followed by lengthy data analysis.
of 176 snow samples, i.e., the surface area of snow acces- Another possible approach to model the rate of decrease
sible to gases per unit mass. Values as high as 158@ ¢ of snow SSA is to consider it as a grain coarsening problem.
were found, with a strong correlation between snow specifidMany grain coarsening theories have been developed for ma-
surface aredSSA) and snow morphology. Since metamor- terials other than snow. The aim of this article is thus to test
phism modifies the morphology of snow, it also impacts thewhether these theories can be applied to isothermal snow and
SSA, hence the ice-air interactions and consequently atmon particular whether they can be used to justify Ep.and
spheric chemistry. to predict the rate of decrease of the snow SSA. To achieve
SSA and metamorphism seem to be intimately relatedthis goal, we first obtained additional data on the isothermal
Sokrato?® claimed that the intensity of metamorphism in- evolution of snow SSA, in order to confirm the validity of
creases with the SSA of snow. Cabanes, Legagneux, artgqg. (1), and the correlation betweeh and B. We then test
Dominé*?°showed that SSA almost always decreases alonthe consistency of Eq1) with equations deduced from grain
with metamorphism and proposed an empirical equation reeoarsening theories.
lating the rate of decrease to temperature. Despite the fact
that snow SSA is clearly a major parameter for the quantifidl. SAMPLES AND EXPERIMENT
cation of metamorphism as well as for applications in atmo-,
spheric chemistry, the empirical equation of Cabanes and
co-workeré® is the only one available to predict its evolution ~ Four snowfalls were sampled during winter 2002/2003.
in natural snow. There is thus a strong need for a physicallypnowfall 1 of 7 November 2002 was sampled close to the
based model of the evolution of snow SSA. Our current efroad going to the Roche-B&nger part of the Chamrousse ski
fort focuses on the rate of decrease of SSA under isotherm&rea, at an altitude of 1490 m, 15 km E-SE of Grenoble,
conditions. Isothermal conditions very seldom exist in natu{45°5'57'N,5°51'25"E). Snow consisted of rimed needles,
ral snowpacks, where the variation of environmental paramcolumns, and dendritic crystals. The temperature of the snow
eters such as air temperature, wind, insolation, and clougurface was 0 °C. The top 2 cm were sampled directly into a
cover lead to the presence of time-variable temperaturgtainless steel chamber used for the SSA measurements and
gradients’*?® However, isothermal experiments are easier tanto glass vials for subsequent microscopic observations.
perform and to interpret and thus are a logical first step in ~ Snowfall 2 of 29 January 2003 was sampled at Col de
our quantitative study of the rate of SSA decrease. Porte, 10 km north of Grenoble, at an altitude of 1340 m in
In a previous stud$? we performed isothermal experi- the Chartreuse randé5°12N,5°44'E). This snow was com-
ments and observed that the SSA of snow under isothermgiosed of graupel, of heavily rimed large dendritic crystals

Sampling

conditions decreased with time according to FL). and of some needles. The temperature of the snow surface
was —5.6 °C.
SSA=B—-AIn(t+At), (1) Snowfall 3 of 3 March 2003 was sampled at Bachat-

where A, B, and At are adjustable parameters. From theseBouloud, near the Chamrousse ski area at an altitude of 1750

preliminary results, we observed thatand B were linearly m, 15 km .E'SE Of. Grenoblé45 .710N’.5 5235 E?' The
linked for a given temperature. Fliat al?’ observed the snow consisted of fine graupel mixed with a few rimed den-

same logarithmic trend for the isothermal evolution of snowdmIC crystals. The temperature of the snow was 0°C. Snow-

at —2 °C. Equation(1), however, cannot apply to long times, fall 4 of 2 April 2003 was also sampled at Bachat-Bc:quud, 2
as it predicts that the SSA becomes negative. Also, the phys‘f-m under the surface where '_[he temperature wasi C It.
cal meaning ofAt is unclear, since it is adjusted to get the was composeq of coarse grains of graupel 3—6 mm in diam-
best agreement between HG) and the experimental data. eter. All samplings were carried out durl_ng t_he SnOWfa"S.‘
The same criticism can be addressedtahich is not ex- Snow was sampled carefully to minimize compaction

actly the SSA at the beginning of the experiment but at aand disturbance to its structure. A stainless steel ultrahigh

given time whert+At=1. Equation(1) and its parameters vacuum container used for SSA measurements was thermal-
obviously suffer from a lack of physical justification and of a !zeq at snow temperature, filled with snow, sea}led anq stored
theoretical basis. in liquid nitrogen at 77 K to prevent any evolution until they

