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Model of wind pumping for layered snow
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ABSTRACT. Layering affects the air flow through snow caused by surface pressure
variations. The horizontal and total fluxes are high in hoar layers but the pressure pertur-
bations and vertical components of the flow do not penetrate as deeply as in homogeneous
snow. That is because the layers “pipe” the flow horizontally toward the area of low pres-
sure. An ice layer at the surface reduces the total flow everywhere. The flow decreases as
ice-layer thickness increases and, in general, flow changes with permeability. However,
the magnitude of the effect is proportionately weaker when the ice layers are further from

the surface. The residence time is reduced w

hen hoar layers are present due to shorter flow

paths, reduced penetration into the deeper snow and higher speeds.

INTRODUCTION

Surface pressure variations in either time or space can cause
air flow through soil and snow. It is widely thought that
snow acts as an air filter, removing airborne impurities
such as trace gases and aerosol particles as they move
through the pores of the snow. This process would explain,
in part, the incorporation of these materials into both seaso-
nal snow covers and ice cores. The existence of layers in the
snow may help explain the uneven distribution of foreign
material in ice cores and is an important consideration in
determining the effectiveness of snow as a filter.

There was some earlier interest in the idea that air flow
in soil could affect heat transfer (Fukuda, 1955). Reimer
(1980) stated that the effective thermal diffusivity co-
efficients in snow increase by an order of magnitude during
periods of strong wind but this effect is not always seen in
snow. Several mechanisms have been suggested as driving
forces for air flow in snow. Clarke and others (1987) first sug-
gested that turbulence due to wind caused transient pressure
perturbations and caused harmonic oscillations in the air
column deep in the snow. Clarke and Waddington (1991)
further developed this mechanism to account for its three-
dimensional nature. Colbeck (1989) suggested that a steady
surface wind would produce a variation in pressure across a
snow surface due to surface relief such as sastrugi. For a
homogeneous snow cover, this surface pressure variation
causes a pattern of air flow within the snow that decays
exponentially with depth while varying with the wave-
length of the surface relief along the direction of flow. Cun-

ningham and Waddington (1993) described the mechanics of

how air flow due to this mechanism causes filtering in the
snow. Albert and others (in press) made permeability mea-
surements in layered snow on the Greenland ice sheet, find-
ing an increase with depth which they felt could be an
important aspect of air flow in the top meter. Sturm (1991)
measured large permeabilities in depth hoar in snow in in-
terior Alaska but he did not find that wind pumping had a
major effect on the temperature regime within the snow;
this does not exclude snow’s role as a filter since the filter-
ing effect can take place with low flow rates over long time
periods (Gjessing, 1977). Albert (1996) showed that layering
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effects arc important in ventilation, that a lower-permeabil-
ity surface layer (e.g. wind or ice crust) decreases air flow
into and through the firn and that channeling can occur in
the more permeable layers even if each individual layer is
isotropic. Waddington and others (in press) reviewed this
entire field and added some important insights into the
nature of the flow fields in heterogeneous snow.

The purpose here is to explore further the effects of snow
layering on the flow field in the snow. While the work on
homogeneous snow made a good start on understanding
snow’s filtering effect, it could not account for the potentially
large effects of either crusts with reduced permeability or
buried layers of hoar crystals with increased permeability.

THEORY

Assuming the pressure perturbation (p') causing the flux of
a gas through porous media is steady, it is usually described
by a simplified version of Darcian flow. When permeability
(k) varies in the vertical direction (z), this 1s

o LE o*p'  dk oy’

" B? 822  dz 0z
where z is the horizontal coordinate. This equation is separ-
able into horizontal and vertical parts so that, when the

k 0 (1)

surface pressure fluctuation is sinusoidal, the pressure per-
turbation due to the surface wind can be represented as

p = Peos( 5) 162 @

where the surface pressure perturbation is P cos (2mz/A)
and A is the wavelength. For the case of homogeneous
snow, the solution is a simple analytical expression (Col-

beck, 1989)
e B (QL;) exp ('i“) . (3)

