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ABSTRACT. Numerical simulations using SNOWPACK, a snow-cover model, were
carried out to confirm the model’s applicability to conditions in Hokkaido, Japan, where
temperatures are fairly low and for 3months the snow surface is usually dry except during
occasional periods of rain or above-freezing temperatures. The simulations were con-
ducted for Sapporo, Kitami and Niseko using meteorological data, and the results were
compared with the observed snow profiles. In Sapporo, snow-profile observations were
carried out every day for two winters. In Niseko, one of the most popular ski resorts in
Japan, an avalanche accident occurred on 28 January 1998 and a snow pit was dug
through the fracture line the next morning.The simulated snow profiles agreed fairly well
with the observed ones. However, near the surface we observed depth hoar, which can be
an important factor in avalanche release after successive snowfalls, that the model did not
reproduce distinctly. Extending the model’s metamorphism laws with an expression of
depth-hoar formation under a large temperature gradient, as formulated from an experi-
ment by Fukuzawa and Akitaya (1993), the model reproduced the depth hoar adequately.

INTRODUCTION

In mountainous terrain, avalanches threaten lives and
damage residential areas, agricultural land and transporta-
tion lines. One type of this phenomenon, the well-known
slab avalanche, is caused by shear failure and fracture
propagation within the snowpack parallel to the slope.
Shear failure results when a weak layer with low shear
strength succumbs under a large load. Numerical simula-
tion can be used to simulate the existence of weak layers
and predict avalanche danger.

SNOWPACK, developed by the Swiss Federal Institute
for Snow and Avalanche Research, is a one-dimensional nu-
merical model of the snow cover. It has been used operation-
ally in the Swiss Alps to predict snowpack settlement,
layering, surface energy exchange and mass balance (Bar-
telt and Lehning, 2002; Lehning and others, 2002a, b).This
model estimates snow profiles (e.g. snow type, snow tem-
perature, water content and density) by usingmeteorologic-
al data obtained by automatic weather stations (AWSs).
Lundy and others (2001) applied the SNOWPACK model
for a continental (Rocky Mountains) climate and showed
its validation employing familiar statistical methods. On
the other hand, Lehning and others (2001) developed an ori-
ginal snow-profile comparison method for the quantifica-
tion of agreement between modeled and observed snow
profiles.

The purpose of this study is to carry out numerical simu-
lations using SNOWPACK to confirm the model’s applic-
ability to Hokkaido, Japan, where temperatures are fairly

low and for 3months the snow surface is usually dry except
during occasional periods of rain or above-freezing tem-
peratures. The assessment serves to improve the model’s re-
producibility and versatility, and to evaluate the capability
of the model to improve avalanche warning. Simulations
were conducted at Sapporo (winter 1996/97), Kitami
(winter 2000/01) and Niseko (winter 1997/98) using the me-
teorological data, and the results were compared with
observed snow profiles.
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Fig. 1. Location of the study sites on the island of Hokkaido,

Japan.
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OBSERVATIONS

Figure 1 shows the location of the study sites. Sites are
located at Sapporo (15ma.s.l.; 43‡04’N, 141‡20’E), Niseko
(930ma.s.l.; 42‡52’N, 140‡52’E) and Kitami (85ma.s.l.;
43‡48’N, 143‡53’E). At each site, meteorological data (e.g.
air temperature, relative humidity, wind speed, wind direc-
tion, snow surface temperature, solar radiation and snow
depth) were measured every 30min.

Snow-pit observations were carried out, either every day

(at Sapporo) or at intervals of several days (at Niseko and
Kitami). All snow-pit observation sites are uniformly flat
and located within 50m of the weather stations. Density
was measured with a vertical resolution of 3 cm with a
100 cm3 snow sampler. Snow grain-size and type in each
layer were determined using a crystal screen and magnify-
ing glass.The snow type was classified based on the interna-
tional morphological classification proposed by Colbeck
and others (1990) and characterized by two basic grain
shapes in each layer. In this study, our focus was mainly on

Fig. 2. Snow profiles at Sapporo in1996/97 (dates are month/day).The key at the foot of the figure shows the relationship between

shading and grain types. (þ) is new snow; (=) is partly decomposed snow; (�) is rounded grains; (&) is faceted grains; (^) is
depth hoar; and (�) is melt^freeze grains. (a) Daily observed snow profiles. Black arrow indicates the depth-hoar formation of

snow surface. (b) Simulated snow profiles.
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the growth of faceted grains and depth hoar, which often
form a weak layer and represent typical sliding layers for
slab-avalanche release. The temperature profile of snow-
pack wasmeasuredby a thermistor thermometer with aver-
tical resolution of 5 cm or more.