The purpose of this article is to move one step furtherWere transferred into a cold room atl5 °C.

towards the prediction of the rate of decrease of snow SS% Isothermal exoeriments
under isothermal conditions. This could probably be™ P
achieved through complete three-dimensiof&)) models. Four isothermal experiments labeled 1, 2, 3, and 4 were
Flin et al?® proposed a preliminary model of the evolution of conducted in a cold room at15°C. Experiment 1 used
snow morphology under isothermal evolution where the vasnow from Snowfall 1 and so on. Snow sample characteris-
por fluxes are fully driven by curvature gradients. From theirtics and experimental conditions are listed in Table I, along
simulations, they were capable of qualitatively deriving thewith data on previous similar experiments from Legagneux
evolution of the SSA. In spite of promising results and be-et al?® numbered 5-9. The procedure to measure snow SSA
cause of computing limitations, this model at present newas methane adsorption at 77 K, followed by the Brunauer—
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TABLE I. Snow properties and experimental conditions. Experiments 5 to 9 are from LegagnealXxsee Ref. 25

Experiment Sampling date Cold room Snow
No. and place Snow crystal types temp. °C density
1 7 November 02 Rimed needles, columns, and dendritic crystals -15 0.10

Chamrousse
2 29 January 03 Graupel, big rimed dendritic crystals, needles -15 0.05
Col de Porte
3 6 March 03 Fine graupel, a few dendritic crystals -15 0.10
Bachat-Bouloud
4 2 April 03 Coarse graupel, diameter 3—6 mm -15 0.15
Bachat-Bouloud
5 16 January 02 Plates, needles, columns, dendritic crystals, capped prisms, bullet rosettes. -15 0.075
Col de Porte
6 6 February 02 Short prisms, columns, plates, stacks of plates, various combinations with sharp angles. —15 0.12
Chamrousse
7 6 February 02 Same as above —4 0.12
Chamrousse
8 21 February 02 Graupel -15 0.14
Col de Porte
9 21 February 02 Dendritic crystals, needles, columns, plates -10 0.18
Col de Porte
Emmett—Telle BET) treatment of the adsorption isotherm, Our preliminary resulf® suggested a linear relationship

as described in detail by Legagneux and co-workérgho  betweenA andB at —15 °C and we were led to speculate that
estimated the reproducibility at 6% and the overall accuracypther linear relationships would be valid at different tempera-
which accounts for systematic errors of the BET treatment, atures. This would allow the prediction of the SSA decrease
12%. This technique does not alter the snow structure anffom a set of curves\=f(B,T) and the measurement of the
allowed the use of the very same sample for all measurenitial SSA. We test this relationship at15 °C. A is plotted
ments of a given isothermal evolution. againstB in Fig. 2 with the data of the present work and

We recently noticed that methane adsorbs not only orthose from our previous wor#. The new pointgcircles are
snow, but also on stainless steel at 77 K, which has not beealigned with the former one@liamond$, which supports the
taken into account in our previous articles. The surface areaxistence of a simple linear relationship between parameters
of the container adds to the surface area of snow, which i& andB at —15 °C. The equation of the linear regression is
thus overestimated by about 0.01% in our device. The A=0.1242<B—19.752. In the previous article, we had
SSA is the surface area divided by the mass of snow, and thgiven A=0.3416<xB—108.74. The difference between the
error on the SSA caused by this artifact depends on the masao equations is mostly due to the effect of methane adsorp-
of snow in the container and ranges from 25 to 10Ggnt.  tion on stainless steel that has been corrected in this article.
All data presented here are corrected for this bias. The vials These results are encouraging since they have an impor-
are not transparent and we could not check for snow comtant predictive value. The linear link betweénand B at

paction and density changes. —15°C relies on seven points, which is enough to exclude
the possibility that it could be fortuitous. On the other hand,
Ill. RESULTS AND DISCUSSION only two other data points are available, one-at °C and

As shown in Fig. 1 the SSA always decreases with time2ne &t~ 10°C, and they seem to lie on the same line. This is

Equation(1) was found to fit all curves very well and Table q!ute surprising since metamorphism is more intense at
Il gives the corresponding parametetsB, andAt. higher temperatures and we would therefore expect an accel-

erated rate of decrease of the SSA. More data are clearly

1000
=1 02 +3 a4 TABLE II. Fit parameters to Eq(1): SSA=B—ALn(t+At).

