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ABSTRACT: The unpredictable effects of released and entrained snow on avalanche run-out distances
make hazard analysis difficult. At Bird Hill in southcentral Alaska, snow entrainment has caused small re-
lease volumes (< 25,000 m?) to develop into surprisingly far-running avalanches which endanger a high-
way and railroad below. In this graduate thesis project, the dynamical avalanche run-out model RAMMS
was calibrated and used for the first time in southcentral Alaska. With numerical experiments on a high
resolution Digital Elevation Model (DEM), produced with Structure-from-Motion photogrammetry, we ex-
amined how mass and temperature of released and entrained snow affected the lubricated wet flow re-
gime and run-out distances. We found that temperature of the released and entrained snow was more
critical than mass in determining the flow regime. Meltwater production was the predominant contributing
factor to long run-out distances due to reduced basal friction as the avalanche makes the transition from
the fluidized to the lubricated flow regime. The temperature of the entrained snow was most important
when the entrained mass was large relative to the release mass. Warm (= -1°C) entrained snow in the
path made very small -3°C releases warm up quickly and become lubricated. With colder (< -3°C) snow,
such releases remained cold throughout the flow and stopped quickly. Monitoring of warming snow cover
temperatures in the path is therefore critical for predicting flow regime transitions. The results of this pro-
ject also showed that terrain features can strongly influence avalanche flow, and that detailed DEMs are
therefore important, especially during shallow snow conditions.

KEYWORDS: snow entrainment, snow temperature, avalanche run-out, flow regimes, fluidization,
lubrication

1. INTRODUCTION standing the role of entrainment on run-out re-
mains a fundamental problem.

Early investigators defined snow entrain-
ment as the process by which an avalanche
erodes the snow cover in the path and intermixes
the snow into its core (Pudasaini and Hultter,
2007). Various entrainment mechanisms were de-
fined such as ploughing, erosion or layer fracture
(Gauer and Issler, 2004). Each was associated
with a different snow intake rate (Sovilla et al.,
2007). The entrained snow feeds the avalanche
and can contribute to significant avalanche mass
growth. These investigations of snow entrainment
concentrated primarily on the overall mass bal-
ance of a particular avalanche event, see for ex-
ample Sovilla et al., 2007.

More recent research efforts have demon-
strated the significant role of temperature (Vera
Valero et al., 2015; Dreier et al., 2014; Steinkogler
et al., 2014). The influx of mass is also a source
of thermal energy to the avalanche core (Vera

Run-out distance is a key measure of avalanche
danger in the transportation industry and is used
to justify road closures. Predicting avalanche run-
out distances, however, is highly problematic in an
operational environment. The primary challenges
are to make accurate predictions of the release
mass and judge how entrainment processes will
effect avalanche motion.

Despite many recent advances in the
modeling of snow avalanches, the problem of
show entrainment is largely unresolved. For exam-
ple, entrainment can be considered a process
which will hinder avalanche motion (the ava-
lanches “drown” in the snow cover) or entrainment
can be considered a process enhancing ava-
lanche run-out (avalanches that run on bare
ground often “starve” before stopping). Under-
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entrainment enhances shearing at the base of the
avalanche, it also contributes to fluidization of the
avalanche core (Vera Valero et al., 2016).

Numerical solutions have developed in or-
der to cope with the challenge of conducting field
investigations of snow entrainment in dangerous
and inaccessible avalanche terrain. By adopting a
numerical modeling approach we can test ava-
lanche flow behavior under various initial release
and snow cover conditions that can help us predict
the variability of run-out distances.

