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The effect of wind on the snow cover
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ABSTRACT. Results of wind-tunnel investigations of the propagation of air within
snow showed that the process responsible for causing horizontal air flux in the pore space
of snow was not necessarily related to specific surface topography. The reasons for this flux
formation are: (1) the near-surface wind characteristics, such as the frequency of the pres-
sure variation related to the turbulent character of the near-surface wind; (i1) the structure
of the near-surface snow, responsible for the air exchange between the atmosphere and the
pore space; and (1i1) the temperature difference between the snow and the atmosphere,
forming the air-density difference which augments or decreases the air exchange. This paper
summarizes the experimentally observed effects that the wind and the air flux generated in
the pore space had on snow. These included isothermal temperature distributions through-
out the artificial snow cover, snow-density change and snow recrystallization.

INTRODUCTION

Incorporating the flux of air in the pore space of snow into
the description of thermomechanical processes concerns
more than just the changes in effective heat conductivity of
snow and enhanced water-vapor diffusion in the pore space.
In fact, the conclusion that the presence of such air flux
should control both the heat and the mass transfer (Yen,
1962, 1963; Albert and McGilvary, 1992) leads us to expect a
large influence of wind propagation on other snow phenom-
ena, such as mass exchange with the atmosphere, and snow
metamorphism. However, the presence of wind propagation
itself has always been questioned. Although models describ-
ing the behavior of the air flux in pores were continuously
developed (Yosida, 1978a—c; Colbeck, 1989, 1997; Clarke and
Waddington, 1991; Albert, 1993), there was limited reported
evidence on the process itself (Dubrovin and Petrov, 1964;
Oura and others, 1967; Albert and Hardy, 1995). The main goal
of the experimental work recently carried out by the authors
(Sokratov and Sato, 2000) has been to determine whether
propagation of wind indeed exists. It does. As a result, and
despite the fact that the work on a physical model of the snow-
cover—near-surface-wind interaction is still in progress, it is
already possible to look for the effects that the air flux in the
pore space could have on the various physical processes.

The present paper collects the experimental data from
the wind-tunnel experiments of Sokratov and Sato (2000),
which were not directly related to modeling the wind—snow
interaction. Analysis of these data may be useful for further
studies involving wind and snow-cover interaction.

* Also at: Laboratory of Snow Avalanches and Mudflows,
Department of Geography, Moscow State University,
GSP-3, Vorobievy Gory, 119899 Moscow, Russia.
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EXPERIMENTAL PROCEDURE

A detailed description of the experimental set-up and
examples of the results were presented in Sokratov and Sato
(2000). The measurements were made in an artificial snow
cover of 0.3m depth constructed in a wind tunnel with
dimensions Im x 1m x14m (Fig. 1). The calculation of the
velocity of the horizontal air flux in the pore space was made
as follows: a vertical cross-section of the snow cover, perpen-
dicular to the direction of wind produced in the wind tunnel,
was maintained at a temperature different from that of the
surrounding environment by a temperature regulation in a
crooked tube connected to a thermostat. The temperature
field around the tube was symmetrical relative to the position
of the cross-section (“heat wall”) in the snow cover in the
absence of wind (Sokratov and Sato, 2000). When the wind
was blowing, however, the temperatures measured in the
snow at the same depth and the same distance from the “heat
wall”, but at positions upstream and downstream of the con-
trolled cross-section, were unequal, forming an asymmetrical
temperature field. This asymmetry was related to the air flux
in the pore space of the snow due to the wind. Based on the
change of heat capacity of the air with temperature, and
referring to the possible conductive heat flux in the ice matrix
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Fig. 1. Schematic representation of the experimental set-up.
More details in Sokratov and Sato (2000).
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Fig. 2. Example of the experimental data with I min time interval between measurements: (a) wind speed during the experimental
run; (b) temperature in the wind tunnel obtained by platinum resistance ( gray points ), and temperature of snow (black points),
obtained by one of 60 thermocouples ( this was positioned at 0.2 m depth at the “heat wall” ).

having opposite directions upstream and downstream of the
“heat wall”, the temperature data were interpreted as the
amount of air flux in the pore space required for the observed
degree of non-symmetry.

