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ABSTRACT: Understanding how the snow cover in an avalanche path may impact avalanche flow
behavior is essential to predict an accurate avalanche runout. In avalanche paths with strong elevational
snow temperature gradients it is common for multiple flow regimes to develop within one avalanche.
We demonstrate the role of snow entrainment for the development of fluidized and lubricated flow re-
gimes and their effects on avalanche runout. We simulated avalanches in the avalanche runout model
RAMMS on a 2 m resolution digital elevation model of a long, continuous, 30° (average) avalanche
slope in maritime south-central Alaska, to examine how mass and temperature of released and en-
trained snow affect the lubricated wet flow regime and therefore avalanche runout distances. We found
that meltwater production was the predominant contributing factor to long runout distances due to re-
duced basal friction as the avalanche makes the transition from the fluidized to the lubricated flow re-
gime. The temperature of entrained snow was most important when the entrained mass was large
relative to the released mass, and small increases in snow temperature (e.g. from -3°C to -1°C) could
drastically enhance avalanche runout. Based on our results, we suggest that avalanche forecasters
working in subarctic climates closely monitor warming snow cover temperatures, especially during
weather events that could rapidly warm the snow, e.g., rain or strong solar radiation during the spring
months.
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temperature could either have a warming or cool-
ing effect. In addition to temperature, the mass of
the entrained snow, relative to the mass of the av-
alanche core, dictates the magnitude of warming
or cooling, and affects avalanche momentum and
friction. The temperature and mass of entrained
snow therefore influence the development of dry
and wet flow regimes (Vera Valero et al., 2015).

1. INTRODUCTION

Predicting avalanche runout distances is difficult
in an operational environment because of the
challenge to accurately estimate the effects of
snow entrainment. Although it is long recognized
that snow entrainment is the cause of avalanche
growth (Sovilla et al., 2007) and observations in-
dicate that entrainment plays a critical role in gov-
erning avalanche runout (Hamre, 2014, pers.
comm.), it remains unclear exactly how entrain-
ment causes flow regime transitions; that is, how
entrainment amplifies flow states associated with
fluidized (mixed flowing/powder avalanches) or
wet avalanche flow regimes. Recent research ef-
forts have demonstrated the significant role
played by temperature of entrained snow (Stein-
kogler et al., 2014; Vera Valero et al., 2015). De-
pending on the temperature of the avalanche
core, it has been shown that the entrained snow

In this model-based study, we examined how
changes in mass and temperature of released
and entrained snow influenced avalanche flow re-
gimes and runout distances. We simulated 332
avalanches in the 2-D dynamical avalanche
runout model RAMMS, using terrain that repre-
sented a steep avalanche path with a small start-
ing zone, typical for the fjord-like topography in
south-central Alaska. We used a 2 m resolution
terrain surface, based on Bird Hill's avalanche
path Whiskey located along the Seward Highway
between Anchorage and Girdwood in south-cen-
tral Alaska (60°57'1.42"N, 149°16'5.28"W). The
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2. MODELING WARM SNOW ENTRAIN-
MENT IN RAMMS

Modelling avalanche (@) interaction with an erod-
ible substrate () is a long standing problem in
snow engineering, see Figure 1.
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Figure 1: Wet snow avalanche. Thermal heat en-
ergy is entrained by the avalanche when it erodes
the snow cover. Meltwater is concentrated on the
granule surfaces.

The avalanche core temperature can vary be-
tween the avalanche front to tail, but in the model
we consider a mean avalanche core temperature
Te that is constant over the avalanche flow height
he . This assumption implies that we can calculate
the overall change in internal heat energy, but not
the exact temperature within the avalanche depth
or for individual snow granules. We postulate con-
stitutive relations describing how the avalanche
core behaves as the mean temperature and
mean water content of the avalanche increase.

For entrainment we define a constitutive relation-
ship describing how much snow is entrained by
the avalanche. We postulate that the snow en-
trainment rate at the avalanche front MZ_,¢ (kg m-
2s) is controlled by the density ratio of the snow
layer density py, the slope-parallel velocity of the
avalanche u, and the erodibility parameter k
(unitless), the latter to be defined by the model
user (Christen et al., 2010):

(Eq. 1)

My gy = Kpsly

The denser the snow and the faster the ava-
lanche is moving, the more mass is entrained (Eq.
1). We explicitly avoid the definition of a strength
parameter; we assume that the avalanche can
entrain all snow that it encounters in the path. The
amount of heat influx from the entrained snow to
the avalanche core is defined by the snow cover
temperature Ts.

