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Abstract Powder snow avalanches are typically composed of several regions characterized by different
flow regimes. These include a turbulent suspension cloud of fine particles, a dense basal flow, and an
intermittency frontal region, which is characterized by large fluctuations in impact pressure, air pressure,
velocity, and density, but whose origin remains unknown. In order to describe the physical processes
governing the intermittency region, we present data from four large powder snow avalanches measured at
the Vallée de la Sionne test site in Switzerland, which show that the intermittency is caused by mesoscale
coherent structures. These structures have a length of 3-14 m and a height of 10 m or more. The structures
can have velocities as much as 60% larger than the avalanche front speed and are characterized by an
air/particle mixture whose average density can be as high as 20 kg/m3. This average density increases the
drag on large granules by a factor of up to 20 compared to pure air, so that each structure can maintain
denser snow clusters and single snow granules in suspension for several seconds. The intermittency region
has importance for the dynamics of an avalanche, as it provides an efficient mechanism for moving snow
from the dense layer to the powder cloud, but also for risk assessment, as it can cause large forces at large
heights above the basal dense layer.

1. Introduction

A powder snow avalanche (PSA), or mixed avalanche (Issler et al., 1996), is a type of avalanche that includes a
region where some snow grains are suspended by turbulence, forming a powder cloud which covers dense
flow regimes moving underneath (Sovilla et al., 2015). They are closely related to turbidity currents (Meiburg
etal,, 2012) and pyroclastic flows, and they are a type of gravity current (Simpson, 1997).

In the past, PSAs were commonly thought to consist of a low-density, turbulent suspension layer above, and
sometimes in front of, a dense flow (Norem, 1991; Zwinger et al., 2003). However, observations from the 1980s
or earlier from Canada (Schaerer & Salway, 1980), Russia (Bozhinskiy & Losev, 1998; Grigoryan et al., 1982;
Sukhanov, 1982), and Japan (Nishimura et al., 1993; Shimizu et al., 1980) have shown the existence of a third
region, sometimes called the light flow layer or the saltation layer. In recent years there has been increasing
evidence of this third region, which has characteristics of both a dense region and a suspension region. Issler
et al. (1996) observed that in the deposit of three large powder avalanches it was possible to identify three
deposit types that differed in granulometry, hardness, density, and stratification. In later work, Issler et al.
(2008) demonstrated that these deposit types come from the dense, fluidized, and suspension regions.

In a review paper, Sovilla et al. (2015) used avalanche pressure, velocity, and density data to show that the
generic structure of a PSA is considerably more complicated than a simple two layer model. PSAs feature
distinct flow regions with a complex density stratification (Figure 1 upper panel); while the binary stratification
between dense and suspension flow regimes may be realistic hundreds of meters behind the front, this clear
distinction does not exist in the avalanche head.

Recently, new technologies have added information to the understanding of what happens inside fully
developed power snow avalanches. Measurements performed with GEODAR (Ash et al., 2014), an innovative
radar installed at the full-scale avalanche test site Vallée de la Sionne (VdIS), have shown that large powder
avalanches exhibit multiple flow regimes simultaneously. One reason for this is that large avalanches tend
to cover a great range of altitudes and therefore involve a wide range of snow conditions (Faug et al., 2018;
Kohler et al., 2018).
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Figure 1. Upper panel: Schematic of a mixed powder snow avalanche entraining a generic layered snow cover
(reproduced from Sovilla et al.,, 2015). Lettered regions correspond to: Int = the intermittency region; De = the basal
dense layer; Su = the suspension layer; Sn = the static snow cover. The lower left panel shows a detail of the frontal
dynamics of a large powder snow avalanche released at Vallée de la Sionne in 2017 (Photo: Yann Gross). The lower
middle panel shows a detail of the avalanche frontal region measured with GEODAR in 2015 (Kohler et al., 2016). Both
pictures show a complex surging activity in the avalanche frontal zone. The lower right panel shows an upward pointing
frequency-modulated continuous-wave radar signal as a function of time for avalanche #20150016. In the lower panels,
insets show the time-distance full extension of the axes.

In particular, researchers at VdIS observed that in the frontal region of a fully developed PSA, but sometimes
also in the avalanche body, the radar data signature is characterized by short streaks lasting a few seconds
(Figure 1 lower middle panel). These streaks were interpreted as an intense surging activity flowing faster than
the avalanche front. Once the internal surges reach the front, they quickly decelerate and starve, giving the
front an intermittent character (Kohler et al., 2016). As a consequence, researchers named this behavior the
intermittent flow regime.

The concept of intermittency in PSAs is not new. Sharp fluctuations in avalanche dynamics variables have
been observed frequently in the past. Frequency-modulated continuous-wave (FMCW) radars, installed along
the avalanche path at the VdIS test site, have repeatedly demonstrated the presence of surges and highlight
a frontal region characterized by large signal intensity well above the basal dense layer (Figure 1 bottom
right panel).

Signal fluctuations are clearly visible in many earlier data sets. Measurements of impact pressure and air pres-
sure performed in the 1980s in Japan indicated the presence of oscillatory behavior in the dilute avalanche
regions (Shimizu et al., 1980). The presence of snow balls of different sizes at different heights in the avalanche
frontal region was studied by Schaer and Issler (2001).

Nevertheless, a good understanding of the physical processes governing the intermittency flow regime and
thus the dynamics of the avalanche frontal region is still missing (Issler et al., 2018). This is particularly impor-
tant because the frontal region has the highest velocities and the largest pressures and is therefore typically
the most destructive part of the flow (Kohler et al., 2016; Schaer &ssler, 2001; Sovilla, Schaer, Kern, et al., 2008).

