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Validation of an application for forecasting blowing snow
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ABSTRACT. Wind effects on snow distribution and increasing avalanche hazard are
well known. Forecasting such phenomena is based on empirical rules and experience. For
two years, the CEN has tested a new analysis program for forecasting blowing-snow
events at an Alpine site. The aim is to improve avalanche-forecasting tools so as to increase
the accuracy of avalanche-hazard forecasts. Our understanding of blowing-snow mechan-
isms began with observations and ficld measurements at a high altitude site during peri-
ods of strong wind. Using an empirical approach, snow-grain morphology, cohesion
between snow particles and grain-size have been combined to define a function for the
calculation of a “driftability index”. By comparing this index with the wind thresholds
observed in field, a snowdrifting index has been defined. Snow profiles calculated by S4-
FRAN (estimation of relevant meteorological parameters for snow models) and Crocus
(snowpack-evolution model) were analysed using an application called PROTEON. Fore-
casts of wind velocity and snow profiles have been used to discriminate between periods
with or without snow transport. For the subsequent 24 hours and for each snow layer, the
value of this snowdrifting index is calculated and displayed on a graph. Validation consists
of a comparison of forecasted blowing-snow periods with the field observations and meas-
urements at a pass situated at 2700 m a.s.l. Meteorological and snow-parameter data are
available at this site.

INTRODUCTION experience. From this study, we aim to provide users (ava-
lanche forecasters, snow-saflety services, etc.) with snowdrift-
ing diagnostic tools to better understand wind effects on the
snowpack in mountain regions. A special aspect of this
study was taking into account wind-speed thresholds, ac-
cording to morphological snow-grain parameters, in order

to improve the 24 hour forecast of avalanche hazards.

The effect of wind on weakening the structure of snow crys-
tals begins during snowfall. When the snow f(lakes reach the
snow surface, they begin to move as soon as the wind
velocity reaches a threshold that depends on the snow type.
The snow grains quickly fragment and their size decreases
as they collide with each other or with the ground. When
snow drifts in dry air, sublimation can very efficiently re-
duce the grain-size. As their size decreases, the suspended
particles tend to bond quickly by a sintering action. This ex-
plains the rapid formation of cornices and could be at the
origin of slab-avalanche release (Meister, 1989) -

Many studies have been conducted on blowing snow.
The subject of these studies has been based essentially on a
theoretical approach te blowing-snow effects. For example,
several papers related to this theme have been published:
physical model (Pomeroy, 1989), theoretical development of
the saturation notion (Takeuchi, 1980), investigation ol
threshold wind speeds (Schmidt, 1981; Takeuchi and others,
1990), or geographical deposition (Fshn, 1980).

For 5 years the Centre d'Etudes de la Neige (CEN) has

RESEARCH METHODS
Experimental site

A large, north-south oriented pass (Col du Lac Blanc,
2700 m a.s.l), where the wind is generally similarly chan-
nelled, was chosen for this research program. Close by (at
Dome des Petites Rousses), avalanche activity on two east-
facing slopes has been followed and observed: on one slope,
avalanches are artificially released according to the snow-
cover conditions; on the other slope, there has been comple-
tely natural avalanche activity (Guyomarc’h and others,
1992).

investigated blowing snow. The aim of this research, among
other things, has been to understand the relationship
between blowing snow and avalanche activity. The final
goal is to introduce the results of this research into snow-
pack-evolution models and to develop an application that
forecasts blowing-snow events.

Blowing snow is one of the most important factors for
forecasting the accidentally release of avalanches. The effect
of blowing snow is not always easily quantified and most
forecasting methods are based only on empirical rules and
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Instrumentation

Several parameters (air temperature, wind direction and
velocity, snow depth, snow cover, surface temperature and
water equivalent of precipitation) are recorded hourly by a
sheltered computer and transmitted to Grenoble on request.
For 4 years, we have complemented these measurements
with data from another automatic meteorological station at
the top of the Déme des Petites Rousses (2800 m ).

In addition to these instruments, a new device has been
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developed and tested. This apparatus is based on a set of
snow-depth sensors set up on two cables along a slope: it
has been called a “snow profiler”™{(Guyomarc’h and others,
1997). It follows the real-time snow-depth evolution and
obtains, every 15 minutes, a snow profile along a slope at a
site subject to snowdriliing.

