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INTRODUCT ION

This report covers the fourth and final year of activity under a
contract intended to develop information about avalanche conditions and
avalanche prevention measures on Washington mountain hichways in generail
and to the North Cascade Highway in particular. The scientific studies
conducted during fiscal year 1974 are summarized in this report. They
deal with various aspects of creep deformation and qlide of the snow
cover as they affect avalanche defense structure design in the mountain
climate of Western Washington, with ré;;nnaissance of a proposed. new
highway route through the Cascade Mountains, and with a continuing
study of the relationship between synoptic winter weather patterns and
the formation and distribution of snow avalanches in the Cascades.

Another major activity during the fourth year of this contract was
the compilation of an Avalanche Atlas for the Cascade Mountain Passes
in the same format as the one compiled in 1971 for the North Cascades
Highway. This Atlas is printed in two parts: Part I covers Chinook,
Cayuse, White and Snoqualmie Passes; Part I1 covers Stevens Pass and

Tumwater Canyon.
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EFFECT OF GLIDE AND CREEP ON RIGID OBSTACLES

by
C. B. Brown and R. J. Evans

ABSTRACT: The forces on a rigid obstacle caused by creep and glide of

snow down a slope are provided by a finite element procedure. The element

is a trapezium with sides bounded by the snow surface, the snow-ground
interface and planes normal to the ground. The problem is treated as one

of plane strain but extensions to considerations of three dimensions are
discussed. Glide resistance is incorporated as a basal shear dependent on

the glide velocity; the snow pack is treated as having a linear non-homogeneous
flow Yaw.

Résumé: Les forces exerceés sur un obstacle rigide dues an fluage et au
glissement de 1a neige sur un plan incliné sont calculeés par la méthode

des é1éments finis. L'&lement fini est un trap2ze dont deux cotés sont per-
pediculaires au so} et les deux autres sont, respectivement, suivant la

surface de la neige et la surface de contact entre la neige et le sol. Le
probleme est traité en un probl2me de déformations planes mais des considérations
relatives & 1'extension & un traitement tri-dimensionel sont présenteés. La
résistance au glissement est traitée en tant qu'éffort tranchant s'exercant

sur la base et dépendant de la vitesse de glissement. La neige est traiteé

comme matériau non homogene i loi de fluage linéaire.

Introduction

This paper is concerned with the development of an element which has the
special facility of conforming to the snow pack kinematics in neutral zones
and the boundary conditions on rigid obstacles. Once developed and included
in a finite element solution scheme, forces on rigid obstacles and regimes
of creep and glide can be predicted.

The kinematics of creep and glide in neutral zones, that is, where equi-
librium exists between the body force acting down the slope and the glide
restraint, has been measured by McClung on Mount Baker in the Cascade Mountains.
These observations, first reported by Brown, Evans and McClung (1972) and
confirmed in McClung (1973) show creep and glide rates to be of the same order




of magnitude. More importantly, the creep profile throughout the thickness
is approximately linear. This means that straight lines normal through the
thickness translate and rotate to inclined straight lines as shown in
Figure 1(a). A similar creep profile has been reported for Swiss Alpine
snow by Haefeli (1939).

In calculating forces on rigid obstacles such as snow bridges due to
creep and glide, some approximate, or numerical, scheme is necessary. The
observed nature of the deformation is utilized here in developing a conven-
ient numerical method to analyze the state of stress and deformation and
restraining forces due to creep and glide. Plane sections remain plane,
not only as observed in neutral zones, but also at rigid obstacles (x]=0 in
Figure 1(a)). It therefore appears reasonable to base an assumed displace-
ment field on the assumption that plane sections remain plane everywhere
throughout the length of the slab. It is this assumption which is used here
in developing a finite element procedure.

The first part of the paper outlines the formulation of the problem and
the solution procedure. In the remainder of the paper an example is given
and the implications of the work are discussed.

Problem Statement and Formulation

Two possible steady creep constitutive laws have been suggested by
Brown, Evans and McClung (ibid) to describe observed creep motion; here the
more complex non-linear isotropic law is abandoned and the inhomogeneous
law is used in which strain rate depends linearly on stress but where the
modulus of viscosity varies linearly with depth and is zero at the surface.
The snow is assumed to be isotropic with constant Poisson's ratio and hence
shear viscosity varies linearly, also being zero at the surface.

For sTow (quasi-static) motion, the field equations consist of the stress
equations of equilibrium, the stress-strain rate (constitutive) equations
and the strain rate-velocity equations. For plane motion (referring to Figure
1)} boundary conditions are:

a) at xp=h, surface traction is zero.

b) at X5=0, the normal velocity is zero; tangential traction is related
to tangential velocity by the glide law.

c) at x1=0, normal velocity is zero, tangential velocity is either zero



or related to tangential traction by a glide law.

d) the extent of snow cover up the slope is taken into the neutral zone

and the upper boundary may be considered to be traction free.

The problem is thus equivalent to one of a linearly elastic body provided
that the total times are short enough for overall geometry changes to be
ignored; the kinematic variable is velocity rather than displacement.

Solution methods of the theory of elasticity may be used and in general
approximate solution schemes are required. Bucher (1948) employed an approx-
imate analytic scheme but, in general, the finite element method suggests
itself. Several programs are available, particularly for plane problems:
McClung (ibid}, for example, has made use of such a program.

The element used here extends the full depth of the pack and is derived
for deformation restricted to be plane. Only lateral (x1 direction) motion
is considered, any settlement analysis and resulting tangential force on
obstacles may be considered separately without inducing serious error in the
analysis of downhill motion.

Element Stiffness Matrix

The rectangular element employed for regular geometry such as shown in
Figure 1(a)} is shown in Figure 2. For irregular geometry such as shown in
Figure 1(b) a rhombic element is required. The stiffness matrix for such
a rhombic element is given in the Appendix. Methods of calculation for stiff-
ness matrices are now well documented (Zienkeiwicz and Chang, 1967). Matrix
computations will not be described here. For the generalized velocities U
through Uy as shown in Figure 2 the stiffness matrix is

]

1 ]
1 "€ -1 3
1 1 da 1 1 2a
"5 ) 5 R
[K] = EOH 1 1 (])
- Lk 1 -4
6 6
1 1 2a 1 1 4a
R AR L PARMY 2
Where L is the element length, H = %3 a-= ET%:GT’ v is Poisson's ratio and
EO is the modulus at X2=0. E0 is taken to be a linear function of the mean

hydrostatic stress for the element.



Glide Stiffness Matrix
Following Brown, Evans and McClung (ibid) and McClung (ibid) a linear

glide law of the form.

T = Ru (2)
is used where 1 is the basal shear, u is the basal velocity and B is a
constant. From (2) and employing the coordinates of Figure 2, the glide
stiffness matrix is

1 - 11
2 2 4
21 1 1 1
2 4 4 8
[k, = & (3)
11 1 1
2 4q 2
21 1 1 1
4 8 2 4
Body Force
The generalized body force matrix for an element is
1
0
1 1
{F} = 509 sin y hL (4)
0

where p is the mass density and v is the slope angle.

Example
A plane strain solution is presented here for a snow pack of uniform

depth, infinite in extent upslope from a rigid wall whose upslope face is
perpendicular to the slope. Snow data and properties used are those measured
by McClung {ibid) at Mount Baker and hence may be considered to be typical
for the Cascade Mountains.

The following data are used:

h = 3.6 m., pg = 546 kg/m3, y = 45°
For these values, McClung (ibid) measured neutral zone glide and creep veloci-
ties of 1.50 x 1078 m./sec and 0.66 x 10°8 m./sec. For v = .3, these data



correspond to

= 1.37 x 102 NT sec/n’

m
]

N

9.26 x 10 NT sec/m2

Results presented are shown for the element layout shown in Figure 3.
Member displacements and forces are calculated; shown here are the basal
velocity distribution and also the resultant force and moment on the re-
straining structure. The basal velocity is shown in Figure 4 while the
forces acting on the structure per meter width at X, = %—are

Force = 6.07 x 10  NT (downslope)
Moment = 1.39 x 104 NT (clockwise)
McClung (ibid) has carried out a detailed finite element analysis of the
same problem so some comparison is possible. McClung's basal velocity
distribution is shown in Figure 4. His stress distribution results in
the following actions on the restraining structure:

Force = 6.83 x 104 NT
Moment = 1.29 x 10 AT m

General agreement with the detailed finite element solution is seen
to be quite good; some comment on the solution procedure is merited.

Numerous element sizes have been used for this problem and the solution,
particularly the displacements, appears to be relatively insensitive to
element size provided that several are used to span the back pressure zone.
In the neutral zone, of course, the assumed displacement field is exact and
any length element may be used. The use of the very short element adjacent
to the restraining structure is to permit computation of forces there. For

longer elements, these forces contain a contribution due to differential
glide.

Both E0 and 8 were assumed to depend linearly on mean hydrostatic stress.
This required an iterative solution scheme since this stress is not known a
priori. Neutral zone values were used initially and subsequently revised
from computed stress values. For all problems solved to date, two or three
iterations have sufficed to give convergence.



Discussion

The element developed here possesses the observed kinematic features
in the neutral zone and at the rigid obstacle. In the intermediate zone
there is no evidence that creep varies linearly. This suggests that
experiments in this zone could be valuable in attesting to the validity
of this work. McClung (ibid) obtains a nonlinear velocity profile in the
intermediate zone by the use of conventional finite element analysis. How-
ever, without experimental evidence such deformations are no more valid than
the linear form utilized here.