Figures 2a and 3a show the observed snow profiles in
Sapporo 1996/97 and Niseko 1997/98. Snow-pit observations
were carried out throughout the snow season in Sapporo
and for part of the season in Niseko. As shown in Figure 2a
for snow type, depth hoar was observed to form near the
surface in Sapporo on 25 January 1997, since the tempera-

ture gradient was large due to radiational cooling the pre-
vious night. The depth-hoar layer remained until mid-
February. All of the snowpack had changed to melt^freeze
grains by the end of February. In March, snow depth
decreased as the snowpack melted, and all of the snow had
melted by the end of the month.

At Niseko, the snow depth reached42m in winter 1997/
98. As indicated in Figure 3a, most of the snow was
rounded, and a layer of faceted grains was detected at a
height of 120 cm on 27 January. The next day, 28 January,
an avalanche accident occurred. McElwaine and others

Fig. 3. Snow profiles at Niseko in1997/98 (dates are month/day). (a)Observed snow profiles. Grain type was not observed in the

blank areas. Black arrow indicates the day of an avalanche accident, 28 January. Gray arrow indicates a weak layer. (b)

Simulated snow profiles.
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(2000) suspected that the weak layer of faceted grains had
caused the avalanche.

Depth hoar formed readily in Kitami for 2000/01, since
Kitami’s winters are colder than Sapporo’s and its snow
depth is relatively small.The snow here became melt^freeze
grains by the beginning of March.

SIMULATIONS

Figures 2b and 3b show the snow profiles simulated by the
SNOWPACK model. Overall, the simulated snow types
agree well with the observed ones in Figures 2a and 3a.
However, some discrepancies are found. For instance, the
model predicted less snowmelt than actually occurred,
resulting in an overestimation of snow depth for March.
This behavior is in agreement with the results of Yamaguchi
and others (2004), who investigated the wet-snow zone in
Japan.They showed that this behavior is due to the SNOW-
PACK implicit numerical scheme and that it can be cor-
rected by using a small calculation time-step (e.g. 2min
instead of 15min). In the current version of SNOWPACK,
which has just become available, this error has been elimi-
nated.

Sapporo in 1996/97 (Fig. 2a and b)

In mid-February, the metamorphosis from new snow to
rounded grains and faceted grains was well reproduced in
the snow layer 20^40 cm above ground. On 17 February,
snowmelt occurred on the surface, which later refroze and
formed a layer of ice.This was also shown in the simulation.
In the early winter, however, changes to melt^freeze grains
were sometimes not reproduced by the model (e.g. on 2 and
14 January).

Although a depth-hoar layer was observed near the
snow surface on 25 January, it does not appear in Figure
2b. Radiative cooling of the snow surface from the night of
24 January to the early morning of 25 January generated a
strong temperature gradient near the snow surface as shown
in Figure 4. This temperature gradient was obtained by

SNOWPACKas well.Thus, there appears to be room to im-
prove the metamorphic processes incorporated in the
model.

Although it was observed that all the snow layers had
metamorphosed into melt^freeze grains by the beginning
of March, in the simulation only the near-surface snow
became melt^freeze grains. The reason for this is not that
much liquid water remained near the snow surface in the
simulation.When volumetric water content �w exceeds the
residual water content �r (0.08 in SNOWPACK), the excess
water is immediately transported into the adjoining layer
(Bartelt and Lehning, 2002), so the simulation under-
estimates the melt rate.This is discussed above.

Niseko in 1997/98 (Fig. 3a and b)

Overall, the snow structures observed consisted of new
snow, rounded grains and faceted grains, as shown in Figure
3a. SNOWPACK reproduced these characteristics fairly
well. However, the faceted grain layer that formed at a
height of 120 cm on 27 January was not reproduced. Since
this layer may have released the avalanche on the next day
(McElwaine and others, 2000), it will be key to determining
whether the model can be applied to improve the avalanche
prediction in Japan. We discuss this issue more in the next
section and try to improve the system.

