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ABSTRACT: We introduce the idea that the top of the snowpack on a slope composed of wind-broken
precipitation particles by creep and saltation of blowing snow (DFbk; size vf (< 0.2 mm)) tends to pro-
mote deformation due to densification after sintering by solar radiation or warm air advection during
drifting snow following a snowstorm in the mountainous area, which is the key causation of avalanche
release. In addition, the risk of drifting snow slab avalanche is greater in the path of side-loading during
the drifting snow since fine snow particles are well-packed due to collision and fragmentation under
sub-zero temperatures.
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greater than 1 meter. Masuzawa et al. (2021)
showed that distributions of the snow particle di-
ameter of drifting snow were 50-200 ym regard-
less of the snowfall intensity, based on the field
measurements of blowing snow with snowfall
conducted by using SPCs on a plain field where
a fetch was more than 1 km. From the above, the
snow grain sizes during the drifting snow are 0.05
- 0.2 mm, corresponding to DFbk; size vf less
than 0.2 mm (Fierz et al., 2009).

Wakabayashi and Marutani (1975), and Waka-
bayashi (1976) showed that contraction and dis-
tortion were predominant in the upper layer of the
snowpack on a slope which was composed of
rounded grains and decomposing and frag-
mented precipitation particles, based on the
measurement of snow slope contraction. An ex-
ample of the result is shown in Figure 3. The re-
sult shows that about one-third of the snowpack
on a slope was contracting in areal extent. The
slope was not in the neutral zone (neither contrac-
tion nor expansion). The upper snowpack at the
top of the slope, which is conventionally consid-
ered the tensile zone, contracted not only verti-
cally but also laterally, which caused localized ar-
eal expansion and cracking.

Harada et al. (2018) analyzed the relationship
between overburden load and density, for differ-
ent grain size classes of decomposing and frag-
mented precipitation particles from December to
February near the windy ridgeline (Figure 4).
Snow densities of smaller size classes vf and f
were higher than those of the larger size classes
m, ¢, and vc. In particular, this trend was greatest
near the snow surface where the overburden load
was low. As a result, the filling factor around the
top of the snowpack is greater; and fine snow par-
ticles are well-packed due to collision and frag-
mentation under sub-zero temperatures. Sinter-
ing is promoted by the collision and fragmentation
of fine snow particles, increasing the specific sur-
face area due to an increase in contact points. In
particular, disintegration is promoted under sin-
tering conditions around the melting point. There-
fore, snow density has increased due to densifi-
cation

In general, sintering of snow particles are pro-
moted by smaller grain size and closer to 0°C un-
der sub-zero temperatures. In the mountainous
area, the density increase by the binding and con-
traction of fine particles was the dominant factor
of the contraction and deformation of upper snow-
pack layers, rather than densification by the over-
burden load in midwinter (Harada et al., 2018). In
addition, the settlement force of snowpack was
smaller at the depth from 50-70 cm to the snow
surface in heavy snowfall areas, based on the ob-
servation using snow settling recorders (Nitta et
al., 1991, see Figure 5). This indicates that there

may also be affected by contraction and distortion
with densification, in addition to low overburden
load.

On side-loading slopes, the frequency of frag-
mentation of fine snow particles caused by creep
and saltation during drifting snow is thought to be
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Figure 3: Distortion rate of the upper layer of
the snowpack on a slope from 27" Feb. to 18"
Mar. 1974 in the windy and snowy area of Hok-
kaido. (Based on Wakabayashi and Marutani,
1975)
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Figure 4. Grain size of decomposing and frag-
mented precipitation particles from December
to February relationship with overburden load
(Harada et al., 2018)

Figure 5: Snow settling recorder: 20 cm long
galvanized iron wires were fixed horizontally to
a 5 m tall pole at every 20 cm height increment
(Nitta et al., 1991)
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greater. The proportion of particles is considered
to be smaller than 0.2 mm in most cases near the
snow surface. Upper snowpack layers vary due

to erosion and deposition caused by drifting snow.

As the result, disintegration is promoted under
sintering conditions around the melting point.
Snow density increased due to densification.
These may have been factors of formation of wind
slab predominated contraction and distortion in
the upper layer of the snowpack on mountainous
slopes.

Even though snowstorms seem to have been
subsided in the living areas, in many cases, drift-
ing snow is continuing in the alpine areas due to
strong winds. These alpine areas are where the
production of fine snow particles develops effi-
ciently because there is no supply of larger pre-
cipitation particles from the sky. It is estimated the
upper layer of the snowpack on a slope is con-
tracted and distorted to the higher position during
the drifting snow. The slab cracks in areas where
large snow particles cannot keep up with the con-
traction and distortion, for example, around tree
trunks and in topographic transformation points
(see Figure 3).