In Brown, Evans and McClung {ibid) two constitutive laws were proposed
to account for the observed motions in the neutral zone. The simpler one
has been incorporated into this work and yet no real evidence is available
concerning the merits of either development. Both simulate the observed
kinematics; the use of non-homogeneous modulus is attractive for its simplicity
but again a full justification would require further experimentation in the
intermediate zone.

These comments suggest that the proposed element appears to incorporate
existing observations satisfactorily. In the work of Haefeli (ibid) an ad-
ditional force facet is included, namely the static pressure developed by
the snow against the rigid obstacle. In this paper only body force creep
against the obstacle is included. During deposition of snow, a state of ,
stress will develop in the pack due to incremental loading by the acceleration
process. For the elastic case, these stresses have been given by Brown,

Evans and LaChapelle (1972) and they give rise to a lateral force per unit
width on a rigid restraining structure given by

F = %—T¥;-og He cosy {5)

For the present case, the force would also be given by (5) where symbols
are as previously defined. This is because, although self equilibrating
states of stress disappear in the time due to relaxation (King, 1955), the
accretion forces are in equilibrium with the applied body force and thus are
not self equilibrating. The force given by (5) for the constants used pre-
viously is 1.09 x 104 NT which should be added to the force given above to
obtain the total force on the barrier.

It should be noted, however, that the analysis presented in this paper



is applicable to anisotropic viscous behavior provided v is not necessarily
interpreted as Poisson's ratio. The glide and creep solution is not, in
fact, particularly sensitive to Poisson’s ratio. It is reasonable to suppose
that the constant v in (5) can vary anywhere from O to .5 regardless of

the previous solution and hence the force due to accretion is bounded between
0 and 2.5 x 10% NT.

The simple element proposed in this paper can be easily extended to
deal with non-uniform thickness snow in the manner given in the Appendix.
Additionally, the expansion of the plane element into a parallelepiped with
sixteen generalized co-ordinates is completely consistent with the develop-
ment in this paper. In such a situation the three-dimensional analysis of
snow on avalanche slopes can be undertaken without incurring computer capa-
city problems. The glide and creep down and across the slope, together
with rigid obstacles scattered on the slope can be included in such a model.
This removes the restriction of plane strain evident in existing work and
yet provides a solution where neither plane strain nor plane stress exists.
It is believed that a practical value for such an approach in avalanche
defense analysis exists.

In the example presented here, the information obtained would certainly
be as effective for defense design as more detailed finite element procedure.
Forty generalized coordinates were used in comparison with some 300 for the
latter procedure used by McClung.

In conclusion, it might be noted that the force calculated is in reasonable
agreement with that predicted by the Swiss Guidelines for comparable glide
and creep factors. The guidelines, of course, do not predict a moment.
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APPENDIX

A plane strain element to incorporate the geometry of Figure 1(b) will
be rhombic in shape. Generalized co-ordinates of U], Uz, 03, 04 are shown
in Figure A. The modulus, E, is zero at the top surface and increases
linearly at A to the bottom surface. The 4 x 4 stiffness matrix then has
the following element values:

Y SR
K1y = k33 = -ky3 = -k3; = gr (30F + hy + B (A+B))
R . 3 2
Kjp = Koy = ~kpg = ~kgy = zar (0] C - 2n° - B(2hA + 3cB - 28%)}

c k. = . _ A 2 2 3,y
kg = kgy = -K3q = -Kg3 = = r (D(3hF + h]) + AB(D-2h) + B*(D-4h - h,)

1,3 2
B” + §h1 - h (3h]+4h)}

3

_ - 5 2 5.2 = 3(5D-25h- .
k24 = k42 = 1700 {§D(2h - h]C) + 5hB(DA-hJ) + §B [3DC-h(16h+9h])] + BY(5D-25h 8h])

3
4 _ sndc - h% (hy+sh) + kLZ[3n3+10nF+B(6h +25h) + 3871}

68" - 5h

4

3
1t 15h

B + 5hB2(3h1+5h) " 4B3(2h]+5h) + 684+

-
]

A
2rn 2 2
kL [2h] + 10hC + B(4h1-5h) + 2B°1})

A 8 3
Kga = To0r (5D2(h3+3nF) + 5D[h3-2n% (3n,+4n)] + 2hT + 10n3A + SB{AD(D-4h)+6h%C] +

SBz[GhC+D(3D-3h1-8h)] + 28%[4n,+5(3-D)] + 68" + kLZ[IZ(h§ + B%) +
10n(2hy+2h) + 38(8h +5h)]}

Here A = (2h42h;), B = (ny-h), C = (2h#hy), D = {hy-hy), F = (h#h), G = (h2+h§)

and J = (h]+3h). When the geometry of Figure A becomes the element rectangle
of Figure 2, then hy = 0, h, =h, A=5, A=J=3h, B=0,c=2n, D=F=H
and G = hz. Using the generalized co-ordinates of the main paper namely
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u]=U],uz=Dh,D v,, U, = U

4 h

2" Y3 % Y3 4

then the rhombic stiffness degenerates to (1).
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Fig. 2

FINITE ELEMENT
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CREEP AND THE SNOW-EARTH INTERFACE CONDITION
IN THE SEASONAL ALPINE SNOW-PACK

By David M. McClung

Introduction

When a rigid obstacle is present on a snow-covered slope, the funda-
mental processes of slow viscous motion are interrupted resulting in a
pressure exerted upon the obstacle., In order to formulate problems of
snow pressure analytically or numerically, it is essential that the con-
stitutive laws be known relating deformation to stress and relating the
shear stress at the base of the snow-pack to the glide velocity.

1. Creep of well-settled, well-metamorphosed, isothermal snow.

Well-settled, well-metamorphosed snow is generally found in the form
of well-rounded almost spherical grains in springtime. During the last
half of the snow season, the snow-pack is generally isothermal on the lower
western slopes of the Cascade Mountains so that the effects of temperature
gradients are absent.

Well-metamorphosed seasonal snow is always creeping and densifying
under internal body weight stresses. Grains achieve close packing by slowly
settling. The density of a random Closely packed system of spheres is about
0.58 which is approximately the maximum density of snow which can be found
in the seasonal snow-pack, excluding cases where excessive free water is
present.

Deviatoric or shear creep of snow seems to call for individual grains
to siide by one another. If the grains are modeled as elastic spheres,
close packing would imply rather large stress concentrations at grain con-
tact points. If the grains undergo viscous deformation, the stress concen-
trations would aid the creep process. In either case, if shear creep is
modeled as a sliding process, it seems reasonable that the effect of an in-
crease in overburden would be to inhibit the sliding process.

Experiments were performed in the Cascade Mountains during the winters
of 1971-72 and 1972-73 on the creep of well-settled, well-metamorphosed,
isothermal snow. These experiments were performed in neutral zones by the
traditional method pioneered in Switzerland (Bader and others, 1939). The
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deformation of sawdust columns was used to define the shear component of
creep. Displacement of height markers in the columns was used to define
the vertical component of creep. These experiments showed that both the
shear strain-rate and the vertical strain-rate are approximately independent
of depth in the neutral zone. Figure 1 shows a comparison of the measured
shear strain-rates with the results of previous investigators. Density
profiles taken concurrently with the creep experiments showed that the
density was nearly homogeneous with depth in the late season. If these
experiments are interpreted in terms of a non-linear two parameter consti-
tutive law, the apparent implication is that both the shear viscosity and
the bulk viscosity are stress dependent.

Consider a two parameter constitutive equation:

37 0% T %y ()

A similar equation was used by Salm (1967) in an attempt to interpret
laboratory triaxial data. ¢, and ¢, must be invarient with respect to
proper orthogonal coordinate transformations.

For the shear component,

12 = $2012 (2)

This equation is satisfied most simply if ¢2 is inversely proportional to
the hydrostatic stress or equivalently if one defines a shear viscosity
proportional to the hydrostatic stress. This possibility was first men-
tioned by Mellor (1968).

The equation for the vertical component is most simply satisfied if

¢ = Ko in the neutral zone.

Therefore, an equation which fits the neutral zone data is:

. ]
ti5 = Kodij * RT1%4; (3)

where 11 is the first invariant of the stress tensor.

This equation may be rewritten:

Summing the diagonal components and rewriting provides a generalization
to non-neutral zone situations:

- Iy (1-KJq) 6.
g7 Kl1e1j+.§_ V%5 (5)
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where Jy is the first invariant of the strain-rate tensor.
By analogy to the constitutive law for a linear compressible viscous
solid, the shear and bulk viscosity may be defined respectively:

KI4 Ih
W= and n-g—-]— (6)

The viscous analog of Poisson's ratio may be defined:

= 1 _1-K& (7)

Figure 2 shows typical neutral zone values of the shear and bulk viscosity
with depth calculated from experimental data in the Cascades. Table I
lists calculated values of the viscous analog of Poisson's ratio. The
viscous analog of Poisson's ratio is constant through the depth of the
snow-pack in the neutral zone because J1 s constant in the neutral zone.

Jy is physically dependent upon the amount of accumulated settlement
and the state of metamorphism of the snow. As time progresses, Jy slowly
approaches zero corresponding to an increase in the viscous analog of
Poisson's ratio with time.

