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Abstract

Analysis of experimental data on snow recrystallization under various conditions shows that some components have been
omitted in the presently accepted theoretical interpretations and semi-empirical models of the metamorphic process in snow.
The observed recrystallization rates related to volumetric mass production, temperature gradient, and temperature are
presented. An explanation of the experimental results is proposed in terms of the mass exchange inside a diffusion field of an
individual cell of the ice matrix (not necessarily resulting in a crystal size increase) and the mass exchange between the
diffusion fields (resulting in change in crystal size). Such interpretation can be used for a combined physical description of
the equilibrium and kinetic metamorphism for different types of snow. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Study of the snow recrystallization process and its
relation to heat- and mass-transfer in snow has had a
long history and has resulted in a relatively large
published literature. However, few of the results can
be directly incorporated into “general” environmen-
tal science and engineering applications.

The end-user of a “general” model is not inter-
ested in specific features of changing grain and bond
dimensions. The end-user is concerned with how the
in situ meteorological measurements, or remotely
observed optical characteristics of snow cover, can
be used to estimate the amount of heat and mass
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transported through or released in a snowpack, and
how this energy might change the measurable snow
properties. Moreover, the present computer smula
tions of environmenta processes can only include a
limited number of snow cover characteristics. There-
fore, modeling of the natural processes related to
snow cover evolution involves the “effective” char-
acteristics of snow, accepted as sufficient for the
usua scales and accuracy of complex environmental
models.

Snow characteristics normally considered in mod-
els are: (i) The effective heat conductivity of snow
(Sturm et al., 1997), with various modifications ac-
cepted as responsible for the energy exchange be-
tween the Earth surface and the atmosphere in the
presence of the snow cover. This characteristic is
aso included in models of soil freezing processes
(Zhang et a., 1996) and in the construction of the
Land Surface Schemes of climate models (Loth and
Graf, 1998). (ii) Structural characteristics of the snow
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cover, typically in the form of acrystal size distribu-
tion, used, for example, in emissivity models of the
snow cover (Wiesmann et al., 2000). (iii) The diffu-
sion and convective characteristics of cold snow-
packs, involved in the interpretation of ice cores
regarding their paleo-temperature and chemical in-
formation (Schwander, 1996). All three are related to
each other but are rarely considered in a combined
description of snow cover evolution.

“Effectiveness” of the parameters used in models
is aso involved in the most detailed physical models
of the snow cover evolution, through their semi-em-
pirical descriptions of the interrelationships between
various snow characteristics (Brun et al., 1997; Hardy
et al., 1999; Lehning et a., 1999). For example, the
processes representing the recrystallization activity
in snow are often represented by a formalized snow
evolution classification rather than in terms of the
physical processes involved. The snow evolution is
expressed in terms of bond and crystal size, com-
bined with crystal shape, expressed in terms of the
sphericity or dendricity of the crystals. The shape
estimate is extracted from results of observationsin a
selected area (Brun et al., 1992) and based on empir-
ical models of temperature- and temperature gradi-
ent-dependent changes of crysta size with time
(Bartelt et a., 2000; Gubler, 1998). Approximation
of experimental data may correspond to specific
experimental conditions only (such as those of Mar-
bouty, 1980 or Baunach et al., 2001). Though for-
malization provides a path around some uncertainties
in the present physical understanding of the snow
cover evolution, it can result in inaccuracies due to
the absence of some components (Colbeck, 1982)
that have been shown to be important under other
experimental and environmental conditions (Sokra-
tov et al., 1999). This can explain the reported
discrepancies between the modeled and the observed
equilibrium (Brown, 1999) and kinetic (Baunach et
al., 2001) recrystallization rates. These discrepancies
are not accounted for by the snow characteristics
used in the studies identified above.

2. Recrystallization rate

Among the four primary parameters determined
necessary for description of the snow microstructure

(Bartelt et al., 2000), only one, i.e. grain diameter,
was measured in al the investigations cited below.
Accordingly, in this paper, “crystal size” refers to
the “ diameter of a circle with an area equal to the
area occupied by a crystal on an analyzed micropho-
tograph” and a “recrystallization (growth) rate” refers
to the “change of such areas with respect to time”.

