International Symposium on Mitigative Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjorour, Iceland, April 3-5, 2019

A simple evaluation of dry-snow avalanche hazard using
meteorological data

Hiroki Matsushita*, Wataru Takahashi and Joji Takahashi

Civil Engineering Research Institute for Cold Region, Public Works Research Institute,
Hiragishi 1-3-1-34, Toyohira-ku, Sapporo, JAPAN
*Corresponding author, e-mail: matsushita-h@ceri.go.jp

ABSTRACT

For planning mitigative measures against snow avalanches, the size and frequency of
avalanches should be evaluated in a certain region. However, avalanche hazard is not easy to
evaluate directly using observed data of avalanche occurrences because long-term data on
avalanches is rare. We analyzed snowfall events associated with dry-snow avalanche release
conditions using meteorological data covering a few decades and evaluated the frequency of
avalanches by approximation of the events to an exponential distribution.

1. INTRODUCTION

The frequency of phenomena that cause natural hazards is an important factor to consider for
prevention and protection measures against the phenomena. Current methods for evaluating the
frequency of avalanches are as follows: methods directly using long-term data on avalanche
occurrences (e.g., Laternser and Schneebeli, 2002; Sinickas et al., 2016), methods of detecting
avalanche years from damage and changes remaining in tree-rings (e.g., Decaulne et al., 2012;
Coronaet al., 2012), methods of estimating the potential conditions for avalanche releases using
meteorological data (J6hannesson and Jénsson, 1996), and methods using the relationship
between the total amount of precipitation and the probability of avalanche occurrence
(Bakkehgi, 1986). We propose to easily evaluate the frequency of avalanches using
meteorological data in a region where long-term data on avalanche occurrences does not exist.

In the frequency analysis, probability distributions of extreme values, such as the annual
maximum, are commonly used to ascertain the return period, but complex procedures, such as
parameter setting, are necessary for fitting the data to the probability distribution. On the other
hand, all values exceeding a certain threshold are sometimes used to evaluate the frequency of
phenomena in peaks over threshold (POT) analysis (e.g., Blanchet et al., 2009). In addition, it
has been known for a long time that the relationship between the frequency and the magnitude
of natural phenomena exceeding a certain threshold could be simply approximated to
exponential and/or power-law distributions (e.g., Gutenberg and Richter, 1944). The suitability
of exponential and/or power-law distributions for the frequencies of rain events (e.g., Peters et
al., 2010) and snow avalanches (Birkeland and Landry, 2002) also has been examined by much
previous research. If the approximation could be applied to snowfall events associated with
avalanche release conditions, the frequency required to plan prevention measures against
avalanches could be easily evaluated using the meteorological data. We analysed the snowfall
events associated with the avalanche release conditions using meteorological data covering a
few decades and evaluated the frequency of the avalanches by approximation of the events to
exponential distribution.
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2. METHODS

2.1 Meteorological conditions associated with avalanche releases

For attempting the frequency analysis of snow avalanches using meteorological data, we
focused on dry-snow avalanches during heavy snowfall. In particular, avalanche release in
forests is one of the characteristic phenomena that occur during heavy snowfall. A typical heavy
snowfall event that caused many avalanches occurred in the Kanto-Koshin district on February
14-15, 2014, as shown in Fig. 1a (lzumi et al., 2014). Figure 1b indicates a meteorological
condition associated with dry-snow surface avalanche releases in forests as well as other
avalanches that occurred during the heavy snowfall (Matsushita and Ishida, 2016). The
avalanche releases in forests shown as “e” in Fig.1b occurred in conditions with relative low
air temperature and large snowfall amount in a short period of 12 hours compared with other
avalanches shown as “x” in Fig. 1b. In addition, conditions associated with avalanche releases
in forests, including the results of examination for vegetable and terrain conditions (Matsushita
et al., 2018), are summarized as follows:

(1) Snowfall amount S12: During 12 hours, exceeding 45 cm on a slope with inclination of 45°
or exceeding 50 cm on a slope with inclination of 30°.

(2) Air temperature T12: mean value during the 12 hours is below -4 °C.
(3) Snow depth SDy12: larger than 50 cm one hour before a period of 12 hours.