Field measurements

Our goal is to measure precisely the different wind-velocity
thresholds allowing for snow transport and relate these to
the morphological and physical features of the snow parti-
cles, As often as possible, the automatic measurements have
been supplemented with manual observations in order to
describe, in maximum detail, each period ol snowdrifting,
The following observations were carried out:

Before snowfalls or strong wind conditions, snowpack
observations (type of snow, density, temperature prolile,
shear strength, surface conditions, etc.) were made in the
uppermost meter ol the snowpack.

During snow storms or snowdrifting periods, drift-flux
measurements and vertical profiles of the wind speed
were made (Castelle, 1994,

After these periods, complete snow pits were once again
made, If a slab avalanche had been released, snow-pro-
file observations were made on the failure and the slah
stratigraphy studied.

Several samples of snow grains were collected during the
previous stages and transported o a cold laboratory for
later microscopic analysis. Pictures of grains have been
recorded on video tape and the characteristics of wind-
drift snow particles have then been determined. These
observations have been very useful [or associating
snow-morphology parameters with wind velocity:

PROTEON: AN APPLICATION FOR FORECASTING
BLOWING SNOW

A snowdrifting-event forecasting model

In order to determine the risk ol slab avalanche release,
avalanche [orecasters have to evaluate, among a number
ol other parameters, the wind effects on the snow distri-
bution and on the snowpack stability. One problem is to
know whether snowdrifting occurs in a particular site.
Using results [rom [ield measurements, a model called
PROTEON (PRévision de I'Occurrence de Transport
EOlien de la Neige
occurrence) has been developed (Guyomare™h and Meér-

[orecasting ol wind snowdrilting

indol, 1995). The method, presented below, consists ol :

Estimation of the wind velocity at the site using a statis-
tical method,

Simulation of the snow-particle type at the snowpack
surface and an estimation of its driftablity,

Calculation of a“snowdrifting index”,
Wind speed and direction estimation

The first part of the application was developed to estimate
wind velocity and direction at Col du Lac Blanc. For this,
data [rom the European Centre for Medium-Range Weath-
er Forecasts were used. The statistical relationships between
the model parameters on a 3 x 3 grid (covering the north of
the French Alps) and wind measurements at the site have
been searched for. A multi-linear-regression method was
used to calculate equations for the daily estimation ol wind
direction and velocity.

A comparison between measured wind parameters
(over the 1993-94 season but not included in the learning
[ile) and the forecast from this method is shown in Figure L.
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Fig. 1. Comparison between the measured wind velocity ( continuous line ) and the analysed one ( dotted line ) at Col du Lac Blanc.
The graph shows the absolute value of the diffevence between_forecast and observed wind divection { dotled line represents the

mean ).
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In most cases, wind velocity is well estimated (correlation
coeflicient R = 0.77). The highest difference in wind direc-
tion appears only with low velocity (less than the threshold
of the start of snowdrifting); in the other cases, the [orecasi

direction is quite correct.
Snow-particle mobility

To reach our objective, it was necessary to know precisely

the daily state ol the snowpack surface. For this, SAFRAN

(Durand and others, 1993) — Crocus (Brun and others, 1992)
was used o simulate the evolution of the snowpack at the
experimental site. The first model (SAFRAN) provides the
sccond one (CGrocus) with an estimate of relevant meteor-
ological parameters (such as air temperature, wind velocity,
humidity, precipitation and its phase. etc.). Then, Crocus cal-
culates a detailed stratigraphy of the snow cover for the site
considered. One of the most important problems is having a
good description of snow-grain characteristics, so a modifi-
cation of the formalism used (as described by Colbeck and
others, 1990) has been necessary in order to deseribe snow
evolution as a [unction of continuous parameters (Iig 2).
These variables are dendricity, sphericity and grain-size.
Dendricity varies from 1 to 0, according to the part of the
original crystal shape still remaining in a snow layer.

Sphericity varies from 0 to 1 and describes the ratio of

rounded vs angular shapes.