Natural winds are constantly fluctuating in
strength, and instantaneous wind speeds (3-sec-
ond average) are often about 1.5 times stronger
of the 10-minute average wind speed. In case of
unstable atmospheric conditions, that can be 3.0
times or more (Japan Meteorological Agency,
2017). Instantaneous wind turbulence varies de-
pending on surrounding undulations (Council for
railway high wind protection in Japan, 2006). The
power spectrum of variable wind speeds in natu-
ral winds shows a period of dominance in tens of
seconds (Council for railway high wind protection
in Japan, 2006). The heavy snowfall on the Japan
Sea side occurs when cold air from Siberia ab-
sorbs a great amount of moisture over
the Japan Sea and then collides the
high mountains that make up the north-

the wind speed gets intense, the surface snow-
pack may be eroded even on the blowdown
slopes. The different snow grain sizes cause dif-
ferences in speed of the sintering, which creates
differences in bonding strength in the alternation
of snowpack layers. In addition, when the snow
temperature in the upper layer of snowpack in-
creases due to solar radiation or warm air advec-
tion during drifting snow after a snowstorm, the
difference in sintering speed becomes more pro-
nounced. As a result, one of the weak interfaces
in a wind slab can become a sliding surface as
the upper slab cracks down due to its contraction.

3. INFLUENCE OF DRIFTING SNOW SLAB
AVALANCHE RELEASE

3.1 In case of Artificial Trigger

We think that the number of backcountry ski-
ers/snowboarders increases during the drifting
snow after a snowstorm in the alpine areas, and
the number of slab avalanche accidents in-
creases as a result of multiple cracks caused by
the skier's/snowboarder’s stimulation. In fact, av-
alanche accidents occasionally occur during drift-
ing snow after a snowstorm in Japan (Figure 6).

3.2 In case of Natural Trigger

A loose avalanche on a blowdown gully is gener-
ally released under snowfall conditions. When the
loose avalanche reaches the top of a talus slope,
consequently a slab avalanche is occasionally re-
leased due to stimulation from the avalanche. In
this case, we think that fine snow particles can be
well-packed due to collision and fragmentation in
the talus slope during blowing snow.

—)- Drifting snow —
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northeastern Hokkaido and Honshu Is- Snowfall | Drifting snow passes
land (Technical committee 3.2 of PI- Steep slope

ARC, 2022). These indicate that differ-
ent wind speed can make different
sizes of fragmented snow particles dur-
ing snow storms on blowdown slopes in
mountainous areas, where then the col-
lision and fragmentation make alterna-
tive snowpack layers. When the wind
speed is not greater temporarily, the
surface snowpack layer may consist of
decomposing and fragmented precipi-
tation particles of DFbk and DFdc due
to creep and saltation of blowing snow
and snowfall. On the other hand, when
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Figure 6: Transition of drifting snow slab Avalanche risk
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4. CASE STUDY

In this case study, we investigated the relation-
ship between avalanche release and drifting
show based on observations.

4.1 Methods

Study site

The study site was the mountainous area of
Hakuba village from 1000 to 2900 m a.s.l., which
is located on the northeast to southeast slopes of
the northern Japanese Northern Alps (N36°39—
46', E137°45-50"; Figure 7). The site is one of the
most famous ski/snowboard resorts and back-
country areas in Japan. The elevation of the tim-
berline is about 2500 m a.s.l. The site has been
classified as a dry snow region in midwinter (Ishi-
zaka, 2008), and has the same characteristics as
the maritime snow climate in North America
(Ikeda at el., 2009). Since air temperature was not
continuously measured at the study site, we ex-
trapolated data from the Hakuba weather station
(N36°41.9’, E137°51.7’, 703 m a.s.l.) of the Auto-
mated Meteorological Data Acquisition System
(AMeDAS) by Japan Meteorological Agency,
which is located approximately 4.3 km to the east
of the 1400 m point (see Figure 7). Table 1 shows
the average monthly temperatures at 1500, 2000,
and 2500 m a.s.l. using AMeDAS data from
Hakuba and a lapse rate of 6 °C km~! (lkeda at
el., 2009).

