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CALCULATING THE VELOCITY OF A FAST MOVING SNOW AVALANCHE USING AN INFRASOUND
ARRAY
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ABSTRACT: On January 19, 2012, a large D3 avalanche was recorded with an infrasound
array ideally situated for observing the avalanche velocity. The avalanche crossed Highway 21
in Central ldaho during the largest avalanche cycle in the 15 years of operation and deposited
approximately 8 meters of snow on the roadway. The avalanche velocity was calculated at a high
spatial and temporal resolution during the 64 second event. Approximately 10 seconds prior to
the main avalanche signal, a small signal originated from the direction of the start zone, which
we infer to be the initial snow pack failure. The avalanche accelerated to a maximum velocity of
35.9 + 7.6ms~" within 30 seconds before impacting the highway.
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INTRODUCTION

Avalanches generate acoustic signals in the 1-5 Hz
bandwidth and were first detected on infrasound
sensors deployed by the National Oceanic and
Atmospheric Administration (NOAA) in Boulder, CO
(Bedard Jr, 1989, 1994; Bedard Jr et al., 1988).
The authors work led others to develop avalanche
detection systems using infrasound (Chritin et al.,
1996; Scott et al., 2007; Ulivieri et al., 2011).

Seismometers placed in the avalanche path can
detect when an avalanche reaches each station
(e.g. Vilajosana et al., 2007). The avalanche veloc-
ity can be calculated using the seismometer loca-
tions and the time when the avalanche moves over
the seismometer. Vilajosana et al. (2007) found
dry avalanches to move between 5 and 55 ms~'.
Kishimura and lzumi (1997) recorded avalanche
velocity between 25 and 57 ms~' and Takeuchi
et al. (2003) recorded dry and wet avalanches
velocities between 20 to 43 ms~'.

Avalanche velocity can be calculated using other
techniques like video-grammetry (Vallet et al.,
2004), pressure pylons placed directly in the
avalanche path (Kogelnig et al., 2011), upward
looking Frequency Modulated Continuous Wave
(FMCW) radars (Gubler and Hiller, 1984), or FMCW
doppler radar placed at the base of the path (Vriend
et al., 2013). However, most of these methods are
constrained to only a single avalanche path.
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Here we present an avalanche event that was
recorded on a nearby (less than 600 meters) in-
frasound array. Using array processing techniques
and Monte Carlo simulations of probable source
locations, we calculate the velocity and the un-
certainty of the avalanche. The work has been
accepted for publication in Geophysical Research
Letters (Havens et al., Accepted)

2. 96.92 AVALANCHE EVENT

The avalanche cycle on January 19, 2012 proved
to be one of the largest avalanche cycles Highway
21 has experienced in the 15 years of operational
avalanche forecasting. The D3 dry avalanche oc-
curred after 7 centimeters of water and approxi-
mately 56 centimeters of snow, two and a half days
into a 7 day storm. Storm totals were 1.34 meters
of snow, 0.129 meters of water, and produced
57 reported avalanches. 37 different avalanches
reached the highway with between 1.5 and 8 me-
ters of debris.

The 96.92 avalanche path produces about 2.5
avalanches per year. The avalanche path is 620
meters in length, has a vertical drop of 370 meters,
and has an average slope angle of 31 degrees.

The avalanche occurred on January 19, 2012 at
16:36 UTC and lasted approximately 64 seconds.
The signal amplitude (Figure 1a) shows the classic
cigar shaped infrasound signal with a gradually
increasing then decreasing amplitude. The ampli-
tude changes are due to the avalanche gaining
momentum and size (Kogelnig et al., 2011) before
slowing to a stop on the highway.
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Fig. 1.
Power spectrum of avalanche.

A small precursory signal was observed 14 sec-
onds prior to the avalanche moving downslope (Fig-
ure 1). We hypothesize that the snowpack fracture
propagation displaced the snowpack, causing a
pressure wave in the air (i.e. a “whumpf”, McClung
and Schaerer, 2006). We believe this to be the first
published example of infrasound generated from a
potential snowpack failure.

3. METHODS

The Fisher statistic (e.g. Smart and Flinn, 1971;
Blandford, 1974) measures the coherency of a
signal across an array. Time shifts are applied
to the signals that correspond to locations along
the avalanche path. When the Fisher statistic is
maximized, the time shift provides a direct estimate
of the back azimuth and incidence angle to the po-
tential source location. The time shifts were applied
for a moving window of 4 seconds, overlapped by
3.5 seconds in the 1-10 Hz bandwidth.