Using an empirical approach, we combined grain mor-
phology, and grain-size to define a function describing a
“driftability index™ This approach allowed us to take into
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Fig. 2. Snow-grain symbolism in Crocus ( as a function of con-
linuous parameters ).
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account indirectly the differences in cohesion between snow
particles, notably the sintering process. The influence of
temperature on the snow cover is also indirectly taken into
account through the metamorphism laws used by Crocus. For
example, it considers that, with the same dendricity, faceted
crystals can be eroded more easily than small rounded
grains, because of their sphericity diflerence. This hypoth-
esis was conlirmed by our field measurements,

In PROTEONs analysis, a Crocus-simulated snowpack
was analysed from the top. For each layer, the driftability
index (di) was calculated. For each tvpe of snow particle, it
was necessary to describe the snow using the same para-
meters as the Crocus model. The analysis was separated into
two cases:

The lirst case was when [resh snow was still present in a

layer (that is its dendricity was > 0). In this case, the

possibility of snow transport depends essentially on sin-
tering cohesion between snow grains, It is described
using the following function:

di =075 xd—0.5x%xs4+0.5

where d is dendricity (1 -0) and s is sphericity (0-1).

The second case was when the grain type was only the
result of snow metamorphism and its possibility ol being
transported by wind depended upon its size and spheri-
city. In this case, we used the function:

di = 0.583 x gs — 0.833 x s + 0.833

where gs is the grain-size and s is sphericity (0-1)

We decided that a erust layer = 3 mm or a wet layer pre-
vented snowdrifting and consequently stops the analysis.
The driftability index takes a value between 1 for fresh
recent snow [allen without wind and | for spherical melted

STIOW.
Snow-driftability index

The last stage of the study consisted of a combination of pre-
vious information (di and wind velocity) in order to [orecast
the occurrence of snow ldav in advance in 6 hourly time-
steps. Using feld measurements and observations over
+years, we determined, for each type ol snow, the wind-
velocity threshold which allowed snowdrifting. We com-
pared at 6 hourly time-steps, the driftability-index value
with the forecasted wind velocity. Then, it was possible to
define a function using this index and wind velocity which
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Fig. 3. The two domains of the snowdrifting index values.
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Fig. 4. Evolution of the profile analysed by PROTEONat the site from 25-50 November 1996. The y axis gives the snoto depth that

could be eroded by wind. The green and blue colours deseribe a positive snowdrifling index _for each snow layer ( snowdrifting

should oceur ). Yellow and red colours describe a negative snowdrifiing index for snow lavers which cannot be eroded by the forecast

wind velocity. These lavers ave drawn below the zero line.

discriminated between no-transport cases and the others.
We calculate the driftability index (si) as:
—2.868(exp(—0.085w)) + 1 + di

where w is wind velocity and di is the previous snow-drifi-

81 =
ability index.

If the value of this function is positive, it is considered
that snowdrifting will occur at the site (Fig. 3) and the thick-
ness of the wind-eroded layer can be calculated.

The evolution of the “driftability index™ can be displayed
on a graph for the previous 7 days. This information is avail-
able to an avalanche forecaster on his computer screen (Fig, 4).

TEST AND VALIDATION

Test on a whole season

For validating this forecasting tool, a simulation of the
whole 1992-93 winter season was made. The snowdrifting
index was calculated at 6 hourly time-steps, using the meas-
ured wind velocity. Then, it was compared with snowdrift-

Forecast
events Without Snowdrifting
snowdrifting
Observed
events
Without
snowdrifting 75.7 % 14 %
Snowdrifting 2.3% 8 %

Fig. 5. Comparison between observed snow evenls and stmul-
ated ones (PROTEON) for 776 periods of the 1992-93
winler season
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ing periods at Col du Lac Blanc. The lack ol a reliable sensor
specific to the detection of snowdrilting in real-time led us to
use the difference between the hourly maximum and mini-
mum values of the depth sensor. When snowdrifting occurs,
the snow particles in motion cause interference, near the
snowpack surface, o the ultrasonic waves used by the
snow-depth sensor. So, when this difference (averaged over
an interval of 6 hours) increases above 2 cm, it is assumed
that a snowdrifting event occurred at the site (snowfall is
easily distinguished using records from the heating precipi-
tation gauge ).

The results from this comparison (made every 6 hours
776 times) are shown in Figure 5.

During this period, about 80% of the snowdrilting
events were detected. These periods represent only 10.3%
of the time during the winter season; 14% of the time false
positive predictions were made.

