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Calculating the velocity of a fast-moving snow avalanche
using an infrasound array

Scott Havens', Hans-Peter Marshall’, Jeffrey B. Johnson’, and Bill Nicholson?

TCenter for Geophysical Investigation of the Shallow Subsurface, Boise State University, Boise, Idaho, USA,
2|daho Transportation Department, Boise, Idaho, USA

Abstract on 19 January 2012, a large D3 avalanche (approximately 103 t) was recorded with an
infrasound array ideally situated for observing the avalanche velocity. The avalanche crossed Highway
21 in Central Idaho during the largest avalanche cycle in the 15 years of recorded history and deposited
approximately 8 m of snow on the roadway. Possible source locations along the avalanche path were
estimated at 0.5 s intervals and were used to calculate the avalanche velocity during the 64 s event.
Approximately 10 s prior to the main avalanche signal, a small infrasound signal originated from the
direction of the start zone. We infer this to be the initial snow pack failure, a precursory signal to the
impending avalanche. The avalanche accelerated to a maximum velocity of 35.9 + 7.6 m s~! within
30 s before impacting the highway. We present a new technique to obtain high spatial and temporal
resolution velocity estimates not previously demonstrated with infrasound for avalanches and other
mass wasting events.

1. Introduction

Avalanche-generated infrasound was first detected on infrasound sensors deployed by the National Oceanic
and Atmospheric Administration in Boulder, CO [Bedard, 1989, 1994; Bedard et al.,1988]. The authors found
avalanches generate acoustic signals in the 1-5 Hz region and the work led others to develop infrasound
systems focused on avalanche detection [Chritin et al., 1996; Scott et al., 2007; Ulivieri et al., 2011]. Several
systems are now used operationally by highway forecasters in the United States, which provides necessary
information on avalanche activity to avalanche forecasters [Yount et al., 2008].

One method previously demonstrated for tracking avalanches uses seismometers in the avalanche path
and detects when the avalanche reaches each station [e.g., Vilajosana et al., 2007]. Using the location
of the seismometers and the time the avalanche moves over the seismometers, the velocity between
stations can be calculated. Lacroix et al. [2012] deployed a seismometer array away from the avalanche
path and used beam forming to calculate the velocity as a function of time. Typical avalanche veloci-
ties using seismic methods from previous studies are shown in Table 1. Avalanche velocities calculated
using seismic methods show avalanche average velocities vary between 5 and 57 m s~! for dry and
wet avalanches.

Other techniques for tracking avalanche velocity include videogrammetry [Vallet et al., 2004], arrays of
pressure pylons placed directly in the avalanche path [Kogelnig et al., 2011], or upward looking Frequency
Modulated Continuous Wave (FMCW) radars [Gubler and Hiller, 1984]. A FMCW doppler radar placed at the
base of the path [Vriend et al., 2013] can calculate the avalanche velocity over time using feature tracking
but is constrained to monitor only a single avalanche path and can be prohibitively expensive.

Other mass wasting events, like pyroclastic flows, have similar flow dynamics and behaviors to avalanches.
Ripepe et al. [2009] tracked a pyroclastic flow with an infrasound array and first gave insight into cal-
culating the velocity with infrasound. However, the authors only looked at the average velocity of the
flow during the entire event. Yamasato [1997] tracked pyroclastic flows using both seismic and infra-
sound sensors deployed around the volcano. The velocity was estimated using the Doppler shift of the
infrasound microphones.

Here we present an avalanche event that was recorded on a nearby infrasound array. Using array process-
ing techniques and Monte Carlo simulations of probable source locations, we calculate the velocity with
uncertainties for the avalanche.
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Table 1. Avalanche Velocities Calculated Using Different Methods
Source Avalanche Type Method Velocity (m )
Kishimura and Izumi [1997] Dry avalanches Seismic 25-57
Lacroix et al. [2012] Dry and wet avalanches Seismic 12-32
Takeuchi et al. [2003] Dry and wet avalanches Seismic 20-43
Vilajosana et al. [2007] Dry avalanches Seismic 5-55
Caplan-Auerbach et al. [2004]  Ice avalanche from volcano, triggered by earthquakes Seismic 14-70
van der Woerd et al. [2004] Earthquake-triggered ice avalanche Seismic 21-35
Huggel et al. [2007] Large ice avalanches from volcano Seismic 22-70
Vallet et al. [2004] Dry avalanche Videogrammetry 10-55
Kogelnig et al. [2011] Dry and wet avalanches Pressure pylons 20-55
Vriend et al. [2013] Dry avalanches FMCW radar 5-40