‘;"-!’ 750 Expt. Temperature A B At

No. °C cn?g? cnégt Hours
© 500 9 ¢}

S “Pann 1 -15 89.3 904 1.4
“awo{"t ot . . 2 15 1175 1085 1.9
3 -15 70.4 682 3.4
0+ T T . 4 -15 95.5 878 29
0 1000 2000 3000 5 —15 61.7 696 18.1
time, hours 6 -15 82.2 835 28.2
7 -4 68.4 691 195
FIG. 1. Evolution with time of the SSA of snow samples 1-4, subjected to8 -15 95.4 961 15.2
isothermal conditions at-15 °C. The longest experiment lasted 141 days; 9 -10 74.7 733 100.7

1000 h=42 days.

Downloaded 01 Jun 2004 to 132.239.1.230. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6178 J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Legagneux, Taillandier, and Domine

Materials scientists have dedicated many efforts to deci-
1204 V= 0.1242x - 19.752 . . . -
R - 0.9353 pher the problem of grains coarsenihgince it strongly im
— . pacts the properties of ceramics and metal alloys and hence
280 1 : their fabrication processes. Du¥aland Gow*** success-
5 s :]gg ol socios fully applied these theories to ice and deep firn of density
< 40 4 » -10°C ; old series greater than 0.5. We are not aware of any attempt to apply
4 -4°C; old series theories of grain coarsening to dry seasonal snow. Section
—fit -15°C IV A recalls these theories, Sec. IV B shows that El.can
0 i ' be derived from these theories and Sec. IV C concludes on
600 8°°B(cm2_g-1)1°°° 1200 their predictive value in the case of snow evolving under

isothermal conditions.
FIG. 2. Plot of parameteB vs parameteA in Eq. (1) for the nine evolu-
tions. The new points at15 °C (circles are aligned with those of Legag- A. Snow coarsening theories
neuxet al. (see Ref. 2fobtained at—15 °C (diamond$. The equation of

the least square fit of the data obtained a15°C is A=0.1242 B The first grain coarsening theories addressed the case pf
—19.752 and its correlation coefficient is 0.9353. Data points 0 and ~ dense materials, because only one phase has to be consid-
—4°C lie close to this fit. ered. The driving force is then the minimization of the ener-

gies of grain boundaries. Grains grow by grain boundary
motion to minimize their overall curvature. Burke and

needed to test whether other linear relationships exist at dify ., p185 proposed a simple model to predict the time de-
fe_rent temperatures and predict the rate of SSA decrease Orb@ndence of the mean grain size in any dense material. They
wide range of temperatures. assumed that boundary motion is driven by curvature only. A

The prediction of the rate of SSA decrease under iSOther(:urved interface undergoes a pressBrthat depends on its

”?‘%' cond|t|pns thus appears to b,e ppssple from S|mp_le €M¥adius of curvature according to the equation of Laplace
pirical relationships. However, this aim will not be achieved

until much more data are obtained, and isothermal experi- 2y

ments are time consuming. Moreover, Ed) still has no - 2
validity at long evolution times and no physical justification

at any time. Finally, we have no justification of the linear Where y is the interfacial energy. Under pressupg grain
function A= f(B) and no way of predicting its equation as a boundaries move with a velocity proportional toP. They
function of temperature. In the next section, we therefore tnglaimed thatP=uv, where u is a constant multiplicative

to improve our ability to predict the rate of SSA decrease bycoefficient. The radius of curvature, of the boundary, is
using theories of grain coarsening. assumed proportional 8, the mean radius of an individual

grain, so that =\R. The interfacial energy is assumed to
be independent of the grain boundary. Finally, they give the
growth rate of any grain proportional to the grain boundary
Interfacial surfaces are common in snow, either betweenelocity
air and ice or between two ice crystals. Seasonal snowpacks
are indeed divided media composed of entangled snow d_R= Z_C Y
grains. Their densities range from 0.01 for freshly deposited ~ dt  uA R’
dendritic snow to 0.5 for hard windpacked snbWheir SSA
ranges from 1580 cfy* for fresh snow down to less than
100 cnfg ™! for very aged snow? Falling snow crystals are
often single crystals or clusters of a small number of singl
crystals. Sintering occurs in snow together with grain coars- §2_§g: Kt, (4)
ening and the resulting snow grains are usually o
polycrystalst’?® As a consequence, some grain boundariesvhereRy is the initial mean grain radius ant=4Cy/ u\ is
exist between neighboring single crystals of different orienthe growth rate. This model does not account for the disper-
tations. sion of the grain sizes, and implicitly assumes that the mean
The interfacial energy associated with the interface begrain radius evolves like the radius of a grain whose initial
tween two distinct media increases the free energy of theize would beR,. Equation(4) has been derived using re-
system, F. Morphological transformations spontaneously strictive hypotheses and many studies have attempted to
tend to minimizeF. Under thermal and mechanical equilib- make a more realistic description of a material.
rium, in the absence of impurities and other sources of inter- Mean field models were propos€d®® to describe the
action, the evolution is driven by the minimization of the interactions between grains of different sizes. Each grain of a
total interfacial energdf and thus of the total interfacial area. distribution of grains was subjected to an environment whose
If, as a simplification, snow crystals are considered sphericaproperties represent the average effect of the overall distri-
this area increases with the grain curvature. The question dfution on that grain. The law of boundary velocity and the
predicting the evolution of the total interfacial energy be-shape of the grain size distribution are linked. Feltffamsed
comes that of predicting the evolution of the grain curvaturesa log-normal grain size distribution and solved for the law of
and thus of the grain sizes. boundary motion. Hillef suggested a curvature-driven law