Low-density gravity currents are usually modeled as Newtonian fluids (Konopliv et al., 2016) because the par-
ticle volume fraction is low. The snow grains are modeled by evolving a density field where it is assumed that
the grains closely follow the air flow because the Stokes number is low. These models agree well with results
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Figure 2. Overview of the Vallée de la Sionne test site. Yellow areas mark the location of the most probable release
areas: PR, CB1, and CB2. The green lines show the corresponding avalanche trajectories. Red crosses mark the locations
of the pylon (C), the caverns hosting the frequency-modulated continuous-wave radars (A, B, C), and the bunker hosting
the GEODAR system (D). The base map was obtained from Swiss Geoportal [2015] with the Swiss coordinate system
CH1903 (SRID 21781). CB1 = Créta Besse 1; CB2 = Créta Besse 2; PR = Pra Roua.

of laboratory experiments (Bonnecaze et al., 1996) and can accurately predict deposition patterns if a sedi-
mentation velocity is included (Ancey, 2004). However, they do not describe the intermittent nature of the
avalanche front.

Only recently, Issler and Gauer (2008) and later Bartelt et al. (2016) attempted to include the intermediate
(average) density of the frontal region in their models. Intermittency was even built into the model proposed
by Bartelt et al. (2016). Nevertheless, the physical description of the processes governing the fluctuations is
today controversial (Issler et al., 2018).

In this paper we analyze avalanche pressure, air pressure, velocity, and density data of full-scale avalanches,
focusing on the head region, in order to characterize and understand the origins of the intermittency in PSAs.
We use the word intermittency in a very generic way to represent sharp fluctuations in dynamic variables such
as pressure, density, velocity, and flow depth (Sanford, 1997). The data were collected at the VdIS avalanche
test site, both with intrusive methods using instruments which are installed on a 20-m tall pylon and with
radar devices installed in a bunker opposite the avalanche path and below the avalanche surface.

In section 2 we describe the measurement systems. In section 3 we present the data from four avalanches.
We discuss the data in detail and provide our interpretation in section 4. Finally, we give our conclusions in
section 5.

2. Experimental Site and Equipment

The full-scale avalanche experimental VdIS test site is located in the western part of Switzerland, close to the
town of Sion (Ammann, 1999; Issler, 1999). Avalanches start from three main release areas, indicated in Figure 2
with the abbreviations PR (Pra Roua), CB1 (Créta Besse 1), and CB2 (Créta Besse 2), and follow a partially chan-
neled track. The runout zone starts immediately below the channeled area, where a debris cone extends to
the valley bottom. Large avalanches may partially climb the slope on the opposite side of the valley, where a
concrete bunker accommodates radars and the data acquisition system (Figure 2 D).

Measurements of the internal flow parameters are performed on an oval-shaped steel pylon that is 20 m tall,
0.59 m wide, and 1.58 m long (Figures 2 C and 3). At the pylon, optical sensors make it possible to reconstruct
flow velocities up to 6 m above the ground (Kern et al., 2009; Sovilla, Schaer, Kern, et al., 2008). Capacitance
measurements are used to reconstruct the density distribution (Louge et al., 1997) from 0.9 to 3.9 m above
the ground, and pressure cells are used to measure avalanche pressure up to 5.5 m above the ground. The
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Figure 3. Overview of the 20-m-tall instrumented pylon at Vallée de la Sionne with the piezoelectric load cells. Close-up
views are shown of optical sensors, capacitance probes, and flow height sensors. The air pressure sensor is out of view
at 16 m.

flow height is measured with mechanical switches positioned at intervals of 0.1 m on the side of the pylon. A
Pitot sensor installed 16 m above the ground measures the air pressure.

In addition to the intrusive technologies described above, caverns along the path host FMCW radars which are
used to observe the avalanche structure and the erosion processes (Figure 2 A, B, and C). The bunker hosts the
GEODAR, which provides information on the velocities along the path of the avalanche front and on internal
structures like surging activity (Kohler et al., 2016; Vriend et al., 2013). Further, helicopter-based laserscanning
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is used to map snow cover depths before and after an avalanche in order
= 400 to calculate the avalanche mass balance (Sovilla et al., 2006, 2010).
% 20% 2.1. Velocity Measurements
200 Velocity profiles, velocity fluctuations, and shear rates are inferred by
200 | ] cross-correlating optical backscattering signals between two closely
E | | | l | I ) spaced diodes (Dent et al., 1998; Kern et al., 2009). On the VdIS pylon, sen-
= 0 l ' ! l l [ sors with a 20 kHz sample frequency are located from the base of the
-200 | . mast up to a height of 6 m, with a vertical spacing of 125 mm. One of the
T T T avalanche data sets used in this paper (#816) refers to an older configura-
= 400 r i tion with sensors installed at 2, 3, 4, and 5 m above ground. Sensors are
& 200F ) placed flush with the sidewalls of wedges on the hillside face of the pylon
= Oy ) (Figure 3). The wedge should ensure proper contact of the flow with the
_20056 56I.1 60 56I.3 56I4 sensors and is designed to minimize flow disturbance and flow compres-

sion due to the flow around the blunt mast. This technology has proven
to be successful in determining the velocity of snow granules and particle

Figure 4. Avalanche #3017. (upper panel) Section of the air pressure signal clusters, but it is less efficient in measuring velocity in dilute snow clouds
including collisions. (Middle) Fitted impact signal. (Lower) Air pressure signal ~ where the homogeneous powder suspension does not have enough struc-

after removing impacts.

ture to be detected by the optical sensors (Kern et al., 2009). The greatest
limitation of the sensor installation at VdIS is that it cannot resolve the vertical and transverse velocity
of the particles.
2.2, Pressure Measurements
Avalanche pressure is measured with six piezoelectric load cells, hereafter designated as piezo sensors. They
are installed on the uphill face of the pylon from 0.5 to 5.5 m above the ground, with 1 m vertical spacing
(Figure 3). The sampling frequency is 7.5 kHz and the sensors have a diameter of 0.10 m and an area of 0.008
m?. The measurement range of the pressure is 0-25 MPa.

Ten meters away from the pylon, another four high-frequency (5 to 7.5 kHz) pressure sensors are installed on
a hollow steel beam with a rectangular cross-section (impact surface: 0.24 x 4.5 m) at 1.3,2.3,3.3,and 43 m
above the ground (Sovilla, Schaer, & Rammer, 2008).