2. The 96.92 Avalanche Event

2.1. Avalanche Cycle

The avalanche cycle on 19 January 2012 proved to be one of the largest avalanche cycles that the High-
way 21 corridor has ever experienced (Figure 1a). Two separate avalanche cycles occurred during the 7 day
storm; the first avalanche cycle produced large dry avalanches, and the second avalanche cycle produces
medium wet avalanches. In two and a half days leading to the first avalanche cycle, the storm produced
0.07 m of water and approximately 0.56 m of snow at a automated weather station (2180 m above sea level
(asl)) 16 km to the north at Banner Summit.

After the storm cleared, the storm totals were 1.34 m of snow, 0.129 m of water, and 57 reported avalanches.
Debris on the highway ranged from 1.5 to 8 m deep from 37 different avalanches. Figure 1a provides an
overview of the highway corridor and the avalanche paths that were active during the avalanche cycle.

a. Avalanche Paths

— Not Active
— Active N

e -

— Highway 21

Figure 1. (a) Overview of Highway 21 through the Canyon Creek corridor in Central Idaho. A significant number of the
major avalanche paths had evidence of extremely large dry avalanches which occurred during the 19 January 2012
cycle. A total of 57 avalanches were reported in the area, with 37 avalanches that covered the highway with 1.5 to 8 m of
snow. (b) Three-dimensional rendering obtained from a 2 m aerial lidar survey, overlain with 0.5 m orthophoto. The max-
imum extent of 96.92 is outlined in red with the path profile in blue. The infrasound array was located at the red marker.
(c) Head avalanche forecaster standing in the middle of the debris pile a day after the 96.92 avalanche event. The debris
was approximately 8 m high on the highway and continued to flow into the creek below. The array location is on the
small ridge directly behind the forecaster.
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Figure 2. (a) Avalanche signal with the three phases marked. The highest amplitude of 1.5 Pa occurs when the avalanche
reaches the highway. Inlay shows the whumpf signal with a two order of magnitude difference in amplitude. (b) Power
spectrum of avalanche with the most power in the 1-10 Hz bandwidth. Higher frequencies appear after avalanche
reaches the highway.

2.2, Path Characteristics

The 96.92 avalanche path is a small avalanche path with a high return interval (about 2.5 avalanches per
year). The starting zone is relatively small, estimated to be 60 to 100 m wide, with a maximum elevation of
1970 m asl. The avalanche track (Figure 1b) is a maximum of 620 m in length, has an average slope of 31°
with a maximum slope of 37°, and has a vertical drop of 370 m to the highway (1600 m asl). The path does
not have a traditional run out zone where the avalanche can slowly lose momentum. Instead, the avalanche
funnels through a 15 m channel immediately before reaching the highway (Figure 1c). Large events typically
continue across the highway and into the creek below.

2.3. Avalanche Characteristics

The avalanche occurred on 19 January 2012 at 16:36 UTC and lasted approximately 64 s. The signal ampli-
tude (Figure 2a) shows the classic infrasound signal characteristics of an avalanche with a gradually
increasing (t = 30 s) amplitude as the avalanche gains momentum and size [Kogelnig et al., 2011], then
decreasing amplitude (t = 60 s) as the avalanche reaches the highway and stops. A maximum pressure of
just under 1.5 Pa (t = 55 s) was recorded at a distance of approximately 300 m.

Prior to the avalanche at 14 s (Figure 2), there was a small precursory signal before the signal direction
moves downslope. We hypothesize that the signal was from the snowpack fracture propagation which dis-
placed the snowpack and caused the pressure wave in the air (i.e., a “whumpf”) [McClung and Schaerer,
2006]. We believe that this is the first published example of a potential snowpack failure event captured
remotely on an infrasound array. Snowpack failure has been observed during one opportunistic seismic
study [Johnson et al., 2004] but has not been recorded with infrasound.

The power spectrum (Figure 2b) of the avalanche indicates that most energy was in the 1-10 Hz bandwidth
and agrees with previous work [e.g., Bedard, 1994; Ulivieri et al., 2011]. High-frequency components were
prevalent after the avalanche reached the highway.