For the case of permeability which changes exponentially
with depth,

k = k, explaz) (4)
and f(z) is given by
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f(2) = foexp 5 (5)

where a is a constant and the subscript o represents the
background value, in this case the surface value. While this
kind of function could be of interest over the scale of the
depth of the firn on an ice sheet, the problem of interest
here is the near-surface filtering effect of snow that contains
distinet layers. Thus the function f(z) in Equation (2) must
be obtained by solving

d ( df\ [2m 2‘
&) =) w o

which comes from substituting Equation (2) into Equation
(1). While equations of this type have analytical solutions in
some cases (e.g. Villari, 1982), T solve this equation with a
“Matlab” routine which uses a fourth/fifth order Runge—
Kutta Fehlberg method. T make a simple substitution for
the first derivative, d f/dz and then solve two lirst-order
equations to generate f(z). These solutions tend to be un-
stable due to round-off errors (Ames, 1968, p.210) but the
correct solution can be obtained over the range of interest
by a precise choice of the first derivative of f at the surface.
This is done by trial and error where the initial condition is
chosen with increasing precision at each trial until f and its
first derivative both go to zero at depth. Once the pressure
lield is obtained, the air flow in each direction is then calcu-
lated from Darcy’s law as the product of the permeability
and the pressure gradient in that direction.

RESULTS

In the example cases given here, the permeability of the
snow cover is represented by

B (b + | sin(2mz/a)| )

. (7)

where cos is substituted for sin when the first layer at the
surface has a low permeability. The value of b controls the
difference between the permeability of the layer and the
background permeability (k,), the exponent (n) controls
the thickness of the layers and the spacing of the layers is
controlled by 27r/a. When the sign is positive, the layers are
buried layers of hoar crystals, which have a higher perme-
ability than the background because of the large crystal
sizes. When the sign is negative the layers are ice layers or
wind crust, which have a reduced permeability because of
their higher density or smaller grain-size, respectively. The
normalized permeability (k/k,) of some buried layers is
shown in Figure 1. While this cycle of permeability is re-
peated indefinitely in the model, the flow decays rapidly
with depth since p’ decays with depth.

Buried depth hoar

Sturm (1991) found permeability in depth hoar of 57 times
that of unmetamorphosed snow at the same site in Alaska.
The normalized pressure field (p'/ P) for buried hoar layers
is shown in Figure 2 where the effects of both layers can be
seen as small kinks in the isobars. The pressure drop along
the layer is greater than it would be in homogeneous snow,
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Fig. 1. Normalized permeability vs depth. Values less than 10
indicate an ice layer (b =1.2) and values greater than 1.0 in-
dicate hoar layers (b =0.1). The solid lines are for n = 100
and the dashed lines are for n = 1000,
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Fig. 2. Normalized surface pressure vs distance along surface
Jor one-half wavelength shown on top. Normalized pressure
Jeld for one-half of the surface-pressure cycle_for depth-hoar
layers at 10 and 30 cm (b =0.1 and n = 1000) shown on
bottom. There is a large horizontal component to the flow
and the vertical pressure drop across a layer is small due to
the high permeability of the layer.

but the pressure drop across the layer is reduced. The high
permeability in these layers gives rise to large perturbations
in the flow fields as shown in Figures 3-5 for the normalized
horizantal, vertical and total fluxes, respectively. For pur-
poses of comparison, each flux is normalized to the largest
value of flux on the surface of homogenous snow. The hori-
zontal and total fluxes are high in these layers, although ex-
cept at the layers solutions for the pressure field differ little.
Neither the pressure perturbations nor the vertical flow
field penetrate as deeply into snow containing hoar layers.
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Fig. 3. Normalized horizontal flux for the pressure field
shown in Figure 2. Isopleths greater than 1.0 are not shown
because of the greal concentration of flow in layers. The max-
imum value in the upper layer is 5.1 and 1.3 in the lower layer.
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Fig. 4. Normalized vertical flux for the pressure field shown in
Figure 2. The sudden shift at the layers indicates a sudden
reduction in the vertical flow compared to what it would be
for homogeneous snotw.

The vertical flow at the surface is only increased 10%,
although the average permeability is increased by 25%.
This occurs because the layers are buried and therefore
they are not as effective as they would be at the surface.
The effect on horizontal flow within the hoar layers is dra-
matic, showing a 9.6-fold increase in total flux in the upper
layer and an 8.4-fold increase in the lower layer compared to
a homogeneous flow field at those depths.

Because of the small pressure drop across the layers, the
vertical flow across the layer is small with the main flow
being strongly horizontal. Accordingly, at a depth of 40 cm
the vertical flow is only three-quarters of what it would be
for homogeneous snow and the strong horizontal flow in the
layers reduces the flow just below each layer. The nature of
the flow can be clearly seen in Figure 5 where it is shown
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Fig. 5. Normalized total flux vs depth al a one-quarter wave-
length (T =25 cm) for the pressure field shown in Figure 2
( solid line) and for homogeneous snow ( dashed line ). The
Slux is less everywhere except in the layers where the strong
horizontal flow greatly increases the total flux.

that the total flux increases greatly at each layer but that
the total flux elsewhere is slightly reduced compared to the
flux in homogeneous snow. It is clear that the hoar layers
“pipe” the flow horizontally toward the area of low pres-
sure. This may explain the reports of strong air currents pro-
duced by boreholes that penetrate into firn (Dubrovin, 1965).