IV. THEORETICAL APPROACH

()
whereC is a constant. Integrating E¢3) and identifyingR

with R, the mean radius of the grain distribution, they ob-
etained the following equation
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of boundary velocity and solved for the corresponding grainporated. In that case, the growth rate is linearly related to the
size distribution. Loudf assumed that boundaries moved surface supersaturation. Finally, the theory assumes that the
randomly and also solved for the grain size distribution.solid volume fraction tends to zero, so that the liquid phase
Their hypotheses are fairly distinct but, strikingly, they all diffusion field around a given particle is not perturbed by the
found that the mean grain radius followed E4). presence of the others. Under these conditions, they demon-
These models still did not account for topological con-strated that after a transient stage, the system reaches a
straints on grain growth, or for anisotropy of the interfacial steady-state regime. When this steady state is controlled by
energy. Therefore, Srolovitet al3® and Andersonet al®®  liquid phase diffusion, it is characterized kj) a time-
generated a grain network and studied its evolution usingnvariant particle size distributioPSD when normalized to
Monte Carlo simulations. They showed that the mean graithe mean grain sizdji) no particle greater than twice the
radius followed Eq(5) average grain size andi) Eq. (5) with n=3 for the mean
grain size evolution. When the surface kinetics control the
rate of coarsening according to a rough interface model, the

where n is called the growth exponent. This result is conclusions are similar but=2 and the maximum grain

very similar to Eq.(4), but they obtained values ofgreater ~ SiZ€ iS 1.5 times the average grain size.
than 2. Many attempts were dedicated to extend the LSW theory

All previous theories apply to dense, pure materials!0 finite solid volume fraction-°2 They again confirmed

Real materials, however, often contain impurities or porosityn€ validity of Eq.(5), even at solid volume fractions as high
likely to interfere with the grain coarsening procésghe  2s 0.3, the growth raté bemggzgjunctlon of the solid volume
case of porous materials has been considered by Greskovitdiction ¢. Finally, De HOf_F " showed that Eq(5) still
and Lay? and Lange and Kelleff who proposed a two-step holds fo_r nonspherical particles and thmis not affected by
mechanism. The porosity is the ratio of the gas phase volumif'€ particles shape. _ ,

to the volume of the overall material. Grain boundaries in 't IS remarkable that these theories all yield E§) to

very porous materials of porosity higher than 0.4 are usuallfl€Scribe the evolution of the mean grain radius, the only
located at the necks between grains. Boundary motion imdifférence between them being the predicted value.oft
plies an increase in its surface area and is energetically uoPably arises from the fact that they also have in common
favorable. The first step thus consists in the filling of the/<€IVin's Law as the driving force of the coarsening process.
neck by vapor, surface, grain boundary, or lattice diffusion.!f @ny of these theories does apply to snow, our experimental
The grain boundary can then move across the smaller graffid- (1) should be consistent with the general theoretical Eq.
and reduce its surface area at the same time. This second st e should then be able to determine the value nfthe

is the usual mechanism of grain boundary migration encounS@S€ Of the coarsening of snow grains and possibly use it to
tered in dense materials. If the first step is quick, the secontfléntify which theoretical formalism is most suitable.