2.3. Air Pressure Measurements

Air pressure measurements were taken with one sensor mounted 16 m above the ground. The system is the
same as described in McElwaine and Turnbull (2005) except that the transducer has been changed to a Vali-
dyne DP105 with a range of +5 kPa and the sampling occurs at 5 kHz. This transducer has a high-frequency
response and is resistant to water and ice. The transducer is connected by several short tubes to the surface
of the sensor so that it measures the approximate static pressure in the flow. However, there is still some
dependence on the speed and direction of the incoming flow. The transducer is mounted rigidly within a stiff
assembly (a steel cylinder and plastic hemisphere) and is sensitive to impacts. An impulsive impact on the
sensor assembly gives rise to a rapidly decaying oscillation lasting a few milliseconds that is well fitted by a
simple harmonic oscillator with fixed frequency and damping, but unknown impact time and strength. Each
collision is fitted, using least mean squares, and then the impacts can be removed from the data. This is shown
in Figure 4 where the upper panel shows the air pressure signal including collisions, the middle panel shows
the fitted collisions, and the lower panel shows the air pressure signal after subtracting the fitted collisions.
The next step is to decompose the signal into different frequency bands using a Gaussian filter bank. This
often reveals a dominant low frequency indicating a mesoscale coherent (MSC) structure (e.g., Figure 5). We
extract this part of the signal using a parametric technique as follows. For simplicity we treat time as a contin-
uous variable. The fitting procedure is based around finding the n times, {t, }, of the maxima and minima and
the amplitudes {A, } at these points. The phase at these consecutive turning points is

We then define a continuous phase function ¢(t) through these points using a cubic interpolation. Similarly,
we define a continuous function A(t) for the (positive) amplitudes at these points {A, } such that

Alty) = Ay (2)
The 2n parameters {t, ... t,} and {A, ... A,} are then optimized by minimizing
T
L= / [p(t) = A®) sin (D)) dt. 3
0
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600 T : , T The results for #3017 are shown in Figure 5. The fit is also shown with the

unfiltered data in Figure 16.

2.4. Density Measurements

Instantaneous snow densities are recorded with capacitance instruments
attached to the pylon at 0.9, 1.9, 2.9, and 3.9 m above the ground, close
to the optical sensors (Figure 3). With proper calibration for the VdIS basin
(Louge etal., 1997), these probes detect how much material resides in their
measurement volume (10 mm?3). Because snow is not distributed homo-

geneously and because the response of these probes is not linear with
density, signal interpretation is not straightforward. However, by exploit-
ing their relatively fast 7.5 kHz sampling frequency, one may inspect signal

Figure 5. Avalanche #3017. Comparison of low frequency air pressure signal  f,ctuations and discern whether they are produced by a homogeneous

with the fitted function Asin ¢. The fit points () are shown by red squares.
The almost linear phase function ¢(t) is shown in the inset panel

suspension, a particle cluster, or an aggregate.

demonstrating an almost constant frequency. While this technique produces accurate records of the dielectric permittiv-

ity, its principal challenge is to relate local measurements of the dielectric
constant to snow density. Snow characteristics, and thus the dielectric properties of snow, changes from the
head to the tail of an avalanche. In our calculation, we use an averaged calibration curve that is valid for dry
snow characterized by partly decomposed precipitation particles that we expect to be present in large quan-
tities in PSAs. This simplification may introduce an error in the density calculation, which we estimate to be
up to 20%.

A further well-known difficulty with density measurements is the instability produced by the amplifier, which
is specific to the dielectric behavior of snow (Louge et al., 1997). The instabilities may disrupt provision of the
sensor surface with stable currents of constant amplitude and manifest themselves as sudden jumps in the
output voltage to incoherent values that cannot correspond to natural snow density signals and are easy to
detect and remove. Nevertheless, as a result of the instabilities, it is very rare to record complete data sets
of density.

2.5. GEODAR

GEODAR is a FMWC phased-array radar system that is installed in the bunker at VdIS (Ash et al., 2014). The
radar has a center frequency of 5.3 GHz and a bandwidth of 200 MHz, that is, the frequency spans 5.2-5.4 GHz.
Since the average wavelength (57 mm) is much larger than individual snow grains, it penetrates, with little
attenuation, the suspension cloud, which is composed of crystals a few millimeters in diameter (Rastello et
al, 2011). The radar records the movement of any snow balls or blocks larger than the order of a wavelength,
thus giving important information on dense flow features that are present in the intermittency region.

The radar averages overall points at the same line-of-sight distance from the antenna. The range resolution is
0.75 m, and a complete view of the slope is collected at 111 Hz. A detailed description of the measurement
principle and the radar design considerations can be found in Ash et al. (2014). Here we present data collected
with the GEODAR Mark lll system (Kohler et al., 2016).

Moving Target Indication (MTI) plots are used to display data collected with the GEODAR. These MTI plots
are space-time plots that show the change in radar reflectivity at a particular time and range. The MTI plots
differentiate between moving and nonmoving parts of the flow. Where there is no moving snow the plot is
yellow or lightly colored. The transitions to a darker color intensity represent the arrival of avalanche fronts,
and the change in value with time of these edges represent the approach velocities toward the radar (Kéhler
etal., 2016).

Lines of maximum darkness in MTI plots correspond to surges or waves in the avalanche. Because the plots
show the average across the slope, lines and edges can cross each other when they correspond to features at
different lateral locations (Vriend et al., 2013). In this paper the MTI plots are used as an interpretation tool for
the measurements collected at the pylon and to calculate the velocity of the avalanche front.