The calculated horizontal air-flux velocities in the pore
space were found to be in agreement with the few previously
published results measured by different techniques, and
they were close to theoretically possible values. The hori-
zontal air-flux velocities decreased with depth, being
approximately 10 times smaller at 0.2 m depth than in the
first few centimeters near the snow surface. At 0.01-0.02 m
depth they were in the range 0.01-0.04 m s ' for near-surface
wind speeds of 5-14ms . The horizontal air-flux velocity
increased with an increase of the wind speed.

The data discussed below were obtained in an experi-
mental run, lasting 4 days, with a cold-room temperature of
—15°C and a temperature of the crooked tube of —25°C. For
this experimental run, the artificial snow cover (in the order
described below) was twice under the influence of 10ms '
wind (approximately 24 h in total) and once under 5ms '
wind (approximately 12h). Between the “windy” periods
there were periods (also about 12h each) of “no-wind”
conditions (Fig. 2). The short periods of variable wind seen
in Figure 2 were related to specific experimental equipment
calibration and air-pressure measurements on the snow
surface, not discussed in the present paper. The thermostat
was switched “on” immediately after the onset of the first
10ms ' “windy” period, and was only switched “off” at the
end of the run, except for short periods (also seen in Fig. 2),
when some additional measurements were made in the snow.

EFFECT OF THE WIND ON THE SNOW DENSITY

The artificial snow was produced in the Cryospheric Environ-
mental Simulator (Higashiura and others, 1997) and was col-
lected in boxes of size 0.8 m x 04 m x 0.3 m placed on the
experimental table in the cold room under the snow machine.
After the initial settling, some of the boxes with snow were
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moved to the wind tunnel, subjected to the wind (the walls
with dimensions 0.8m x 0.3 m were removed; these faces
served as contacting areas between the snow blocks forming
the snow cover), and the corresponding experimental meas-
urements were immediately conducted (Sokratov and Sato,
2000). The remaining boxes were left on the table in the cold
room for comparison. Figure 3 shows the density profiles
observed after the experimental run, for the same initial snow
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Fig. 5. Densification of snow with wind ( solid points approxi-
mated by solid line) and without wind (empty squares
approximated by dashed line). The vertical bars show positions
of density measurements. Horizontal bars are the estimated
error bars. The initial snow density corresponds to the upper
part of the density profile without wind. The environmental
temperature was —15°C for the period of 4 days. For the wind
“history”see text and Figure 2.
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and the same temperature regime during the experiment,
with one of the boxes in the wind tunnel (solid line) and the
other one left in the cold room (dashed line). Throughout the
snowpack the initial density was close to that in the upper part
of the snow left on the table. Snow densities near the bottom of
the boxes were very close to each other and represented the
“gravitational” densification. The upper part of the snow from
the wind tunnel, however, shows approximately the same den-
sification rate as near the bottom. This densification can only
be explained by a force, vertically applied to the snow surface.
This force had to be a result of the turbulent character of the
near-surface wind in the wind tunnel.

Such density profiles lead us to conclude that in the equa-
tions of snow densification (Guseva-Lozinski, 1997), dependent
on the type of snow and its mechanical properties, the influ-
ence of the mechanical wind pressure must be considered only
for the near-surface part of the snowpack, and can be excluded
from considerations below a certain depth. For the snow used
in the present experiments, this depth was approximately
0.07 m.