In the absence of melting, the ice crystals ob-
served in snow generaly increase in volume with
time, while total surface free energy decreases. Small
grains disappear and large grains grow. However,
this is an idealized interpretation of the process,
different at each of the three following stages.

(i) Theinitial precipitation particles, immediately
after deposition, suffer “destructive metamorphism”,
where particles with complicated shapes are trans-
formed into geometrically simple shapes known as
grains (Yosida, 1955).

(ii) The grains do not simply grow in size, but
often change their form (for example to faceted
crystals). The rate of this process normally decreases
with time. Fully developed depth hoar is believed to
correspond to a certain density of snow for specific
conditions (Giddings and LaChapelle, 1962).

(i) With decreasing growth rate, the faceted crys-
tals again round off as required by the low recrystal-
lization-rate equilibrium form (Colbeck, 1983).

The complexity of the recrystallization rate defini-
tion for fresh snow and the absence of reported
experimental results on the depth hoar transforma
tion back to rounded grains did not allow considera-
tion of al three stages of snow metamorphism as a
continuous process.

In addition, the difference in the aims of the
investigations of dry snow metamorphism resulted in
a division of the metamorphic process into two
distinct approaches—considerations of the equilib-
rium metamorphism, often with the snow crystals
approximated as rounded grains, and considerations
of the kinetic metamor phism, normally related to the
depth hoar (faceted crystals) formation under a tem-
perature gradient (Colbeck, 1982). In relation to the
stages of the snow cover evolution listed above,
kinetic metamorphism is normally associated with
the upper layers of a snow cover, while below the
layer with daily temperature variations, snow recrys-
tallization is often related to conditions of equilib-
rium metamorphism.
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2.1. Equilibrium recrystallization

At present, there are two “scales” of considera-
tion for equilibrium snow grain evolution. The first
one is based on the idea of sintering (Atkinson and
Rickinson, 1991) and considers the formation of
bonds between ice particles. For snow, many aspects
of the phenomenon were analyzed (Colbeck, 1998;
Eluszkiewicz et al., 1998; Maeno and Ebinuma,
1983), but the resulting theories cannot yet be ap-
plied to snow recrystallization rates reported in the
literature because of the low accuracy of the mea
surements and the high quantity of environmental
parameters acting in both natural and laboratory
experimental conditions. The second scale, corre-
sponding to the empirical formulations recently used,
is based on proposed snow cover classifications
(Colbeck et a., 1990; Sommerfeld, 1970). At this
scale, the recrystallization rate as defined above can
be accepted.

It was expected that the equilibrium recrystalliza-
tion would depend on temperature (T) and on the
difference in the water vapor pressures near a crystal
surface (py) and in the surrounding environment of
the pore space ( p,). The mass balance on the surface
was represented by the Knudsen—Langmuir equation
(Sokratov et al., 2001), following Colbeck (1982). If
P is the maximal possible water vapor production or
absorption in a unit volume of snow, « is the
evaporation /condensation coefficient of the surface
of an ice matrix, S is the specific surface area of
snow, m is the mass of water molecule, and k is
Boltzmann’s constant, then:

m
P=a(ps—p)S 7ok (1)

The reason for the water vapor pressure difference
was assumed to be a result of the difference in the
surface curvature of the grains (Brown et al., 1994,
Colbeck, 1980).

For aged firn (rounded grains with low porosity),
the curvature difference can hardly be a driving force
in the recrystallization process. However, the re-
cently observed temperature fields around individual
crystals growing in supercooled water (Braslavsky
and Lipson, 1998; Notcovich et al., 1999), when