2.6. FMCwW

Three FMCW radars are installed along the path in caverns A, B, and C (Figure 2). These radars point upward;
they can create images of layers in the snow cover and observe the flowing snow as it passes over them.
They give a qualitative picture of entrainment, deposition, and flow height (Gubler & Hiller, 1984; Sovilla et al.,
2006). They additionally provide an excellent picture of the avalanche structure and are used in this paper to
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Table 1
Avalanche and Snow Cover Data

Avalanche #816 #20150016 #20163017 #20150003
Date (dd.mm.yy) 06.03.06 03.02.15 18.01.16 27.12.14
Time (hh:mm) 10:00 10:20 10:41 20:18

Size Large Large Large Large

Release type Artificial Artificial Artificial Spontaneous
Release zone PR PR CB2 CB1
Intermittency region length at the pylon (m) 500 90 >120 15
MSCs characteristic size (m) — 2-5 3-14 2-4
Snow depth at VDS2, H, (m) 3.0 2.1 23 1.2
Snow depth at VDS3, H,, (m) 1.4b 0.9 1.0 0.75
Snow depth increase at VDS2, A, (m) 1.2 1.0 1.2 0.7
Snow depth increase at VDS3, A, (m) 0.6° 0.5 0.9 0.6
Average snow temperature, Tsq, (° C)2 —6.2 -9.7 —-11.5 -9.2
Average snow temperature, Tsqy, (° Q)2 —2.0b -3.5 —-4.0 —-6.4

Note. Snow cover information corresponds to the measurements performed at the weather stations VDS2 and VDS3
located at the top (;) and bottom (;,) of the avalanche, respectively. For avalanche #816 the lower station data correspond
to measurements at the nearest weather station Montana (MVE, 1,427 m above sea level). MSCs is the abbreviation for
mesoscale coherent structures. The snow depth increase is measured over a time interval that varies among avalanches
and corresponds to the duration of the new snow precipitation previous to the release. PR = Pra Roua; CB1 = Créta Besse
1; CB2 = Créta Besse 2. 2Modeled, PMontana weather station.

visualize the intermittency region. The FMCW radars have a vertical resolution of around 100 mm and sample
at 40 Hz. Their range is set to about 10 m.

2.7. Snow Cover Measurements and Modeling

Information on snow cover near VdIS is obtained from two weather stations. The weather station VDS2 at
2,390 m above sea level (asl) is used as a proxy for the conditions in the release area, and the weather station
VDS3, close to the pylon at 1,680 m asl, is used to reconstruct the snow cover in the deposition area (Figure 2).
The weather station VDS3 has not yet been installed at the time of avalanche #816, and proxy data were
obtained from the closest representative station, Montana (MVE, Meteo Swiss), which is situated at an altitude
of 1,427 m asl, 7 km in linear distance from VDS3. We used the numerical model SNOWPACK to reconstruct
the snow properties for each avalanche event (Lehning et al., 2002). As a first approximation, we define the
uppermost 0.5 m of the snow cover as representative of the snow properties of the avalanche. Snow properties
are averaged over this depth, and the simulated snow temperature at the top (T5,,) and bottom (Ts,,) stations
are summarized in Table 1.

Note that the snow cover reconstructed at the weather stations can differ from the actual conditions in
the flow path because earlier avalanche activity and entrainment/deposition can alter the old snow cover
significantly (Steinkogler et al., 2014).

3. Results

In this section we describe data from the frontal region of four fully developed PSAs at VdIS. Following
the classification of Kohler et al. (2018), the investigated avalanches were characterized by three coexistent
flow regimes, namely intermittent, cold dense, and suspension. All four avalanches are large (Canadian
avalanche-size classification; Jamieson, 2000). We refer to the avalanches by their archive number to allow
comparison with other publications. We chose these four avalanches to illustrate the range of behavior and
the variability that can occur. Here we briefly describe the four avalanches before going into more detail about
each one.

+ Avalanche #816: The largest avalanche we discuss, with a fully developed intermittency region that extends
for several hundred meters. This avalanche was chosen as the largest that has occurred at VdIS with
good data.
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Figure 6. Avalanche #816. Photograph (a) was taken after the tallest part of the intermittency region passed the pylon.
Photograph (b) was recorded when the last part of the intermittency region passed the pylon. The upper right panel
shows pressure values at the pylon, where the vertical dotted lines correspond to the photographs (a) and (b). Pressures
measured from 0.5 to 3.5 m above the sliding surface are displayed one over the other for a better estimation of the
vertical distribution of the intermittency region. As a first approximation, we assume the sliding surface is positioned
0.50 m below the lower pressure sensor impacted by the flow. The middle panel shows zoomed-in view of the pressure
measurements at the avalanche front. The lower panel shows the corresponding velocities.

« Avalanche #20150016: A large avalanche with a relatively short intermittency region that is closely coupled
to the dense basal layer. This avalanche was chosen to illustrate this coupling and because a complete data
set is available.

+ Avalanche #20163017: A large avalanche with an intermittency region that is decoupled from the dense
basal layer. This avalanche was chosen to show that the dynamics of the intermittency region can also be
independent from the dense basal layer.

« Avalanche #20150003: A large avalanche where the intermittency region collapses and deposits in the region
of the pylon. This avalanche was chosen to show what happens to the intermittency region in the deposition
phase.

3.1. Avalanche #816
On 6 March 2006 two PSAs were artificially released. Avalanche #816 was the first and was released at 10:00
from PR. It descended past the pylon and climbed up the opposite slope to the bunker (Figure 6).

During the preceding 5 days there was 1.2 m of new snow in the release zone, bringing the total snow depth
to 3.0 m. In the deposition zone the total snow depth was 1.4 m and the new snow precipitation was 0.6
m (Table 1). In the days preceding the experiment the air temperature oscillated between —20 and —2.8° C,
preventing the consolidation of the new snow and resulting in an unstable snow cover. The average snow
cover temperature of the uppermost 0.5 m, calculated with the model SNOWPACK, was —6.2° Cin the release
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zone and —2° C in the deposition zone, and thus the avalanche can be regarded as cold (Steinkogler et al.,
2015). Note that for this avalanche snow cover information in the deposition zone was taken from the Montana
weather station, which is located 7 km away at the same elevation.