In this model-based study, the 2-D dynam-
ical avalanche run-out model RAMMS was imple-
mented to examine how changes in mass and
temperature of released and entrained snow influ-
enced avalanche flow and run-out distances at
Bird Hill. At this study site located between
Anchorage and Girdwood in southcentral Alaska
snow entrainment has caused small release vol-
umes (< 25,000 m3) to develop into surprisingly
large, fast and far-running avalanches which have
endangered the Seward Highway and the Alaska
Railroad that are located at the terminus of the
slopes (Fig. 1) (Hamre, 2013; Murphy, 2013. Per-
sonal communication). A total of 332 avalanches
were simulated with various combinations of re-
leased and entrained snow depths and tempera-
tures in one of Bird Hill’s avalanche paths. The
methodology consisted of a model calibration
phase (4.1) followed by a phase of numerical ex-
periments (4.2). The results showed that meltwa-
ter production was the predominant contributing
factor to long run-out distances due to reduced ba-
sal friction as the avalanche makes the transition
from the fluidized to the lubricated flow regime.
Small releases were more responsive to the snow
conditions in the path than larger release volumes,
as they warmed up faster and remained cooler de-
pending on the entrained snow temperatures. Be-
sides its theoretical contribution, this project was
the first application of RAMMS in southcentral
Alaska.

2. BIRD HILL, SOUTHCENTRAL ALASKA

Bird Hill has a steep, consistent slope angle with
no transition zone (10°C slope angle) before the
artificial narrow strip of flat land between the termi-
nus of the slopes and the ocean. The Seward
Highway and the Alaska Railroad run parallel at
this narrow strip of land and cut through all the
run-out zones (Fig. 1). The highway and the rail-
road are the only links between Anchorage and
the Kenai Peninsula. Road closures could there-
fore both lead to costly financial consequences

and endanger people who need to travel to An-
chorage for medical support (Murphy, 2014. Per-
sonal communication).

The snow climate at Bird Hill is typically
maritime with strong temperature gradients from
sea level up to ridge tops; precipitation often falls
as rain at lower elevations and transitions into
snow in the upper elevations. Bird Hill often re-
ceives much less snow than Girdwood and
Alyeska Resort, located only a few miles east. For
the past three abnormally warm winters
(2013/2014 — 2015/2016) very little precipitation
has fallen as snow in the region and Bird Hill has
had bare ground in the lower elevations for the
majority of the winter season.
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Fig. 1: Steep terrain and minimal transition zone at
Bird Hill (AKDOT&PF, 2014).

For this project, RAMMS was calibrated to the ter-
rain of Bird Hill and avalanches were simulated
with snow cover conditions typical for the high lati-
tude maritime snow climate of southcentral
Alaska. The path named #934 Whiskey (per AK-
DOT&PF and AKRR databases) was selected to
represent Bird Hill’s terrain in both phases of cali-
bration and numerical experiments. The release
area is small (16,210 m?2) and consists primarily of
a leeward west facing aspect that often gets wind-
loaded. The path has a narrow gully which under
shallow snow conditions directs avalanche flow.
The slope angle of the path is on average 30° with
one flatter section at ~500 m a s |, at the road
crossings and also at the flat section below the cliff
and the ocean that makes up the run-out zone.
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3. AVALANCHE MODELING IN RAMMS

During an avalanche’s descent towards the run-
out zone, the avalanche mass is influenced by the
topography of the path and the snow cover, which
affect its mass balance, flow momentum and ki-
netic energy exchange (Vera Valero et al., 2015).
In RAMMS, a system of partial differential equa-
tions are solved to obtain these field variables
from release (t=0) to deposition for each pixel on a
surface-induced plane. Avalanche flow is driven by
gravity and follows xyz-coordinates defined by the
input DEM (Christen et al., 2010). Here we de-
scribe how RAMMS incorporates snow entrain-
ment and modifies avalanche flow behavior as a
result of temperature changes in the avalanche
core, the development of flow regimes, and how
topography and friction play critical roles in the en-
ergy balance.

3.1 Avalanche core temperature, snow entraiment
and meltwater production

The avalanche core contains kinetic energy (the
slope-parallel speed of the avalanche), random
energy of fluctuating snow granules R (the granu-
lar temperature), and thermal energy E (heat)
(Bartelt et al., 2014). A phase change occurs when
there is sufficient heat energy in the core for its
temperature to exceed 0°C. In this case, meltwa-
ter is produced by dissipative heating (Vera Valero
et al., 2015).

