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Abstract

On 28th January 1998 an avalanche accident occurred near the Japanese ski resort Niseko Alpen in
Hokkaido. The following morning a snow-pit was dug through the fracture line and the snow cover
analysed. There was a weak layer of faceted crystals at a depth of 1m and it was this weak layer
that became the slide plane. Meteorological and snow-pit data from a nearby (1km) site are used
with the Crocus model to explain the formation of the faceted crystals as follows. A period of slow
surface warming followed by rapid cooling created a large temperature gradient in the layer near the
surface of the snow cover which formed a thin layer of faceted crystals near the surface. The large
gradient remained as the layer became buried and the faceted crystals survived in the snow cover
for 9 days until increasing load from snow accumulation led to failure and the avalanche occurred.
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1 Introduction

A snow cover is generally composed of layers of different types of snow. The differences are due
to variations in the initial precipitation and variations in the subsequent metamorphism due to
meteorological conditions and the surrounding snow layers. Each layer is more or less homogeneous
and has its own physical properties. Weak layers, which are those of relatively low shear strength,
have long been of interest to avalanche researchers since they frequently becoming slide planes.
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Figure 1: Map showing the location of Niseko in Japan (N 42’ 52” E 140’ 42”)

Weak layers are often comprised of faceted crystals and these can be divided into three types [Birkeland, 1998]:
surface-hoar crystals that form on the snow surface, depth-hoar crystals that form deep in the snow
cover often near the ground and near-surface faceted crystals that form just under the snow surface.
Depth-hoar [Giddings and LaChapelle, 1961, Bradley et al., 1977, Perla, 1978, Marbouty, 1980, Sturm and Benson, 19
Akitaya, 1974] and surface-hoar [Lang et al., 1984, Colbeck, 1988, Hachikubo et al., 1994, Hachikubo and Akitaya, 199
Hachikubo and Akitaya, 1997, Davis et al., 1996] are well known and have received a great deal of
study. Near-surface faceted crystals have until recently received much less attention and are often
classified as depth-hoar. [Akitaya and Shimizu, 1987] observed quick growth of faceted crystals in
the near-surface layer and [Colbeck, 1989] simulated the high growth rate of faceted crystals near
the snow surface. [Fukuzawa and Akitaya, 1993] reported near-surface faceted crystals developed
largely because of internal warming and melting beneath the snow surface during the day, and radi-
ation cooling at night!. This process is called diurnal recrystallisation by [Birkeland, 1998] who also
describes two other processes leading to the formation of near-surface faceted crystals and defined
them as snow crystals formed by near-surface vapor pressure gradients resulting from temperature
gradients near the snow surface. Prediction of the formation of near-surface faceted-crystal weak
layers using meteorological data is obviously of great practical benefit to avalanche forecasters as
well as providing an opportunity for testing theoretical models with physical data.

[Fierz, 1998] compared observations of snow cover temperature and stratigraphy in near-surface
layers, in particular the formation of near-surface faceted crystals and their subsequent metamorpho-
sis. He compared the data with two different snow cover models Crocus and DAISY [Bader and Weilenmann, 1992].
This paper compares snow cover data before and immediately after the 28th January 1998 Niseko
(Fig. 1) avalanche with the Crocus model for the same period.
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Figure 2: Map showing the location of the observation sites A and B. Contours are every 50 m. The
avalanche started near A and ran down the valley Haru no Taki (Spring Waterfall).

2 Observations

2.1 Site and Method

On the morning after the avalanche (29th January) a snow-pit was dug on the fracture line of
the avalanche (site A Fig. 2, 820m a.s.l.). The grain shape, grain size, snow density and snow
temperature were measured every 0.1 m. The shear strength, using a shear frame, was measured
where weak layers were suspected. At a location about 1km distant (site B Fig. 2, 930m a.s.l.)
snow-pit and meteorological measurements were regularly carried out throughout the winter. Air
and snow surface temperature, wind speed, solar radiation, snow depth and intensity of snowfall
were measured and recorded using a digital data logger every hour. The snowfall counter only
measures solid particles and cannot detect liquid precipitation The meteorological instruments are
summarized in Table 1.