In connection with the above remarks, it should be pointed out that
the simplest treatment consistent with neutral zone measurements has been
utilized. Snow in the seasonal snow-pack is never in a steady state con-
dition and, in addition, it may not be isotropic. These complications
represent formidable obstacles to a general approach to creep. Clearly,
other combinations of the invariants of the stress tensor could have been
prodiuced to match the neutral zone measurements. The approach taken here
has been to formulate the simplest theory consistent with the measurements.

2. The interface condition in the seasonal alpine snow-pack: descriptive
aspects.
Modeling the slip of a viscous snow-pack over a bed of organic material
is expected to be a very complex problem which may never be fully understood.
A series of glide experiments were conducted over the winters of 1971-72
and 1972-73 in the Cascade Mountains. These experiments employed glide
strain gauges of the type discussed by in der Gand and Zupancic (1966).
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Glide measurements in the form of accumulated strain were taken over

regular intervals throughout the snow season at a variety of sites with

various slope angles, terrain roughnesses, snow depths and compass attitudes.

Temperature measurements accompanied the glide measurements in the form of

temperature profiles through the snow-pack taken with a portable tempera-

ture probe and in the form of thermistors buried a few centimeters beneath
the earth interface. These measurements resulted in the following des-
criptive aspects of glide:

(1) Glide may be fast at the beginning of the season concurrent with
ground temperatures above freezing due to stored summer heat (Figure 3).

(2} The presence of the 1iquid phase in the form of rain or melt water
has profound effects upon the rate of glide (Figure 3).

(3) Glide velocities can fluctuate considerably at any time of the year.

(4) There is no apparent glide when the interface temperature is below
freezing.

(8) Increase in glide velocity with increasing snow depth is very difficult
to discern because the glide velocity is very sensitive to the local
conditions at the interface. Figure 4 shows a possible dependence
upon snow depth for two different seasons on a timbered siope. It
is possible that the timber exerts a stabilizing influence upon the snow
cover making the glide less dependent upon the local interface conditions.

(6) The effect of increased roughness is to slow down the glide process.

(7) The usual situation in the Cascades consists of a layer of well-settled
isothermal snow gliding over the ground with the temperature of the
ground slightly above 0°C.

3. The physics of snow gliding.
The question of how a viscous body slides over its bed is a very important
one in geophysics. It is one of the most important problems in the dynamics
of temperate glaciers. In snow mechanics, it is a problem of great practical
importance because snow gliding is an important component to snow pressure.
The physical and mathematical theory is much more advanced in rela-
tion to the sliding of a glacier over its bed than is the analogous problem
of snow gliding over the ground. There are, however, many similarities
between the two problems. Accordingly, it seems worthwhile to attempt
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application of the ideas of glacier sliding theory to snow gliding.

The theory of glacier sliding [Weertman (1964), Nye (1969), Kamb
(1970)] as it now exists attributes the slip of a glacier over its bed
to two competing mechanisms: (1) regelation or pressure melting on the
uphill side of bed obstacles with subsequent refreezing on the downhill
side, (2) creep around the obstacles.

To begin with, it seems worthwhile to consider some obvious differ-
ences between the two problems: (1) snow has a much lower viscosity
than ice, which allows the creep mechanism to proceed easier than for
ice for a given state of stress, (2) stresses at the bottom of the sea-
sonal snow pack are far less than they would be at the bed of a typical
glacier and they may not be of sufficient magnitude to drive the regelation
mechanism. (3) On the other hand, snow is a granular material and there
are presumably stress concentrations at points where grains contact the
interface which would tend to make the regelation mechanism easier.
Regelation has not been investigated for snow so that relatively little
may be stated about the quantitative importance of possible stress concen-
trations at contact points. (4) The regelation process as envisioned in
glacier sliding does not have a strict analog for the snow gliding problem.
A porous granular medium such as snow gliding over a bed of organic material
is not expected to be modeled exactly like the motion of solid ice every-
where in contact with a solid bed of rock.

As a starting point, consider a quantitative description of snow glid-
ing over ground of a given roughness. The snow is envisioned to be sepa-
rated from the bed by a thin water film. This water film is deemed to be
produced by melting at the base of the snow pack. This is consistent with
temperature measurements in the Cascades and with observations in Switzerland
[in der Gand and Zupancic (1966)] that observable quantities of snow are
melted each year at the base of the snow pack.

The thickness of the water layer envisaged here is just enough to wet
the interface, but not thick enough to drown roughness obstacles. This
assumption is not essential to the theory presented here, but it is taken
as a reference situation providing tractable boundary conditions. If, for
example, the interface was only partly wetted, the thin film solution might
be viewed as an upper bourd. On the other hand, if the water layer were
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thick enough to drown roughness obstacles, the thin film solution would be

a lower bound. The assumption of a very thin water film, however, seems

to be a good physical assumption for steady thermal conditions at the inter-
face.

The snow rheology is assumed to be modeled by an imcompressible Newtonian
viscous fluid. In view of the results in the discussion on creep, this
assumption is not strictly true since snow is neither linear, nor imcom-
pressible. The consequences of this assumption will be discussed below.

A water film at the base of the snow pack implies that shear stresses
cannot be supported there. The normal body weight stresses at the base of
the snow pack are then taken to be supported by the roughness obstacles
there. The down-slope projection of this normal stress is equivalent to
an average shear stress. A relationship between this average shear stress,

Ty’ and the glide velocity is sought.

The ground roughness is assumed to be modeled by a simple sine wave.
A general solution for any model of ground roughness may be obtained by a
suitably defined superposition rule. Nye (1970) has obtained solutions
for more complicated bed geometries.

For either the creep or regelation mechanisms, analytic solutions are
available. Figure 5 defines the symbols and the coordinate system. This
problem has been treated by Kamb (1970), Nye (1969}, and by W. D. Harrison
(unpublished). Nye's nomenclature is followed here.

For the creep mechanisms Nye's solution gives:

T
U, = <22 (8)
uA2Kq?
where A is the amplitude of the roughness obstacle (sine wave), Ko = %1 is
0

the wave number, and u is the shear viscosity.

The regelation mechanism consists of pressure melting on the uphill
side of the obstacle with subsequent refreezing on the downhill side. This
amounts to a heat flow problem which Nye (1969) has also solved. The sol-
ution is:

U = 4<"xz> CK
0 A7LK, (9)

where K is the mean of the thermal conductivities of snow and the bed
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material, L is the latent heat of fusion per unit volume, and C is the
slope of the pressure-temperature diagram at the phase transition. C has
not been measured for the states ef stress found in snow and, in addition,
the stresses in a matrix of snow particles are unknown. These factors
make it difficult to quantitatively evaluate the effect of regelation in
the gliding process.
For the two mechanisms the velocity may be written:
T

_<x> 1 1
UO-—Z——UA Ko R;T + Ez' (]0)

where K2 = If%ﬁ

To compare the importance of the two mechanisms, K,? should be compared
to Ky*. If K ¥<<K,?, for example, the drag on the snow pack is determined
by the creep mechanism.

It is interesting to compare the vailue of K, 2 for snow versus that
for ice. It is known that K,2 is comparable to or less than Ko2 for ice
in most cases. L will have the same value for snow as ice because snow
is composed of grains of ice. For snow of density 500 Kg/m® the viscosity
is less than that for ice by approximately a factor of 200.

The thermal conductivity of dry snow (density 500Kg/m’) is less than
that for ice. Here, however, concern is with a wet layer of isothermal
snow at the base of the snow pack. Sulakvelidze (1954) has reported that
wet snow has a conductivity two to three times as high as that of dry
snow. Movement of saturated air and migration of liquid water are attri-
buted as contributing to the heat transfer efficiency. Therefore, it
appears that the conductivity of wet snow is about the same as that for
ice.

The important unknown is the constant C. This parameter would be
very difficult to measure for snow.

On the basis of this discussion, the value of K,2 is higher by a
factor of 200 for snow versus ice by virtue of lower viscosity. On the
other hand, it is possible that this factor might be made up for somewhat
by the value of C for snow.

Another interesting feature of the problem has been pointed out by
Nye (1969). Consider a quantity D defined by:
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1 1 1
D = + 1
LS S ()
The shear stress may be related to the glide velocity by:
Txz> = E%Q (12)

D has a simple geometrical and physical meaning. In Figure 6, D is the
depth below the surface at which the averaged velocity profile meets the
Z axis. D is termed the stagnation depth. The process might be viewed
as a rotation around the point P. D is independent of the shear stress,
the viscosity and the velocity. D depends only on the topography of the
bed. For example, if another geometrical form had been chosen for dis-
cussion, <'xz> would still be proportional to ulg but the form of D would
change. By decomposing the bed into harmonics, the velocity contribution
from each mechanism can be obtained and superposed for each harmonic to
get the value of D in the general case.

D characterizes the bed topography. By comparing the magnitude of
D with the snow depth for steady mechanical and thermal conditions, it is
possible to say something about the mechanism of glide. If D is small
compared with the snow depth, the glide motion is mostly by local creep.

If D is large with respect to the snow depth, the motion is mostly by
regelation. If D is comparable to the snow depth, the motion is shared
by the mechanisms. Nye (1969) pointed this out in connection with the
glacier sliding problem.

