
HAL Id: hal-01984960
https://hal.science/hal-01984960v1

Submitted on 8 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Operational implementation and evaluation of a blowing
snow scheme for avalanche hazard forecasting

Vincent Vionnet, Gilbert Guyomarc’h, Matthieu Lafaysse, F. Naaim-Bouvet,
Gérald Giraud, Yannick Deliot

To cite this version:
Vincent Vionnet, Gilbert Guyomarc’h, Matthieu Lafaysse, F. Naaim-Bouvet, Gérald Giraud, et al..
Operational implementation and evaluation of a blowing snow scheme for avalanche hazard forecasting.
Cold Regions Science and Technology, 2018, 147, pp.1-10. �10.1016/j.coldregions.2017.12.006�. �hal-
01984960�

https://hal.science/hal-01984960v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Contents lists available at ScienceDirect

Cold Regions Science and Technology

journal homepage: www.elsevier.com/locate/coldregions

Operational implementation and evaluation of a blowing snow scheme for
avalanche hazard forecasting

Vincent Vionneta,*, Gilbert Guyomarc’ha,1, Matthieu Lafayssea, Florence Naaim-Bouvetb,
Gérald Girauda, Yannick Deliota

a Météo France/CNRS, CNRM UMR 3589, CEN, Grenoble, France
b Univ. Grenoble Alpes, IRSTEA, UR ETNA, Grenoble, France

A R T I C L E I N F O

Keywords:
Blowing snow
Avalanche hazard forecasting
Mountains

A B S T R A C T

In alpine terrain, blowing snow events strongly affect the local evolution of the avalanche danger and must be
taken into account by avalanche hazard forecasters. This study presents the implementation and the evaluation
of the blowing snow scheme Sytron into the operational chain for avalanche hazard forecasting (named S2M)
used in the main French mountain ranges. S2M-Sytron provides information on blowing snow occurrence and
intensity per 300-m elevation bands and aspects for several regions of the French mountains. The wind forcing is
provided by the meteorological analysis system SAFRAN. S2M-Sytron was evaluated for winter 2015/16 at 11
automatic stations measuring wind speed and blowing snow fluxes in the French Alps. The system detects 55% of
blowing snow days with less than 10% of false alarms. S2M-Sytron captures the occurrence of blowing snow
events with and without concurrent snowfall. Improvements are obtained when considering an updated para-
meterization for the properties of falling snow which reduces the threshold velocity for freshly fallen snow. Using
observed wind speed instead of SAFRAN wind speed to drive Sytron shows further improvements at stations
where SAFRAN wind speed differs from the observations due to local topographic features. Overall, S2M-Sytron
provides a regional blowing snow assessment but cannot fully reproduce the local intensity of blowing snow
events.

1. Introduction

In mountainous terrain wind plays a determinant role in shaping the
small-scale distribution of snow and strongly influences the evolution of
avalanche danger (Schweizer et al., 2003). Wind-induced snow trans-
port can create large, local accumulations of snow that increase the
loading of exposed slopes and can trigger natural avalanches. Deposited
snow is made of fine grains due to sublimation and rebounds on the
snow surface during the transport (Clifton et al., 2006; Comola et al.,
2017). These fine grains present a high cohesion due to sintering and a
layer of deposited snow may act as a slab if deposited on a weak layer
made of faceted crystals, depth or surface hoar or fresh snow. Local
overload such as a skier, a snowmobile or a cornice fall can trigger the
release of a slab avalanche. Therefore, blowing snow events in alpine
terrain are recognized as one of the major avalanche problems that
need to be taken into account by avalanche forecasters (Mair and Nairz,
2010).

When reporting on blowing snow conditions in their bulletin,

avalanche forecasters can rely on several sources of data. For the past
and present conditions, they can use blowing snow information from
local observers and/or blowing snow fluxes measured at automatic
weather stations using specific devices. For example, in the Alps and the
Pyrenees, governmental and private organizations have deployed sta-
tions equipped with FlowCapt acoustic sensors (Chritin et al., 1999),
mainly for the avalanche protection of exposed roads and tunnels.
However, these types of networks are generally scarce and therefore
provide only limited information on blowing snow conditions. A sup-
plementary approach has been proposed by Lehning and Fierz (2008) to
increase the number of stations with blowing snow information. Wind
measurements at automatic weather stations (AWS) deployed across the
Swiss Alps are combined with outputs from the detailed snow model
SNOWPACK (Bartelt and Lehning, 2002) running at the location of each
AWS to determine the occurrence of blowing snow and estimate loading
of lee slopes by wind-transported snow. In this approach, SNOWPACK
provides an estimation of the threshold wind speed for snow transport
that depends on the simulated microstructure properties of surface
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snow (sphericity, coordination number, bond radius) (Schmidt, 1980;
Lehning et al., 2000).