2.2 Results

The meteorological data (site B) from 17th to 28th are shown in Fig. 3. During the 17th and 18th
the air and the snow surface temperature gradually increased to near 0°C by midnight. A low
pressure front then arrived and the air and surface temperatures dropped to around —15°C in 24
hours. Over the following ten days the temperature remained low between —10°C and —15°C. The
wind speed was under 7ms~! for the whole period.

INB this paper refers to near-surface faceted crystals as depth hoar
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Figure 3: Meteorological data at the site B from 17th to 29th January, 1998.



Measured property Accuracy Instrument type Instrument specification
Air temperature +0.1°C Platinum resistance VAISALA HMP-35D
Snow surface temperature +2°C Infrared thermometer HORIBA IT-340W
Humidity +3 %RH Capacitive sensor VAISALA HMP-35D
Wind speed +0.5m/s Windmill anemometer KDC-S4JR

Shortwave solar radiation +5% Pyranometer EKO MS-100

Snow depth +0.01m Solar cells KONA KDC-S6

Snow count

not quantified

Infrared reflectance type

Table 1: Instrumentation
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Figure 4: Observed grain profile at site A on 29th January, 12:00, 1998
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Figure 5: Observed density profile at site A o (29th January) and site B o (27th January).

Snow-pit data from site A are shown in Fig. 4 and Fig. 5. There is a weak layer composed of
faceted crystals at a depth of 1m. These crystals were morphologically distinct from depth hoar and
surface hoar. The thickness of the weak layer was 10-20 mm, and the grain size was 0.5-2 mm. The
shear stress failure (measured using a shear frame) for this weak layer was 3.1kPa, the slope angle
was 34 °C and the weight of snow was 1.45 kPa thus the snow stability index [McClung and Schaerer, 1993]

was
3.1kPa

1.45kPa sin(34°)

This value is not so small, but slab avalanches can start when the stability factor is as high as
4 [Roch, 1966]. The layer may also have stabilised in the twenty-four hours after the avalanche until
the observations. The top 0.6 m of the snow cover was approximately homogeneous low density
(below 200kgm3) snow that fell in the two days before the avalanche. This agrees with the
meteorological data (Fig. 3) showing that the snow fell under low wind condition. Although there
was a relatively weak layer of partly decomposed particles at 0.84 m this layer did not fail. There
were no slabs in the snow cover consistent with the low wind speeds.

Snow-pit data from site B are shown for 17th, 22nd and 27th January in Fig. 6. The density
profiles and crystal classification at both sites A and B are similar (see Fig. 4 and Fig. 5) confirming
that the sites have similar micro-climates. In particular the same faceted crystals weak layer that
caused the avalanche was observed at site B on 27th January at a depth of between 0.95m-1.01 m.

A thin ice layer was observed at site B (Fig. 6) on the 22nd and 27th but not on the 17th.
This was probably formed at the warmest time around midnight 19th by surface melting or rime
deposition. This does not contradict the meteorological data that shows the surface temperature was
never above 0°C since the sensor error (£2°C) is large. The snow count sensor cannot distinguish
between rime and snow-melt because it only measures solid precipitation. Since the failed weak
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Figure 6: Observed profiles at the site B on 17th, 22nd and 27th January, 1998.



layer was directly below the ice layer it is clear that the weak layer developed from the 0.15m of
snow that fell on the 17th and 18th. However this ice layer did not exist at site A indicating that
the sites are not identical. This is possibly because of the different aspect and inclination leading
to differences in the surface temperature, or more likely because the different topographies lead to
a longer exposure to rime producing fog at site B.