When the uppermost layer is lowered to 15 em and the
spacing of the buried layers is increased to 30 cm, the max-
imum value of flux in the upper layer is still 9.1 times greater
than the value in homogencous snow at that depth and thus
the effect of the layering is still strong. When the upper layer
is lowered to 20 cm and the spacing of the buried layers is
increased to 40 ¢m, the maximum value of flux in the
upper layer drops to 86 and so the effect of the layer is only
slightly diminished. When the permeability of the hoar
layers shown in Figure 1 is reduced from 11 to 1.8 times the
background, the effect on the flow field is also reduced. In
the latter case, both layers enhance the flow by a factor of
1.7, so the enhancement is nearly proportional to the in-
crease in permeability.

Surface ice layer or crust

If the permeability at the surface is reduced by a fine-
grained wind crust or surface glazing, the flow into the
snow is also reduced. Figure 6 shows the horizontal flux for
three such layers, with the surface layer being one-half the
thickness of the buried layers. The pressure field is similar
to that shown in Figure 2, except that the kinks in the iso-
bars are bent in the opposite direction; thus, there is a
much larger pressure drop across an ice layer than across a
hoar layer and the isobars do not penetrate as deeply be-
cause of the ice layers. While the hoar layers showed strong
horizontal {lows, there is essentially no horizontal flow
through the ice layers. The horizontal flow is re-established
just below each layer where the permeability increases ra-
pidly. The total flow, shown in Figure 7, is reduced every-
where due to the ice layers. The vertical flow through the
surface is reduced by 6% in this example, although the
average permeability is only reduced by 2%. This en-
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Fig. 6. Normalized horizontal flux for snow with ice layers at
the surface, 20 and 40 cm depth (b =1.2 and n = 1000).
There is a pocket of horizontal flow al ene-quarter wave-
length (25 cm ) just below the ice layer but the flow field is
reduced everywhere compared lo homogeneous snoz.
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Fig. 7. Normalized total flux vs depth at a one-quarter wave-
length (x =25¢em) for snow described in Figure 6. The solid
line is for snow with ice layers and the dashed line is Sfor homo-
LEneous SNow.

hanced effect is clearly due to the presence of an ice layer on
the surface.

Buried ice layers or crusts

Figure 8 shows the total flux for the homogeneous case and
for two different buried ice layers that themselves are shown
in Figure 1. The broader response occurs for a thicker layer
(n=100) and the narrower response for a thinner layer
(n=1000). The minimum value of total flux at the layer is
independent of the thickness of the layer but the overall re-
duction in flow increases with the layer width. Since the re-
duction in average permeability is small, it is not too
important whether the uppermost layer is located on the
surface or just below it. When the layers are moved down
further, the result is qualitatively similar o that shown in
Figure 8, except the magnitude of the effect is proportio-
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Fig. 8 Normalized total flux vs depth at a one-guarter wave-
length (& =25 cm ) for snow with buried ice layers (b =13
of different thicknesses. The dashed line is for homogeneous
snow (1 = o0 ), the inner solid line is for the thinnest layer
(n =I1000) and the outer solid line is for a thicker layer
(n =100).

nately weaker because the flow is weaker at the greater
depths. When the permeability of the layer is increased to
one-half of the background (b= 2), the total flow at the
upper layer increases significantly. In general, the reduc-
tion in total flow at the layer is about proportional to the
reduction in the permeability.

The isobars and flow fields are shown in Figures 9 and 10
for homogeneous snow and for snow with a buried hoar
layer, respectively. For homogeneous snow, the flow field is
irrotational since the curl of the velocity field is zero (So-
kolnikoff and Redhefler, 1958, p.402) and so the flow paths
are along the isopleths of horizontal flux which are perpen-
dicular to the isobars. Using the analytical solution for
homogencous snow, the stream function (1), which satisfies

3 g Y N . .
the requirement that V=4 is zero, is given by

Normalized Pressure and Flow Field
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Fig. 9. Normalized pressure and flow fields for homogeneous
SROW.
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Fig. 10. Normalized pressure and flow fields for the layered
snow shown in Figures 1-5.