applied to ice crystals growing in air (Fujino and
Tsushima, 1998), allows the water vapor pressure
difference in Eqg. (1) to be enhanced relative to the
presently accepted curvature-based values due to a
temperature difference between the ice surface and
the pore space. If such a temperature difference is
accepted as a driving force, instead of the curvature
effects, the recrystallization rates correlate linearly
with P, which is temperature-dependent (Sokratov et
al., 2001) (Fig. 1). Half of the specific surface area
can be subject to evaporation and half can be subject
to condensation. As a first approximation, P/2 was
assumed for the construction of the figure. The
values of P /2 were calculated based on the assump-
tion that the experimentally observed increase of the
water vapor condensation coefficient on an ice sur-
face with a temperature decrease (Brown et al.,
1996; Chaix et al., 1998) was compensated for in Eq.
(1 by the decrease of the expected temperatures
(and water vapor pressures) difference between the
crystals surface and the pore space. The latter is a
result of the mass-exchange activity, depending on
the water vapor amount in the pore space, which
decreases with the temperature decrease. This allows
us to accept that the value of a( p;—p,) is uniform
over the entire temperature range and corresponds to
the only one so far observed experimentally by
Fujino and Tsushima (1998).
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Fig. 1. Relationship between the reported equilibrium recrystal-
lization rates (Gow, 1974) (K) in aged firn and the water vapor
production (P /2). (@) and (O) stand for different methods of
grain size determination.
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Despite intensive theoretical analysis, amost no
experimental results on the equilibrium metamor-
phism of “new” snow (opposite to the “aged” firn as
in Fig. 1, i.e. with low sphericity and high dendric-
ity) have been reported. The results cited by Yen
(1981), after Yosida (1955), showed that the recrys-
tallization rate of fresh-fallen snow at —20 °C was
approximately 60% of the recrystallization rate at
—6°C. A similar ratio was observed in recrystalliza-
tion experiments under equilibrium recrystallization
(Kamata, in preparation). Such results indicate that
Eg. (1) is not acceptable for the description of the
process of the “new” snow recrystallization. If that
were the case, the recrystallization rate of “new”
snow a —20 °C would be approximately 30% of
that at —6 °C. On the other hand, the data on the
dependence of crystal-size-change on temperature
presented by Marbouty (1980) gave the recrystalliza-
tion rate at —20 °C as only 9% of that measured at
—6 °C (if the sguare of the grain diameters is
considered). However, those results were obtained
under temperature gradient conditions.

The recrystallization rate in natural snow can
additionally be modeled as a function of a statistical
distribution of grains and pores sizes, where both
characteristics change with time (Brown et al., 1997,
1999). For “new” snow, the difference between the
theoretical (without size distribution) and the ob-
served K could be about two orders magnitude
(Nishimura and Maeno, 1988). The temperature de-
pendence of the recrystallization rates of snow crys-
tals with complicated forms more likely includes
some additional parameters, responsible for the pro-
cesses taking place inside the diffusion fields of
individual snow crystals and for the mass exchange
between the diffusion fields and the air in the snow
pore space. Reported uncertainties relating to the
statistical distributions of crystal sizes to recrystal-
lization rates might be caused by omitting the spe-
cific processes of diffusion field interactions in the
corresponding models.

2.2. Temperature gradient recrystallization

The considerations of the temperature gradient
(kinetic) recrystallization cannot be separated from
the description of the heat-flux in snow (q). The

latter, under quasi-steady state conditions, is nor-
mally defined as (Colbeck, 1982):

— +LF, (2)

where k; is the heat conductivity of the ice matrix, y
is the coordinate in the direction of flux, L is the
latent heat of sublimation, and F is the water vapor
flux. For the quasi-steady state conditions, and with-
out volumetric mass production, the water vapor flux
can be written as (Sokratov and Maeno, 2000):

E fDacaT 3
= ¢ 23T dy’ (3)

where ¢ is the snow porosity, f is the gradient
enhancement factor, 7 is the tortuosity, D, is the
water vapor diffusion coefficient in air, and C is the
water vapor concentration in the pore space of snow.

Presently accepted and experimentally confirmed
conclusions on the behavior of the temperature gra-
dient recrystallization are: (1) The recrystallization
of snow leads to the formation of solid-type depth
hoar under temperature gradient less than 25 °C
m~1, and skeleton-type depth hoar under larger tem-
perature gradients; if the temperature gradient ex-
ceeds some density-dependent value, the recrystal-
lization process increases the snow hardness due to
cementation of depth hoar crystals by bonds and
small grains (Akitaya, 1974). (2) The strength of
snow with time was observed to weaken at the
beginning of depth hoar formation and the depth
hoar layers formed appear to strengthen later (Brad-
ley et al., 1977). (3) The recrystalization rate in-
creases with increasing temperature gradients up to
some limiting value (Pahaut and Marbouty, 1981)
and decreases with decreasing temperature (Delsol et
a., 1978; Marbouty, 1980; Pahaut and Marbouty,
1981). This dual rate dependence was later inter-
preted as the recrystallization rate dependence on the
water vapor flux characteristics (Armstrong, 1985;
Kamata et al., 1999b), where the relative importance
of temperature gradient was large when the tempera-
ture was high and was negligible for low tempera-
tures (Kamata et al., 1999a). (4) The recrystallization
rate decreases with density increase and (5) the
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recrystallization rate dependence on temperature is
less pronounced for a higher snow density (Delsol et
al., 1978; Marbouty, 1980; Pahaut and Marbouty,
1981). (6) The recrystalization rate decreases with
time and with increase in crystal size (Baunach et al.,
2001; Sturm and Benson, 1997).