We focused on conditions (1)-(3) of dry-snow surface avalanche releases in forests during
heavy snowfall and examined the frequency analysis of avalanches using meteorological data.
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Figure1 (a) Locations of avalanche releases in forests (e; Matsushita and Ishida, 2016) as
well as other avalanches (x; Izumi et al., 2014) during extreme heavy snowfall on
14-15 February 2014. Locations of snow sliding through nets and fences for
preventing falling rocks (m) and meteorological observatories of the Japan
Meteorological Agency (a) are also shown. (b) Conditions associated with
avalanche releases during the heavy snowfall expressed with maximum snowfall
amount Si2 and mean air temperature T12 during 12 hours within snowfall period.
Classical stability index SI were estimated using Si2 and T12 (Matsushita and Ishida,
2016).
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2.2 Selecting the snowfall events associated with avalanche release conditions

To examine the frequency of snowfall events associated with dry-snow avalanche release
conditions based on the exponential approximation, we used hourly snow depth and air
temperature observed at Minakami (36° 48.0' N, 138° 59.5' E, 531 m a.s.l.) and Hinoemata (37°
00.6' N, 139° 22.5' E, 973 m a.s.l.) where avalanches were released in forests during the heavy
snowfall on 2014 (Fig. 1). The data were observed during the periods of 28 winters from
November 1989 to April 2017 at Minakami and of 35 winters from November 1982 to April
2017 at Hinoemata by the Japan Meteorological Agency.

First of all, snowfall amount S (cm) was defined as the cumulative value of the positive
difference in snow depth each hour. Each snowfall event was regarded as ending when the
snowfall ceased (i.e., the hourly difference in snow depth < 0 cm) for more than 5 hours. The
numbers of snowfall events n with snowfall amounts S at intervals of 5 cm were counted
regarding the cases of snowfall amounts S greater than 30 cm. Dividing the number of events n
by the years of observation period provides the frequency of snowfall events F(S) (number of
events / year) with snowfall amounts S. In this paper, we used the frequency F(S<) based on the
cumulative number of snowfall events N from classes of large snowfall amounts at intervals of
5 cm. The frequency F(S<) means the occurrence number N of snowfall events per year with
snowfall amounts exceeding S cm.

Next, the maximum snowfall amount Si12> during 12 hours within the period of each snowfall
event was calculated and mean air temperature T1> during the 12 hours was obtained from
hourly data. For evaluating the frequency of snowfall events associated with conditions of dry-
snow avalanche releases in forests shown Section 2.1, the events with mean air temperature T12
below -4 °C and snow depth SDp12 over 50 cm were discriminated from the snowfall events.
Frequencies F(S12<) of the discriminated events were calculated in the same manner as that of
the snowfall events mentioned above. The frequency F(S12<) means the occurrence number N
of snowfall events per year with snowfall amounts exceeding S12 cm.

3. RESULTS

3.1 Frequency of snowfall events

Figure 2 shows the numbers n and the frequencies F(S<) of snowfall events with snowfall
amounts S at intervals of 5 cm. The frequencies of snowfall events with snowfall amounts
exceeding 50 cm and 100 cm are 2.96 (three times per year) and 0.25 (once per four years) at
Minakami, and 4.31 (about four times per year) and 0.74 (once per 1.4 years) at Hinoemata.
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Figure 2 Numbers of snowfall events n (histograms) and frequencies of events F(S<) with
snowfall amounts exceeding S (solid lines with closed circles) at intervals of 5 cm.
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Figure 3 Snowfall amounts S versus the logarithms of frequencies F(S<) of snowfall events.
The vertical axes are expressed in natural logarithmic scale. Solid lines represent
regression lines with coefficients of determination r? and number of classes nc.

Figure 3 represents the relationship between the snowfall amount S and the logarithm of the
frequency of snowfall events F(S<) with snowfall amounts exceeding S at intervals of 5 cm.
The vertical axis of this figure is expressed in natural logarithmic scale shown as “In”. The solid
line is a regression line with coefficient of determination r? between the snowfall amount S and
the logarithm of frequency F(S<). The regression analysis indicates a strong linear correlation
between the snowfall amount and the logarithm of frequency at a statistically significant level.
The frequencies of snowfall events with snowfall amounts exceeding 50 cm and 100 cm that
are estimated from the regression equations are 3.30 and 0.28 at Minakami, and 4.76 and 0.55
at Hinoemata. These estimated values agree with the observed values. Therefore, the simple
regression analysis with exponential function can be used for evaluating the frequency of
snowfall events with snowfall amounts exceeding a certain value.

3.2 Frequency of snowfall events associated with avalanche release conditions

The numbers of snowfall events with mean air temperature T12 below -4 °C and snow depth
SDp12 over 50 cm are 56 at Minakami and 205 at Hinoemata (Fig. 4). The frequencies of
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Figure4  Numbers of events n with the maximum snowfall amount Si» (histograms) and
frequencies of events F(S12<) (solid lines with closed circles) at intervals of 5 cm.
The events were selected from the snowfall events shown in Fig. 2 as cases of mean
air temperature T12 below -4 °C and snow depth SDp12 over 50 cm.
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Figure 5 Relationship between the snowfall amounts S12 and the logarithms of frequencies
F(S12<) of snowfall events shown in Fig. 4. Regression equations represented as
solid lines were obtained except the events with snowfall amounts Si2 less than 30
cm (shown as open circles). nc is the number of classes used in regression analyses.

the snowfall events F(S12<) with snowfall amounts Si» exceeding 45 cm and 50 cm, which are
associated with conditions of dry-snow avalanche releases in forests, are 0.18 (once per 5.5
years) and 0.04 (once per 25 years) at Minakami, and 0.51 (once per two year) and 0.31 (once
per three years) at Hinoemata.