—2rz\ . (2w
h = Pexp( 3 ) sm(T) (8)

and thus the horizontal speed of air flow (u) is given by
2r k

=Ty ©9)
A op

where ¢ is the porosity and g is the viscosity of air. Then the
residence time (7) for flow along any given streamline is

u

given by
— )\/2 = 2.’,['*()

-
.5
Uy

(10)

where the 2, and uj are corresponding values at the surface
and are related by

2. hP 2wz}
Ty = = —sin( m“) ; (11)

A

For example, if the air enters at an zq of /8, which is one-
half of the distance between the maximum and zero pres-
sure perturbation, the residence time is given by

(}\) N (12)
"\8) T a/on kP

which equals A/2v/2Upax. Thus, the residence time in-
creases rapidly with the spacing of the surface features that
cause the sub-surface flow, decreases as the pressure pertur-
bation increases and decreases somewhat as the snow be-
comes more dense and the permeability decreases.

While we do not have a corresponding equation for
layered snow, in the examples shown in Figures 9 and 10 it
is clear that there are two reasons why the residence time is
less when hoar layers are present. First, the flow path is
shortened since piping through the hoar layer reduces pene-
tration into the deeper snow and, secondly, the flow speeds
arc higher in the hoar layer than they would be at that depth
in homogeneous snow.

DISCUSSION AND CONCLUSIONS

The effect on the flow field is greatest in buried hoar layers
where there are large increases in the horizontal and total
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flows but reduced flows below the layers. This suggests that
these layers may preferentially act as atmospheric filters,
becat:e of the increased amount and speed of the air that
passes through them. However, they have an increased per-
meability, because of increased grain- and pore-sizes that
may reduce their effectiveness. Also, since they are always
below the surface, the overlying snow will filter the air
somewhat before it enters the hoar layers. Given that these
layers capture more of the flow when they are closer to the
surface, their proximity to the surface may greatly affect the
filtering capability of the entire column of snow.

The main effect of a buried crust or ice layer may be in its
ability to concentrate the flow above it and reduce the flow
below it. The buried layers shown in Figures 6 and 7 reduce
the vertical flows by redirecting the air into horizontal flows
above the layers. Thus, the total flow just above the layer is
the same as what it would be in homogeneous snow. How-
ever, the net result of any type of layer appears to be to re-
duce the flow below the layer. Ice layers do this by reducing
the average permeability and the vertical flux through the
layer, and hoar layers do it by short-circuiting the flow hor-
izontal through the more permeable horizons. In general,
the effect on flow increases as the permeability increases in
hoar layers and decreases as the uppermost layer becomes
more deeply buried. For the examples given here, the max-
imum enhancement in horizontal flow is about a factor of 10
and, when coupled with the reduced penetration depth,
suggests that the residence times of air flow in the snow
could be significantly shortened. Cunningham and Wad-
dington (1993) found that the adsorption coefficient for
acrosols is less than 1 when residence times are less than
about 28 s, which requires a iy, of no more than 13cms |
for a A of 100 em. This flow speed is probably smaller than
those found in a hoar layer like the upper hoar layer shown
in Figure 3 since, even in homogeneous snow, Colbeck
(1989) calculated a flow rate of 3.5 cms "at the 1/e decay
depth. If total removal occurs in 3-8 for 0.1-1m particles
as suggested by Harder and others (in press), Umay should be
no more than 4.4-11.8 cms ' Since this is greater than
3.5 cms | it suggests that removal of these particles should
be complete in this example of homogencous snow. How-
ever, the increased horizontal flow rate through the hoar
layer may allow removal of only those aerosols that are cap-
tured preferentially at higher air speeds. The capture of
those aerosols that are dependent on long residence times
will be reduced by both the more rapid flow through the
hoar layer and the reduction of flow beneath the hoar layer.
The role of such parameters as wavelength and height of
surface features, combined with details of the layering, is
complicated and difficult to summarize easily. Further-
more, the capture rates of small particles are sensitive to re-
sidence time, because diffusion has to have time to operate,
while the capture rates for the larger particles are more sen-
sitive to air velocity because of momentum effects.

There are many other important scenarios that could be
explored with this model. For example, the interior of Alaska
often has a large amount of depth hoar below a less perme-
able layer on the surface, and the permeability can increase
with depth below the surface of the ice sheets. These profiles
suggest that there may be strong flows at depth, although pre-
liminary results using the model suggest that the surface layer
would reduce the flow at depth, even when there is a large
increase in permeability with depth. However, Figure 6
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shows that flow can be stronger below a surface layer than in
the layer, so strong flows over some distance in buried hoar
layers seem possible.
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