step is rate limiting and all happens as if the material was

dense. Otherwise, the coarsening rate depends on the first

step kinetics. From qualitative considerations, the authorg. Snow metamorphism and the equations of grain
suggested that E@5) should apply witm=2 orn=3, when  growth theories

the rate limiting process is lattice or surface diffusion, re-

spectively. . . ) .
Reade§* looked at the problem of grain coarsening from e?<per|mental observatmps with the theoreﬂcgl E), .that
gives the rate of evolution of the mean grain radius. The

a different angle, excluding any mechanism of grain bound=. . : o . .
L . . difficulty is to convert it into a convenient form to describe
ary migration. He proposed to interpret the grains growth oo . .
. i . o . the SSA evolution instead of the mean grain radius evolu-

rates observed in porous Ti@eramics within the theoretical

framework developed for Ostwald ripening studies tion. This is all the more delicate that the definition of the
Ostwald® observed that solid particles dispersed in theird o radius of nonspherical grains is somehow arbitafy.

melt underwent global coarsening, the largest ones consurr'1:—or spherical ice particles of radid, and densitypice, the

ing the smallest ones. Readéghowed that the case of solid specific surface area is

particles dispersed in a gas phase was analogous, replacing

the solute concentrations with the gas partial pressure. We SSA=

therefore describe the theories of Ostwald ripening as they

were given for liquid—solid systems. For nonspherical particles, E6) should qualitatively hold
Lifshitz and Slyozo$® and WagnéeY independently gave if multiplied by a form factorf to account for nonsphericity.

the first theoretical description of Ostwald ripening, hereaftelAssuming that the form factor is time independent, E5j.

called the LSW theory. The LSW theory likens the particlescan be transformed into

to spheres and is concerned with solid—liquid exchanges.

R"-RI=Kt, (5)

Our objective is to test whether we can reproduce our

. 6
PiceRe ©

The solute concentration far away from the particles is as- SSAI— SSA 7
sumed to be constant. Since the equilibrium concentration is - [ pice|" ™
related to curvature by Kelvin’s Law, small particles melt 1+KSSh| 37 t

and large particles grow. Surface is assumed to be rough, so
that all molecules that impinge on the surface become incomwith SSAy the initial specific surface area. Setting
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v,-;6.5 . -
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L] 02 —fit 2 s
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A3 —fit3 —— Equation (7)
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FIG. 3. Log-Log plot of the experimental results fitted by Eg). All FIG. 4. Comparison of Eq¢1) and(9). Here, Eq.(1) approximates Eq(9)

evolutions show essentially similar slopes. well for evolution times between 1 and 70 days.

1/ 3f |\ AT
_ _( @® SSA=SSAN U | (10
K\ piceSSA 7
yields where\ is a real number. Equivalently
7\ SSA=SSAN YMexpg — = In( tr (12)
SSA= SSAO(E) , 9 n \ A7)

This exponential can be expanded far 7=\ - 7, yielding
wherer andn are constants.

In spite of the apparent lack of similarity between this
equation and the experimental logarithmic relationstiip
we fitted it to our data. Figure 3 shows the experimental
curves of SSA decrease in logarithmic coordinates and Table _
1l lists the fitting parameters SSA n and 7. The agreement

is excellent for all series. In addition, E(P) also has the Thjs expression is formally identical to E€L) with B andA

advantage that a physical meaning can be ascribed to the,responding to the brackets, but it only holds in the vicin-

parameters SSA 7 andn. SSAy is unambiguously defined jy of t= (N —1)7. Since no restriction was placed anEq.

as the initial specific surface area when0, which makes (9) can be approximated at any tinfe—1)7 by Eq. (1) if

the fit more constrained. The remaining adjustable paramgitaple parameters(\), B(A) andAt(\) are chosen. Fig-

etersn and 7 should be linked to physical variables by the e 4 illustrates the correspondence between Eggnd(9):

grain coarsening theories. Before investigating this importanEq. (1) is a good approximation of Eq9) over the time

guestion, we will clarify why Eqs(1) and(9) both describe range of our experiments.

the experimental data very well. _ ~ The reason why andB are linearly related is, however,
At the time scale available to our coarsening experi-not totally clear. We propose the following qualitative argu-

ments, Eqs(1) and(9) both appear to give suitable fits, but yents. Comparing the brackets that defih@nd B in Eq.
Eq. (9) tends to zero for long coarsening times whereas Ed19) yields Eq.(13)

(1) becomes negative, which is unrealistic. We demonstrate
below that Eq(1) is an approximation of Eq9) under cer- _ 1 B
tain conditions. Equatio©) can be rewritten as follows: n+In(\7)

SSA=|SSA\ "IN

.
+ﬁln()\r))

In(t+ 7). (12

1
—-1n__
SSAN

(13

Since, according to grain coarsening theonesharacterizes
the physical processes that rule snow metamorphism, it is
TABLE lIl. Coefficients SSA, =andn for the best fits obtained with Eq. expected to be independent on the experimental conditions.