Figure 5 represents the relationship between the snowfall amount Si> and the logarithm of the
frequency of snowfall events F(S12<) with snowfall amounts exceeding Si» at intervals of 5 cm.
Regression lines shown in Fig. 5 were obtained, except the snowfall events with snowfall
amounts Sz2 less than 30 cm shown as open circles in the figure. The frequencies of snowfall
events with snowfall amounts Si» exceeding 45 cm and 50 cm that were estimated from the
regression equations are 0.13 and 0.05 at Minakami, and 0.47 and 0.24 at Hinoemata. These
estimated values agree closely with the observed values. Therefore, the simple regression
analysis with exponential function can be used also for evaluating the frequency of the snowfall
events associated with the conditions of dry-snow avalanche releases in forests.

4. CONCLUSIONS

We analysed the snowfall events associated with the avalanche release conditions using
meteorological data covering a few decades and evaluated the frequency of the avalanches by
approximation of the events to an exponential distribution. Simple regression analysis using the
exponential function revealed a strong correlation between the frequency and snowfall amount
(i.e., size) of snowfall events at a statistically significant level. Consequently, the exponential
approximation can be used in frequency analyses for snowfall events associated with avalanche
release conditions. However, avalanche release conditions using meteorological data should be
defined to evaluate the frequency of the avalanches in this method.

REFERENCES
Bakkehgi, S., 1986. Snow avalanche prediction using a probabilistic method. IAHS Pub., 162,
549-555.

Matsushita, Takahashi and Takahashi 5



International Symposium on Mitigative Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjorour, Iceland, April 3-5, 2019

Birkeland, K. W., Landry, C. C., 2002. Power-laws and snow avalanches. Geophys. Res. Lett.,
29, 49-1-49-3.

Blanchet, J., Marty, C., Lehning, M., 2009. Extreme value statistics of snowfall in the Swiss
Alpine region. Water Resour. Res., 45, W05424, doi:10.1029/2009WR007916.

Corona, C., Saez, J. L., Stoffel, M., Bonnefoy, M., Richard, D., Astrade, L., Berger, F., 2012,
How much of the real avalanche activity can be captured with tree rings? An evaluation
of classic dendrogeomorphic approaches and comparison with historical archives. Cold
Reg. Sci. Technol., 74-75, 31-42.

Decaulne, A., Eggertsson, O., Seemundsson, b., 2012. A first dendrogeomorphologic approach
of snow avalanche magnitude-frequency in Northern Iceland. Geomorphology, 167-168,
35-44.

Gutenberg, B., Richter, C. F., 1944. Frequency of earthquakes in California. Bull. Seismol. Soc.
Amer., 34, 185-188.

Izumi, K., Kawashima, K., lyobe, T., Matsumoto, T., 2014. Characteristics of avalanche
accidents caused by heavy snowfall in mid-February, 2014. In: lzumi, K., (ed.),
Investigations of heavy snowfall disaster in the Kanto-Koshin district on February 14-16,
2014, Report of Grant-in-Aid for Special Research, Japan Society for the Promotion of
Science, KAKENHI 2590003, pp. 111-118. (In Japanese)

Johannesson, T., Jonsson, T., 1996. Weather in Vestfirdir before and during several avalanche
cycles in the period 1949 to 1995. VVedurstofa Islands Internal Report, Vi-G96015-UR15,
Icelandic Meteorological Office, https://rafhladan.is/handle/10802/3938.

Laternser, M., Schneebeli, M., 2002. Temporal trend and spatial distribution of avalanche
activity during the last 50 years in Switzerland. Natur. Hazards, 27(3), 201-230.

Matsushita, H., Ishida, K., 2016. Characteristics of snow avalanche release in forests during a
heavy snowfall event. In: Proceedings of the International Snow Science Workshop,
Breckenridge, Colorado, October 3-7, 2016, pp. 556-560.

Matsushita, H., Takahashi, W., Matsuzawa, M., Takahashi, J., 2018. Conditions associated with
dry-snow surface avalanche releases in deciduous forests. J. Snow Eng. Japan, 34(4), 55—
67. (In Japanese with English abstract)

Peters, O., Deluca, A., Corral, A., Neelin, J. D., Holloway, C. E., 2010. Universality of rain
event size distributions. J. Stat. Mech., 11, DOI: 10.1088/1742-5468/2010/11/P11030.

Sinickas, A., Jamieson, B., Maes, M. A., 2016. Snow avalanches in western Canada:
investigating change in occurrence rates and implications for risk assessment and
mitigation. Struct. Infrastruct. Eng., 12(4), 490-498.

6 A simple evaluation of dry-snow avalanche hazard using meteorological data