Existing models of crystals growth rate do not
consider all the features cited above. For example,
the model presented by Marbouty (1980) does not
represent the recrystallization rate decrease with time.
The more accurate Baunach et a. (2001) model fails
under high temperature gradient conditions. The dif-
ficulty in modeling all of these behaviors stems from

267

the extremely limited amount of data available for
congtruction of such descriptions. The results of
different investigations often cannot be compared.
As a consequence, only recently obtained experi-
mental results (Table 1) are used for the analysis
presented here. The experimental procedure and ini-
tial data interpretation for data presented in Table 1
are described by Kamata and Sato (1998) and Ka-
mata et al. (1999a,b). For these experiments, use of
the same type of snow and a similar duration of the
experimental runs allowed the possible effects of
structural differences, formed before or during the
experiments, to be neglected in the fina results.

Table 1
Temperature gradient recrystallization rates (K) of the light compacted snow under temperature gradient conditions?
T,°C aT /0y, F,107% kg dF /9y, 10~ ° kg P,10 % kg K,10" 4
Km™! m2s? m3s?! m3s?! m?s !
94 h, downward heat-transfer
-31 -83 —-0.30 —-291 836 39.79
-55 —67 -022 —-0.64 695 35.89
—-78 -73 -0.18 —-0.93 582 28.15
72 h, upward heat-transfer
-71 —56 —0.16 5.16 613 —8.38
-53 —60 -0.19 —-165 709 1841
-32 —64 —-0.25 —-1.27 829 11.58
72 h, upward heat-transfer
—244 =277 —-0.14 0.79 145 5.73
—189 —183 -0.20 -341 235 7.76
—13.7 -9 —0.16 2.22 365 23.67
54 h, upward heat-transfer
—56.9 —613 -0.02 —-0.85 5.02 2.08
—-35.9 —-711 —-0.10 —-3.77 49.3 6.03
—216 —408 —-0.19 -1211 185 18.09
56 h, downward heat-transfer
—27.2 —497 -0.17 —415 113 42.86
—40.9 —336 —0.04 —-0.83 29.8 8.14
—56.3 —497 —-0.01 -0.87 5.36 6.34
156 h, upward heat-transfer; the one corresponding to Sokrator and Maeno (2000)
—-131 -3 —0.004 —0.209 286 13.7
—-11.2 20 0.039 —7.69 333 15.47
-85 —-90 —-0.221 9.03 413 18.82
—-75 15 0.040 —6.88 449 11.48
-6.0 —40 —0.118 11.8 502 17.05

#The description of the experimental procedure can be found in Kamata and Sato (1998), Kamata et al. (1999a,b),

(2000).

Sokratov and Magno
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3. Data analysis

The recrystallization data from Table 1, plotted
against the temperature (Fig. 2), indicates a decrease
of the recrystallization rate (K) with decreasing
temperature (T). The temperature dependence is less
pronounced than in the case of firn (Fig. 1), but
diffusion field effects may explain this difference.
The value of P still corresponds to those from Eq.
(1) (regardless of the accepted reasons for the water
vapor pressure difference). However, the more
“complex” a crysta surface is, the higher is the
temperature variation expected along the crystal sur-
face. Also, a larger part of P can remain inside the
diffusion field of this individua cell of the ice
matrix, leading to mass redistribution on the corre-
sponding grain, instead of it taking part in the mass
exchange between grains. This water vapor can
change the shape of the crystal, but not its volume.
Naming this part of the water vapor production P,
the observed recrystallization rates should correlate
not with P but with P — P;. In the case of tempera-
ture gradient conditions, both terms (P and P;) are
affected by: the gradient of the water vapor flux
(dF /9y), the amount of localy transferred water
vapor (F), the temperature gradients and tempera
tures in the ice matrix and in the pore space of snow.