Pressure measurements at the pylon indicate that this avalanche had a large intermittency region that lasted
around 12 s, with local pressure peaks of over 1,000 kPa (Figure 6). During the first 3 s of signal, the inter-
mittency reached at least 5.5 m above the ground (around 3.5 m above the avalanche sliding surface). It
was probably even higher, but no pressure measurements were made higher than 5.5 m for this avalanche.
The height of the intermittency region then decreased over time. Note that spikes of maximum pressure are
not local but instead appear almost simultaneously, or with a very small time shift, over a large part of the
avalanche flow depth (Figure 6 middle panel). In 2006, velocity measurements were performed at heights of
2, 3,4, and 5 m above the ground. The measurements performed in the intermittency region are shown in
detail in the bottom panel of Figure 6. The avalanche velocity fluctuated around 40 m/s. Velocities at the low-
est sensor were typically lower than 10 m/s and the velocity generally increased with height, even though
there were short time intervals with negative shear rates. Considering an average velocity of 40 m/s in the first
12 s of measurements, the extension of the intermittency region at the pylon was close to 500 m. There is no
GEODAR data for this avalanche because the radar was first installed in 2010.

3.2. Avalanche #20150016

On 3 February 2015 four PSAs were artificially released at VdIS. Avalanche #20150016 was the first and was
released at 10:20 from PR. The avalanche hit the pylon and descended another 600 m before stopping at the
valley bottom. During the preceding 5 days there was 1.0 m of new snow in the release zone, bringing the
total snow depth to 2.1 m. In the deposition zone the new snow amounted 0.5 m and the total snow depth
was 0.9 m (Table 1). The average snow cover temperature of the uppermost 0.5 m calculated with the model
SNOWPACK was —9.7° C in the release zone and —3.5° C in the deposition zone; the avalanches can thus be
regarded as cold.

Secondary releases along the path resulted in several major surges, which were observed with the GEODAR
radar (Figure 7). The avalanche at the pylon was characterized by distinct surges. The front missed the pylon.
The first surge to hit the pylon was surge #1 in Figure 7, which dissipated around 50 m after the pylon. The
second surge to hit the pylon was surge #2, which merged with the front at a range of 500 m.

At the pylon, this avalanche was characterized by two main intermittency regions. The first intermittency
region was located immediately behind the front of surge #1 and lasted around 3 s (Figure 7 lower panel, #1,
#2,and #3). This is also seen in the pressure measurements in Figure 7 (middle panel), which are characterized
by the typical large fluctuations and spikes. A second intermittency episode was recorded by the pressure
sensor 2.5 m above the sliding surface in the interval 99-104 s, while the lower two sensors show typical
dense flow signals (Figure 7 lower panel, #5 and #6). This episode belonged to a major surge visible in the
GEODAR data. Owing to low quality of the velocity measurements in the avalanche body, this second region
is not analyzed further in this paper.

Figure 8 shows measurements of pressure and velocity corresponding to the first intermittency region of
avalanche #20150016. The upper panel shows pressure at different heights above the sliding plane, displayed
one over the other to facilitate interpretation of the signal. Avalanche pressure measurements are directly
compared with the corresponding velocity measurements (lower panel). Velocity data show that surge #1
is considerably slower than surge #2. The velocity field appears to be discontinuous and is organized into
coherent regions that correspond well to the spikes of maximum pressure. Considering an average velocity
of 30 m/s in the first 3 s of measurements, the extent of the intermittency region at the pylon was about 90 m.

As with avalanche #816, spikes of maximum pressure are not local but appear, with a very small time shift, over
a large part of the avalanche flow depth. Further, the pressure peaks appear to be synchronized in time with
the coherency in the velocity signal, for example, at 92 s in Figure 8. This finding shows that this intermittency
in pressure does not arise solely from the uncorrelated motion of individual large granules and that coherent
structures are significant.

3.3. Avalanche #20163017
At 10:41 on 18 January 2016 a large PSA was artificially released from CB2. The avalanche flowed past the
pylon and descended another 700 m, reaching the bunker.

SOVILLA ET AL.

THE INTERMITTENCY REGION 2533



.............
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2018JF004678

Range (m)

Pressure (kPa)

Range (m)

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

800

600

400

200 |

700
680
660
640
620

UM | L L B L L B B A B I L B B B B

40

60 80 100 120 140 160 Time(s)

87

Encli of int'ermitte'ncy relgion

1
1
1
1
]
1

F———- Detail of intermittency region in Figure 6

92 97 102 107 112 117 122
Time (s)

Figure 7. Avalanche #20150016. The upper panels show the GEODAR plot (left) and a photograph taken when the intermittency region had just passed the
pylon (right). The arrow in the photograph indicates the approximate extension of the region with intermittency. The middle panel shows the avalanche pressure
measured at different heights above the sliding surface. As a first approximation, we assume the sliding surface is positioned 0.50 m below the lower pressure
sensor impacted by the flow. The lower panel shows a detail of the GEODAR data (corresponding to the white-framed rectangle in the upper left panel) at the
pylon location with all surges that reached the obstacle zone identified (from #1 to #6). The photograph of the avalanche is synchronized in time with the
pressure signals and the GEODAR details (vertical dashed lines).

The avalanche occurred 5 days after a large snowfall of 1.2 m in the release zone, which resulted in a total snow
depth of up to 2.3 m (Table 1). In the deposition area the new snow was 0.9 m and the total snow depth was
1.0 m. The average snow cover temperature of the uppermost 0.5 m, calculated with the model SNOWPACK,
was —11.5° Cin the release zone and —4.0° C in the deposition zone, and thus the avalanche can be regarded
as cold.

Even though the pylon was in the middle of the avalanche (Figure 9 middle panel), there was no deposit from
the dense core, suggesting that only the dilute regions of the flow reached the pylon. Instead, traces of denser
flow were left around the concrete wall and the wedge (Figure 9 right panel).

Figure 10 shows the pressure measured at the pylon (upper panel) and wedge (lower panel), as well as the
corresponding 2-D velocity field measured at the pylon (middle panel). The measurements shown in Figure 10
suggest that an initial intermittency region lasted at least 4 s. As expected, the pressure measured at the
wedge indicates impact with the denser region of the flow (lower panel, bottom line), while the pressure at the
pylon only displays spikes typical of the intermittency region. The velocity data again show a discontinuous
velocity field where MSC structures can be visually identified. Considering an average velocity of 30 m sin the
first 4 s of measurements, the intermittency region at the pylon was at least 120 m long.
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Figure 8. Avalanche #20150016. The upper panel shows the avalanche pressure measured in the intermittency region.
The lower panel shows the corresponding velocity. #1 marks the front of the first surge hitting the pylon, #2 marks the
front of the second surge hitting the pylon, and #end marks the end of the intermittency region at the pylon
(corresponding to the lower panel in Figure 7).