3. Methods

3.1. Array Configuration

The array was located approximately 550 m away from the start zone and 270 m away from where the
avalanche path intersects the highway. The back azimuth ranged from 216 (start zone) to 162° (highway),
a 54° sweep, providing an ideal array placement for calculating velocity. The array consisted of three
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Figure 3. The probability density function (PDF) of the 10 min single point source with perfectly corre-
signal-free period, the precursory signal, and the avalanche are com- lated signal and perfectly uncorrelated
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with N sensors located at position vectors r;, A(w) contains the amplitude information from the Fourier
transform and slowness s.

The slowness vector s points from the array to the possible source location with the exponential in
equation (2) applying the necessary time shifts for the array geometry given the source location. The slow-
ness vector was calculated every 2 m horizontally along the path profile (Figure 4c), which was derived
from a 2 m Digital Elevation Model. The speed of sound was calculated using an air temperature of —1.1°C
(331 m s7") recorded by a nearby remote weather station. The Fisher statistic (equation (1)) was evaluated at
each slowness vector s along the path. When the Fisher statistic is maximized, the slowness vector provides
a direct estimate of the back azimuth and incidence angle to the potential source location.

The frequency wave number (fk) analysis [Rost and Thomas, 2002] determines the time shifts required and
evaluates the Fisher statistic for varying slowness vectors. The fk analysis can be performed for a short
moving window with a constant step size, but the window size must be large enough to capture the dom-
inant frequency moving across the array. The fk analysis was performed with a 1-10 Hz band-passed signal
for a moving window of 4 s, overlapped by 3.5 s. Therefore, all potential source locations are evaluated
along the path for each overlapping time window.

A 10 min signal-free period just prior to the avalanche was used to evaluate the threshold value of the Fisher
statistic. In the 1-10 Hz bandwidth, the Fisher statistics fell into the probability density function (PDF) shown
in Figure 3 with a 0.99 quantile of 3.52. The quantile became the Fisher statistic threshold value to evaluate
whether or not signal was present above the noise.

3.3. Calculating Velocity
Avalanches, similar to other mass wasting events like pyroclastic flows, are a complex moving source
believed to produce the majority of infrasound near the front of the flow [Yamasato, 1997]. To determine
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Figure 4. (a) F statistic evaluated at each point along the path profile in the 1-10 Hz bandwidth. The three avalanche
phases are shown with the highway location highlighted. (b) Velocity of avalanche was slow to start but reaches a max-
imum of 35.9 + 7.6 m s~ just before reaching the highway. (c) The 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 m.

the most probable source location of the avalanche, the Fisher statistic was calculated as a function of posi-
tion along the avalanche path (Figure 4c). High Fisher statistic values represent a higher probability of the
source location, similar to a PDF. The higher the probability density (or Fisher statistic value) the more likely
the source came from that particular location along the avalanche path.

The estimated source location as a function of time was determined by randomly sampling the probable
source locations based on the Fisher statistic probability at each time step. Therefore, a higher Fisher statis-
tic has a higher probability of being randomly chosen. To reduce the large location jumps due to random
sampling, the locations are smoothed with a 12 s Gaussian kernel. The velocity is the derivative downslope
with a 2 m horizontal distance and 0.5 s time interval. One thousand Monte Carlo simulations were per-
formed to determine the median and interquartile range of the velocity. This provides an estimate of the
velocity and uncertainty as a function of time for the 64 s event.

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 4).

4.1.1. First Phase

The first phase was a small signal originating from the start zone at 10 s and lasting approximately 2.5 s. The
signal has a peak amplitude of 0.035 Pa with the majority of the energy in the 4-9 Hz bandwidth. The signal
was well above the background level of the Fisher statistic during the signal-free period (Figure 3) with a
signal to noise ratio (SNR) of 2.2. This indicates a significant signal originated from the avalanche start zone
(Figure 4a) just prior to the avalanche.

We interpret the precursory signal as the fracture initiation and propagation of the snowpack. Johnson
et al. [2004] measured a propagating failure using a string of geophones on the snow surface in a flat
meadow. The fracture propagated away from the trigger point at 20 m s~! from a compressive fracture
that created a bending wave in the overlaying slab due to the sudden vertical movement. Similar fracture
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propagation velocities of 27 to 36 m s~ have been observed in snow stability tests recorded with
high-speed video [van Herwijnen et al., 2010]. Bair et al. [2012] used high-speed video to estimate the ver-
tical displacement of the slab and measured 1-2 mm of vertical movement in storm snow . The vertical
slab movement induces a vibration in the atmosphere just above the slab, causing the whumpf sound
[Schweizer et al., 2003].

