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EVOLUTION OF NON-PERSISTENT WEAK LAYER AND
SNOWPACK STABILITY DURING SNOWFALL
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ABSTRACT: To clarify the conditions under which avalanches triggered by the failure of the non-
persistent weak layer are likely, field observations of temporal changes in the density and hardness of
new snow layers consisting unrimed crystals (i.e., the non-persistent weak layer) and a theoretical ex-
amination related to the stability of snowpack on slope were carried out. The density and hardness
increased more slowly in the non-persistent weak layer consisting of unrimed crystals than in the snow
layer consisting of heavily rimed snow crystals. In addition, the snow consisting of unrimed crystals
underwent rapid destabilization with less snowfall than the snow consisting of heavily rimed crystals did.
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1. INTRODUCTION

Dry-snow surface avalanches often are triggered
when the non-persistent weak layers (McClung
and Schaerer, 2006) consist of unrimed and/or
lightly rimed crystals with broad branches
(Akitaya and Shimizu, 1987; Bair, 2011; lkeda,
2015). For evaluating the likelihood of dry-snow
surface avalanches during snowfall, much re-
search has been conducted: Empirical methods
have used only snowfall amount (e.g., Bakkehi,
1986), theoretical (e.g., Endo, 1993; Conway and
Wilbour, 1999; Matsushita and Ishida, 216) and
statistical (e.g., Gauthier et al., 2010) methods
have used meteorological data, and other meth-
ods have used physical-based numerical models
to estimate the snowpack structure (e.g.,
Hirashima et al., 2008). However, these methods
cannot evaluate the likelihood of an avalanche
triggered by the failure of the non-persistent weak
layer, and investigations on avalanche release re-
sulting from such failure are insufficient. In partic-
ular, in order to evaluate the likelihood of ava-
lanches associated with that layer during snowfall,
it is necessary to understand temporal variations
in the fracture toughness and density of the non-
persistent weak layer (e.g., Brown and Jamieson,
2006, 2008; lkeda, 2015).

In this paper, to clarify the conditions under which
avalanches are likely to be triggered by the failure
of the non-persistent weak layer, field observa-
tions of temporal changes in the hardness and
density of new snow layers, observations of snow
crystals, and a theoretical examination on the sta-
bility of snowpack on the slope were carried out.
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2. METHODS

2.1 Field observation

The hardness and density of new snow layers
were measured over time at Mt. Myoko (latitude:
36° 53' 50.75" N, longitude: 138° 9' 7.00" E, ele-
vation (a.s.l.): 1067 m) in central Japan. We pho-
tographed newly fallen snow crystals and ad-
dressed the differences in temporal changes in
hardnesses and densities between snow layers
consisting of unrimed crystals and those consist-
ing of heavily rimed crystals.

Hardness and density were measured eight times
during the 81-hour observation period from 18
January to 21 January 2016. The hardness R of
each snow layer was measured using a portable
digital force gauge (AD-4932-50N) equipped with
a circular plate with a diameter of 15 mm
(Takeuchi et al., 1998). The vertical loads W of the
snow over each snow layer were also measured.

To differentiate between each snow layer in the
snow cover, red yarns were placed on new snow
as a marker at time intervals of 3 to 24 hours
when snow accumulated (Fig. 1a). Figure 1b
shows a cross-section of a snow pit at the last ob-
servation at 12:00 Japan Standard Time (JST) on
21 January. Each red yarn indicates the boundary
between two snow layers.

2.2 Calculation of compressive viscosity for
each snow layer

To evaluate the stability of snowpack on a slope
during snowfall, the compressive viscosity 7 must
be known. The viscosity 7 is expressed in Equa-
tion (1) based on the viscous compression theory
for snowpack (e.g., Kojima, 1975):

dh, dp,
hdi ! pdi

W= (1)
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Figure 1: Field observations using red yarn: (a)
red yarn placed on snow surface as a marker to
differentiate between snow layers, (b) the cross-
section of snow pit at the last observation at 12:00
Japan Standard Time (JST) on 21 January.

Where 7 is the compressive viscosity (N-s/m?), A;
is thickness of layer i (m), o is the density of layer
i (kg/m3), W; is the vertical load exerted by snow
overlying layer i (N/m?2), ¢ is the duration of loading
on layer i (s). The viscosity 7 can be obtained by
using Equation (2), which is a transformation into
the differential form of Equation (1):

iy = 0L p(0)

- : (2)
p(t+Ar) = p(1)

where,

W(t)y=W @) +W(t+A0))/2 , (3)

p(0) = (p(t)+ plt + A1)/ 2 . (4)

The viscosity 7 of each snow layer was calculated
using Equations (2), (3), and (4) based on the
measured density p of each layer and the meas-
ured vertical load W of snow over each layer.
Then the compressive viscosities 7 in each snow
layer were used to evaluate the stability of snow-
pack on the slope described in the next section.