@. Moreover, Eq.(1) is derived from Eq.9) for t~(A—1)7.

Expt Temperature SsA N Since all our experiments last almost 2 or 3 months, the

No oc cg ! Hours n approximation always holds in _the same time inte_rval. The
value of If\7) should thus vary little from one experiment to

; :12 1%2 12'12 ‘;Z another. As a consequendeandB should be simply related

3 _15 592 125 41 by a multiplicative coefficient. The fact that Fig. 2 shows a

4 -15 738 18.0 3.4 linear, rather than a proportionality, relationship can probably

5 -15 515 39.7 5.0 be ascribed to experimental uncertainty. Forcing the fit

6 -15 557 68.9 3.7 through the origin still yields a correlation coefficient of

; :12 égi g;'i g'i 0.904. These arguments are not limited to a given tempera-

9 _10 386 2175 o8 ture andA and B should be related by the very same linear

relationship for all temperatures. This is consistent with the
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alignment of all points independently from their temperatureinstead ofn=2. This difference may arise from a basic rea-
in Fig. 2, but again these considerations are purely qualitason: we do observe the same material, but not the same mor-
tive and should be taken with care. phological changes. The term “grain,” in firn studies, refers
Equation (1) has been shown to ensue from H&) to a single crystal. In firn, as explained above, the grains
which has been found to have a sound theoretical basis igrow by grain boundary migration to reduce the inter-grain
many previous studies. This legitimates its use as a fittingnterface. The surface area that shrinks is that of the ice-ice
equation and suggests that one of the grain coarsening theimterface. We measure the specific surface area of snow. We
ries mentioned above may help predict the rate of SSA dethus follow the surface area reduction of the ice-air interface.
crease. We also stress that E9). is more adequate than Eq. Even if both evolutions are curvature driven, the interfaces
(1) since it has a more general validity. One of its threeof interest are not the same. Hence, they cannot be described
parameters is identified as the initial SSA and the physicaby the very same theory because the mechanisms that reduce
significance of the other two can possibly be determinedhe curvature are different. We conclude that grain coarsen-
from theory. For that purpose, we need to know whether onéng theories developed for dense or porous materials and that
of the aforementioned theories is consistent with the physicaleal with ice-ice boundaries cannot help very much to model
mechanisms that rule snow metamorphism. the evolution of the ice-air interface in isothermal snow.
On the contrary, our problem seems fairly close to the
general LSW formalism. Metamorphism in dry isothermal
C. Theoretical prediction of the rate of SSA decrease snow is driven by variations in curvature according to
Predicting the rate of SSA decrease requires the knowlKelvin's law* The solid volume fraction remains fairly low
edge ofn and 7. Each grain Coarsening theory shows that theSinCe fresh snow densities can be as low as 0.01 and almost
average grain radius follows E¢p) with a specific value of ~always lower than 0.2. The densities of aged seasonal snow
n that characterizes the physical processes involved in thagrely exceed 0.45. Surface kinetics are involved through
theory. Each theory also gives its analytical expression of theublimation condensation of water vapor at the sources and
growth rateK that allows the prediction of from Eq. (8). sinks, respectively. Finally, it is widely assumed that water
The parameter can be determined from a given theory only vapor diffusion dominates matter fluxes in srio#*>%as is
if n coincides with the value predicted by this theory. Thisthe case during Ostwald ripening. Yet we neither fire 2
condition is necessary but not sufficient, because many thedor n=3, which corresponds to the prediction of the steady-
ries yield the same value for Since Eq/(5) has been shown state theories of Ostwald ripening, for growth limited, re-