Kitami in 2000/01

In mid-December, most of the snowpack metamorphosed
into a depth hoar due to the relatively low snow depth
(about 20 cm) and low air temperature. New snow of
40 cm then accumulated on the snowpack. The new snow
also changed into depth hoar and faceted grains by mid-
February. The model reproduced these processes, although
the metamorphosis to depth hoar was somewhat overesti-
mated.The simulation (not shown) also delayed the forma-
tion of melt^freeze grains in March.

DISCUSSION

Although the simulated snow types agreed with the
observed ones on the whole, the following discrepancies
were found:

1. The estimated snow depth in the snowmelt season was
larger than the observed depth. This points to the fact
that the model underestimates the snow-cover heat bud-
get, especially during the melt phase.The production of
melt^freeze grains was also constently underestimated
by the model.

2. Depth hoar and faceted grains that formed in the surface
layer and were preserved within the snowpack were not
reproduced for some observed layers.

As mentioned above, the correct amount of snowmelt
could be obtained with a smaller time-step. In any case, in
the snowmelt season, snowdepth decreases and aweak layer
that could cause the release of a slab avalanche disappears
bymeltwater infiltration.The correct and timely simulation
of wet-snow formulation is important for wet avalanches;
however, this is not the focus of this paper.Yamaguchi and
others (2004) discuss this problem in more detail.

The SNOWPACK model can estimate the amount of
new snowfall from the snow-depth measurement alone

Fig. 4. Simulated and measured snow-temperature profile at

0930 (time zone: Japan) on 25 January 1997 at Sapporo.

The top is snow/air interface.The diamonds are simulated

snow temperature, and solid triangles are observed tempera-

tures. A considerable temperature gradient was generated at

the surface. This temperature gradient was reproduced by

SNOWPACK.
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(Lehning and others, 2002b). In this mode of operation, li-
quid precipitation cannot be taken into account.Therefore,
this mode is only recommended for locations where no rain
is observed during the main winter season. For the simula-
tions shown above, we ran SNOWPACK in this mode,
which may be one reason why melt^freeze grains were not
reproduced in the simulation. In fact, it often rains inJapan
even in mid-winter.Thus, when air temperature is 41.0‡C,
we input the precipitation data measured by AMEDAS
(Automated Meteorological Data Acquisition System oper-
ated by the Japan Meteorological Agency) nearby, as rain

together with the snow depth. This improves the simula-
tions as discussed below.

Another discrepancy between the observations and the
model simulations was the low reproducibility of the depth
hoar and the faceted grains close to the surface layer.When
the temperature gradient is large, snowmetamorphoses into
depth hoar or faceted grains. SNOWPACK determines
snow type by considering parameters such as sphericity,
dendricity and grain-size.The snow metamorphic processes
are calculated with the temperature gradient taken into ac-
count (Brun and others, 1992). We calculated how long it
takes for new snow to metamorphose into faceted grains
under a large temperature gradient (150Km^1) and it was
found that 12.7 days at ^16‡C or 5 days at ^5‡C are neces-
sary. However, actual observation showed that depth hoar
formed more rapidly, (e.g. in Sapporo 1996/97). Fukuzawa
and Akitaya (1993) carried out an experiment to investigate
the quick growth of depth hoar under large temperature
gradients (100^300Km^1).They showed that the formation
of depth hoar required only about 2 days and that a positive
correlation existed between the growth rate of snow crystals
and the temperature gradient, as shown in Figure 5. Based
on the results of their experiments, the present study incorp-
orated the following empirical expression of the meta-
morphism process when new snow is subjected to a large
temperature gradient.