2.3 Evaluating the stability of snowpack

One factor relating to avalanche occurrence is the
stability of the snowpack on the slope. We used a
classical stability index ST that expresses the ratio
of shear strength to shear stress for the snowpack
on the slope (Endo, 1993; Conway and Wilbour,
1999; Schweizer et al., 2003):

SI = 2

Hpgsiny cosy

where %, is the shear strength of the snow layer
(N/m?), H is the depth of new snow above the
snow layer (m), p is the density of new snow
above the snow layer (kg/m?3), ¢ is gravitational
acceleration (m/s?), yis the slope inclination (°),
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Figure 2: Vertical profiles of (a) density p and (b)
hardness R of snow from S layer to the lower part
of W layer observed at 12:00 JST on 21 January.

and Hpg siny cosy is the shear stress acting on
the snow layer (N/m?2). The vertical load W (N/m?2)
imposed by snow above the snow layer is Hpg.

The shear strength Z(7) of a snow layer at time ¢
can be estimated using Equation (6) with respect
to snow density p(¢) at time ¢ (Endo, 1993):

2.(6)=3.10x10" p(t)"*™ . (6)
However, the snow density p increases with time
¢t during snow accumulation because of the den-
sification of the snowpack (Refer to Equation (1)).
Increased snow density p(7) (kg/m?3) at time ¢ was

calculated by using viscous compression theory,
shown in Equation (7) (Endo, 1993):

1/p
p(t):{ﬂ;gg-coszl//-t2+poﬂ} . (1)

where py is the initial density of the snow layer
(kg/m?3) and I,, is the snowfall intensity (kg/m?-s).
The snowfall intensity /,, is related to the snowfall
intensity 7, (m/s) obtained from the change in ob-
served snow depth at the time intervals of obser-
vation such that 1,, = o I,. The increased snow
density p(f) was used to estimate the shear
strength X, of the snow layer shown in Equation
(6). a (N/(m2-s-(kg/m3)#)) and g in Equation (7)
are coefficients related to the densification of the
snowpack and can be obtained from Equation (8),
with respect to snow density p(¢) (kg/m?) and com-
pressive viscosity 7(z) observed in the field meas-
urement:

n(t)=ap(t) . (8)

Using Equations (5), (6), (7), and (8), we can cal-
culate the temporal variation in the stability index
SI for snow layers consisting of unrimed and
heavily rimed crystals based on the result of field
observation.
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3. RESULTS OF FIELD OBSERVATION

3.1 Overview of snow cover during the pe-
riod of field observation

Figure 1b shows a cross-section of a snow pit at
the last observation at 12:00 JST on 21 January.
The thickness of each layer in the last observation
is 8.5 cm for the S layer (S1 and S2), 14 cm for
the M layer (M1 and M2), and 44 cm for the W
layer (W1 and W2).

Figure 2 shows vertical profiles of density and
hardness of snow from S1 to the lower part of W1
at the last observation. The density and hardness
of the lower part of the S layer (S1), which is at
the bottom of the snow that accumulated during
the period of field observation, has the lowest val-
ues of any snow cover. Therefore, the S layer will
acts as the weak layer with related to the stability
of snowpack on the slope.

3.2 Characteristics of snow crystals

Figure 3 shows photographs of snow crystals
from the S1 layer. The S1 layer (hereinafter, re-
ferred to as "S layer") was composed of transpar-
ent unrimed crystals and lightly rimed crystals.
These were hexagonal plates, dendrites with
broad branches, and spatial plates. These snow
crystals formed in the stratiform clouds of the syn-
optic-scale cyclone. The crystals maintained their
shape during the period of field observation.

Figures 4 shows photographs of snow crystals
from the M1 and M2 layers (hereinafter, referred
to as "M layer"). For the M layer, many frozen

Figure 3: Snow crystals in S1 layer observed at
03:00 JST on 18 January. Mesh in background
has intervals of 3 mm. (Photo: Shinji Ikeda)

Graupel

Figure 4: Snow crystals in (a) M1 layer observed
at 18:00 JST on 19 January and (b) M2 layer ob-
served at 06:00 JST on 20 January. Mesh has in-
tervals of 3 mm. (Photo: Shinji lkeda)

cloud droplets were attached to the crystals and
were not transparent. Therefore, the M layer con-
tained many heavily rimed crystals and graupels.
These crystals formed in convective clouds that
are associated with mesoscale cyclone.

To understand the difference in temporal
changes in the densities and hardnesses of snow
layers consisting of unrimed versus heavily rimed
crystals, we addressed the S layer as the non-
persistent weak layer consisting of unrimed crys-
tals and the M layer as snow consisting of heavily
rimed crystals.

3.3 Temporal changes in snow density and
hardness

Figure 5 shows the temporal changes in densities
and hardnesses of the S layer and the M layer.
The solid lines in Fig. 5 are regression lines of the
densities and hardnesses for time elapsed from
the first observations for each layer. The density
and hardness increased more slowly in the S
layer, which consisted of unrimed crystals, than in
the M layer. The rates of increase in the density
and hardness of the S layer were 35% and 12%
those of the M layer, respectively.
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Figure 5: Temporal changes in (a) densities p and
(b) hardnesses R for S layer and M layer. The
time on horizontal axis is time elapsed from the
first observation for each layer. Solid lines are re-
gression lines, r2 are coefficients of determination.
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Figure 6: Relationship between density p and
compressive viscosity 7 of S layer and M layer.