In RAMMS we model the internal heat energy Eq
of the avalanche according to the balance equa-
tion (see Vera Valero, et al, 2015, or Bartelt et al,
2018, in these proceedings),

(Eq. 2)
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The temperature of the avalanche core Ty, is re-
lated to the internal heat energy by the specific

heat cg, ( )
Eq. 3
Ep = pocoTo

In Eqg. 2 we can identify the three most important

effects on internal heat energy:

(1) Warming of the snow by dissipation of fric-
tional energy Q4. This is a function of the
shear work S -ug. (Sp: shear resistance,
ug: avalanche velocity).

(2) Influx of heat energy by snow entrainment,
csMy_oTs Where Ms_ 4 is the mass of en-
trained snow and cy is the specific heat of the
entrained snow.

(3) The energy dissipation of the entrainment
process Qs_. This is discussed in detail in
Bartelt et al., 2018 of these proceedings.

The most important constitutive influence of tem-
perature is the production and decay of random
energy Py. Energy which is not directly dissipated
to heat E4 is non-directional random kinetic en-
ergy Re. The amount of heating Q,, at any given
time or position in the avalanche core is explained
by this relationship (Buser and Bartelt, 2009),

, (Eq. 4)

Py = (a@)[So * ua] — BRohe

Qo = (1 — O[S " usp] + BRohe

The production of random energy Py, is responsi-
ble for slope-perpendicular forces in the ava-
lanche core which change the avalanche flow
density. When the avalanche is cold, the produc-
tion rate a of random energy P, from fluctuating
and colliding snow granules is high which makes
the core behave like a fluid, referred to as the flu-
idized regime (Bartelt et al., 2016). When the av-
alanche core gets warmer and granules mold to-
gether, the decay rate 8 increases, which termi-
nates the fluidized regime (Vera Valero et al.,,
2015). Due to inelastic granular interactions, i.e.
granule rubbing, collisions, abrasions, etc., all R
that is produced in the core will dissipate to heat
(Buser and Bartelt, 2009). This energy dissipation
occur on the granule surface resulting in higher
temperatures on the surface than in the granule
interior. Therefore, meltwater will begin to be pro-
duced before the mean avalanche temperature
reaches Ty = 0°C (Figure 1). We make the as-
sumption that meltwater remains bonded to the
granules, which physically implies that meltwater
is concentrated in regions where it is produced,
for example at shear surfaces. The accumulation
of meltwater, trapped in the mass of heated sur-
faces, causes a rapid decrease in shear strength
and therefore flow friction. Consequently, ava-
lanche flow friction is a function of shearing Sy,
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random kinetic energy Ry, temperature T4 and
water content. Once the avalanche core exceeds
0°C and starts to produce meltwater, RAMMS is
set to automatically assign the static (surface)
friction p a significantly reduced value (uye:=
0.12) to represent the gliding (low friction) of the
lubricated regime (Vera Valero et al., 2015).