The released mass defines the initial
amount of heat energy in the avalanche. This is
defined by the temperature and density of the re-
lease mass. After release, the two major sources
for heat energy are friction and the snow cover,
that is, the temperature and density of the en-
trained snow (Fischer et al., 2012). Frictional
shearing is not only the source of heat but also
non-directional random energy R (Vera Valero et
al., 2015). This is kinetic energy associated with
random particle movements. It is important to
note that all R that is produced in the avalanche
core eventually dissipate to heat energy due to in-
elastic granule interactions (Vera Valero et al.,
2015). Frictional shear work depends on the
roughness of the terrain and on the avalanche ve-
locity. Therefore there is great variability in the
amount of heat and random kinetic energy in the
avalanche.

In RAMMS, snow entrainment occurs at a
rate Qg4 (kg m2s"). The model user defines the
characteristics of the entrained snow, either over-
all or for specific sections of the path and defines
the snow layer depth (m), snow temperature (°C)
and snow density (kg/m?3). The entrainment rate is
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controlled by the density ratio of the snow layer
and the avalanche, the slope-parallel velocity of
the avalanche ug and the parameterizing erodibility
parameter k (unit less), the latter also to be de-
fined by the model user (Christen et al., 2010):

(1)

The amount of heat influx from the entrained snow
to the avalanche core (of height hg) is defined as:

()

and includes the specific heat capacity of the co-
volume cs, i.e. the volume of solid mass, the rate
by which the snow cover is entrained QE_,¢, and

the snow cover temperature Ts (Vera Valero et al.,
2015).

3 p
QE—’(I) = i KU,¢

EE—»(I) hg = c5 Qz—»:p Ty

3.2 Avalanche flow regimes

The two general flow regimes are fluidization and
lubrication. Which one of these regimes that devel-
ops depends on the avalanche core temperature.
Frictional shear work in the core Wq,, (and during
entrainment) produces both thermal heat energy E
and non-directional random energy R (J/mZ2). The
energy distribution drives the development of the
lubricated and fluidized regimes; if most of the fric-
tional shear work dissipates to heat, the lubricated
regime is supported, and if most energy goes to R,
the fluidized regime is supported.

The amount of R defines the magnitude of
fluidization and depends on terrain roughness and
influx of cold, low density snow. Due to inelastic
granular interactions, R will dissipate to heat
(Buser and Bartelt, 2009). The counteractive de-
cay rate of R, 8, depends on the warming of the
avalanche core. As warm snow granules mold to-
gether, the decay rate increases which will cease
the fluidized regime (Vera Valero et al., 2015).

The lubricated regime develops in warm
and wet avalanches once meltwater percolates to
the base. It is highly viscous and associated with
high decay rates of fluctuation energy due to the
molding of warm snow granules, creating a lami-
nar flow structure with few inter-granular interac-
tions (Vera Valero et al., 2015). Water acts as a
lubricant and significantly reduces basal friction,
transforming the avalanche to a plug flow gliding
over the ground (Colbeck, 1992). The amount of
produced meltwater describes the magnitude of lu-
brication and depends on influx of warm snow and
dissipated heat from frictional shear work.

In avalanche paths with strong elevational
snow temperature gradients it is common for multi-
ple flow regimes to develop within one avalanche.
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Commonly the fluidized regime develops first in
the upper elevations from the cold released snow
and as the avalanche entrains warmer snow in the
lower elevations it transitions into the lubricated re-
gime. Also in paths of significant drop height, heat
dissipation from frictional shear work in the upper
elevations may sufficiently warm up the avalanche
core for the avalanche to transition into lubrication,
independent of entrained snow temperatures in
the lower elevations (Wikstroem Jones et al.,
2014).