A few seconds later another intermittency region arrived that reached the air pressure sensor at a height of 16
m on the mast (Figure 11). This registered on the air pressure transducer as a series of individual impacts that
gave rise to a very high frequency ringing, which was only just resolved by the 5 kHz sampling frequency. The
upper panel of Figure 11 shows the reconstructed series of impacts including a close-up view of an individual
collision. These signals are completely different from the smooth and slowly varying signals due to air pressure
variation and can be distinguished easily. The lower panel shows the amplitudes of these collisions averaged
over time.

i i\
& 51‘4‘8.5 sec & &‘52.5 sec
SN SR

Figure 9. Avalanche #20163017. The left two photographs show the avalanche at first impact with the pylon and 4 s thereafter. The right photograph shows the
avalanche deposit around the obstacles immediately after the avalanche passed. The red dashed line highlights the boundary of the denser flow with the typical
sharply defined perimeter and granular structure. The P is outside the denser deposit while the Wd and the Wa were hit by the denser layer. P = pylon; Wd =
wedge; Wa = wall.
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Figure 10. Avalanche #20163017. The upper and lower panels show the pressures measured at the pylon and at the
wedge, respectively. The middle panel shows the corresponding avalanche velocity measured at the pylon.

3.4. Avalanche #20150003

Avalanche #20150003 naturally released at 20:18 on 27 December 2014. We cannot say with certainty where
the avalanche originated, but the most probable location is CB1. A photograph taken on the morning of
29 December shows superficial traces of debris consistent with the occurrence of a large powder avalanche
with a small dense core that stopped shortly below the pylon. The GEODAR plot in Figure 12 shows that the
front moved past the pylon (a distance of 675 m from the bunker) and traveled another 50 m. The avalanche
produced only a very weak air pressure signal that is not discussed further in this paper.

The avalanche released after an intense 24 hr of snow precipitation. In the release zone there was 0.7 m of
new snow, which increased the total snow depth to 1.2 m. In the deposition zone there was 0.6 m of new
snow and the total snow depth was 0.75 m. The average snow cover temperature of the uppermost 0.50 m,
calculated with the model SNOWPACK, was —9.2° C in the release zone and —6.4° C in the deposition zone;
the avalanche can thus be regarded as cold.
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Figure 11. Avalanche #20163017. (upper panel) Individual granule impacts on the air pressure sensor at 16 m height.
(middle panels) Two individual impacts showing the best fit simple harmonic oscillator functions. The squares
correspond to the sampling points at a frequency of 5 kHz. (lower panel) The impacts averaged over time. The impacts
are produced by high-density granules transported by a large structure a few seconds after the main front reached the
obstacles.

Theright panels of Figure 12 show the velocity, pressure, and density measured at the pylon. The intermittency
region at the pylon lasted about 1 s, with spikes of pressure up to around 30 kPa. Considering an average
velocity of 15 m/s during 1 s of measurements, the extent of the intermittency region at the pylon lasted only
about 15 m before starving.

4. Discussion

The data presented in section 3 show that the avalanche frontal region is characterized by intermittency in
pressure, density, and velocity. In particular, the velocity data show the presence of MSC structures whose
number and duration vary significantly among avalanche events. The MSC structures are larger and more
numerous when both new snow and snow cover depth are largest (Table 1). Note that the snow depths mea-
sured at the weather station may be different from the snow depth along the flow path, because previous
avalanche activity may have considerably changed the underlying, older snow cover (Steinkogler et al., 2014).

4.1. Coherent Structures in the velocity Data

The upper panel of Figure 13 shows typical velocity profiles corresponding to mesoscale structures in the
avalanche frontal region. In this specific example, the structures are detached from the denser basal layer and
the velocity profiles correspond to the frontal structure (middle panel) and the fastest structure in avalanche
#20163017 (lower panel). Error bars are used to indicate the velocity distribution inside each mesoscale
structure and correspond to the 25-75% quantiles.

Mesoscale structures are normally characterized by a quasi-vertical velocity profile but particles in a struc-
ture have various speeds, as evidenced by the spread of the 25% and 75% percentiles of velocity at many
measurement heights.

Internal structures are normally faster than frontal structures, and thus faster than the avalanche front (Kohler
et al., 2016). For example, the largest internal structure at the pylon for avalanche #20163017 is 60% faster
than the corresponding frontal structure (Figure 13).
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Figure 12. Avalanche #20150003. The left panel shows the GEODAR plot. The avalanche stops around 50 m below the pylon. The right panels, from top to
bottom, show the avalanche pressure, velocity, and density measured at the pylon.

The velocity profile of a structure changes drastically during the deposition phase. Figure 14 shows a velocity
profile corresponding to avalanche #20150003. The profile is arcuate with large shearing occurring at both
boundaries and preferential deposition occurring at the lower boundary. A coherent movement of particles
is only present in a small central flow region. This mesoscale structure finally starves over the next 50 m.

The mesoscale characteristic size varies among avalanches. For avalanche #20150016 the largest structures
are approximately 3-5 m long, while for avalanche #20163017 the largest internal mesoscale structure is
about 12-14 m long, one of the largest in our data set. Note that the structures are higher than 4 m in both
cases, but it is not possible to assess the precise height, because measurements are not performed in the
upper part of the flow.

4.2, Coherent Structures in the Avalanche Pressure, Air Pressure, and Density Data

Density measurements shown in the right panel of Figure 14 and in the bottom right panel of Figure 12 show
that, even in a starving avalanche, average density in the intermittency region can easily be as high as 10-20
kg/m3. The density signal in the intermittency region is characterized by large fluctuations, with high-density
particle clusters typically reaching dense core densities of 200 kg/m? or more.