to fit our experimental curves of SSA decreasegan be spectively, by surface kinetics on a rough interface or diffu-
determined for isothermal snow metamorphism from oursion in the vapor phase.
data. We then use it to discuss the applicability of each the- Many reasons can be invoked to explain why these
oretical framework to the determination efin snow. steady-state theories of Ostwald ripening fail to reproduce
It is remarkable in Fig. 3 that all curves have essentiallythe behavior of snowi) The geometrical assumption of dis-
similar slopes. This in fact corresponds to identicalalues connected spheres may be inapplicaliiel. Surface pro-
and Table 1lI tells us that is about 4. Unfortunately, none of cesses are rate limiting but differ from the rough interface
the aforementioned theories yields=4. We notice thamn model.(iii ) The steady-state regime has not been reached and
~ 3 in series 7, but this result should be considered carefullghe conclusions of the steady-state theories of Ostwald rip-
since Legagneuset al?® reported snow heterogeneity prob- ening do not apply. We address these hypotheses succes-
lems within this series. It seems therefore unlikely that onesively.
of these theories could be used without adjustments to ex- (i) Snow crystals are not spherical, especially in fresh
presst and predict the rate of SSA decrease. snow. Moreover, snow crystals are not isolated but belong to
Some grain coarsening theories have also been applieal continuous network. This modifies the diffusion field
successfully to ice. Duval and Loritfsand Duvaf? have around the grains and possibly the kinetics of coarsening.
shown from experimental observations that grain coarseningccounting precisely for geometrical effects necessitates
occurs in dense ice and that the average grain radius follonsomplex 3D modeling, which is far beyond the scope of this
Eqg. (5) with n=2. They interpreted this in accordance with article. However, it has been shown that nonsphericity or a
the mean field theory developed by Hilfrfor dense mate- volume fraction of solid different from zero modify the
rials where coarsening minimizes curvature by grain boundgrowth rate but do not affect the growth expon@&tt®5354
ary migration. Gow*** and Alley, Bolzan, and Whillatd ~ We thus do not think thati) alone explains our high val-
reported the very same coarsening law in firn, i.e., multi-ues.
annual snow, of density as low as 0.4. This was explained by (i) At high temperatures, disorder appears on the ice
Alley, Perepezko, and Bentlé§with the model of Greskov- surface, forming what is called the quasiliquid la$f&? This
ich and Lay*? Arguing that the saturating vapor pressure ofhas at least two effects. First, the water molecules are less
ice is very high, they concluded that intense sublimationbonded in the quasiliquid layer, their mobility increases and
condensation cycles filled the necks rapidly so that grairthe possibility of significant surface diffusion cannot be com-
boundary migration was still the rate-limiting step and con-pletely ruled out. Second, it lowers the free energy of forma-
trolled the long term evolution. tion of a stable nucleus of a new growth layer on the ice
It is legitimate to wonder why seasonal snow shouldsurface and allows the crystal to grow by layer
evolve differently from multi-annual snow and yielt=4  nucleatiorf?®® Growth limited by surface processes other
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than those described by a rough interface model could yield 10000 o Fictitions avolution
n# 2. For example, Cabane, Laporte, and Protdstvesti- .
gated the kinetics of Ostwald ripening of quartz in silicic = ... = = True asymptotic curve
melts and reported growth exponents between 5 and 7. a2 T *%gm.. | = Apparent asymptotic curve
Among other explanations, they suggested that this could be 5 ."'“"“s-.,.
due to interface-controlled Ostwald ripening with a surface & 4, ] $"'u~..‘.__~
nucleation mechanism. n ""’.;~ -