3.3 Frictional resistance

The DEM that is used as terrain input in RAMMS
defines the topography of the avalanche path and
the specific pixel resolution defines the terrain
roughness by representing the smoothening effect
of the snow cover depth (Buhler et al., 2012).
RAMMS calculates the frictional resistance with a
version of the Voellmy-Salm shear resistance:

§¢ = (Sx¢5y¢ ) Static friction u controls the run-

out of the avalanche by defining the slope angle at
which the avalanche will begin to decelerate, and
turbulent friction £ (ms-2) controls the end speed of
the avalanche and makes it come to a stop. The
Voellmy model is general in that y and ¢ can be
assigned to reconstruct any avalanche event. In
the RAMMS version 2.6.12, the Voellmy-Salm fric-
tional resistance has been extended as follows:

-

)

tig |

[
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where ug is avalanche velocity, R is the amount
of fluctuation energy in the core, the total pressure
consists of the self-weight N, forces arising from
centripetal accelerations F and dispersive pres-
sure D built up at the basal boundary from particle
interactions, and py is avalanche density, and g is
gravitational acceleration (Bartelt et al., 2014).

Once the avalanche core exceeds 0°C
and starts to produce meltwater, RAMMS auto-
matically assigns the static friction y a significantly
reduced value. The reduced value of y represents
the gliding of the lubricated regime to take place in
the model and is a function of the meltwater con-
tent (Vera Valero et al., 2015).

4. METHODOLOGY

The methodology of this project consisted of two
phases: model calibration (4.1) and numerical ex-
periments (4.2).
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4.1 Model calibration

The purpose of the model calibration was to as-
sign values to the RAMMS input parameters that
were not tested for in the numerical experiments,
i.e. not the released and entrained snow depth
and temperature parameters. The model calibra-
tion consisted of a sensitivity analysis of model pa-
rameters, construction of a high-resolution DEM
and reconstruction in RAMMS of three historical
avalanches from the path Whiskey at Bird Hill.

By calculating each model parameter’s
elasticity (Morris and Doak, 2002) in the sensitivity
analysis it was determined which model parame-
ters that had increasing effects on the output (Salt-
elli and Annoni, 2010) run-out distance and impact
pressure. Among the tested model parameters,
the friction parameters static friction y, turbulent
friction &, and the flow regime parameters produc-
tion rate of R a, and activation energy RO showed
to have large effects on run-out distance and im-
pact pressure, and were therefore to be assigned
values in the avalanche reconstructions.

The DEM resolution is important in com-
plex alpine terrain where small terrain features
may affect avalanche flow and where the snow
cover depth has a smoothening effect (Bihler et
al., 2011). By applying the Structure-from-Motion
(SfM) photogrammetry technique, a high resolu-
tion DEM of Whiskey was produced to demon-
strate the typical shallow snow cover conditions at
Bird Hill and use as terrain input in RAMMS. 276
photos with extensive (2/3) overlap and from
oblique angles using a GPS-enabled camera were
collected from a helicopter in the summer. The
photos were georeferenced using ground-truth
GPS points from various terrain features across
the slope and the ridgeline. The DEM was built in
“Photoscan Pro” version 1.0.4 by Agisoft, a soft-
ware that applies a “multi-view stereo” triangula-
tion routine to generate a 3-D view of each scene
(Gauthier et al, 2014). The final DEM of 0.25 m
pixel size was resampled to 2 m in ArcMAP to rep-
resent a shallow snow cover depth.

Using the 2 m DEM, three historical ava-
lanches from Whiskey were reconstructed in
RAMMS using estimated release and path condi-
tions based on historical weather and snowpack
records, and documented run-out distance and de-
bris volume measurements. Based on the results
of the reconstructed avalanches, values for the
friction and flow regime parameters were as-
signed, and to be used as constant values in the
next phase of experimental avalanche scenarios
(4.2).
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4.2 Numerical experiments maximum run-out distance percentage positive to
the Beta point, and Category 2 with run-out dis-
tance negative to the Beta point.