With the knowledge of D as a fundamental measurement in the neutral
zone, stagnation depths were measured in the Cascade Mountains during the
spring of 1972 and 1973. Table II shows a list of the values of D. Typical
snow depths in these areas were at least several meters as compared with
typical stagnation depths of tenths of meters. Values of D were calculated
from sawdust column experiments performed on the same slopes on which glide
measurements were conducted. This is particularly convenient in the case
of snow because the averaged velocity profile is a straight line.

In all cases it was found that the values of D are much less than the
snow depth for steady mechanical and thermal conditions. Therefore, it
seems that the mechanism for glide is local creep around obstacles with
regelation playing a very smali role if any. The physical reasons are
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mainly that snow has a low viscosity making the creep mechanism fast and
the comparatively Tow stresses in the seasonal snow pack are not enough
to drive the regelation process.

In the widest definition, the stagnation depth depends not only on
the topography of the ground but also on the condition of the interface.
For example, if the snow pack had a layer of water which became comparable
to the roughness obstacles at the bottom, the situation would be equivalent
to a change in topography. The glide measurements show that the velocity is
very sensitive to the interface condition so that the stagnation depth will
fluctuate over the course of a winter. In addition, the glide constitutive
law will depend upon the creep constitutive law used. The next section
expands on these points.

4. Discussion of glide constitutive equations as a function of interface and
continuum conditions.
Possible alternatives to the assumptions presented in the above des-
cription need to be discussed in order to generalize the results:
i. Partly dry interface.

If the interface is only partly wetted, increased drag is to be
expected by molecular adhesion of the snow to the surface. The result
would be a decrease in glide velocity for a given shear stress or an
effective decrease in the stagnation depth over the dry portion.

ii. Interface temperature below the melting point.

If the interface temperature is below 0°C, the snow pack will be
frozen to the ground. In this case, the experimental results in the
Cascades show that there is no glide when the temperature is below 0°C.
The implication is that molecular adhesion is too great to allow glide,
i.e., the stagnation depth is zero.

iii. Saturated layer of snow and water layer at the base of the snow pack.

In the case of heavy melt or rain, a water layer may exist at the
bottom of the snow pack. Since the permeability of soil may be approxi-
mately ten times less than snow, a layer of water may persist. A
water layer has the effect of drowning the smallest obstacles to creep.
The obstacles higher than the water layer would have to support a

greater share of the basal stress resulting in increased glide. The
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accompanying saturated layer of snow would, in addition, be subject
to a reduction in viscosity due to internal metting, grain lubrication,
and pore pressure effects.

The glide data from the spring of 1972 in the Cascades clearly
show that the combination of these effects is very important (Figure 3).
iv. Glide crack formation; formation of folds; gliding snow sluffs.

When a water layer is present on a smooth slope, it is possible
that virtually all the roughness obstacles are drowned. In this case,
the problem becomes unstable, i.e., there is little or no frictional
resistance to the whole snow pack sliding off the slope and the stresses
in the snow pack are relieved by forming tensile glide cracks in tensile
zones. Glide cracks are always associated with times when glide is
fast and water is present in the snow pack. This is particularly true
after periods of rainfall in the Cascades.

On smooth slopes and for thin snow covers, the glide cracks may be
extensive resulting in the release of gliding snow sluffs, particularily
at breaks in the terrain. Folds would be expected to form for thin
Snow covers in compressive zones.

v. Separation of snow from its bed - voids at the base of the snow pack.

It is a matter of experience that when one climbs a timbered or
rocky slope, voids are encountered on the downhill side of these ob-
stacles. There is some evidence from snow trenches dug in Montana,
U.S.A. (Lang, 1973) that at least for the snow depths and densities
found there, cavities are present at the base of the Snow pack. Cavities
act as stress concentrations which can enhance snow gliding as long
as the snow pack is thin enough such that hydrostatic pressure does
not close the cavities. If snow is completely in contact with a rough-
ness obstacle, a compressive stress exists on the uphill side of the
obstacle and a relatively tensile stress on the downhill side. If the
snow is not in contact with the obstacle on the downhill side, the
tensile stress on the downhill side is absent. In this case, the long-
itudinal compressive stress on the uphill side of the obstacle will be
doubled and the effective stress concentration will be doubled resulting
in faster glide. The analogous problem for-glacier siiding has been
discussed by Weertman (1964). Creep of snow will tend to further open
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the cavities when the hydrostatic pressure is not enough to close

them. The mechanism is expected to be most important in early season
when the snow pack is thin and creep is relatively fast. No experi-
mental measurements of glide exist in connection with separation

of snow from the ground.
vi. Effects of nonlinearity in creep upon the glide constitutive law.

Up to this point, the discussion has been based upon the assumption

of a creep mechanism for glide based upon a linear constitutive law.
The earlier discussion of creep indicated that the constitutive law

for creep deformation is non-linear with the shear viscosity propor-
tional to the bulk stress. In the neutral zone, the viscosity would

be very nearly constant at the bottom of the snow pack. However, for
tensile or compressive zones this would not be so. Therefore, we gener-
alize the glide constitutive law to:

_ Dexz> - D<"xz>
Uy = 22T - P2 (13)
2

for non-linearity in creep. In this formalism it is assumed that the
changes in viscosity due to the changing stress distribution around an
obstacle are negligible. This equation is to be regarded as an approxi-
mation.

vii. Interdigitation; effects of timber and large obstacles.

It is expected that vegetation intertwined with the snow will intro-
duce increased drag upon the snow pack. To first order it might be
assumed that the effect of interdigitation is to introduce a constant
drag, 19, on the snow pack with a corresponding reduction in glide
velocity. This would be equivalent to a reduction in shear stress so
that

Ug = %-(<sz>'To) (14)

to first order. This equation is a form similar to that given by
in der Gand and Zupancic {1966).

Timber or large obstacles on a slope would tend to interrupt the
creep and glide processes introducing a complicated distribution of
shear stress up and down the slope.
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viii. Poisson effects; time dependent effects.

The fact that snow is compressible will have an effect upon snow
gliding. For a two parameter linear constitutive law, the relation-
ship between the shear stress and glide velocity would still be linear,
however.

As the snow densifies and ages with time, the viscosity would be
expected to increase with time leading to a slow decrease in giide
velocity with time for a constant state of stress. This would be
difficult to extract from experimental data because of the fact that
the glide velocity is so sensitive to the interface condition and the
state of stress is continually changing in the seasonal snow pack.
However, this effect might be studied by conducting experiments through-
out the snow season in conjunction with glide experiments.

Summary and Discussion

Non-linear constitutive equations are proposed to describe the creep
and glide of the snow cover.

The creep constitutive law is not to be regarded as the most general
description of the intermal deformation of well-settled, well-metamorphosed
isothermal snow. The approach taken is that of the simplest explanation
consistent with the neutral zone measurements.

A physical and mathematical theory of snow gliding has been presented.
In this theory, local creep around bed obstacles is defined as the important
mechanism for glide. In the formalism presented, the stagnation depth is
defined as the fundamental neutral zone measurement to characterize the
topography or terrain roughness. Definition of the stagnation depth suggests
a quantitative method of classifying topography of glide slopes as an alter-
native to the empirical glide factor utilized in the Swiss Guidelines for
avalanche defense construction. It is evident that a number of experiments
would have to be performed to classify slope topography by stagnation depths.
The advantage of such a c¢lassification would be that knowledge of the stag-
nation depth allows immediate formulation of the slip boundary condition
from a quantitative physical and mathematical theory.
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FIGURE AND TABLE TITLES

Figure 1: Comparison of creep data in well-settled snow.

Figure 2: Estimates of shear and bulk viscosity with depth.
Figure 3: Glide data, 1971-72 season, Cascade Mountains.

Figure 4: Glide data showing possible dependence upon snow depth.
Figure 5: Definition of geometry for snow gliding theory.

Figure 6: Definition of stagnation depth after Nye (1969).

Table I : Estimates of the viscous analog of Poisson's ratio.
Table 11: Estimates of stagnation depths.
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AVERAGE

SLOPE DENSITY POISSON
ANGLE (K6 /M3) RATIO
(o]
20 530 0.3!
=]
26 500 0.32
o ,
30 540 0.23
Q
3] 550 0.27

TABLE 1.
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STAGNATION SLOPE TERRAIN
DEPTH(m)  ANGLE DESCRIPTION
0.28 (1972) 35° TIMBERED;
0.27 (1973) SOUTH FACING SLOPE
0.24 (1972) 26° BRUSHY;
0.27 (1973) SOUTH FACING SLOPE
0.20(1973) 31 BRUSHY:

NORTH FACING SLOPE

0.33(1973) 20° SMOOTH, ROCKY;
NORTH FACING SLOPE

0.91 (1973) 40° GRASSY, SMALL BRUSH;
: NORTH FACING SLOPE

036 (1972)| 26° BRUSHY;
WEST FACING SLOPE

C.2i{1972) Sl TIMBERED;
WEST FACING SLOPE

TABLE II.
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IN-SITU INVESTIGATIONS OF THE TEMPERATURE DEPENDENCE
OF THE CREEP OF LOW DENSITY SNOW
by David M. McClung

Introduction

This report presents preliminary results on the temperature dependence
of the creep of low density snow. It is evident from the results obtained
thus far that more data are needed to complete this study.

Definition of the temperature dependence in the constitutive equations
for snow deformation is an important area for study. Field experience indi-
cates that temperature is an important control on the rate at which dangerous
stress situations relax in snow slabs. Qualitatively, dangerous conditions
persist Tonger under colder conditions when the creep rate is lower.