Focus on a period of the 1996-97 season

The beginning of the 1996-97 season was rich in snowdrift-
ing events. During this period, a new snow accumulation of
about 2m was observed at Col du Lac Blanc. In order to
achieve a qualitative validation, a graphical comparison
was made as a first approach. For this, it was necessary to
display two indices: the first one synthesized the informa-
tion of the analysed profile calculated by PROTEON and
the second one summarised the temporal behaviour of the
snowpack thickness between two time-steps (6 hours). By
using the SAFRAN-Crocus simulation ([our times a day)
and the PR()TE().;‘IalmEysis, a compound index (inde) was
calculated for each simulated snow profile (Fig. 6). The prin-
ciple is the following:

inde = -
ZPM’
i=1
where 1 is the number of driftable layers, ind; is the snow-
drifting index of the layer ¢, ep; is thickness of the layer i
To define the snowdrifting period, hourly data from Col

141
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Fig. 6. Comparison between the compound index and the ECY, index.

du Lac Blanc were used. In order to optimise the available
data, the following [unction (Eey,), named the normalized
difference, has been defined:

h+3 ¢
nlax([(nﬁax (htnmax; — hfﬂ.mn,)) - .2]. U)
EC’,I — t=h-3
' dif fmax — 2
where dif frna is the maximum difference for the period,
htnma is the hourly maximum of snow depth, htnimn is

the hourly minimum of snow depth. By definition, the ey,
index is in the range (0,1).

A first validation could be made by comparing the
values of the two previous indices on a graph. Figure 6
shows that, taken as a whole, the compound index and the
normalized difference are in phase.

If we focus our attention on period 1, it appears that,
when the driftable snow is thin, these layers disappear
quickly due to the efliciency of wind erosion. However, the
Crocus model is not yet able to remove snow layers, so snow-
drifting conditions are still forecast by PROTEON.

In period 2, another kind of disagreement is shown
between Eey, and the results of the PH(_)TI:,"().\'anﬂlysis. This
is explamned by underestimation of the forecast wind
velocity (the hourly mean of the measured wind velocity is
5ms 'stronger than the forecast one).

In period 3, a better agreement is observed. During
these 20 days, snow depth increased by more than 150 em
and the wind blew with an average velacity greater than
10ms " For these reasons, there was always an erodable
snow layer.

The following contingency tables (Figs 7 and 8) show
the comparison between observed snowdrifting events and
the simulated ones for the same period. In calculating these
tables, the information delivered by each index has been
transformed to a simulated or an observed snowdrifting
event when the imndex 1s positive. In the whole period, about
62% of the snowdrifting events have been well forecast.
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Fig. 7. Test _for the whole period (1 November

Forecast
events Without Snowdrifting
snowdrifting
Observed
events
Without
snowdrifting 137 &8
Snowdrifting 26 43

31 December

Forecast
events Without Snowdrifting
snowdrifting
Observed
events
Without
snowdrifting 45 5
Snowdrifting 4 28

Fio. & Test for the reduced period (23 November — 12 December

1996).

These events represent 283% of the time during this
period. But, 156% of the time (false alarm), snowdrifting
was [orecast when none occurred. In period 3, about 87%
of the snowdrifting events were detected. These events rep-
resent 39% of the time. In this period, only 6.1 % of the time
was the forecast [alse positive.
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CONCLUSION

This paper has shown it is feasible to [orecast snowdrifting
events lday in advance with satisfactory accuracy. This
application is integrated into the SAFRAN—Crocus MEPRA
(Giraud and others, 1994) operational chain for experimen-
tal testing in practical conditions and has been used by ava-
lanche-risk forecasters from Grenoble for the last two winter
seasons. The information can he transmitted, on request. to
the Snow Salety Service of Alpe d'Huex.

These results can be improved. When the same snow-
surface conditions remain more than 12 or 24 hours, the
same thickness of transported snow will be forecast for each
6 hour step. By using measurements from the snow profiler,
we plan to determine the rates and the time needed to erode
a snow layer according to the snow-surface state and wind
velocity. The first results have been published (Guyomarc'h

and others, 1997). Then, the erosion or accumulation of

blowing snow must be taken into account in the Crocus
simulation.

Although this application can improve avalanche-ha-
zard forecasting in some conditions, it is important to bear
in mind that this tool has been designed for forecasters,
which means the results must fit thier expectations. and this
is not always measurable in terms of correlation coeflicients
and contingency tables,
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