The existing data is insufficient for a multidimen-
sional analysis. However, following Delsol et al.
(1978), it is possible to estimate the effects listed
above separately. Though the resulting dependencies
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Fig. 2. Observed recrystallization rates (K), (@)—for the condi-
tions of prevailing condensation (3F /3y < 0) and (O)—prevail-
ing evaporation (9F /9y > 0), plotted against the observed quasi-
steady-state temperatures (T).
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Fig. 3. Observed recrystallization rates (K ) plotted against dF /dy,
estimated from the experimental results by Eg. (3).
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cannot be very accurate numerically, they may show
trends responsible for the recrystallization rates com-
ponent. The results of such an analysis are shown
below.

3.1. Water vapor flux gradient

The influence of the water vapor flux gradient
(dF /9y) is noticeable even for the raw data pre-
sented in Table 1 (see Fig. 3). An increase in con-
densation, caused by a flux of external water vapor
(0F /9y < 0), causes an increase in the recrystalliza-
tion rate. Conversely, an increase in evaporation
(9F /9y > 0) within the snow layer causes a decrease
in the recrystallization rate. Considering the experi-
mental set-up used in these investigations, the flux
gradient effects may provide an additional explana
tion of the lower recrystallization rates close to 0 °C
(evaporation near the heat source) compared with
around —6 °C, reported in Delsol et a. (1978),
Marbouty (1980) and Pahaut and Marbouty (1981).

The experimental data can be adjusted to oF /0y
= 0 according to the linear dependence shown by
the regression line in Fig. 3. However, as discussed
in Sokratov et al. (2001), comparisons indicated that
there had to be at least one additional water-vapor-
effect, related to the conditions of prevailing evapo-
ration or prevailing condensation in a snow layer,
because for a “given” 9F /9y, the ratio (9F /3y) /P
can vary. The latter, corresponding to the ratio be-
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Fig. 4. Recrystalization rates (K) adjusted according to the
regression line in Fig. 3, (@)—for the condition of prevailing
condensation (K.) and (O)—for the conditions of prevailing
evaporation, plotted against (9F /3y)/ P, estimated from the ex-
perimental results by Egs. (1) and (3).

tween a part of the specific surface area subjected to
condensation (S,) and a part subjected to evapora
tion (S,), has to influence the recrystallization rates
observed. For oF /9y =0, the ratio of the areas
should be 1. For 0 < |dF /dy| < P/2, as was the case
in our experiments, the simplest representation of
thisratio is:

S n (1 oF 1 9F
sl @

where n, and n, represent quantities of growing and
evaporating snow crystals in a unit volume of snow,
respectively.

For the measured data, it was possible to relate
the recrystalization rates and (3F /9y)/P directly.
This is shown in Fig. 4.

The recrystallization rates under condensation
conditions can be also reasonably explained by con-
Siderations of the diffusion field. Water vapor incom-
ing from other parts of a snow sample, on one hand,
can enhance the crystal growth (Fig. 3), increasing

" When [oF /oyl > P /2, al the ice matrix surface can be
subject to evaporation or condensation, and the recrystallization
rate can be regulated by the relationships accepted in cloud
physics (Hobbs, 1974) rather than by the heat- and mass-transfer
descriptions used for Egs. (2) and (3).

the ratio presented in Eq. (4) and P values relative
to the equilibrium conditions (P/2). On the other
hand, unless the mass exchange is mainly regulated
by this excess water vapor (a sufficiently large
(dF /9y) /P), the mass exchange between the diffu-
sion fields of individual components of the ice ma-
trix, i.e. the crystal growth, can be suppressed by the
“excess” water vapor in the surrounding pore space.
The summarized effects result in the relationship for
the recrystallization rates with condensation (K,)
presented in Fig. 4.

For evaporation, the form of the dependence will
most likely be opposite to that of K.. However,
almost no such conditions could be analyzed in our
experimental runs, and data on recrystallization rate
with evaporation (K,) have to be excluded.