The Fisher statistic was calculated as a function
of position along the avalanche path taken from a
2 meter Digital Elevation Model (Figure 2c). The
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(a) Avalanche signal with the three phases marked with inlay showing the whumpf signal. (b)

possible source location are represented by high
Fisher statistic values with higher values indicating
a greater probability of the avalanche location. The
probable source locations were randomly sampled
based on the Fisher statistic value at each time
step, i.e. a higher Fisher statistic value has a higher
probability of being randomly chosen. The sampled
locations were smoothed to reduce large jumps
before calculating the velocity. 1000 Monte Carlo
simulations were performed to estimate the median
and interquartile range (IQR) of the velocity.

4. RESULTS AND DISCUSSION
4.1 The Three Avalanche Phases

The avalanche can be described in three different
phases: the initial failure, acceleration in the track,
and impact with the highway (Figure 2).

The first phase is a small signal with a peak am-
plitude of 0.035 Pa originated from the start zone
10 seconds prior to the avalanche and lasted for
2.5 seconds. We interpret the precursory signal
as the fracture initiation and propagation of the
snowpack. Using a string of geophones, Johnson
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(a) F-statistic evaluated at each point along the path profile. The three avalanche phases are

shown with the highway location highlighted. (b) Avalanche velocity estimate. (c) 96.92 path profile in red
with a histogram of the maximum F-statistic locations through time. The solid red shows the maximum
extent of the 96.92 avalanche path with the snowpack failure and avalanche motion originating around

300-320 meters.

et al. (2004) measured a propagating failure away
from the trigger point at a velocity of 20 ms~'. The
fracture and sudden vertical movement of the slab
created a bending wave that propagated away from
the trigger point. High speed video of snow stability
tests have recorded fracture propagation velocities
of 27 to 36 ms~! (van Herwijnen et al., 2010) and
have estimated a 1-2 mm vertical slab displace-
ment (Bair et al., 2012). The whumpf sound is
created by the slab movement inducing a vibration
in the atmosphere right above the slab (Schweizer
et al., 2003). The average propagation velocity for
the failure signal would be 24 ms~' if the fracture
propagated across the entire 60 meter start zone.

The second phase starts at 24.2 seconds and lasts
until 54.0 seconds when the avalanche reaches the
highway (Figure 2a). The avalanche accelerates
quickly to the maximum velocity of 35.9 +7.6ms™"
approximately 300 meters from the highway (43.3
seconds, Figure 2b).

The third phase occurs after 54.0 seconds when
the avalanche impacts the highway and overflows
into the creek for 23.8 seconds.
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4.2 Avalanche Velocity

The average velocity was 145 ms~' as the
avalanche moved down path and was in the lower
range of previous observations (e.g. Kishimura and
lzumi, 1997). The velocity time series shows the
characteristics of a mass gaining momentum (Fig-
ure 2b) with a small initial velocity that quickly
accelerates to the maximum velocity of 35.9 +
7.6ms~' as more snow was entrained.

5. CONCLUSIONS

For the first time using an infrasound array, a high
resolution velocity time series was calculated for an
avalanche. Most studies of avalanche velocity have
only calculated the average velocity (e.g. Takeuchi
et al., 2003), with higher resolution estimates ob-
tained for single paths from radar measurements
(Vriend et al., 2013). With infrasound, we were able
to calculate an average velocity of 14.5 ms~' and
a maximum velocity of 35.9 + 7.6ms~".

The avalanche signal had three distinct phases.
The avalanche started with the snowpack failure 10
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seconds prior to the first detectable signal from the
avalanche. We believe this to be the first possible
weak layer failure captured on an infrasound array
thanks to the close proximity of the array to the
avalanche start zone. Once the avalanche gained
momentum, it quickly accelerated to a maximum
velocity of 35.9 + 7.6ms~' before impacting the
highway. Once the avalanche reached the highway,
it continued to deposit debris for 23.8 seconds
before the avalanche gained momentum.

In the future, the volume and mass of snow de-
posited on the highway could be calculated by
combining the measured infrasound signal with an
avalanche dynamics models. This would prove use-
ful for estimating highway clean-up requirements.
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