The density results strongly support the idea that the
“fluctuation pressure”, 1.e. high-frequency vertical pressure
fluctuations at the snow-cover surface caused by turbulence,
acts as the dominant driving force for the air flux in the pore
space (Yosida, 1977). Accepting this also allows us to divide
the air flux in the pore space, as suggested by Yosida (1977),
into the horizontal “steady internal flow” at depth, repre-
sented for the conditions of our experiments by the meas-
ured horizontal air-flux velocities of 0.01-0.04ms '
(Sokratov and Sato, 2000), and the three-dimensional “fluc-
tuating internal flow” close to the surface, having ten times
higher “non-directional” air-flux velocities for similar wind
speeds (Oura and others, 1967). This fluctuating internal flow
almost disappears at about 0.07 m depth for low-density snow
like that used in our experiments.

The mechanical wind pressure in this case must be consid-
ered both on the snow surface as well as within the near-sur-
face snow layer. This involves the characteristics of the near-
surface wind turbulence that is responsible for the fluctuation
pressure over the snow surface and the turbulence inside this
snow layer. However, as both processes correlate with the wind
speed over the snow surface, the surface snow density should be
higher at higher wind speeds, as reported from field obser-
vations (Lipenkov and others, 1998).

EFFECT OF WIND ON SNOW METAMORPHISM

It was not possible to make a detailed estimation of the snow-
recrystallization rate for the experiments reported in Sokratov
and Sato (2000). This failure was due not only to technical
problems, but also to the change of snow type during the
experimental run. The initial snow consisted of crystals
similar to “precipitation particles” in the form of “stellar
dendrites” (Colbeck and others, 1990). The recrystallization
did not proceed further than to the “rounded grains” of
“mixed forms” in the snow left on the table. However, in the
wind tunnel the surface of the artificial snow cover was
represented by up to 1 x 10 ° m size “faceted crystals” of “solid
faceted”and “mixed” forms (Colbeck and others, 1990).

In the snow crystals of the cross-section where tempera-
ture measurements were taken (Sokratov and Sato, 2000),
the temperature underwent a gradual change from —15° to

—25°C (Fig. 2). The crystals were under the influence of both
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g, 4. “Isothermal” temperature distributions throughout the
artificial snow cover with 10 m s " wind ( solid points approxi-
mated by solid line) and without wind (empty squares
approximated by dashed line ), measured by 60 thermocouples.
The horizontal bars show the temperature varying during a
corresponding period of measurement in each position of the
measurements. The vertical bars correspond to possible inaccu-
racy of the determination of the depth. The snow density had to
be in between the profiles shown in Figure 3.

a temperature gradient and the horizontal air flux in the
pore space. However, comparing this snow with the recrys-
tallization of similar snow subjected to much higher
temperature gradients without induced air flux (Kamata
and others, 1999) led us to conclude that the influence of the
air flux prevailed. Among faceted crystals, large amounts of
needles were found after the experimental run. The needles
even formed several regions with “needles only” in between
some thermocouples, where the gravitational snow densifi-
cation could be suppressed because these thermocouples
supported overlying snow layers.

Such needle formation is evidence of the possibility of
the total renewal of the snow crystals in a very short period
of time when air flux is present, at least when the ice matrix
is 5-10°C colder than the atmosphere. The needles, shown
in the “growth-habit graphs” illustrating ice nucleation from
the vapor phase (Hobbs, 1974, see figs 8.4, 8.7, 8.12,10.11), were
observed under much higher temperatures than those in the
present experiments. Thus, the results of our observations
indicate that the temperatures of the air flux in the pore
space around the crooked tube were either only slightly
lower than the temperature of the cold room, with still
>150% water-vapor saturation rate, or corresponded to
even higher water-vapor supersaturation relative to the
temperature of the ice matrix. In any case, such tempera-
ture—supersaturation ranges were not studied for the con-
struction of the “growth habit graphs” published so far.