3.2. Temperature gradient

When the recrystallization rates, adjusted accord-
ing to the trendlines in Figs. 3 and 4 are plotted
against the observed quasi-steady-state temperature
gradient (Fig. 5), the data can be clearly divided
between the K, observed in the samples with the
downward heat- and mass-fluxes (K, ) and the data
from samples with the heat- and mass-fluxes directed
upward (K, ).
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Fig. 5. Recrystalization rates (K) adjusted according to the
trendlines in Figs. 3 and 4 for the condition of prevailing conden-
sation with (m)—downward (K. ) and (&)—upward (K ;)
heat- and mass-fluxes, and for the conditions of prevailing evapo-
ration (O), plotted against the observed quasi-steady-state temper-
ature gradients (3T /dy).
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Fig. 6. Recrystalization rates (K) adjusted according to the
trendlines in Figs. 3-5 for the condition of prevailing condensa-
tion with (m)—downward (K ) and (#)—upward (K, ) heat-
and mass-fluxes, and for the conditions of prevailing evaporation
(O), plotted against the water vapor flux (), estimated from the
experimental results by Eq. (3).

Under an upward heat-flux, corresponding to the
conditions used by Akitaya (1974), the growth rate
increases with an increase in temperature gradient up
to some limiting value, with no temperature gradient
dependence under higher temperature gradients. This
lack of temperature gradient dependence can be in-
terpreted in terms of the observations by Akitaya
(1974). He observed bond formation instead of crys-
tal growth under sufficiently high temperature gra-
dient. In the “downward-heat-flux” samples, the
recrystallization rate decreases with temperature gra-
dient increase, up to approximately the same limit as
for K.,, and for higher temperature gradient the
difference between K., and K., was not seen in
our data. The most probable explanation for the
recrystallization rate difference below the limiting
temperature gradients appears to be the acceleration
of gravity effect on the directional (under tempera-
ture gradient conditions) mass exchange between the
diffusion fields of individual ice matrix components.
If such an explanation is accepted, the P; component
of P islarger for the upward heat- and mass-trans-
fer. The difference between K., and K, decreases
as the form of the diffusion field is more and more

regulated by the temperature gradients formed in the
ice matrix and in the pore space.

Water vapor flux has opposite effect on the re-
crystallization rates in the upward-heat-flux and the
downward-heat-flux snow samples (Fig. 6). Relating
the dependencies shown in Fig. 5 to the temperature
gradient effect on the individual diffusion fields (P),
and the water vapor flux effect (Fig. 6) to the P — P,
characteristic, the recrystalization rate should de-
crease with decreasing water vapor flux. Because
this is evident only in the downward-heat-flux data,
it indicates that with greater P;, a “given” water
vapor flux has reduced impact on the mass-exchange
between the diffusion fields of the individua ice
matrix component and that the other parameters be-
come more important.

3.3. Temperature

When the recrystallization data, adjusted by all
the above steps, are plotted against the corresponding
temperatures (Fig. 7), the behavior is very different
from that displayed in Fig. 2. Of course, the results
of a detailed multidimensional data analysis may not
provide exactly the same response to the temperature
dependencies. However, the plots of the parameter
effects (Figs. 2—6) have similar form for the raw
data, athough they are different numerically. The
temperature dependence presented in Fig. 7 also can
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Fig. 7. Recrystdlization rates (K) adjusted according to the
trendlines in Figs. 3—6 for the condition of prevailing condensa-
tion (m)—downward (K, ) and (#)—upward (K, ) heat- and
mass-fluxes, and for the conditions of prevailing evaporation (O),
plotted against the observed quasi-steady-state temperatures (T).
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be explained with the diffusion field involved. On
one hand, the temperature decrease should lower the
amount of water vapor being generated (P) and
therefore condensing on the ice matrix surface, low-
ering the recrystallization rate (Fig. 1). On the other
hand, the lower the temperature, the thinner the
diffusion field around individual component of the
ice matrix (P;) is likely to be. The mass exchange
between the neighboring diffusion fields should in-
crease, resulting in more active recrystallization. The
form of the temperature dependence shown in Fig. 7
agrees with the result of combining these two oppo-
site effects.