_dd ¼ �5:79� 10�6 s�1 dT

dZ
� 150Km�1

� �
ð1Þ

_sp ¼ �2:89� 10�6 s�1 dT

dZ
� 150Km�1

� �
ð2Þ

_rg ¼ ð6:25� 10�12ÞdT
dZ

þ ð6:48� 10�10Þms�1

dT

dZ
� 150Km�1

� �
; ð3Þ

where _dd is the snow dendricity rate (s^1), _sp is the snow

Fig. 5. Growth rate of faceted crystals for various temperature

gradients at a constant temperature of ^16‡C and snow den-

sity of 80^100 kg ^3. Diamonds show experimental results,

and the solid square denotes growth rate during the night of

24^25 January 1990 (Fukuzawa and Akitaya, 1993).The

solid triangle is fromMarbouty’s (1980) experiment for tem-

perature of ^18‡C and density of 180 kgm^3. Solid line cor-

responds to Equation (3).

Fig. 6. Improved simulation result at Sapporo in 1996/97.The formation of faceted grains was improved (gray arrow), and the

model succeeds in simulatingmelt^freeze grains in the middle ofJanuary and February and at the end of February (black arrows).

Dates are month/day.
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sphericity rate (s^1), _rg is the grain growth rate (m s^1) and
dT=dZ is the temperature gradient (Km^1). It should be
noted that both Equations (1) and (2) were derived from
the experimental finding that 2 days were necessary to turn
snow into faceted snow, and Equation (3) was formulated
from the measurement of the crystal growth rate as indi-
cated in Figure 5.

Figure 6 shows the simulated results whenwe take liquid
precipitation into account and incorporate the new growth
rate for faceted snow in Sapporo 1996/97. The model suc-
ceeds in simulating the melt^freeze grains in the middle of
January and February and at the end of February. In the
simulations for Kitami 2000/01, the snow changed to melt^
freeze grains at the beginning of March, which agreed well
with observations. We may therefore reasonably conclude
that the input of liquid-precipitation data improved the
simulation results of the SNOWPACK model as applied to
a moderate temperature region such asJapan’s.

The description of the depth-hoar formation was some-
what improved by using the expression based on the experi-
ment by Fukuzawa and Akitaya (1993). In fact, as shown in
Figure 6, in Sapporo 1996/97, the model successfully formed
faceted grains on 25 January. However, the snow type of this
layer was still intermediate between the rounded grains and
faceted grains shown in Figure 6, whereas depth hoar at the
surface layer was observed in Figure 2a.The model has not
been improved enough to completely reproduce depth-hoar
formation at the surface layer, for the following reason.
Snowmelt occurred until 17 January, when 5 cm of new
snow fell. Then the new-snow layer also metamorphosed
into depth hoar (Fig. 2a). On the other hand, SNOWPACK
tended to underestimate the amount of snowmelt. This was
also the case until 17 January. The model calculates the
amount of snowfall according to changes in the snow depth
(Lehning and others, 2002b). Since the decrease in the snow
depth was underestimated, the amount of new snowfall was
also underestimated. New snow on 18 January was esti-
mated as 2 cm (Fig. 6), whereas the actual observed amount
was 5 cm; the new snowquickly changed into depth hoar. In
this study, the simulation with a large snow roughness

(3610^3m) was also tested instead of the default value
(7610^4m). Then, the adjusted simulation estimated 5 cm
of new snow on 18 January, and the depth hoar was ade-
quately reproduced.

The reproducibility of faceted grain in Niseko was also
improved by substituting the expressions from Equations
(1^3). Figure 7 indicates the results of snow-pit observations
and simulations for17 February1998 (the day before an ava-
lanche broke out), with and without improvement. The
weak layer formed at a height of 120 cm, which was repro-
duced well by incorporating the expressions introduced in
this study. Some methods have been developed to quantify
the reproducibility of SNOWPACK. Lundy and others
(2001) compared the simulation of snow temperature, den-
sity, grain-size and grain type with the observation.We also
applied their method to the simulation of Sapporo 1996/97,
and the results for temperature, density and grain-size are
shown in Table 1. Since a large discrepancy was found in
the snow depth during the snowmelt period in March (Fig.
2a andb),Table1also shows the comparison scores fromDe-
cember to February, during which time the comparison is
better. We see that the incorporation of rain effect contri-
butes to the improvement of the simulations.The grain-size
was further improved by substitution of Equations (1^3).
Lundy and others (2001) verified the grain type introducing
Cramer’s phi and contingency coefficient. In this study the
former valuewas 0.38 and the latter was 0.71.These are com-
parable to the values obtained in Montana, U.S.A. (Lundy
and others, 2001). Considerable change of these values was
not found through improvement of the model. This points
to the fact that the method is not sensitive enough. Lehning
and others (2001) developed another measure using normal-
ized distances for all combinations of grain types. This is
useful and informative, because we can obtain the time ser-
ies of agreement scores. Figure 8 shows the score in Sapporo
1996/97. The score in January was improved by incorpora-
tion of a new crystal growth rate (Equation (1) into Equa-
tion (3)), since the faceted grains are reproduced
appropriately. When rain effect was considered, the score