3 Numerical Simulation

3.1 Description of the simulation

Crocus [Brun et al., 1989, Brun et al., 1992] is a numerical model of snow cover developed for
avalanche forecasting by Meteo-France. Given initial conditions (the snow cover) and boundary
conditions (meteorological data at the surface) it can simulate the subsequent time-evolution of the
snow cover. Crocus requires the specification of nine meteorological conditions; air temperature,
relative humidity, wind speed, precipitation (rate and phase), incoming long-wave radiation, direct
and diffuse short-wave radiation and cloudiness.

Crocus was used to simulate the evolution of the snow cover between the 17th and the 29th —
the period from just before the snow in the weak layer fell to just after the avalanche occurred.
The snow pit data from the 17th (site B) was used for the initial conditions (see Table 3). No
data was available for the bottom 0.74m and this was assumed to be rounded grains with mean
temperature averaged from the measured temperature at 0.74m and the assumed temperature of
0°C on the ground. Air temperature, relative humidity, wind speed precipitation and diffuse short-
wave radiation were taken directly from the meteorological instruments. The instruments did not
measure direct short-wave radiation or incoming long-wave radiation, but since a local meteorological
observatory (Kutchan 10 km northeast from site A) showed that it was cloudy for this time direct
short-wave radiation was assumed to be zero. Incoming long-wave radiation was calculated from a
heat balance using the measured snow surface temperature.

3.2 Modifications to Crocus

Crocus release 2.2.1 (26th Feb 1997) was used for the simulation with some small modifications
described in this section. The snow profile was output every hour instead of every day and the
profile data was processed using 5 decimal places. Modification were made to agreg.f, modprof .f
and neige.f so that the creation of new layers, the aggregation of layers and the splitting of
existing layers could be tracked. The maximum number of layers was increased from 50 to 200 so
that aggregation of layers only occurred when they had similar physical properties.

One modification was also made that effects the physics of Crocus. When a layer is split in to two
the properties for the new layers are calculated from the old layer assuming it to be homogeneous.
This is a good approximation for density, crystal type, et cetera as the defining property of a snow
layer is that it is roughly homogeneous. However, in general the temperature varies linearly across
a layer and assigning the same temperature to the two new layers is inaccurate and results in very
large spikes in the temperature gradient. A simple modification to overcome this problem is as
follows.

Let the thickness of the layer be 40z centred at x and its mean temperature be t. Crocus splits
new layers into two equal halves so that the new layers have thickness 2§z and are centred at z &z
with temperature 1. Conservation of heat energy implies that 46zt = 26xt, + 26xt_. Write the



new temperatures as t+ = t £ dz 6t then 0t is the temperature gradient at z. Crocus chooses §t = 0,
but a more physical choice is to choose d?t/dz? continuous. If the centres of the layers above and
below relative to x are x,, and —x;, and the mean temperatures are t,, and ¢; respectively then

<6t - 'j%;‘”) (z+z)" " = (t“;ji__;& - (St) (zy +2)7" (2)
5t — (22 — 2 (t —t;) + (x7 — 2%) (ty — t)- 3)

(21 + zu)(z12y — 22)

Thus this is equivalent to choosing the temperature gradient at x to be a linear interpolation of
the temperature gradients above and below the new layers. This modification was made to the file
modpro.f.

The modified version of Crocus make it easy to track the evolution of layers though the snow
cover and to study their properties. In particular the temperature gradients experienced by a layer
can be studied. This is useful because even if the metamorphism modeled by Crocus is inaccurate
the temperature profile is based on the well understood physics of heat conduction. Classification
of Crocus crystal types is performed according to Table 2. Only crystals with size less than 0.5 mm
are included since only these occurred in this simulation.