The dependencies are likely to be different in
other types of snow. It can be expected that for ice
spheres, the temperature dependence will be mainly
regulated by P, while for fresh precipitation parti-
cles, with relatively small P — P;, the temperature
dependence may be less pronounced, though large
values of the specific surface area can till result in
high recrystallization rates.

The results of the present analysis suggest that the
recrystallization rate related only to temperature and
temperature gradient will not permit an accurate
empirical model of snow cover evolution to be de-
veloped. Moreover, the relationships plotted in Fig. 7
suggest a framework to relate the wide range of the
experimental results to the effects of other compo-
nents of the heat- and mass-transfer not previously
considered.

4, Conclusions

Introducing the effects of the diffusion field into
an analysis of the snow recrystallization process
offers an explanation for amost al of the recent
results on snow recrystallization rate investigations
(see Section 2.2).

(1) The temperature gradient changes the structure
of the diffusion field around the components of the
ice matrix, making the latter more asymmetrical than
under equilibrium conditions (enhancing both P and
P — P;). However, while for simple-form grains (firn)
this asymmetry should directly influence the recrys-
tallization rate, for “new” snow the temperature
gradients on the grain surface can be initially larger

than those due to applied external gradients, with the
latter being negligible up to some limiting value.
This effect can explain the reported lower limit of
temperature gradient response resulting in bond for-
mation (Akitaya, 1974).

(2) The recrystallization process results in a de-
crease of the specific surface area of snow with time
(decrease of P) and simplification of the crystal
form, relative to the diffusion field structure (de-
crease of P;). Thus, the lower limit of the tempera-
ture gradient response resulting in bond growth also
decreases with time. This decrease correlates with
the observations of Bradley et al. (1977).

(3) Asthe water vapor flux increases, P; typically
decreases. Thus, the recrystallization rate can in-
crease with an increase in water vapor flux (Kamata
et a., 1999a).

(4) For a given type of snow and temperature
gradient, the greater the snow density, the greater the
tortuosity of the pore space (with effects of ¢ and f
compensating each other in Eq. (3)). Thisincreasein
tortuosity lowers the water vapor component in Eq.
(2), decreases P —P; by increasing P;, and thus
decreases the recrystallization rate, as reported in
Delsol et al. (1978), Marbouty (1980) and Pahaut
and Marbouty (1981).

(5) As discussed above (point (4)), the higher the
snow density, the lower the recrystallization rate, and
the less pronounced its temperature dependence is
for the data resolution reported in Delsol et al.
(1978), Marbouty (1980) and Pahaut and Marbouty
(1981).

(6) The observed recrystallization rate decrease
and crystals size increase with time appears to corre-
spond to a decrease in the specific surface area of the
Snow.

(7) Accounting for the wide temperature range
corresponding to the recrystallization rates regulated
by P— P, (Fig. 2) relative to that, corresponding to
the recrystallization rates regulated by P (Fig. 1;
Gow, 1974), the relative variation of K in the first
case appears to be less. This can indicate that for low
enough temperature the value of P; might be negli-
gible for any type to snow. If this is the case, the
recrystallization rate at such temperatures will corre-
late directly with the water vapor production, similar
to the relationship for rounded grains as described by
Eqg. (1.
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(8) The point (5) above should be expanded by
the following comment: In relation to the gradient
enhancement factor (Sokratov and Maeno, 2000)—
for a given temperature gradient, the higher the snow
density, the lower the enhancement of P due to the
temperature gradient in the ice matrix. On the other
hand, the higher the snow density is, the easier the
mass exchange between the diffusion fields of indi-
vidual components of the ice matrix is. Thus, the
recrystallization rate dependence on density should
vary for different types of snow and different tem-
perature conditions.

Despite the appearance of new methods, theoreti-
caly alowing more accurate and time-dependent
recrystallization rate estimation in different types of
snow (Brzoska et al., 1999; Hoff et al., 1998; Ozeki
et al., 2000), it is likely that an estimation of P; will
only be possible after including snow structure evo-
lution models taking account of crystal size distribu-
tion and the crystal types (Brown et a., 1999). From
the author’s point of view, the results of the analysis
presented here should be considered in the modifica-
tion of such models, through incorporation of the
temperature gradient conditions in the recent theories
of snow metamorphism.
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