Observations

On December 20, 2022, several slab avalanches
of 2.5 - 3.5 size (McClung and Schaerer, 2006)
were released during drifting snow after a snow-
storm in the area. We corrected avalanches oc-
curred and ski patrol information. Snow and

A A0) O) SR PSR

REF&Z2FX—18 @

Google (O 100% EREREE: 2015/10/26 LIk

Data Japan Hydrographic Association D.

weather observations were conducted at the
1400 m elevation point of the Hakuba Happo-One
ski resort in the site (N36°41.8', E137°48.9’, see
Figure 7), following guidelines of the Canadian
Avalanche Association (CAA, 2016). Vertical pro-
files of snowpack height, grain shape, grain size,
hand hardness, and snow temperature (at 10 cm
intervals) were constructed from snow-pit obser-
vations at one of the crown face (N36°41.7',
E137°47.7', 1900 m a.s.l., see Figure 7), following
the guidelines (CAA, 2016). In addition, we

gained data of air temperature, wind speed and

Flgure 8: The crown face near the rldgellne in the
northern part of the study site on Dec. 21, 2022
(see Figure 7)

Table 1: Average monthly temperatures for the
study site in the snowy season

Elevation  Average monthly temperatures (°C)

ma.s.l. Dec. Jan. Feb. Mar.

1500 -4.9 -7.6 -7.2 -3.6

2000 -7.9 -10.6 -10.2 -6.6

2500 -10.9 -13.6 -13.2 -9.6
R Q @

¥ @ Meteorological.data 1700m « _

Snow and weathier 1400m

£ ©

- +

1,000 m N A5:3800m 36°42'26°N 137°45'52°E 1,818 m

Figure 7: Location of the study site: Drifting snow slab avalanches occurred on the Dec. 20", 2022 in

the study area (the information is based on the patrol overlaid the Google Earth image:

red, ava-

lanche starting points; gold, the avalanche tracks and crown faces; blue, observation points)
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direction that were measured at the weather sta-
tion in the resort (N36°41.9', E137°48.3', 1700 m
a.s.l, see Figure 7).

4.2 Results

Avalanche and ski patrol information

Size 2.5 - 3.5 slab avalanches occurred in five ar-
eas of the study site above 1900 m a.s.l. One of
these slope directions was northeast and the
other four were southeast. Several slab ava-
lanches of 1.0 size were released by skiers/snow-
boarders around the Hakuba Happo-One ski re-
sort from 11:00 a.m. to 12:00 p.m.

> N :

b s

Snow-ice accretion on meteorological station and
lifts was comfirmed from the late evening of De-
cember the 17t to 18" by the wind of up-slope
loading.

On December the 20t a.m., the Alpen Quad lift of
the Hakuba Happo-One ski resort in the site was
closed due to strong wind. The start time of the lift
was 12:15 p.m. The wind from the west had in-
creased since 3:00 a.m. In the early morning,
drifting snow continued above the 1680 m eleva-
tion point, which is the end site of the Alpine Quad
lift.

Figure 9: left, Location of the snoW—p

SIN . Sadiires 4 <
it observation site, Kuzuresawa, taken by Kimihiro Mitsuyasu;

right, Crown face near the snow-pit site (see Figure 7)
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Figure 10: Snow profile at the crown face of Kuzuresawa (see Figure 9)
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Snow and weather observations

The snowfall has accumulated 86 cm (HST) at the
1400 m elevation point from the date of 16t to 20t
a.m. since the beginning of a storm Sky condition
was partially cloudy (Scattered SCT: CAA, 2016)
both 8:00 a.m. and 15:00 p.m. on the 20t based
on observation at the 1400 m elevation point. In
addition, there has been solar radiation confirmed
between 8:00 a.m. and 15:00 p.m. from 1400 m
(the ski area) to 2900 m (the main ridgeline) by
gualitative visual observation.

Snow-pit observation

The images of the crown face around the snow-
pit observation are shown in Figure 9. The snow
profile from snow surface to 150 cm down is
shown in Figure 10. Grain forms were composed
of rounded grains and decomposing and frag-
mented particles. Grain sizes were mix of 0.1 - 0.3
mm, and 0.5 mm. Snow hardness was 1F - 4F.
The result of the compression test was CTM 13
(SP) down 86cm down RG and DFdc DEC. 20t,
This weak interface was larger grain sizes com-
pared to the above and below layers.

Meteorological observations

The meteorological data of wind speed, wind
direction, and air temperature for the 30-minute
interval at the 1700 m point and snowfall per
hour at the Hakuba AMeDAS station are shown
in Figure 11. Cold air advection caused the tem-
peratures to go down from late afternoon of the
171, and snowfall was measured intermittently at
the Hakuba AMeDAS through the 19t. Accumu-
lated snowfall from the 16 to the 19t was 49
cm. Wind data was missing from the late even-
ing of the 18t to the 19t at the 1700 m point.