To provide blowing snow information over a wide range of areas
and altitudes, including regions with neither AWS nor human ob-
servations, Durand et al. (2001) have developed the conceptual scheme
Sytron which simulates wind-induced snow redistribution between the
windward and the leeward side of virtual crests. Similar to Lehning and
Fierz (2008), Sytron uses information on surface snow conditions pro-
vided by the detailed snowpack model Crocus (Brun et al., 1992;
Vionnet et al., 2012). Sytron is designed to work in the framework of
the French operational system for avalanche hazard forecasting S2M
(Durand et al., 1999; Lafaysse et al., 2013) and aims at providing
avalanche forecasters with information on blowing snow occurrence
and intensity in the past (analysis mode) but also for the next two days
(forecasting mode). However, Sytron has never been deployed oper-
ationally. Other numerical models of varying complexity have been
developed to simulate wind-induced snow redistribution in alpine ter-
rain (e.g. Gauer, 2001; Liston et al., 2007; Lehning et al., 2008;
MacDonald et al., 2010; Schneiderbauer and Prokop, 2011; Vionnet
et al., 2014). Except for the conceptual approach followed by
MacDonald et al. (2010) where the topography is represented by hy-
drological response units, all the other models are based on a gridded
representation of the topography. These models have mainly been ap-
plied in a research perspective to better understand and quantify the
complex interactions between the wind flow and the snow surface
during blowing snow events in alpine terrain. They have never been
used in the context of avalanche hazard forecasting.

The main objective of this paper is to describe and evaluate the
operational implementation of a blowing snow scheme for avalanche
hazard forecasting. Since winter 2015/2016, the conceptual scheme
Sytron has been deployed in S2M. This implementation is described in
Section 2 as well as the daily diagnostic available to avalanche fore-
casters. Section 3 presents the automatic stations measuring blowing
snow fluxes deployed across the French Alps and used to evaluate S2M-
Sytron in terms of simulated blowing snow occurrence for events with
and without concurrent snowfall. Three configurations of the model
were tested with a specific emphasis on the sensitivity of the model to
wind forcing and on the importance of the properties of fresh snow
influencing the threshold wind speed for snow transport (Vionnet et al.,
2013). The results of the model evaluation are described in Section 4.
Section 5 contains a discussion of the main results of this study and
Section 6 offers several concluding remarks.

2. Analysis and forecasting of blowing snow over the French
mountain ranges

2.1. Operational chain for avalanche hazard forecasting

Operational avalanche hazard forecasting carried out by Météo-
France for the three main mountain ranges in France (Alps, Pyrenees
and Corsica) mainly relies on an observation network of weather and
snowpack conditions. Numerical simulations of the physical properties
of the snowpack on the ground are also available for a more compre-
hensive spatial coverage, including an assessment of its mechanical
stability (Durand et al., 1999; Lafaysse et al., 2013). The meteorological
downscaling and analysis system SAFRAN (Durand et al., 1993, 2009)
provides estimates of the atmospheric conditions in 300-m elevation
steps in meteorological homogeneous areas referred to as massifs,
ranging approximately between 500 and 2000 km2. SAFRAN runs in
analysis mode (the guess from the meteorological model is corrected by
observations) and in forecast mode (in that case, the system only per-
forms an altitudinal downscaling of the meteorological model). The
detailed snowpack model SURFEX/Crocus (hereafter referred as
Crocus, Brun et al., 1992; Vionnet et al., 2012) computes the time
evolution of the physical properties of the snowpack using SAFRAN
input (air temperature and humidity, wind speed, incoming longwave
and shortwave radiation, rainfall and snowfall amount) for a variety of
slope and aspect situations within each massif and altitude band. The
expert system MEPRA (Giraud, 1992) is then used to diagnose whether
simulated snow conditions are conducive to significant avalanche ha-
zard. The so-called SAFRAN-SURFEX/Crocus-MEPRA (S2M) model
chain has now been used operationally for over 15 years.