Fig. 7. Comparisons of snow type between observation and

simulation on 17 February 1998. Gray arrow indicates weak

layers.

Table 1. Statistical measures comparing the predicted and

observed snowpack parameters at Sapporo in 1996/97

n B RMSE r E d

All (December^March)

Temperature 703 ^0.61‡C 1.17‡C 0.82 0.46 0.86
Density 1121 ^36.2 kgm^3 77.6 kgm^3 0.78 0.45 0.78
Grain-size 1014 ^0.84mm 1.18mm 0.53 ^0.46 0.18
Grain-size (NGR) 1014 ^0.79mm 1.15mm 0.52 ^0.38 0.25

Before snowmelt (December^February)

Temperature 402 ^0.49‡C 1.10‡C 0.85 0.63 0.90
Density 626 ^19.7 kgm^3 65.2 kgm^3 0.77 0.53 0.80
Grain-size 568 ^0.61mm 0.91mm 0.68 ^0.03 0.49
Grain-size (NGR) 568 ^0.55mm 0.87mm 0.68 0.07 0.57

Considering rain, before snowmelt (December^February)

Temperature 402 ^0.29‡C 1.05‡C 0.86 0.66 0.92
Density 626 ^9.2 kgm^3 59.1kgm^3 0.80 0.61 0.85
Grain-size 568 ^0.58mm 0.89mm 0.70 0.04 0.54
Grain-size (NGR) 568 ^0.53mm 0.85mm 0.70 0.11 0.68

Notes: n: number of samples; B: mean bias; RMSE: root-mean-square error;
r: Pearson’s correlation; E: Nash^Sutcliffe coefficient; d: Willmott and
Wicks’ index of agreement. NGR means incorporation of new growth
rate (Equations (1^3)).
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increased considerably throughout the winter, which
reasonably suggests that winter rain is an important factor
in Japan. On the other hand, there was no significant im-
provement in Niseko 1997/98, although faceted grains were
reproduced at 120 cm above the ground by substituting the
new crystal growth rate. This is probably because the layer
of faceted grains was too thin and has little effect on the total
agreement score. However, it should be noted that the
growth of the faceted grains and the formation of a weak
layer in the snowpack is a key for the slab avalanche release.

CONCLUSION

Numerical simulations with SNOWPACK were carried out
to confirm the model’s applicability to Hokkaido, where
temperatures are fairly low and for 3months the snow sur-
face is usually dry except during occasional periods of rain
or above-freezing temperatures. The following results were
found:

1. Overall, the simulated snow types agreed fairly well
with the observed ones.

2. Decreases in snow depth due to snowmelt were under-
estimated by the model.This can be solved by a smaller
numerical time-step or by a revised version of SNOW-
PACK (Yamaguchi and others, 2004), which was not
available for our study. Since our focus is on the applic-
ability of the model to dry-snow avalanche prediction,
we left the snowmelt issue open in this study.

3. Although melt^freeze grains were not always repro-
duced in the model simulations, the accuracy of the

model was greatly improved by taking rain into ac-
count.

4. There were a couple of cases when the depth hoar and
the faceted grains near the surface were not reproduced
by the simulation. However, we made substantial pro-
gress by substituting in the expression based on the ex-
periment of Fukuzawa and Akitaya (1993).

In Niseko, 2002/03, an AWS was set up, and systematic
observations, including daily snow-pit observations, were
begun. Detailed comparisons with the SNOWPACK simu-
lations will also be carried out. It is expected that the
research will contribute to the development of an ava-
lanche-forecasting system inJapan.
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