EFFECT OF THE WIND ON THE TEMPERATURE
DISTRIBUTION

It is known that the temperature of an evaporating surface
may be lower than the bulk temperature and the tempera-
ture of the environment (Golubev and Sokratov, 1991). This
effect is related to latent-heat losses. In relation to an ice sur-
face, these heat losses show a clear dependence on the wind
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g, 5. “Isothermal” temperature distribution in 0.11m depth
snow layer under 14m s ' wind over the snow surface. The
bars have the same meanings as in Figure 4. The snow density
in this case was = 250 kgm .

speed (Tokairin and Wakahama, 1975). The same behavior
was expected in the present experiments. The data shown
in Figures 4 and 5 were obtained for so-called isothermal
conditions. The temperature data from the cross-section of
temperature measurements indeed show that the tempera-
ture near the snow surface when snow was not cooled by the
thermostat is about 0.3°C colder than at depth under condi-
tions without wind (Fig. 4). However, when wind was present,
instead of excess surface cooling due to enhanced evapora-
tion, the temperature distribution became more uniform
than without wind. This can only be related to a compensa-
tion of the heat losses from evaporation by the heat trans-
ported in the near-surface wind and in the air flux in the
pore space of snow, at least for wind speeds of 5ms ' and
higher. If both the steady and the fluctuating internal flows
are present, the heat transported by air suffices to compen-
sate almost any latent-heat losses due to evaporation. How-
ever, it can be expected that when a snow cover has a
temperature different from that in the atmosphere, the dif-
ference will not only change the air flux in the pore space of
the snow, as discussed in Sokratov and Sato (2000), but will
also change the amount of evaporation from the snow cover.
It is expected that a warmer air flux will suppress evapora-
tion or will even lead to condensation. Depending on the
air-flux velocity, this may occur with or without a change in
the ice-matrix temperature corresponding to the mass- and
heat-exchange process. Cold air flux can greatly increase the
evaporation rate, again with or without compensation of the
evaporating cooling. For high-speed winds (14ms "), the air
flux was actually cooling the snow at some depth; this is illus-
trated by data shown in Figure 5, where the air flux in the
pore space involved the “deep” ice matrix in the process of
evaporation, but heat transported by wind kept the surface
temperature the same as the ambient temperature.

The amount of evaporation/condensation is directly linked
to the recrystallization rate (Sokratov and others, 2001). Based
on that, only the presence of a relatively warm wind over a
snow surface, with a wind speed less than some limiting value
(=2ms |, according to Hachikubo and Akitaya (1997), for the
conditions of their investigations), should lead to an extremely
high rate of recrystallization of the surface crystals. If the wind
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speed 1s too large, the ice-matrix temperature will increase,
which decreases the condensation rate. Such considerations
should be taken into account in explanations of the surface-
hoar formation reported in several publications (e.g. Steffen
and others, 1999; Fahnestock and others, 2000).

CONCLUSIONS

Analysis of the experimental wind-tunnel results allows iso-
lation of the following effects, related to the process of wind
propagation into snow:

near-surface densification of snow is caused by fluctua-
tions of the air pressure on the surface, and related to
the turbulent character of the near-surface wind;

enhanced snow recrystallization occurs and is related to
the presence of the air flux in the pore space, and espe-
cially to the possibility of a temperature difference
between the ice matrix and the pore air flux;

there is an influence of the wind and the corresponding
air flux in the pore space on the amount of evaporating/
condensing material, both on the surface and at some
depth. On the one hand, the air flux activates the mass
exchange between the ice matrix and the air in the pores;
on the other hand, it compensates or enhances the tem-
perature change related to the latent-heat release.

The present experimental data showed only part of the
effects of the wind propagation on the evolution of the snow
cover. At the present stage of interpretation, the complexity
of the air flux in the pore-space interaction with the ice
matrix did not allow us to make a numerical estimation of
the effects listed above. However, the data presented at least
provide ranges of possible thermal and mechanical pro-
cesses, when there 1s wind blowing over the snow surface.
Thus, they can be used as a basis for further theoretical
and experimental investigations on wind propagation into
the snow cover.
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