Snow may be considered as an unstable material with respect to creep.

At a given test temperature snow will alter its mechanical properties and
structure with no given load. Newly fallen snow crystals are inherently
thermodynamically unstable entities characterized by high surface free energy.
Therefore, creep is not a thermally activated process in the sense that it

is normally discussed for materials such as metals,

Another factor which must be dealt with under field conditions that is
normally not dealt with in standard engineering creep tests is the effect
of temperature gradients on creep. Temperature gradients have the effect of
setting up a gradient of saturation vapor pressure causing a second type of
metamorphism (recrystallization).

The two types of metamorphism must compete in newly fallen snow. For
large temperature gradients the temperature gradient or constructive metamor-
phism must be dominant. For small temperature gradients the geometric or
destructive type of metamorphism must be doeminant. There are presumably inter-
mediate cases where the processes compete at similar rates.

Another complication may arise in the case of temperature gradient meta-
morphism. The possibility of convection in the pores of flow density snow
may have to be considered for high enough temperature gradients. It has been
estimated that this possibility exists for densities less than O.3gm/cm3 for
high temperature gradients (Yen, 1969).

The indication is, then, that an important parameter is the temperature
gradient as well as the temperature. If enough data were available, the hope
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would be to formulate equations for each important temperature gradient
regime.

Field Measurements

Creep measurements were performed in the Cascades near Mt. Baker and
in the San Juan Mountains of Southwestern Colorado. These locations pro-
vide approximately the most extreme variations in the winter snow pack for
study of creep in the continental United States.

The Mt. Baker area is characterized by relatively small temperature
gradients and warm temperatures. Metamorphism would be characterized as
destructive metamorphism. The San Juan Mountains are characterized by rela-
tively large temperature gradients, cold temperatures and constructive meta-
morphism. It is likely that convection plays an important role in the creep
process. This has not been shown experimentally, however.

The results in this study were obtained be daily measuring the tilt of
poles placed in the snow to various depths. From these measurements it is
possible to get the approximate average shear strain rate as a function of
time. Temperature measurements were taken with a portable temperature probe.

It should be pointed out that the results thus far are not based on
enough data to accurately define the temperature dependence of creep. Accord-
ingly, only gross estimates will be given. The fact that temperature gradients
as well as temperatures must be dealt with complicates the problem. Standard
creep tests on materials usually deal with isothermal gpecimens. This is

not possible nor desirable under field conditions because temnerature arad-
jents must always be dealt with in avalanche research and avalanche snow packs
are always subject to temperature gradients except when at the freezing point.

Equation Forms

In general, the steady state creep rate és is related to the test parameters
of stress and temperature by an equation of the form:

¢ = f(o,T,st)g(T)

where o is the stress, T is the absolute temperature and st is a structure
factor.
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The function g(T) normally is represented as
o(1) = /KT

where R is the gas constant and Q is termed an activation energy.

Snow creep is not necessarily a thermally activated process in the sense
that the above equation is formulated. Destructive metamorphism does not
have to be thermally activated in the sense that creep of metals is defined.
Therefore, we need not be restricted to the above equation. Mellor (1964,
1974) has pointed out that the function e'QIRT does not accurately represent
the temperature dependence of the creep of snow for temperatures above -5°C.
However, it has been shown experimentaily that the relation is exponential
(Bucher, 1948) and for a given stress and temperature the strain rate is
known to increase with temperature.

It is evident that the creep of snow is very complicated and, hence, we
begin by using the simplest equation possible to represent the deformation
rate. We therefore assume a constant structure factor and a linear relation-
ship between stress and steady state strain rate. Accordingly, the following
equation is proposed to describe the creep of snow in order to extend into
the high temperature regimes:

bl =R
3
where KO is constant and u is the viscosity.

We expect that Q will not in general be a constant in the equation. (
should depend upon the temperature gradient at the very least. Q should, in
general, have different values for destructive metamorphism than for construc-
tive metamorphism.

In-Situ Estimates of Strain Rates and Q Values

Figure 1 shows a plot of strain rate as a function of time from measure-
ments on a 23° north facing slope in the Cascades. Fiqure 2 shows a similar
plot from a 34° north facing slope from the San Juan Mountains in Colorado.
Steady state creep rates are defined roughly after the creep rate settles
down to a slowly decreasing creep rate. For example, the values measured
around February 20 for the Colorado results would represent transient values
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according to this definition.

The results show that the steady state results are somewhat lower for
the Colorado results since the slope was steeper and the densities were
somewhat lower on the average. This result may be attributed to the colder
temperatures (on the order of 10°C colder at the surface than for the Mt.
Baker results). Temperatures for the readings in the Cascades ranged from
approximately 0°C to -5°C. Temperatures for the Colorado measurements ranged
from -1°C to -19°C.

Results for Q values from both the Cascades and Colorade are of the
same order of magnitude. Q values for the measurements in the Cascades
show values on the order of 16 cal/mole for temperature gradients on the
order of 0.05°C/cm for snow densities on the order of 0.209m/cm3. Q values
for the Colorado results show values of about 7 cal/mole for temperature
gradients on the order of 0.13°C/cm for snow densities on the order of 0.159m/cm3.

Discussion

The quoted results are to be taken only as preliminary estimates. Not
enough data are available yet to adequately define the temperature dependence
in the constitutive equations. The results do seem to indicate that qualitatively
creep of snow does slow down at cold temperatures and that snow undergoing
constructive metamorphism may have a slightly stronger temperature dependence
on the creep rate. The field measurements showed a somewhat larger change
in the creep rate for a change in temperature for the temperature gradient
metamorphism.

In the formalism presented, the Q value is inversely proportional to the
logarithm of the creep rates at different temperatures and it is proportional
to the temperature difference. The equation chosen then influenced the results
and the Colorado results showed the stronger temperature dependence. According
to Bucher's results, we expect that the creep rate will be exponential with
the temperature. However, the exact form of the equation is not yet determined.
In addition, it is an open question as to whether Bucher's results apply both
to snow undergoing destructive metamorphism as well as constructive meta-
morphism. Much more work is needed on this problem.
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NACHES TUNNEL AVALANCHE RECONNAISSANCE
E. R. LaChapeile

The east and west access routes to the proposed Naches Tunnel under
Pyramid Peak appear to offer a route more free of snow avalanche hazard
than any of the present Cascade passes.

The west access was investigated by E. R. LaChapelle during a ground
reconnaissance on 8/24/72. An aerial reconnaissance of the entire area
was made on 7/3/73 by N. Wiison, L. Miller and P. Olson. Wilson made a
ground reconnaissance from the west side on 7/14/73 which reached into the
upper valley of the North Fork of the Little Naches River and the vicinity
of the proposed tunnel east portal.

The various maps furnished by the Department of Hichways for this
reconnaissance show two different access routes on the west side. The
present evaluation is based on the route mapped in the 7/25/60 report
from Associated Consultants and the maps accompanying the internal Depart-
ment memo of 9/9/61 relating to bridge designs. These maps appear to
agree on the route and provide the best data for relating the proposed
right-of-way to USGS topographic maps. A different west-side access route
is shown on the "Aerial Geological Mapé" dated August 1961.

West Access Route

The proposed route passes through heavily timbered zones up to and
including the tunnel portal. This dense stand of timber, plus the relatively
low altitudes reaching only 3600 ft. above sea level at the portal, assures
a thoroughly stabilized snow cover. There is no evidence of natural aval-
anching in this area. Many sidehills are steep enough to generate small
snow sluffs which could run among the large trees, or in small open glades,
but these would be few at the given altitudes and are unlikely to have any
serious effect on the access highway.

Part of the proposed access route passes through Section 30, T. 19 W.
R. 11 E. where logging within the Snoqualmie National Forest has recently
been in progress. Some of the logged areas are on steep hillsides above the
proposed route. There is no present sign of avalanche activity on these
logged areas, but it is possible that avalanches of substantial size could
fall from them during winters of deep snow. Such avalanches would pose a
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threat to the highway. This situation suggests two obvious preventive
measures which might be undertaken immediately if there is any reasonable
chance that the Naches Tunnel route will be constructed in either the

near or distant future. One is to cooperate with the Forest Service to
initiate reforestation of those togged slopes above the highway route which
could generate avalanches. At this altitude and climate, re-establishment
of a stabilizing forest cover ought to be rapid. The other step is to
negotiate with the Forest Service to assure that no more potential aval-
anche slopes will be logged above the proposed highway.

The terrain above about 2500 ft, altitude is steep, especially in the
valley of Pyramid Creek. In places, high cutbanks may be a necessary con-
sequence of highway construction. These can introduce local areas for
small stuffs and avalanches to develop which can be a nuisance to the high-
way. The highway design should avoid high cutbanks wherever possible.

Approximately at the west tunnel portal site is a small, open patch
of scree on the steep hillside. This could easily be the location for
small avalanches in heavy snow winters. The tunnel portal should avoid
this scree patch if at a]i possible. It would also be advisable to maintain
an intact forest cover immediately above the portal.

Aerial Reconnaissance

No evidence of avalanche activity was seen in the vicinity of the east
portal. The North Fork of the Little Naches River offers an avalanche-
free route from the east portal to the junction with Highway 410. Some
short, steep slopes and natural cutbanks exist along the river valley which
can yield snow sluffs, but these can largely be avoided by prudent choice
of the highway location.