We attempt to discard hypothedis) by demonstrating Rl
that in snow, gas phase diffusion is more efficient than sur- 10 i iy T
face diffusion and that surface kinetics thus do not limit the 1 Time, day1s°°°° 1000000

growth rate. To prove this, we conducted another isothermal

evolution with snow similar to that used in experiment 4.FIG. 5. Diamonds: fictitious curve of SSA decrease in log-log coordinates.

The only difference was that we evacuated the container SBotted line: true asymptote of slope 1/3. It is not reached within the time

h Il th Ut K ol . h accessible to experiments, indicated by the solid vertical(brfew hundred

that a .t e evolution took place in pure water vapor, at.t edays. Dashed line: apparent asymptote of slop@,Jf.en< 1/3 reached af-

saturating vapor pressure of water-al5 °C. These condi- ter a few hundred days.

tions, presumably, do not influence much the rate of

sublimation-condensation or the rate of surface diffusion, but

they incr the diffusion fficient of water in th . .
€y ease ne usion coetticient of wate c gasatmosphenc conditions would help to strengthen our conclu-

phase by more than two orders of magnitude. If diffusion isSion

actually rate limiting, the rate of SSA decrease should be The coarsening processes are slow in isothermal snow

;nu::h hlfgger Léndelr vta cuufm.. SS’Z‘I %ecre?setd mfZlOOO'h tt;]y &nd probably need time to reach steady state. To test the
actor of = under - atm of air-and by a factor of 19 1h the ossibility that grain coarsening in our experiments did occur
absence of air. We can then consider that diffusion is ratg the transient regime, we need to compare the PSDs at
"T“'“”g “.”der |sothermal c.ondlltlo.ns atls .C' T.h's IS CON- " itferent steps of the evolution. Unfortunately, it is difficult
S'S.te'jt with Ostwald ripening "”?'ted by d|ﬁ95|on. Hypoth- to define a PSD in fresh snow because grains have tortuous
esis(i) therefore_does not _explaln why we f_|m\dw4, HOW_' __._shapes. On the other hand, curvature maps can be obtained
ever, we recognize that this conclusion relies on the initia x-ray tomograph§® We thus propose to use the curvature
assumption that the absence of air does not affect the Surfaﬁétribution rather th'an the PSDs. For spheres, the PSD's

processes, Wh'ChhSt'" needs rlnore surﬁ)pcr)]rt. h q invariance implies the invariance of the surface curvature
(if) We now have to evaluate whether the steady-stat@qyin tion as follows. WittR,, the average grain radiug,

regime is e§tablished or not, i.e:, yvhether the scgled PShie radius of a given grain, andthe dimensionless radius
reaches a time-stable shape. This is all the more importanfefined byR,=X-R,,, the numbe of grains in each size
X av

that analytical expressions of are available only under o3¢ must be related by a constant function tif verify the
steady-state conditions. In recent experiments, Alkempef .o invariance of the PSD

et al® and Snyder, Alkemper, and Voorhé®s! observed
Ostwald ripening of solid-Sn particles in a Pb—Sn liquid ~ N(Ry)
mixture. They conducted these experiments in conditions N(R,)
that carefully respected the LSW hypothesis and with variou
volume fractions of solid. A major issue of their work was
that their experiments never reached steady state. Althoug
they did obtain Eq(5) with n=3, they cannot apply steady- S(R,) N(Ry4mR2
state theories to derive conclusions from this value and, in = 5> =
particular, it cannot be concluded that gas phase diffusion S(Ray N(Ra)47Rg,
was rate limiting. They demonstrated that the transient modeFlin et al?’ used tomographic data to derive the curvature
of Akaiwa and Voorheés reproduced the observed particle distribution at different steps of evolution of fresh snow in
size distributions and growth rates remarkably well and, inisothermal conditions at2 °C. We plotted their surface cur-
any case, much better than the steady-state models. Cabarature distribution scaled by the mean grain size at various
Laporte, and ProvoStalso proposed that growth in the tran- steps of evolutio{Fig. 6). The trend is clear and shows that
sient regime could explain their high growth exponents forthe distribution becomes more symmetric and that the maxi-
Ostwald ripening of quartz in silicic melts. Figure 5 shows mum translates toward high radii. The curvature distribution
why a transient regime can be described by E&).andn is not constant, which we interpret as a proof that the steady-
>3. Within the time space of a few months accessible tcstate regime has not been reached. Since metamorphism is
experiment, the fictitious experimental curve of SSA de-faster at higher temperature, the PSD should reach its steady
crease does not reach the asymptotic curve of slope 1/3 bshape even more slowly at lower temperatures such as en-
seems to reach an asymptotic curve of slopewith n>3.  countered in our experiments.

We thus conclude that the most likely explanation for From this discussion, we conclude that the valze4 in
our high values oh appears to be that steady state has noEg. (5), found for the rate of decrease of snow SSA under
been reached. However, a better understanding of aspedtsothermal conditions, is mainly due to the fact that steady
such as surface processes during snow metamorphism undsate has not been reached. A contribution of itéinsiii ) to

f(x). (14

%onsequently, the ratio between the surfaSes radius of
urvatureR,, andR, is also a function ok alone

2

X

f(x) (15
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1 Complex 3D models of transient Ostwald ripening exist
—12 hours . . .
8 o8] — 66hours but they handle disconnected spherical parti¢les.model
‘§ ) - - 455 hours with realistic 3D geometry is being developed by Flin
® § 0.64 — 2011 hours et al,?” but as mentioned above, they do not account for the
E K] limiting effect of gas phase diffusion to determine the overall
TE“‘-' 0.41 coarsening rate. In future work, we therefore plan to inves-
5 o021 tigate transient Ostwald ripening with a simple mean field
z model. Our intention is to test the ability of such a basic
0 model to reproduce satisfactorily the experimental curves of
0.01 0.1 1 10

SSA decrease. It will help to estimate the dependency of
and 7 on crucial variables such as snow temperature, density,
FIG. 6. Normalized surface fraction vs scaled grain radius at given timeand the initial PSD.

during the isothermal evolution of snow a2 °C. All data from this figure

are from Flinet al. (see Ref. 2¥. The evolution suggests that the steady-
state regime for Ostwald ripening has not been reached. ACKNOWLEDGMENTS
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