Figure 15 shows a comparison between the pressure exerted by a MSC structure (upper left panel) and the
corresponding velocity for avalanche #20150016 (lower left panel). Peaks of pressure, corresponding to parti-
cle clusters, appear to accumulate into vertical or slightly curved bands. Interestingly, the scale of these bands
is larger than single snow granules, but smaller than the MSC structure, suggesting that only a fraction of the
overall MSC volume is occupied by high-density material.

A visualization of snow clustering is shown in the right panel of Figure 15, which displays the FMCW signal in
cavern B of avalanche #20150016. Indeed, this figure shows intermittent bursts of dense snow clusters up to
9 m above the avalanche sliding surface. For avalanche #20160017, the impact of single snow granules has
even been detected at 16 m above the ground, as previously shown in Figure 11. These data are remarkable
in that it shows the presence of large granules very high in the flow for more than 2 s. This observation is
relevant for understanding the forces that an avalanche could exert on a structure.
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Figure 13. Velocities of two mesoscale structures in avalanche #20163017. Both structures are detached from the basal
dense layer. The upper panel displays the velocity profiles of the frontal mesoscale structure (a) for the time window
48.52-48.68 s and of the fastest structure measured at the pylon (b) for the time window 49.84-50.17 s. Error bars are
used as an indication of the velocity distribution inside each mesoscale structure and correspond to the 25%/75%
quantiles. The middle and bottom panels display the entire velocity field for the frontal (middle panel) and fastest
(bottom panel) structures.
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Figure 14. Velocity (left panel), pressure (middle panel), and density (right panel) profiles for a starving mesoscale structure in avalanche #20150003. In the left
panel, error bars are used as an indication of the velocity distribution inside the mesoscale structure and correspond to the 25%/75% quantiles. In the middle
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Finally, Figure 16 compares the mesoscale structures in the velocity distribution with air pressure and
avalanche pressure data for avalanche #20163017. The air pressure data show a very strong harmonic signal,
with a frequency of around 0.55 Hz, lasting more than 10 s (Figure 16 middle panel). The air pressure fluctua-
tions are consistent with when the four major structures passed the lower part of the pylon (Figure 16 upper
and lower panels), thus providing strong evidence that the mesoscale structures span the full flow depth of
the avalanche.

4.3. Formation Mechanism for the Intermittency Region

Coherent structures, such as Horseshoe or Hairpin vortices, form in turbulent boundary layers at high Reynolds
numbers (Kline et al., 1967). For PSAs the Reynolds number ranges from 10° to 10°, resulting in a highly tur-
bulent flow. On the upper surface of a PSA, there is high shear that gives rise to Kelvin-Helmholtz instabilities
and turbulent entrainment of air, though this can be suppressed if the density difference is large enough. In
addition, gravity currents have a large vortex at the head and, at higher Reynolds numbers, there may be sev-
eral vortices in a chain behind the head (McElwaine & Turnbull, 2005; Turnbull & McElwaine, 2008). Figure 16
shows that the pressure increases as the PSA reached the pylon, then drops far below air pressure and then
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Figure 15. Avalanche #20150016. The upper left panel shows pressure measurements while the lower left panel shows
the corresponding velocities. Dashed lines delineate the extent of the mesoscale structure. The right panel shows an
frequency-modulated continuous-wave radar plot measured in cavern B corresponding to avalanche #20150016. The
radar plot highlights the presence of intermittent bursts of dense snow clusters.
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further oscillates between the passing of the mesoscale structures. Such a pressure signature may result from
a train of vortices with the lowest pressure at the center, with the pressure gradient causing the centripetal
acceleration necessary for circular motion. These vortices mean that there is large-scale recirculation within
the avalanche frontal region, with vertical velocities that may exceed the front velocity.

Large quantities of material are disposable to be entrained by the coherent structures. At high enough Froude
numbers the dense layer becomes highly agitated, possibly turbulent, and we expect the copious ejection
of centimeter- to decimeter-scale granules under these conditions. Further material may also be ejected by
the interaction between flow structures in the dense layer, such as surges (Kohler et al., 2016), or as a result
of interactions with sharp changes in the terrain, or impact with obstacles, and we can not exclude that large
pressure differences could induce a Darcy-like flow in the snow cover and directly lead to the fluidization of
the static snow cover (Carroll et al., 2013; Louge et al., 2011).

We assume that the interaction between normal turbulence and grain size dynamics does produce new MSC
structures which are thus different from the coherent structures known in classical turbulence. In homoge-
neous turbulence, vertical velocities around 10% of the mean velocity are expected. Such would be sufficient
to entrain and suspend individual snow grains but not large granules. However, these coherent structures
have long time scales and can have velocities of twice the front velocity, and thus they may directly entrain
and lift much larger granules (Turnbull & McElwaine, 2008). In addition, the fine-particle air mixtures that char-
acterize the mesoscale structures may have a density of up to 20 kg/m3, which also dramatically increases the
ability of the mixture to entrain and suspend large granules.

We now discuss quantitatively the size of granules that the air-snow mixture can entrain and suspend. We
assume that the granules have a density of p, = 300-600 kg/m3 and a radius of r=1073-10"" m (Issler et al.,
1996; Schaer & Issler, 2001), which are typical values measured in cold avalanche deposits. We assume that
the granules are roughly spherical and that the air-snow mixture has a density py, a viscosity #, and a vertical
velocity v. The equation balancing fluid drag against gravity is then (Batchelor, 1967):

g <1 - ﬁ) = 3c,Re)2 v, @)
Pp 8r Pp

where g is the gravitational acceleration and Re is the particle Reynolds number:

2rpev
P

Re

We use the formula of Morsi and Alexander (1972) for C;:

C4(Re) = ;—: + S — + 0.422. (6)

1+ vRe

Many other similar formulae exist that interpolate between the exact low and high Reynolds number limits
but they will make little difference to the results.

Equation (4) is solved numerically for the threshold v and the solutions are plotted in Figure 17. This threshold
velocity v is the vertical velocity necessary to balance gravity. Close to the ground the velocity of a vortex
is primarily horizontal, but this can accelerate granules, causing collisions and ejections that then move the
granules into regions with higher vertical velocity. Figure 17 shows that pure air, with a density ~1 kg/m3, has
too low a density to significantly affect the motion of large granules. A vertical velocity of 50 m/s would be
necessary for a decimeter-sized granule, and for this to occur near the ground a much larger vortex velocity
would be required. However, for a mixture of air and snow with a density of p; = 20 kg/m? a velocity of only
10 m/s would be necessary to lift a decimeter-sized block.