2.2. Blowing snow scheme Sytron

The blowing snow scheme Sytron (Durand et al., 2001) has been
developed to simulate wind-induced snow redistribution between the
windward and the leeward side of virtual crests as illustrated in Fig. 1.
Sytron determines the occurrence of blowing snow using the formula-
tion of Guyomarc’h and Mérindol (1998) which gives the threshold
wind speed as a function of simulated snow properties at the surface.
The presence of a wet layer or a crust at the top of the snowpack pre-
vents blowing snow. When blowing snow occurs (wind speed higher
than the threshold value), Sytron computes the amount of snow
transported in saltation and turbulent suspension from the windward to

Fig. 1. Sytron conceptual scheme. Sytron
simulates wind-induced snow redistribution
between the windward and the leeward side
of a virtual crest where the snowpack is si-
mulated with the snowpack model Crocus.
Sytron computes the amount of snow
transported in saltation and turbulent sus-
pension and accounts for mass loss due to
blowing snow sublimation.
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the leeward side of the crest and accounts for the loss due to sublima-
tion of a part of the redistributed snow (Fig. 1). These parameteriza-
tions are described in detail in Durand et al. (2001). Sytron has been
recently implemented as an option in SURFEX/Crocus. Compared to the
original version, Sytron in SURFEX uses the approach of Vionnet et al.
(2013) to account for the effects of wind on the properties of surface
snow: (i) modification of crystal shape during snowfall and (ii) packing
and fragmentation when blowing snow occurs. Indeed, Vionnet et al.
(2013) have shown these effects need to be taken into account to sa-
tisfactorily simulate the occurrence of blowing snow events in alpine
terrain. In particular, the properties of falling snow as a function of
wind speed follow the observations of Sato et al. (2008) and allow si-
multaneous occurrence of snowfall and ground snow transport above
6 m s-1.

2.3. Operational implementation and diagnostic

Since the beginning of the winter season 2015/2016, SURFEX/
Crocus including Sytron has been implemented in a new and supple-
mentary version of the S2M modelling chain for avalanche hazard
forecasting. The so-called S2M-Sytron chain is running operationally
over the same mountain ranges as the S2M chain (Section 2.1). For each
massif and elevation band, Sytron simulates wind-induced snow redis-
tribution between 40° slopes of opposite aspect (N-S, NE-SW, E-W,SE-
NW). 40° is the slope value used to represent avalanche-prone areas in
S2M. As in S2M, Crocus including Sytron is driven by SAFRAN me-
teorological forcing. In particular, wind speed and direction are taken
from a specific module of SAFRAN that combines near-surface wind and
free atmosphere wind to provide an estimation of the 10-m wind
(Durand et al., 2001). Wind direction is used to determine the wind-
ward and leeward side. Blowing snow occurrence and mass transport
are simulated as described in Section 2.2 as a function of SAFRAN wind
speed and simulated surface snow characteristics.

S2M-Sytron runs twice per day in the morning (06 UTC) and in the
evening (18 UTC) and generates hourly outputs. The evening run is
only used to update the SAFRAN analysis with new observations.
Outputs of the morning run are averaged at a 3-hour time step to
provide avalanche forecasters with information on blowing snow oc-
currence and intensity for all the elevation bands and aspects in each
massif. Results are available for the last 24 h (analysis) and for the next
48 h (forecast). Fig. 2 gives an example of outputs of S2M-Sytron
available to avalanche forecasters on February 9 2016 for the Vanoise
massif (Fig. 3). This graphic shows information on blowing snow in-
tensity and the corresponding wind velocity and direction (as wind
barbs). For this period, S2M-Sytron shows that westerly winds had been
associated with blowing snow on February 8 and had led to snow ac-
cumulation on eastern slopes from 2400 m up to 3600 m. Another
blowing snow event was forecast from 6 pm on February 9 and until
9 am on February 10. During this event, the wind was forecast to shift
from west to north-west with a decreasing velocity. This event was
expected to mainly concern elevations above 2700 m with sporadic
blowing snow occurring at lower elevation (1800 m–2400 m) in the
evening of February 9. Such information can be useful for avalanche
forecasters when preparing the avalanche bulletin for the next day. To
assess the reliability of these information, we detail in the next sections
an evaluation of S2M-Sytron in the next sections.