Missing data of wind was confirmed at Hakuba
AMeDAS as well. We consider that the wind
sensor was stopped due to snow-ice accretion
by the wind of up-slope loading. This phenom-
ena was caused by rimed snow particles which
were blown out by the wind of up-slope loading
from the lower elevation, breaking the supercool-
ing state after colliding objects at the 1700 m
point, then causing rimed snow particles to
freeze and stick together more easily. Based on
these facts, there was not an average wind
speed above 10 m s from the 16! to the 19%.
On the 20, the average wind speed was about
10 m st and the wind direction of was mainly
west from 3 a.m. to 1 p.m. In addition, air tem-
perature increased from -6.7 °C to -0.8 °C be-
tween 8 a.m. and noon.

4.3 Discussion

The factors about the several slab avalanches
that occurred on December 20t, 2022

First, we considered meteorological conditions.
As the results of 4.2, precipitation particles and
decomposing and fragmented precipitation parti-
cles accumulated in the upper layer of the snow-
pack on a slope of about 80 cm or more in the
study area from the 16t to the 19t™. Drifting snow
without snowfall occurred roughly from 3 a.m. to
1 p.m. on the 20t. Solar radiation and warm air
advection during drifting snow continued roughly
from 8 a.m. to 1 p.m. Snow redistribution during
drifting snow continued due to side-loading rela-
tionship between mainly west wind and southeast
slopes where avalanche was released.
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Figure 11: The meteorological data of wind speed, wind direction, and air temperature for the 30-
minute interval at the 1700 m point by Logical Works Co., LTD, and snowfall per hour at the

Hakuba AMeDAS station.
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Next, we considered snowpack and avalanche
conditions. Based on the results of snow obser-
vations, compression test, and the snow accumu-
lation around the crown face on the next day after
drifting snow, we estimate the thickness of slab
avalanches to be around 80 cm in the starting
zone. Based on the avalanche information of ski
patrol and meteorological observations, the sev-
eral slab avalanches occurred roughly from noon
to 1 p.m. due to the contraction and deformation
of upper snowpack layers with solar radiation and
warm air advection. In addition, the patterned in-
dented crown face (see Figure 9) seems to have
different densification of the upper snowpack due
to the fluctuation of wind. From the snow-pit ob-
servation, the weak interface of the sliding sur-
face, relatively poor bond in the slab, had larger
grain sizes compared to the above and below lay-
ers. In this case, grain shape and grain size of the
weak interface was formed during the snowstorm
with fluctuating wind speed.

Snowpack on a slope related avalanche and
blowing in the mountainous area

Snow redistribution from blowing snow in the
mountainous area depends on topography, ele-
vation, slope orientation, vegetation, wind direc-
tion and speed, temperature, precipitation, fresh
snow thickness, and snow surface conditions. In
addition, equitemperature metamorphism of the
upper snowpack on a slope depends on grain
shape, grain size, and snow temperature which
was affected by solar radiation and air tempera-
ture. Therefore, we consider that the drifting snow
period of side-loading with solar radiation or warm
air advection following a snowstorm is the key
component of avalanche release. In addition, the
weak interface with larger grain size compared to
the above and below layers is formed when the
wind speed is temporarily weak during snow-
storms before drifting snow.

However, we consider that the conditions of drift-
ing snow slab avalanches are different with ter-
rain, meteorological and snowpack conditions.
For example, when the wind speed of side-load-
ing is intense, the surface snowpack may be
eroded even on blowdown slopes. If precipitation
is lower before drifting snow, the snow slab may
not thicken even if the wind speed of side-loading
is adequate. On the other hand, if precipitation is
greater during a snowstorm, the snow slab may
be thicker with several weak interfaces.

5. SUMMRY AND FUTURE WORKS

We introduce the idea that the top of the snow-
pack on a slope composed of wind-broken precip-
itation particles by creep and saltation of blowing
snow (DFbk; size vf (< 0.2 mm)) tends to promote
deformation due to densification after sintering by

solar radiation or warm air advection during drift-
ing snow following a snowstorm in the mountain-
ous area which is the key component of ava-
lanche release. In addition, the risk of drifting
snow slab avalanche is greater in the path of side-
loading during the drifting snow since fine snow
particles are well-packed due to collision and
fragmentation under sub-zero temperatures.

From now on, verification of meteorological and
snow-pit data with avalanche release is neces-
sary to reveal drifting snow slab avalanches. To
grasp the condition of snow redistribution from
snowstorms with snowfall and drifting snow with
side-loading, solar radiation and warm air advec-
tion in each mountainous area plays an important
role for understanding drifting snow slab ava-
lanches.

In recent years, the cold snowy regions in Japan,
including heavy snowfall areas of the Japan Sea
side, have occasionally had severe snowstorms
caused by rapidly developed low-pressure sys-
tems and convergence zone with changing
weather patterns (Harada et al., 2022). Consider-
ing the above conditions, we would like to sum-
marize several patterns of slab avalanches in Ja-
pan.
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