Indeed, assuming that the vertical velocity of an MSC structure is of the same order as that of its translational
velocity, vertical velocities can easily be larger than 20 m/s for the avalanches analyzed in this paper. Assuming
that the average density of the MSCs is around ~20 kg/m?3, as in the case of the smaller structure presented
in this paper (Figure 12), we can conclude that all analyzed avalanches can easily entrain snow clusters with a
size of at least 0.1 m.
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Figure 16. Avalanche #20163017. Mesoscale structures in the velocity data (upper panel) are compared with air
pressure data collected with a Pitot sensor at 16 m above the ground (middle panel) and with pressure data measured
at 5.5 m above the ground (lower panel). The red curve displays the low frequency harmonic in the air pressure signal,
which is characterized by a mean period of 1.8 s and a frequency of 0.55 Hz (middle panel).

Thus, at the front of a PSA, where the air-snow mixture has its highest density and coherent vortices are most
powerful, large quantities of decimeter-sized blocks can easily be lifted high in the avalanche. This is in agree-
ment with FMCW radar measurements, which suggest that snow entrainment occurs largely at the avalanche
front (Sovilla et al., 2006).

Even if we have no precise information on the lifespan of such structures, an indication can come from recent
measurements performed with GEODAR data at VdIS. Kohler et al. (2016) showed that the frontal zone of
powder avalanches is characterized by minor surges, interpreted to be clusters of denser material or rolling
wave-like instabilities, which move faster than the leading edge and thus frequently overtake it. GEODAR plots
shows that the lifespan of these structures is around 2-4 s and that they continuously regenerate.
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Figure 17. Threshold velocity v as a function of granule size r for different air-snow mixture densities py.
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These features correspond to the mesoscale structures analyzed in this paper. Thus, our hypothesis is that the
intermittency region is the result of the creation and regeneration of instabilities and vortices that transport
material aloft for a few seconds and then decay.

These structures have an important effect on avalanche dynamics. As shown by Kdhler et al. (2016), the frontal
region of PSAs is controlled by the generation and evolution of such structures. In particular, these structures
can move ahead of the dense basal layer and reach farther, explaining the presence of a three-layered struc-
ture in the deposit of PSAs (Issler et al., 1996). Further, these structures provide a justification for the finding
of large particles far away from the deposit or flow region of the dense basal layer (Issler et al., 1996; Schaer &
Issler, 2001).

We expect that the processes investigated in this paper may be relevant not only for PSAs but also for other
complex geophysical flows, such as turbidity currents (Meiburg et al., 2012) and pyroclastic density currents.
Indeed, a recent laboratory study on the coupling of turbulent and nonturbulent flow regimes within pyro-
clastic density currents also shows the existence of a region of intermediate particle concentrations. In this
region there is a strong interaction between the air and the particles and the formation of mesoscale clus-
ters which they argue controls the mass balance between the suspension and dense basal layer (Breard
etal,, 2016).

This paper strongly suggests that the intermittency region is critical to the dynamics of avalanches. The devel-
opment of a model that includes the intermittency region should therefore be considered the most important
next step in the development of PSA models (Bartelt et al., 2016; Issler & Gauer, 2008). The data from this paper
suggest that both particle-particle and particle-fluid interactions are important, as well as the presence of
coherent structures. Future work should also consider whether there is any connection to the light flow regime
observed in open channel flows at Froude numbers greater than 3.5, where the surface becomes unstable and
is so highly agitated that there is air entrainment and the development of a middle zone (Schaerer & Salway,
1980, and references therein).

5. Conclusions

The data from VdIS clearly show that the frontal zone of powder avalanches is characterized by the presence
of MSC structures that are responsible for driving large snow granules and snow clusters high into the air.
Indeed, we have shown direct evidence of intermittent bursts of decimeter-sized, high-density snow granules
reaching large heights at the front of PSAs. We call this the intermittency region (Kdhler et al., 2018). This flow
regime increases in length and significance with avalanche size, which may in extreme cases extend for almost
the entire flow.

We interpret the coherent structures near the frontal zone to be large vortices that always develop in gravity
currents with high Reynolds numbers and that are closely associated with the lobe-and-cleft structure. Further
backin the avalanche, the structures are most likely more generic, with smaller horseshoe and hairpin vortices
forming at the base of the suspension cloud and then detaching.

The intricate interaction between coherent structures caused by normal turbulence and grain size dynamics
with a large size distribution gives rise to the MSC structures. We may expect that those coherent mesoscale
structures starve when large granules are no longer available. In contrast, they can grow in size, and their
lifespan increases, when larger granules are increasingly available.

Further, by showing evidence that MSC structures stem from a complicated interaction between turbulent
coherent structures and grain size dynamics involving a wide range of particles from fine snow/ice grains
(less than 0.5 mm) to large granules (several centimeters or more), we claim that the concept of a pure PSA
(suspension) is a theoretical concept that probably does not exist in nature. The current study could help in
designing new laboratory experiments with tests in a water tank involving gravity currents but mixed with
some larger sized particles.

The interaction between coherent structures and particles is extremely complicated, particularly in the highly
non-Boussinesq case, because large density gradients exert a strong damping effect on vertical fluid motion.
However, a model for this process is essential if mass and momentum transport are to be modeled accurately.

If one desires to reproduce the intermittency in numerical simulations, turbulence has to be modeled directly
or, at the very least, through Large-Eddy Simulation. However, the effects of intermittency that are relevant
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for practical applications can be accounted for in a much simpler way, as it is shown in numerous models of
turbulent closure. In this last case, pressure fluctuations can be extracted from the models, thus allowing a
comparison of the statistical properties of model predictions with experimental data.

Finally, these measurements suggest that intermittency and MSC structures also play an important role in
other geophysical flows, such as pyroclastic and turbidity currents.
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