East Access Route
There is dense timber cover and no apparent avalanche problems in the

vicinity of the proposed east tunnel portal. There is some uncertainty
about exactly where the portal is to be Tocated, but the whole area in
question is heavily timbered. The optimum site appears to lie north of
the river at an altitude of 3600 ft.

Several steep slopes with gradients 35° - 40° lie within Sections 22
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and 23, T. 19 N., R. 11 E. on both sides of the North Fork of the Little
Naches River. None of these steep slopes show evidence of destructive
avalanching, although, as on the west side, they undoubtedly produce sluffs
during extreme snow conditions. On the north side of the river within
Section 23, slope gradients vary from gentle to flat below the 3600 ft.
level. These latter areas are not affected by sluffs from the steep slopes
above.

As on the west side, care should be taken to aveid creating high cut
banks wherever possible. This is especially true at the tunnel portal.
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IHVESTIGATION OF SYNOPTIC AND SURFACE WEATHER SITUATIGNS LEADING
TO MAJOR AVALANCHE CYCLES Iil THE WASHINGTON CASCADES FOR THE
1973-74 WINTER

by Mark B. Moore

Summary

An investigation of snow and avalanche activity related to tie synoptic
and surface weather conditions in the Cascade Mountains of iWashington for
the period December 1973 to March 1974 has been made. Altogether, nine
different avalanche producing storm situations were studied. Snow and weather
data from five different Cascade reporting stations (Crystal Mountain, Paradise,
Stevens Pass, Alpental and Washington Pass) were correlated with nationa]
weather service surface and 500 mb maps for the periods of interest. Fiqures
for new snowfall, total snowfall, and avalanche occurrences serve to charac-
terize the storms. ihenever possible, the general method of avalanche gener-
ation is explained for developing weather situations which led to extensive
avalanche occurrences at the reporting stations.

In the majority of cases studied, weather situations leading to avalanche
release in the Cascades were determined by an upper level low building and
moving southeastward from off the coast of southern Alaska over a perigd of
a few days. This situation generally brought a series of surface disturbances
through the Cascades, initially aligned north-south and traveling eastward,
but gradually shifting to a more southwest to northeast trajectory, as the
upper level Tow moved further southward. Such a shift in alignment and
motion of surface fronts resulted in marked effects in avalanche occurrence
in the Cascades. Initially, all areas were affected more or less simultanecusly
by warming, precipitation, and then dropping temperatures as the front passad
through (that is, nost eastward or northeastward tracking fronts were preceded
by a warm sector or i11-defined warm front), but as the upper level fliow
shifted southwestward, fronts imbedded in this flow affected the southernmost
reporting stations first, and in fact, with extreme southward digging of the
trough, associated surface Tows affected only the southern reporting stations
(i.e., Crystal Mountain, Paradise). Thus, in these situations, avalanching
may have affected all areas simultaneously at the start of a given avalanche-
producing synoptic situation, but a gradual retarding of associated avalanching
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at northern stations followed with the southward shifting of the upper
level flow into Washington. It should be noted too, that in general a
southward-shifting upper level flow into Washington brought substantially
more avalanching to the Cascades than a purely zonal fiow, other factors
being equal (due to increase in the water content of the snow, warming and
accompanying increase in the rate of slope loading}.

A northwestward flow into Washington at the upper level affected the
Cascades quite differently from a southwestward flow. In this situation,
the synoptic weather pattern was generally dominated by the juxtaposition
of a strong upper level low centered in central Canada and a Pacific hign
system centered off the northern coast of California. This situation led
to surface and upper level disturbances propagating over the top of the
Pacific ridge and down the British Columbia coast through Washington. As
a result here, the flow was colder and not as moist as a zonal flow and
hence led to less major avalanching, but still the geographic progression
of avalanching southward through the Cascades was evident. Analagous witn
extreme cases in the southwestward flow aloft, certain surface fronts only
or primarily affected the north Cascades, as at times the surface centers
of low pressure passed along the Washington-British Columbia coast and
brought only locally heavy snowfall after frontal passage. (It should also
be remarked that in all cases, major avalanching was greatly enhanced when-
ever the upper level jetstream passed directly over the Washington Cascades,
as orographic precipitation during these times became especially heavy.)

In all of the above conclusions, variability in type of slides (natural
or artificial), time of control, and method of control from area to area must
be taken into account. At Stevens Pass, exposure of a major highway to aval-
anching led to artificial control (by 105 mm recoilless rifle) at all hours
of the day, even though natural slides at night and during the day did occur.
Compare this type and time of control with Crystal Mountain or Alpental,
where control was primarily done in the early morning by ski patrolmen and
Forest Service rangers using hand charges {explosives) and 75 mm recoiiless
rifles. At yet another extreme, compare these situations with Washington
Pass or Paradise, where no artificial control work was done, and all slides
observed were natural. Such variability limits the conclusions drawn about
geographic propagation and timing of avalanching in the Cascades resulting
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from any given storm system. This serves to underline the point that
avalanching alone cannot be considered as a sufficient indicator of geo-
graphic storm progression through the Cascades (or vice versa), especially
for storms tracking only slightly off a zonal path. Gther geographical
factors (e.g., snowfall intensity, winds, etc.) must be and are taken into
account for proper storm and avalanche analysis, even given the existence
of more standardized control methods and times.

A. Avalanche Activity, December 12-15. Related Synoptic and Surface Weather

Summary.
As a result of a relatively strong upper level ridge over the western

United States coast from approximately December 8-10, an accompanying period

of clear skies and warm day-time temperatures (in the mid-40's during the

day at most reporting stations) over most of the Washington Cascades preceded
the period of snow and avalanche activity of December 12-15, and, through

the generation of a relatively solid melt-freeze crust, produced a fine sliding
surface for subsequent snowfall. With the gradual breakdown and eastward
movement of the upper Tevel high, a vigorous upper level low dug southeastward
from off of the Aleutian chain and intensified, bringing about surface rain
along the Washington coast late night on the 10th and early morning of the
11th, and a gradually increasing southwesterly flow aloft. The initial sur-
face front associated with this upper level low and the early coastal preci-
pitation moved quickly across Washington on the 11th, dropping temperatures,
and bringing 7-12 inches of snowfall to most of the reporting stations by
early morning of the 12th. A second surface cold front approached the coast
late morning on the 12th, as both the upper level and surface lows intensified,
and, as snowfall records indicate, this now north-south oriented wave passed
eastward through the Washington Cascades late afternoon of the 12th and

ear]y morning of the 13th, producing continued heavy snowfall at all reporting
stations (see accompanying snowfall figures).

Continued southward motion of the upper Tevel disturbance off the Wasning-
ton coast through the 14th brought increasingly warmer, moister air into
Washington by early afternoon of the 14th, with an accompanying increase in
temperature and precipitation on the 14th and 15th at all areas. The associated
surface warm front, approaching the Washington coast from the southwest in
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the early morning of the 15th, was preceded by large amounts of heavy, wet
snowfall throughout the Washington Cascades (approximately 10-17 inches

of snowfall were reported by 0800 on the 15th at all areas with heavy rain
following below 4500-5000 feet). As a result of thése weather conditions,
moderate direct-action soft-slab avalanche activity was reported at most
stations on the 12th, 13th and 14th. Widespread and heavy soft-slab and
wet loose avalanching followed at all areas with the onset of wet snow and
rain on the 14th and 15th and the accompanying critical slope loading and
lubricating effect of the rain.

B. Avalanche Activity, December 25-28. Related Synoptic and Surface Weather
Summary. :
The meteorological situation for the period December 25-28 was deter-
mined primarily by the motion and growth of consecutive large upper level
Tows digging east-southeastward from the 23rd to the 28th, and their inter-
action with a building upper level ridge just off the Washington-Oregon coast
during this period. On the 23rd of December, the first Aleutian low dominated
much of the Washington weather picture, with its circulation bringing in a
steady zonal flow to western Washington. Imbedded in this flow, a surface
1ow brought cooling and moderate to heavy snowfall at most Cascade reporting
stations on the 22nd, but only moderate avalanching and this only at Alpental
on the 23rd. (This minimal observed slide activity was probably due to tne
stabilizing effect of cooling and surface sloughing of the accumulating dry
snow, where the cooling effect had less consequences‘at Alpental due to its
relatively lower elevation,) By the 24th, however, this Aleutian low had
moved substantially southward with center now off the central british Colurbia

coast, and as a result, a more intense surface low associated with this upper
disturbance moved southeastward across Washington on the 24th, depositing
up to two more feet of snow at some areas. Avalanching associated with this
southeasterly propagating disturbance began as noted in the accompanying
figures at Washington Pass on the 24th, affecting Alpental and other southern
areas by the 26th.