3.3 Crocus model results

dendricity  sphericity history crystal type

(0.85,1) (0,1) 0 ++ fresh snow
(0.65,0.85) (0,1) 0 +/
(0.35,0.65) (0,1) 0 // decomposed and fragmented
(0.15,0.35) (0,0.5) 0 /0
(0.15,0.35) (0.5,1) 0 /e
(0,0.15) (0,0.2) 0,1 oo faceted crystals
(0,0.15) (0.2,0.5) 0,1 Oe
(0,0.15) (0.5,0.8) 0,1 o
(0,0.15) (0.8,1) 0,1 oo rounded grains
0 (0.0,0.5) 2,3,4,5 o
0 (0.5,1.0) 2,344 oo wet grains
Table 2: Crocus model crystal classification adapted from users manual version

2.2 [Brun et al., 1992]) for dendritic and non-dendritic types for sizes less than 0.5 mm. Types
from [Colbeck et al., 1990] are as follows: + =1,/ =2,e=3,0=4 ando =6

The simulated snow cover from the 17th to the 29th is shown in Figs.7 and 8. The model
agrees well with the actual snow pack on the 22nd and 27th (Fig. 6). However, the snow depth is
overestimated by about 0.3 m and the thin ice layer was not reproduced by Crocus. This suggests
that the ice layer was a rime deposit since the model does not include rime deposition, but does
include surface melting. [Fierz, 1998] found similar problems with Crocus. In his measurements
there was also a thin crust above the faceted crystals that Crocus failed to produce and he also
found problems with the snow depth prediction as did [Brun et al., 1992].
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Figure 7: Simulated profile of snow crystal type from 17th to 29th.
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Figure 9 shows the final snow cover and the settling of the simulated layer boundaries. The
weak layer is also marked and the temperature gradient and crystal properties of this layer are
shown in Fig. 11. This layer corresponds to the snow on the surface between 17:00 on the 17th
and 3:00 on the 19th. The high temperature gradient caused by the falling surface temperature on
the 19th can be clearly seen. The temperature gradient increased in magnitude to —24°C/m and
remained larger than —9°C/m up until the avalanche on the 28th. In the Crocus model kinetic
growth occurs when the temperature gradient is larger than 5°C/m. Thus this layer of snow was
slowly changing to faceted crystals for the entire period, but the gradient was only briefly large
enough for faceted crystal large than 0.5 mm to form (this only occurs when the gradient is larger
than —15°C/m.) This is shown in the lower figure. The discontinuity of the dendricity and the
sphericity is a simulation artifact caused by Crocus merging layers with similar properties. The final
state reached by this layer corresponds to almost perfectly faceted crystal less than 0.5 mm in size.

The existence of the temperature gradient can be explained as followed. Figure 10 show the
simulated temperature profile at 23:00 on the 18th and midnight on the 20th — the times of
maximum difference. As the surface temperature fell and new snow cold snow was deposited a
large kink in the temperature profile was generated at around 0.4m depth. Fresh snow continued
falling insulating the warmer snow deeper in the snow cover. Figure 12 shows the evolution of the
temperature kink and the location of the weak layer. The kink gradually spreads out and reduces
but is still clearly visible after ten days. It persists for so long because The initial warm period was
long enough for the top 0.4 m of the snow pack to warm up (Fig. 10) and then be buried by more
than 1m of cold snow. Figure 13 shows the measured temperature profile at A. There is only rough
agreement with the simulated snow cover, but the data does show a large temperature gradient
(17°C/m) at the weak layer — the temperature changes —8.4°C to —6.7°C in 0.1 m.

4 Discussion

For dry snow with dendricity > 0 and temperature gradient |AT| > 5°C/m Crocus predicts that
the crystals become faceted according to the rate law

ddendricity  dsphericity 5 04 6 x 103
= ==2 1 AT™ - 4

where time is measured in days. The end state with dendricity and sphericity both zero corresponds
to faceted crystals of size 0.4 mm. If the gradient is above 15°C/m the grains increase in size and
evolve towards depth hoar. If the gradient falls below 5°C/m The grains increase in sphericity and
evolve towards rounded crystals. If Eq. 4 if integrated for the weak layer (Fig. 11) it shows that
dendricity and sphericity should decrease by about 0.7 and this of course agrees with the simulation.