3. METHODS
3. 1 Model calibration

In the model calibration phase, we assigned val-
ues to all RAMMS friction and flow regime param-
eters that were not going to be tested in the nu-
merical experiments, including static friction p,
turbulent friction &, constant cohesion N, erodibil-
ity coefficient k, production rate of random kinetic
energy a, and activation energy Ro. First, we
tested the sensitivity of runout distance to these
input parameters by using the one-at-a-time test-
ing technique of varying the value of one param-
eter per avalanche simulation and keeping all
other parameters constant (Hamby, 1984).
Second, we reconstructed three histori-
cal avalanche events that occurred in Whiskey,
seeking to maximize the fit between simulated
and observed avalanche runout, and to obtain fit-
ted values for the friction and flow regime param-
eters (see 3.2 for fitted values). Available data for
all three events included avalanche type (e.g.,
soft slab or wet slab), release depth, runout dis-
tance, and debris volume on the highway,
whereas other information varied in availability
and quality. Very little information was available
about the snow conditions in the release area and
the path. To estimate values for these input pa-
rameters, we collected historical weather data
from local weather stations as well as from the
monthly snow reports provided by National Re-
sources Conservation Services. We investigated
air temperatures, wind speeds, and accumulated
snow depths between each snow cycle, and com-
pared these to the reported release depths in the
avalanche events in Whiskey in order to extrapo-
late snow depths. Based on this analysis, we es-
timated values for the input release and snow en-
trainment parameters. In each simulation trial we
first plugged in our estimated values for the re-
lease and snow entrainment parameters. For the
tunable friction and flow regime parameters we
started with a set of values (the typically-used val-
ues for the type of avalanche, for example, higher
initial a value for colder releases than for warmer
releases, and lower p for warm releases than for
colder releases), and ran simulations one at a
time to monitor how the output variables were af-
fected by each value change. We ran simulations
until an avalanche was generated that agreed
with, first of all, our known runout distance, and
then roughly with the measured deposition width
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and height on the highway and/or railroad. This
evaluation process was restricted by the lack of
information for each event and the low accuracy
of the existing data. In any case, we stopped run-
ning simulations when the whole range of possi-
ble values for each tunable parameter had been
fitted, and the “winning” simulation had the most
matching output to the real event.

3. 2 Experimental design

For our experimental avalanche simulations
(n=332) we defined snow cover parameters to
represent typical snow cover conditions for sub-
arctic maritime climates where a strong snow
temperature gradient from sea level to ridge tops
is prevalent (see Wikstrom Jones et a., 2016, for
parameter values used). We simulated ava-
lanches by changing a release or entrained snow
characteristic one at a time, with other parame-
ters kept constant. We defined two snow entrain-
ment zones: a high zone above 500 m asl and a
low zone below 500 m asl. We gave each zone a
snow depth with the physical assumption that the
snow depth was either the same or decreased
with drop in elevation. We defined snow temper-
atures with the assumption that snow tempera-
ture was either the same or became warmer with
drop in elevation. We did not account for any at-
mospheric temperature inversions long-lived
enough to invert snow temperatures. The temper-
atures of released snow and entrained snow were
paired with a density, resulting in increased mass
with increase in temperature. If the zone had a
snow cover we set the static friction p to 0.55 and
turbulent friction £ to 1200 ms2, and for bare
ground 0.65 and 1400 ms2. Cohesion N was set
to 50 Pa for -8°C releases, 75 Pa for -5°C, and
100 Pa for -1°C and 0°C. We used erodibility
coefficient k 0.3, granule density 450 kg/m3, and
wet snow RKE regime with 2.0 kdm-3 activation
energy Ry for all simulations, with decreasing
kinetic energy production rate a from 0.06 for -
8°C and -5°C releases, to 0.05 for -3°C and 0°C
releases.

4. RESULTS AND DISCUSSION

4. 1 Warming effects of warming snow cover

The results of the numerical experiments showed
that meltwater production was the most important
predictor of long runout distances. In general,
early and rapid meltwater production was initial-
ized by warm release-snow temperatures. Warm
snow temperatures in the high entrainment zone,
associated with the same or even warmer snow
temperature in the low zone, was the second
most important variable for early onset of meltwa-
ter production.
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Entrainment of cold (< -3°C) snow in the lower el-
evations, made the very small (< 10,000 m?3) re-
leases remain cold throughout the flow and stop
early. Entrainment of warm (= -1°C) snow in the
path made the same releases warm up quickly
and become lubricated, resulting in long runout
distances (Figure 2). Also, with warm snow tem-
peratures in the path of 2 -1°C, a slight increase
in release snow temperature (for example from -
5°C to -3°C) could dramatically increase the
runout distance (Figure 2). For a practical appli-
cation, this means that once the snow in the low
zone warms up to around -1°C, it becomes very
critical to monitor the snow temperatures in the
higher elevations to make accurate assessments
of runout distance.