Further southward motion of the first Aleutian low center was substantially
halted after the 24th, and in fact, as the upper level high nentioned above
moved northward, this dissipating initial Aleutian Tow s1id over the top of
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the high eastward to a relatively stationary position over Saskatchewan,

and was replaced by the second large Aleutian low. This sequence of events
brought a more northwesterly flow into western Washington on the 25th (i.e.,
as the high pushed northward, airflow aloft into western Washington was
forced over the top of the high and then down the British Columbia coast),
which gradually shifted zonally by the 28th, as the high subsequently moved
much more northward with the Aleutian low flow and became a cutoff center

in the Yukon by the 25th (thus allowing for resumption of zonal flow to

the south). On a surface flow basis, these upper level developments led

to a slight break in weather on the afternoon of the 25th, only to be fol-
towed by a vigorous warm sector cold front by late afternoon of the 26th,
and the passage of the center of surface low pressure directly thereafter.
Winds at most areas, lignt on the 25th and morning of the 26th and increasing
substantially by late afterngon of the 26th, substantiated such surface
developments and also created a layer of instability for the heavy, wind-
packed snows which followed late on the 26th and on the 27th. (That is, the
soft, Tight snow deposited with 1ittle wind at the start of snowfall on the
26th bonded poorly together, and provided an excellent layer of lubrication
for the subsequent wind-packed snowfall.} Avalanching during this second
system was confined to the southernmost reporting stations, as the center
of surface lTow pressure and the accompanying occluded surface front were
confined to and moved across the southern half of the Washington Cascades
(see Figure 9 for surface storm development and movement).

€. Avalanche Activity, January 12-15. Related Synoptic and Surface Weather
The juxtaposition of a very strong Pacific high pressure system and a
coid Canadian low dominated the weather for Washington for approximately two
weeks prior to the avalanche cycle January 12-15, bringing a cold, dry
northerly flow to Washington and therefore, cold, clear weather throughout
the period (daytime maximum temperatures remained below 20 degrees at most
stations throughout most of the two-week period). This situation provided
a somewhat solid sliding surface for subsequent avalanche activity through
compaction and a limited melt-freeze cycle, although the colder temperatures
inhibited sintering and stabilization of the snowpack except in the topmost




54

layer (through sun action) and produced pockets of instability (poorly bonded
soft snow and sizeable air spaces*) within the snowpack beneath the overlying
crust. '

Gradually, however, as a strong upper level low dug southward in the
northwestern Pacific and another developing low in Canada dug southeastward,
the dominating high was slowly dissipated and pushed northward into a cutoff
position over Alaska. This development gave rise to a northeasterly traveling
occluded surface front imbedded in the developing west-southwesterly flow,
which passed through the Cascades on the afternoon and evening of the 12th.
This front and the shifting southwesterly flow brought rapidly rising temper-
atures (and the first snowfall of the month) to all reporting stations in
the Cascades, such that by the evening of the 12th, overnight lows at all
areas remained in the 30's, and daytime highs on the 13th and 14th approached
or surpassed 40°,

By the early afternoon of the 14th, the two developing upper level low
pressure systems had joined and this produced an even more southwesterly
flow. This fact, combined with the presence of the upper level jet now
passing directly over the Washington Cascades, produced heavy orographic
precipitation in the Cascades from the 13th through the 15th, almost entirely
in the form of rain. (Stevens Pass reported 12+ inches of rain from 1/13-
1/16, while Crystal Mountain reported 6.6 inches of rain for a similar
period.) Such precipitation was further enhanced by the slow passage of
an occluded surface front the day of the 14th and morning of the 15th. This
rainfall, following closely behind heavy snowfall on the 12th and 13th, pro-
duced major wet loose and slab slide cycles at all areas on the 13th, 14th,
and 15th, as bonding of the initial new snowfall to the old sun crust
(melt-freeze crust) was minimal. Rain falling after heavy snow percolated
through the new snowfall to the crust, and lubricated this surface causing
avalanching of the new snowpack.

D. Avalanche Activity, January 22-27. Related Synoptic and Surface Weather

Summary.
The weather for the period of avalanche activity January 23-27 was

*Due possibly to the strong temperature gradient and resulting upward
vapor diffusion in the snowpack.
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determined primarily by the interaction of a large Pacific high {centered
at approximately 30° north latitude, 140° longitude, at 0500PST, January
23rd) and a developing low off the coast of southern Alaska. Preceding
the period of slide activity, the strong Pacific high brought a cool west-
northviesterly flow into the Cascades on the 20th-21st, as the deepening
Alaskan low was only beginning to dig southward by the 22nd. However,
passage of a weak warm front (associated with the earlier developing low
mentioned in the January 12-15 analysis, which brought heavy rainfall to
the Cascades and which had been pushed into central Alberta by the above-
mentioned developing high) in the late evening of the 21st brought warmina
and substantial new snowfall to Stevens Pass and Alpental on the 21st and
22nd, followed by heavy avalanching at both areas on the 23rd as indicated
in the accompanying avalanche figures. Such avalanche action was primarily
due to light snow and cold temperatures at both areas on the 20th and morning
of the 21st, followed by heavy wet snow and rapidly rising winds and temper-
atures late afternoon of the 21st and on the 22nd as the warm front passed
through; these conditions created a light, cold, poorly bonding lubricating
fayer on which the subsequently deposited heavier, wet, wind-packed snow
easily slid.

As the upper level low gradually dug southeastward on the 23rd and
24th, the flow aloft shifted southward to a more zonal flow, and a series
of short wave disturbances approached the Vashington coast. lowever, the
surface high associated with the upper level high remained relatively fixed
through the 24th, and cold fronts approaching the coast stalled and became
stationary as they were unable to swing into a north-south alignment and
move eastward. Thus, a stationary front lingered near the Washington-
British Columbia border most of the 24th, while a rapidly dissipating as-
sociated warm front (tracking northeastward) passed through southern Washington
that same day, bringing substantial snowfall to Paradise, but 1ittle else-
where. Finally, late on the 24th, as the upper level trough began to swing
through Washington, the static situation broke down somewhat, and a warm
front passed eastward through western Washington late evenina on the 24th,
followed by a now southeastward moving cold front which brought substantial
snow, winds and cooling to all reporting stations by late morning of the 25th.
Then as the upper level low dug further southward east of the Cascades, a
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second cold front imbedded in the now northwesterly flow aloft brought

a final associated warm sector through western Washington the evening

of the 26th. The cold front itself, somewhat dissipated, tracked southward
through Washington on the afternoon and evening of the 27th. Thus, aval-
anching on the 26th and 27th occurred as a result of intermittent warm
sector, cold sector surface fronts, where warming and accompanying wet snow
falling on top of previously deposited colder snow led to extensive natural
and artificial snowpack failure {due to both the lubricating effect of the

colder underlying snow, and the rapidly increasing loading of the snowpack
by the wet snowfall).

snow Deposition _and Surface Meather as Relating to Observed Avalanche Occurrence.
From analysis of the highway department snow and weather observations
for the period 1/18 to 1/22, a pattern of snowfall for the slide area at
the Stevens Pass ski area may be reconstructed. From the morning of the
16th, when the incoming front signaled the onset of heavy precipitation
at Stevens Pass, to the actual time of slide release at 1100 on the 22nd
(where now the effects of the warm front were being felt in the air and
in the snowpack), a total of 51 centimeters new snowpack was recorded at
the top of Stevens Pass, approximately 1000 feet below the starting zone.
During this period, approximately 100 centimeters of new snow was added to
the existing snowpack in the slide fracture area. Correlating weather ob-
served with stratigraphy found in the snowpack (see Figure 13), it seems
probable that the s1iding layer was deposited on the evening of the 20th or
possibly the early morning of the 21st, when light, dry snow {temperatures
were approximately 20°F throughout this period) was falling with only a light
wind. Increasing snow intensity and wind throughout the day on the 21st led
to heavy deposition of fairly well-compacted snow on top of this light, rel-
atively unstable underlying layer. With increasing temperatures, the night
of the 21st and morning of the 22nd, and accompanying heavier, wetter snows,

the slope Toading became critical, and release of the slide by explosives was
inevitable on the 22nd.

E. Avalanche Activity, January 29-February 3. Related Synoptic and Surface

wWeather Summary.
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The weather of the Washington Cascades for the period of interest
(1/29 to 2/3) was dominated largely by a low pressure system centered in
the upper Northwest Territories at approximately 100° longitude,- 70° north
latitude at 1700 PST on January 27th. While the center of low pressure
remained approximately fixed during the period of interest, the troughs
and cutoff lows derived from this system and the associated short waves
inherent in the flow were by no means stationary. From analysis of surface
and 500 mb weather charts, it is apparent that an upper level trough was
digging southeastward from the parent Tow pressure by 1700 PST on the 27th.
This trough subsequently propagated southeastward from the 28th through
the 29th, bringing with it an extensive and complicated surface low pressure
system which contained an ill-defined southward propagating cold front that
passed through western Washington in the late morning and early afternoon
of the 29th. See Figures 10 and 11. Extensive avalanching at Washington
Pass early on the 29th and at Stevens Pass later in the day on the 25th cor-
roborate this southward motion of the cold front; other more southern areas
did not experience heavy avalanching until the 30th.

An extensive surface high pressure system, with centers over Utah and
off the central California coast, effectively halted the southeastward pro-
gress of this surface Tow system for a time, such that the center of surface
activity (and of convergence) lingered over the Oregon-Washington border
south of Yakima for most of the 30th, producing cool temperatures and heavy
snowfall throughout the Cascades after frontal passage. However, also during
this period the upper level flow gradually shifted from northwesterly on
the 28th to southwesterly by the 31st, as a cutoff low formed over central
Alaska dug southward. This situation produced warming throughout the Cascades,
as imbedded in this new, warmer flow was a warm sector, cold sector frontal
system, the warm sector of which passed through the Cascades in a northeasterly
direction beginning in the early morning hours of the 3ist. This development,
accompanied by increased snowfall, led to heavy avalanching at Crystal Mountain
and Stevens Pass on the 31st and again on February 1st, as slope loading
rapidly became critical, and the following cold front brought continued neavy
snowfall through the morning of the 1st. A great deal of instability in
- the following flow, plus the slow motion of this second surface low pressure
center across the northern Cascades, supported moderately heavy snowfall at
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Washington and Stevens Passes through the 2nd. This fact, combined with
continued avalanche control at Crystal Mountain on the 2nd, led to the

secondary avalanche maximum seen in the accompanying combined avalanche
occurrence figure.