In the phase of numerical experiments, the effects
of various mass and temperatures of released and
entrained snow on avalanche flow regimes were

examined by simulating avalanches and changing
a release or entrained snow characteristic one-at-

| #934 Whiskey Release Area

a-time, meaning that the following simulation had o
either a released or entrained snow depth H[ZA owzone 1< 00 m s )

) — Beta Point Line (10 deg Slope Angle}

changed, or a released or entrained snow temper-
ature changed from the previous simulation.

The release volumes were defined by
three released snow depths over Whiskey’s typical
release area (Fig. 2). Two snow entrainment
zones were defined: a high zone above 500 m a's
| and a low zone below 500 m a s | (Fig. 2). A total
of 332 avalanches were simulated using the varia-
tions of released and entrained snow depths and
temperatures listed in Fig. 3.

The maximum run-out distance for each
simulation was normalized by calculating its “Beta
Point ratio”. This method allows for comparison of
different run-outs independent to the terrain of the
avalanche path (Hamre, 2014. Personal communi-
cation). The distance from the end point of the
starting zone to the Beta Point (slope angle 10°)
was measured. To get a normalized run-out dis-
tance as percentage to the Beta Point, for each
simulation output the distance to the maximum
point of run-out was divided by the distance to the
Beta point. The results of the simulated ava-

lanches were categorized based on their Beta Fig. 2:_ Release area, entrainment zones and Beta
point ratio: Category 1 being avalanches with a point line (10° slope angle) for Whiskey.
Depth Temperature (density) Comment
B O2m I 0 -8°C (200 kg/m?) ] - Simulated with and without T
Q1m O -5°C (250 kg/m?) 5% water content
QOo05m 0 -3°C (300 kg/m?)

0O 0°C (400 kg/m?)*
Released
show

¢

O1m® 0 -5°C (250 kg/m*)*= For 2 m and 1 m release depth
Qo05m 0 -3°C (300 kg/m?)*** * For release temp. -8°C and -5°C
Qo075m O -1°C (350 kg/m?)*=+ #***  Not for release temp. 0°C
. 0O 0°C (400 kg/m?)**** ***¢ Not for release temp. -8°C
High zone o,
\/ O1m* O -5°C (250 kg/m?)** * For 2 m and 1 m release depth

Qosm O -3°C (300 kg/md)*=* **  For release temp. -8°C and -5°C

Low zone d0.25m O -1°C (350 kg/m?)*** *+% Mot for release temp. 0°C
Oom 1 0°C {400 kg/m?)

<

Fig. 3: Tested input parameter values in numerical experiments.
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5. RESULTS

The results of the numerical experiments showed
that the released snow temperature had the
strongest correlation with run-out distance closely
followed by the snow temperature in the high zone
(Fig. 4). This was demonstrated by the 49% of sim-
ulated avalanches that became Category 1 ava-
lanches where meltwater production generated
their long run-out distances. An early onset and in-
crease in the amount of meltwater lead to in-
creased run-out distances, explaining why all 0°C
releases became Category 1 avalanches and that
this number decreased with colder released snow
temperatures. For the colder releases of -8°C and
-5°C, only avalanches that entrained -1°C snow or
warmer in the high zone obtained long run-out dis-
tances.

The development of the fluidized and lu-
bricated flow regimes were demonstrated by the
maximum amount of meltwater produced, maxi-
mum avalanche core temperature, and maximum
average random energy R (Fig. 5). The results
clearly showed that meltwater was the predomi-
nant contributor to long run-out distances by ena-
bling the transition into the lubricated flow regime.

Category 1 avalanches with a minimum amount of
5 mm/m?2 for respective flow height (Fig. 5).

How fast the avalanche core warmed up
primarily depended on mass influx of warm snow
in the high zone, and in cases when the core was
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As expected, meltwater was produced in all

Fig. 5: Flow regime variables and run-out distance. (Left) Maximum amount of meltwater (mm/m2) and
run-out distance, (center) maximum avalanche core temperature (°C) and run-out distance, and (right)

a 10 20 k)l 40

Meltwater (mm/m?)

cate similar meaning in the context of the data of
tested input variables and run-out distance for the
first (PC1) and second (PC2) principal components.