The S layer was composed of unrimed dendrites
with broad branches and unrimed spatial plates
(Fig. 3). These crystals are less prone to com-
press than are other crystals, such as stellar crys-
tals and dendrites with narrow branches (Goto et
al., 2005). Therefore, the density p of the S layer
will remain low. On the other hand, bonding be-
tween snow crystals in the M layer will grow be-
cause of sintering between crystals to which
many cloud droplets are attached, so the hard-
ness R of the M layer tends to increase rapidly.

3.4 Compressive viscosity

Figure 6 shows the relationship between the com-
pressive viscosity 7 and the density p of the S
layer and the M layer. The viscosity 7 of the S
layer, which consists of unrimed crystals, is
higher than that of the M layer, which consists of
heavily rimed crystals. The high value of viscosity
n means that the strain rate is low and the density
pincreases slowly for a given vertical load W (Re-
fer to Equation (1)).

Regression analysis between the viscosity 7 and
the density pin Fig. 6 gives the coefficients « and
S in Equations (7) and (8): For the S layer, « =
0.002 and B =5.55 (r2 = 0.772, number of data n
=7); for the M layer, « = 0.483 and 5= 3.98 (r2 =
0.876,n=7).

4. RESULTS OF A THEORETICAL EXAMI-
NATION ON STABILITY OF SNOWPACK

4.1 Estimating the stability of snowpack

The stability indices SI for the S layer and the M
layer will be examined by using the coefficients «
and S obtained from the field observation (Fig.6).
In calculating the stability indices SI, the initial
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Figure 7: Example of temporal variations in the
stability indices SI for S layer and M layer esti-
mated for the conditions of constant snowfall in-
tensity 7, of 4 cm/h and slopes inclination y of 45°.
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Figure 8: Relationship between the time ¢ required
for the stability index S/ to fall to 2.0 from the be-
ginning of snowfall and the snowfall intensity 7, on
slope with inclination y of 45°.

densities oy of the S layer and the M layer were
50 kg/m3® and 80 kg/m3, respectively, because
these values approximate the observed newly
fallen snow densities (Fig. 5a). We assumed that
snow continued to accumulate with constant
snowfall intensity 7, on slope with an inclination
of 45°, and we calculated the stability indices S/
for the S layer consisting of unrimed crystals and
for the M layer consisting of heavily rimed crystals.

Figure 7 shows an example of estimated temporal
variations in the stability indices ST for the S layer
and the M layer. According to Nishimura et al.
(2006), the frequency of avalanches increases re-
markably when the stability index SI falls below
2.0. In Fig. 7, we also assumed that avalanches
are likely to occur when the stability index SI is
below 2.0. Figure 7 indicates that the time ¢ re-
quired for the stability index S7 of the S layer to fall
to 2.0 is shorter than that of the M layer.
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4.2 Evaluating the failure of non-persistent
weak layer during snowfall

Figure 8 indicates the relationship between the
snowfall intensity 7, and the time ¢ required for the
stability index SI to fall below 2.0 after snowfall
began. When the snowfall intensity 7, is 8 cm/h
(i.e., extreme heavy snowfall), for the M layer, the
stability index SI falls to 2.0 at about 5 hours after
snowfall begins. The snowfall amount during that
time is over 30 cm. It is a condition of snowfall
amount under which avalanche release are com-
mon (e.g., Schweizer et al., 2003). Moreover, for
the M layer, the time ¢ required for the stability in-
dex S7 to fall below 2.0 and snowfall amount dur-
ing that time increases with decreases in snowfall
intensity 7,. However, if the snowfall intensity 7, is
less than 3.6 cm/h on a slope with an inclination
of 45°, then the stability index SI cannot fall below
2.0, and the avalanche likelihood will be low.

For the S layer, the stability index SI tends to fall
below 2.0 more rapidly with less snowfall amount
than for the M layer. If the snowfall intensity 7, ex-
ceeds 4 cm/h (i.e., heavy snowfall), then the sta-
bility index SI for the S layer becomes 2.0 within
a few hours of the snowfall amount reaching
about 15 cm. In addition, even when the snowfall
intensity 7, is below 2 cm/h (i.e., usual snowfall),
the stability index SI of the S layer can fall below
2.0.

5. CONCLUSIONS

Snow consisting unrimed crystals (i.e., the non-
persistent weak layer), such as in the S layer, un-
dergoes rapid destabilization at less snowfall than
the snow consisting of heavily rimed crystals,
such as in the M layer. Therefore, when snow
such as that in the S layer accumulates, an early
warning of avalanche occurrence is required,
even when little snow has fallen.

This paper proposed a method for evaluating the
likelihood of avalanche releases triggered by the
non-persistent weak layer using the snowfall in-
tensity and the time required for the stability index
to fall to 2.0. However, heavy snowfall of unrimed
crystals such as that which occurs in Japan is rare
here. We should accumulate cases in order to
verify the evaluation shown in this paper.
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