Snow Deposition and Surface Weather as Relating to Observed Avalanche
Occurrence.

From the daily snow and weather observations at Crystal Mountain, a
pattern of snow deposition for the period of interest may be found. The
28th as reported at Crystal Mountain was quite warm and a day of intermit-
tent sun, which produced a thin sun crust as noted in the ram resistance
plotted in Figure 14. The storm, starting as noted on the afternoon of
the 29th, produced rather steady continuous snowfall at Crystal Mountain
through the 31st, with 25, 16, and 14 inches of new snowfall reported at
the base from 0800 to 0800 of the following day for the 29th, 30th, and
31st, respectively. From correlation of penetrometer, stratigraphy, and
wind reports, it appears that the observed sliding layer was produced on
the afternoon of the 29th as a result of lessened wind and, therefore, less
compaction in a layer approximately 10-20 cm thick. This was followed by
heavy snow deposition and strong winds on the evening of the 29th and on
through the early morning of the 31st. This heavy snowfall, accompanied
by the warming trend on the morning of the 31st, loaded the underlying
snowpack to a critical Tevel, favorable for release of medium to large
avalanches by explosives and artillery, as observed on the 31st. Thus the
sliding layer seems to have been the soft, cohesionless snow falling in the
absence of excess winds, but given slightly different weather conditions--
i.e., possibly more stability of that cohesionless snow and colder tempera-
tures following directly after formation of the sun crust--the slab shown
could very easily have s1id off the underlying sun crust.

F. Avalanche Activity, February 19. Related Synoptic and Surface Weather
Summary .
The combined effects of a brief period of partial clearing, very light
snow and calm winds, followec by a surface cold frontal system which broucht

initial warming and very heavy snowfall, produced the observed avalanche
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cycle on February 19. The 17th as observed at most reporting stations
was a day of relatively light winds and some clearing with mild day-time
temperatures. This general trend was followed by a rapidly eastward
moving warm sector cold front imbedded in a strong zonal flow following
passage through Washington of a strong southeastward moving upper level
trough on the 17th. The warm sector brought somewhat stronger winds,
heavy snowfall and a slight warming on the morning of the 18th, followed
by some cooling that afternoon as the cold front swept through. Such a
situation, with heavy snowfall at warmer temperatures and stronger winds
following the clearing and light snow, inevitably led to the artificially
induced avalanching observed on the 19th. Here the quantity and weight
of new snow was evidently sufficient to overload the snowpack to the point
of artificial release, despite the somewhat stabilizing influence of the
warming to cooling trend late on the 18th.

G. Avalanche Activity, February 22. Related Synoptic and Surface Weather
Summary.
Snowfall for this avalanche cycle was produced largely by a surface
cold front associated with an upper level low off the coast of southern
Alaska on the 21st. The sliding surface for this avalanche action resulted
primarily from a transitory surface high which yielded clear skies, warm
temperatures and a sun crust on the 20th. Wind and snow records at Alpental,
Crystal Mountain, and Stevens Pass indicate that the 20th was a calm and
relatively clear day with highs in the mid-lower 30's. This situation rapidly
deteriorated to increasing wind, cooling temperatures and snow by the morning
of the 21st, as the eastward-moving cold front approached the Cascades. See
Figure 12. Heavy snow and wind followed through the night of the 21st, with
subsequent natural and artificial slab avalanching on the morning of the 22nd.
The initial cold snow deposited with 1ight winds did not bond well on the
previous day's sun crust, and subsequent heavy wind-packed snowfall caused
either extensive instability of the snowpack (which was released by artificial
controls) or slope failure (resulting in natural slides).

H. Avalanche Activity, February 26-March 6. Related Synoptic and Surface
Weather Summary.
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The weather situation leading to the extensive avalanching in the
entire Cascades throughout this nine day period was dominated for the
most part by a large, vigorous upper level Tow just west of the central
British Columbia coast on February 26, which sTowly deepened and progressed
eastward through central Canada and the northwest. A series of surface
low pressure systems and connected fronts were associated with this upper
level Tong wave trough. The attending southwesterly upper level fiow (due
to the aforementioned 500 mb trough off the British Columbia coast) brougnt
these disturbances through western Washington almost daily. Late in the
day on the 24th and early on the 25th, the first of these short wave dis-
turbances approached and passed through western Hashington on an easterly
track, bringing strong winds, warming followed by cooling, but only relatively
light snowfall by 0800 on the 25th. However, moderate instability in the
warm, moist southwesterly flow which followed produced, througn fairly
intense orographic 1ifting, increasing snowfall on the 26th and 27th. By
late morning on the 28th, a stronger short-wave occluded front passed over
the Cascades, once again accompanied by warming and then cooling with heavy
snowfall throughout. As a result of such varied temperature changes and
increasing snowfall throughout the Cascades during this period, moderately
heavy avalanching occurred at most areas from the 26th to the 25th. Here
the instability of continuous heavy snowfall at varying temperatures is
made evident. Loading of the underlying snowpack occurs most rapidiy with
heavy snowfall at warm temperatures, and in the above storm situation, this
sequence of events occurred both with the orographic precipitation and the
second short wave disturbance, thus producing natural and artificial aval-
anching through critical Toading of the underlying colder layers.

On the 1st and the 2nd, the still-persistent southwesterly upper level
flow brought another major surface disturbance through the Cascades, as the
center of surface low pressure (and, hence, of convergence and maximum pre-
cipitation) passed directly over the central Cascades of Washington, bringing
especially heavy snowfall to the Snoqualmie Pass area. Alpental reported
12 inches and 21.5 inches, respectively, on the 1st and 2nd. Following this
disturbance the upper level flow shifted to almost northerly on the 3rd, as
the deepening upper level trough, now pushing as far south as California,
moved eastward through Washington. Very strong,more zonal flow in the upper
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levels followed the passage of this trough, and the morning of the 4th
found another surface disturbance just off the Washington coast. This dis-
turbance, accompanied by strong orographic lifting and the southward
shifting of the upper level jetstream to almost directly over north-central
Washington, brought again heavy snows to all southern stations on the 4th
and 5th. Alpental reported a total of 37 inches of new snowfall during
this period, with other southern stations reporting similar amounts in
excess of two feet and subsequent heavy avalanching to these stations at
this time. Temperatures in Washington also began lowering during this per-
iod, as the now deepening upper level low centered in west-central Canada
{at approximately 110° latitude, 65° north latitude) gradually dropped 500 mb
heights over Washington, pushing colder air southward. This cooling trend
became especially noticeable on the 5th, 6th and 7th in the Cascades, as
overnight lows (at the 3000-4000 foot level) dropped into the mid-teens on
the 5th and 6th, and then to zero on the morning of the 7th. Stevens Pass
reported an overnicht low of 0°F, and Alpental 4°F the night of the 6th.

As a result of the cooling, avalanche activity at most areas dropped off
substantially by the 7th, with the exception of Washington Pass, where
significant natural releases occurred on the 7th.

Interpretation of Figures

Figures 1-5 include daily snowfall fiqgures and avalanche occurrences
for each area indicated. Snowfall figures represent new snowfall for the
24 hour period ending at observation time (0800 at most areas, except
Stevens Pass where generally this observation was made at 0530) on the day
indicated. For example, 23 inches of snowfall at Paradise on the 27th of Dec-
ember represents that accumulation of new snowfall occurring during the 24
hour period prior to observation (0800) on the morning of the 27th.

_ Avalanche occurrences indicated are for the day indicated, where non-
hashed cross sections imply slab avalanching and hashed sections represent
loose avalanching (generally caused by significant warming or rain). Mo
distinction is made here between natural and artificial avalanching, except
as noted in the summary; i.e., that all slides observed at Washington Pass
and Paradise were natural, while most slides at Alpental, Crystal Mountain,
and to a lesser degree Stevens Pass, were artifically induced. Also noted
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in the figures are the periods of avalanche activity studied above, listed
categorically above the avalanche fiqures as A, B, . . . .

The combined avalanche Figure 6 gives the total number of avalanche
occurrences for the five reporting stations, with no distinction made between
slab and loose avalanching due to some incompieteness of obtainable data,
and difficulty in evaluation of avalanche type during adverse weather con-
ditions.

Figure 7 gives total snow depth at all reporting stations, as measured
at morning observation time (i.e., 0800 at most stations, 0530 at Stevens
Pass). Thus at Paradise, a total of 141 inches total snow depth on January
1 indicates that 141 inches of snow were measured at the observation site
at 0300 on the 1st of January.

Figures 9-12 show surface frontal progressions for the given synoptic
storm situation and avalanche cycle.

(It should also be noted that in Figure 6, additional storm information
is provided with the incorporation of storm plots by the circled numbers
above avalanche occurrences. The storm plots were recorded and provided by
avalanche observer Frank Almquist at Washington Pass and are given in Figure
8.)
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FIGURE 9
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FIGURE 13
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