Though the Crocus simulation shows qualitative agreement with the measurements and correctly
predicts the formation of a weak layer in the correct place (adjusting for the depth miscalculation).
The characteristics are somewhat different. Crocus predicted smaller grains (< 0.5mm) in a thick
weak layer (0.1m) in contrast to the observed large grains (0.5-2mm) in a thin (0.01m) layer.
Since Crocus predicted the snow cover was about 25% deeper (2.5 m instead of 2m at site A) the
temperature gradient in the weak layer should be about 25% larger. Since the rate dependence
on temperature gradient is fairly weak however this increases the rate by only around 9%. This is
enough to make the final crystals fully faceted (dendricity and sphericity zero) but they will not
evolve towards large faceted crystals since the gradient is less than 15°C/m except from the 19th to
the 21st. For the crystals to have become fully faceted in this time temperature gradients of around



300°C/m would have been necessary. There are three possible explanations. The simplest is that the
crystal growth laws in Crocus are wrong and large faceted crystals can develop even in temperature
gradients of 9°C/m. This seems unlikely as the Crocus model is based on detailed experiments
of crystal metamorphism. Another possibility is that Crocus describes the metamorphism of the
weak layer correctly and the discrepancy is natural variation. This also seems unlikely as the weak
layer in the snow cover was thin and distinct from surrounding layers in contrast to the simulation.
The most likely reason however is that the weak layer is the result of near-surface faceted crystals
formed on the 19th as the temperature rapidly plunged. This explanation also agrees better with
the snow-pit data showing a weak layer of faceted crystals existing by the 22nd (Fig. 6). Crocus
cannot resolve large near-surface temperature gradients since it lacks the spatial resolution and a
micro-climate model. Thus it cannot account for this possibility. The thinness of the layer also
fits this hypothesis, and if such a layer had formed the temperature gradients higher than 5°C/m
predicted by Crocus ensure that it would have survived. The weak layer then remained in the snow
pack until the increasing weight of the snow cover caused failure.

Birkeland (1998) classified processes associated with the formation of weak layers of faceted
crystals near the snow surface into the following three types: radiation recrystallisation, melt-layer
recrystallisation and diurnal recrystallisation. Radiation recrystallisation is ruled out because the
sky was overcast. Melt-layer recrystallisation can not have been the cause since there was no melt
layer in the snow cover at the site of the avalanche, though it may have had an effect at site B.
Diurnal recrystallisation refers to gradients induced by temperatures differences between day and
night. Since the warmest temperatures were at midnight and the temperatures dropped during
the day neither is this the explanation. Instead a fourth case is necessary, covering the case when
synoptic weather conditions cause large temperature variation. Under the right conditions low-
density surface snow can change to near-surface faceted crystal in only one night[Birkeland, 1998]
and these crystals were then preserved in the snow cover until the avalanche.

5 Conclusions

Despite its limitations Crocus is a valuable tool for studying the evolution of snow covers. Though
it did not predict exactly the weak layer that caused this avalanche it did predict a weak layer at
the correct depth and its results confirm that large faceted crystals in the layer would have been
preserved. Thus if expert knowledge of near-surface faceted crystal formation is used in conjunction
with Crocus avalanches such as this can be predicted.
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Depth (m) Temperature (°C) Density (kg/m?®) gl g2

1.44 -5.93 0.04 -99 50
1.41 -6.61 0.16 -90 45
1.38 -7.96 0.14 -50 50
1.32 -8.48 0.15 -25 60
1.26 -8.02 0.23 -25 60
1.22 -7.76 0.23 -25 75
1.20 -7.55 0.24 -12 80
1.17 -7.10 0.32 -10 82
1.10 -6.35 0.28 -10 &80
1.00 -5.60 0.32 -10 50
0.93 -5.07 0.30 -12 35
0.84 -4.50 0.34 -10 50
0.77 -4.08 0.33 -25 60
0.74 -2.03 0.40 -1 99

Table 3: Initial conditions for Crocus simulation. The history variable and liquid water content
were zero for all layers.

Postscript

The software used for producing the figures in this paper and for analysing the Crocus simula-
tions as well as a detailed list of the modifications is available from one of the authors web site:
http://duvel.lowtem.hokudai.ac.jp/~jim/crocus.
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