The precursory signal has a small amplitude which is consistent for a small vertical displacement of

the slab (Figure 2a). If the fracture propagated across the entire start zone of 60 m over a measured

2.5 s, the average propagation velocity would be 24 m s~! which agrees with values observed by

van Herwijnen et al. [2010].

4.1.2. Second Phase

The second phase starts at 24.2 s with the first detectable signal from the avalanche and lasts until the
avalanche reaches the highway at 54.0 s (Figure 4a). The time delay between the first and second phase
could be due to the time needed for the failure to propagate across the slope and for the avalanche to
reach the minimum momentum to generate detectable infrasound caused by atmospheric displacement
[Kogelnig et al., 2011]. Between the first and second phases, the Fisher statistic ranges between 2.0 and 3.5,
which was below the threshold. This indicates that there was no significant signal detected.

As an avalanche moves down the path, a suspension layer forms at a velocity of approximately 10 m s~’
[McClung and Schaerer, 2006] due to the turbulent eddies caused by the friction between the avalanche
and atmosphere. We believe a suspension layer formed sometime between 24.2 and 43.3 s as the avalanche
gained momentum. Once the suspension layer formed, the avalanche quickly accelerated to the maximum
velocity of 35.9 + 7.6 m s~! approximately 300 m from the highway (43.3 s). A small decrease in velocity can
be seen in Figure 4b before increasing to 33.5+4.2 m s~' at 48.8 s right before impact with the highway. Our
velocity observations are smoothed in space and time and this therefore provides a lower-bound estimate
of the velocity.

4.1.3. Third Phase

The third phase occurs after the avalanche impacts the highway at 54.0 s. The infrasound signal recorded
comes from a constant location at the intersection of the avalanche path and highway, as the avalanche
continues to deposit snow on the highway and overflows into the creek for 23.8 s.

4.2. Avalanche Velocity

The average velocity of the avalanche was 14.5 m s~ from the first major signal at 24.2 s to the impact
with the highway at 54.0 s and was in the lower range of previous observations (Table 1). The average
velocity was of reasonable magnitude but is highly path dependent as the avalanche did not likely have
enough time to reach a steady terminal velocity and was possibly still accelerating when it impacted
the highway.

The measured avalanche velocity can be described by the velocity of a mass-gaining momentum as it
moves down slope (Figure 4b). Initially, the velocity was small as the initial snow mass began to move. As the
avalanche gained momentum, a suspension layer likely formed and produced a high-amplitude infrasound
signal [Kogelnig et al., 2011] with high Fisher statistic values. The avalanche accelerated quickly to a maxi-
mum velocity of 35.9 + 7.6 m s~! within approximately 300 m of the highway as more snow was entrained
right before it impacted the highway.

5. Conclusions

For the first time, the velocity time series of an avalanche was tracked from beginning to end using an infra-
sound array with optimal placement. Most seismic studies of avalanches have only been able to determine
the average avalanche velocity, with a few studies calculating velocity time series for a specific path from
radar (Table 1). The average velocity we calculated (14.5 m s~') was significantly less than the estimated
maximum velocity of 35.9 + 7.6 m s~! and was in the lower range of previous observations, likely due to the
relatively short avalanche path.

The large avalanche had three distinct phases. The avalanche started with the failure of the weak layer

10 s prior to the first detectable signal of the avalanche. We believe this to be the first time a possible weak
layer failure has been captured using infrasound. Having the array 550 m from the start zone allowed for
the detection of the small amplitude signal. Once the avalanche gained momentum, it quickly accelerated
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downslope to a maximum velocity of 35.9 + 7.6 m s~' before impacting the highway. After the avalanche
front impacted the highway, it takes 23.8 s for the remaining mass of the avalanche to lose momentum as it
reached the highway and filled the creek below.

The technique presented is promising for estimating the velocity of a moving source when the infrasound
array is ideally located close to the avalanche path with a large change in back azimuth. However, the tech-
nique may not apply to events further away from the array as there may not be the necessary back azimuth
range needed to calculate a high-resolution velocity estimate.

In the future, infrasound combined with video and time lapse photography will help determine the sources
of infrasound generated by the avalanche. The measured air pressure and velocity estimates, combined
with an avalanche dynamics modeling, could allow infrasound estimates of the volume and mass of

snow deposited on the highway, which would be useful for estimating highway cleanup requirements for
multiday closures.
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