Max core temp. (°C)

maximum random energy (J/m?2) and run-out distance.
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close to 0°C, it depended on snow temperatures in
the low zone. Some of the colder avalanches
reached 0°C but did not produce enough meltwa-
ter to become lubricated (Fig. 5). Increased snow
temperature in the low zone from -3°C to -1°C and
foremost from -1°C to 0°C enabled these cold ava-
lanches to enhance meltwater production and
transition into lubrication (Fig. 6). In scenarios with
bare ground in the low zone, early onset of lubrica-
tion caused by warm snow temperature in the high
zone was required for avalanches to glide over the
rough terrain and generate long run-out distances.

The amount and duration of produced R in
the high zone, proportionally dissipated to heat,
appeared critical in determining the warming of the
avalanche core temperature, in particular for me-
dium warm releases (-3°C) that entrained consist-
ently cold (-3°C) snow in the path (Fig. 6).
Because the amount of produced R was smaller in
the smallest releases (release volume < 8,000 m3)
i.e. less dissipated heat, they remained cool by

RD 0.5, ED 0.25/0.25, TE -3/-1

RD 0.5, ED 0.25/0.25, TE -1/-1

No meltwater

production

]
3
w
]
e
2
a8
L
&
3
-
2
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(8]
&
= -

entraining cold snow at lower elevations while the
larger amounts of dissipated heat in the larger re-
leases enabled for quick warm up despite contin-
ued entrainment of cold snow in the low zone.
Local observations indicate that large and
cold releases often resist the effects of lubrication
and carry a highly fluidized core far into the wet
snowpack of the lower elevations (Hamre, 2016.
Personal communication). The numerical results
agreed and showed that avalanche size mattered
for how efficiently the entrained snow could alter
the current flow regime. The results showed that a
small, cold avalanche release was more respon-
sive to variations in entrained snow depths and
temperatures in the path than larger cold releases.

6. CONCLUSIONS

We adopted a numerical modeling approach by
implementing RAMMS under an experimental
design to examine the effects of mass and
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Fig. 6: Effects of increased released snow temperature on maximum avalanche core temperatures in 0.5
m releases with snow depth 0.25 m in the high and low zone, and (top row) snow temperature -3°C in the
high zone and -1°C in the low zone; (bottom row) snow temperature -1°C in the high and low zone.

507



Proceedings, International Snow Science Workshop, Breckenridge, Colorado, 2016

temperature of released and entrained snow on
avalanche flow regime. We found that:

e Temperature of released and entrained
snow was more critical than mass in de-
termining flow regime, with a close corre-
lation between meltwater production and
long run-out distances with the flow re-
gime transition from fluidization into lubri-
cation.

The temperature of the entrained snow
was most important when the entrained
mass was large relative to the release
mass. Warm (= -1°C) entrained snow in
the path made very small -3°C releases
warm up quickly and become lubricated.
Colder (< -1°C) entrained snow made
these small medium warm releases re-
main cold throughout the flow and starve
early.

Larger sized releases were able to pro-
duce meltwater due to influx of dissipated
heat from random kinetic energy pro-
duced in the upper elevations which ena-
bled them to warm up and become
lubricated despite cold entrained snow in
the lower elevations.

Based on these results, we suggest for more ac-
curate run-out distance predictions, detailed map-
ping of the path’s terrain features, and close
monitoring of snow temperatures during weather
events that could rapidly warm up the snow, e.g.
rain or strong solar radiation in the spring.

The numerical experiments in this project
were designed to trigger an avalanche’s transition
from the fluidized to the lubricated regime as it
reached the lower elevations and entrained
warmer snow. All simulated avalanches were con-
strained by the “Wet snow” R regime in RAMMS
and inability to form a powder cloud. Continued
work in this region will be focused on examining
powder avalanche flow using various DEM resolu-
tions and implementing the “Mixed powder” R re-
gime in RAMMS.
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