4. 2 Warming effects of enerqy dissipation
from frictional shear and granule fluctuations

In avalanche paths of significant drop height, the
avalanche accelerates quickly, leading to high
production rates of random kinetic energy; this
energy will dissipate to heat. In steep terrain, heat
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dissipation from frictional shearing may suffi-
ciently warm up the avalanche core for the ava-
lanche to transition from fluidization into lubrica-
tion, independent of entrained snow tempera-
tures in the lower elevations (Wikstrom Jones et
al., 2016). This explains why the magnitude of lu-
brication not only depends on influx of warm snow
from entrainment but also on dissipated heat from
frictional shearing, and is therefore strongly af-
fected by terrain. The amount and duration of ran-
dom kinetic energy R production in the high zone
appeared critical in determining the warming of
avalanche core temperature for medium-warm
releases (-3°C) that entrained consistently cold (-
3°C) snow in the path. Due to their smaller size,
small avalanches produced less heat kinetically
during fluidization in the high zone, and would
therefore remain cooler as they entrained cold
snow in the low zone. For larger release volumes,
the larger amounts of dissipated heat from ran-
dom kinetic energy, warmed up their avalanche
cores to 0°C and initiated meltwater production.
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Figure 2: Effects of released (TR) and entrained (TE) snow temperature on maximum avalanche core
temperature and runout distance. The depths (ED) and temperatures (TE) of entrained snow in the high
zone and low zone (slash mark “/”) are consistent in a given row. Color bar of Max Core Temperature

(°C) is consistent for all panels in a given row.
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4. 3 Warmingq effects of avalanche mass

The size of the simulated avalanche release mat-
tered for how efficiently entrained snow could al-
ter the current flow regime, i.e., warm up or cool
down the avalanche. The smallest releases were
very responsive to snow temperatures in the path;
warm entrained snow warmed up the avalanche
quickly and initiated meltwater production,
whereas cold entrained snow kept it cool and pre-
vented meltwater production. Larger releases
had delayed flow regime transitions resulting from
entrained snow. However, due to large amounts
of dissipated heat from fluidization in the high
zone, larger (> 15,000 m?3) -3°C releases were
able to reach 0°C in their core despite entrain-
ment of cold snow in the low zone.

4. 4 Effects of terrain features on avalanche
flow

Our results showed that the terrain in the low
zone had the ability to both facilitate and disrupt
avalanche flow, depending on whether the ava-
lanche was lubricated, fluidized, or mixed (partly
fluidized, partly lubricated). These parts of the
slope-perpendicular avalanche column interact
very differently with the underlying terrain; wet
snow tends to be directed by terrain, whereas
drier, turbulent snow tends to chaotically collide
and override terrain obstacles in a straighter flow
path. A gully feature in the lower elevation of
Whiskey constricted the avalanche mass, further
enhancing lubrication and resulting in long runout
distances. Mixed larger avalanches split into two
separate debris tongues as they reached a sharp
curve in the gully in the lower elevations and
starved with short runout distances.

5. CONCLUSIONS

We adopted a numerical modeling approach to
examine the effects of mass and temperature of
released and entrained snow on avalanche flow
behavior in steep terrain. The results showed that
meltwater production was the dominant contrib-
uting factor to long runout distances, due to re-
duced basal friction as the avalanche makes the
transition from the fluidized to the lubricated flow
regime. The factors that enhanced warming of the
avalanche core and production of meltwater were
(1) Warmer released snow cover; (2) Warmer en-
trained snow in the avalanche path, especially
when the mass of entrained snow is large relative
to the mass of released snow; (3) Energy dissipa-
tion to heat from frictional shearing and granule
fluctuations in the high zone; and (4) Frictional
heat production caused by path drop height and
terrain roughness. The results demonstrated that
small avalanche releases were more responsive
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to the snow conditions in the path than larger re-
lease volumes, as they warmed up faster or re-
mained cooler, depending on the entrained snow
temperatures, and were only able to enter the lu-
bricated regime with entrainment of warm snow.
Based on our results, we suggest to avalanche
forecasters working in subarctic maritime snow
climates to closely monitor snow cover tempera-
tures, especially around weather events that
could rapidly warm up the snow (e.g., rain or
strong solar radiation during the spring months),
to prepare for longer-than-expected runout dis-
tances.
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