3. Data and methods

S2M-Sytron was evaluated over winter 2015/2016 from the per-
spective of an avalanche forecaster that needs to prepare a daily ava-
lanche bulletin in a given mountain range including information about
the occurrence and intensity of blowing snow. Therefore, the evaluation
was carried out for each day and we assessed the ability of several
versions of S2M-Sytron to simulate the occurrence of blowing snow
days (BSDs). A BSD is defined as a day when a blowing snow event

occurs. As in Vionnet et al. (2013), a blowing snow event corresponds
to a time period of at least 4 h when snow on the ground is transported
in the atmosphere in saltation and in turbulent suspension. The fol-
lowing subsections describe the data and methods used in this evalua-
tion.

3.1. Blowing snow measurements

Measurements of blowing snow fluxes are available from a network
of eleven automatic stations (Fig. 3 and Table 1). These stations cover
an elevation range from 1800 m up to 2850 m and are installed in six
different SAFRAN massifs in the northern and central French Alps. Ten
of these stations are part of the ISAW network (http://isaw.ch/,
Table 1). The last station is the Col du Lac Blanc experimental site
dedicated to blowing and drifting snow studies in high-alpine terrain
(e.g. Naaim-Bouvet et al., 2010; Vionnet et al., 2013). Col du Lac Blanc
(2720 m asl) is part of the CryObs-Clim observation network (https://
cryobsclim.osug.fr/?lang=en).

Each ISAW station is equipped with two FlowCapt acoustic sensors
(Chritin et al., 1999) to measure hourly blowing snow fluxes vertically
integrated between 0–1 m and 1–2 m above the ground. Trouvilliez
et al. (2015) have shown that FlowCapt sensors can be used to accu-
rately monitor the occurrence of blowing snow. However, the quality of
the measurements of blowing snow flux depends on the generation of
the sensor and the sensor can be partially buried under snow during the
winter. Therefore, we only used the signal of the FlowCapt to determine
the occurrence of blowing snow. First, blowing snow fluxes measured
by the FlowCapt sensors were the log-law assumption is used to provide
a averaged to get an hourly representative flux at each station. A
threshold value of 1 g m-2 s-1 was then applied at an hourly time step to
remove non-significant blowing snow occurrence as in Trouvilliez et al.
(2015). Additional analysis of FlowCapt data was performed to remove
some data which were considered suspicious. For example, FlowCapt
data were discarded when the sensors recorded blowing snow events
without snow on the ground (the signal is probably due to high wind
velocity or impact of soil particles) or when the air temperature was
positive since more than 24h. In such a case, it is likely that the
snowpack surface energy balance is positive resulting in surface melting
and non-favorable conditions for blowing snow. The air temperature
was used since the snow surface temperature is not measured at ISAW
stations. Periods when the FlowCapt sensors were buried under snow
and therefore delivered no signal were also removed. Finally, the re-
maining hourly data were analyzed and each day was classified as a
BSD if at least four consecutive hours with blowing snow occurrence
were found.

ISAW stations also measure at a hourly time step snow depth (ex-
cept at FPRA station) with a SR50 ultrasonic sensor and wind speed and
direction with a Young wind monitor (at all stations). Periods with wind
speed below 0.2 m s-1 have been excluded from the dataset to remove
potential cases of riming. Snow also accumulates below the wind sensor
during the winter and impacts the height of the wind measurement.
Therefore, all remaining wind speed data were adjusted to a standard
10-m wind above the snow surface using measured snow depth. As in
Vionnet et al. (2013), we used a standard log-law for the vertical profile
of wind speed near the surface and an aerodynamic roughness of 1 mm
typically found in alpine terrain (Naaim-Bouvet et al., 2010). The log-
law assumption is used to provide a first-order adjustment of wind
speed, although the vertical profile of wind speed may vary near crests
(e.g. Föhn, 1980) or depending on atmospheric stability (e.g. Martin
and Lejeune, 1998).

At Col du Lac Blanc, horizontal blowing snow fluxes were measured
at four levels above the snow surface with a vertical arrangement of
four Snow Particle Counters (SPC-S7, Niigata Electric, Sato et al., 1993;
Sugiura et al., 1998). Measurements are available at a 10-minute time
step. The SPC-S7 is an optical device detecting blowing snow particles
with a mean diameter between 40 and 500 μm by their shadows on a
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photodiode. The horizontal snow mass flux is calculated assuming
spherical snow particles. Horizontal snow flux is highly dependent on
the height above the snow surface. Because of snowfall and blowing

snow events, the height of the SPC-S7 above the snow surface varied
substantially during the winter season preventing any direct compar-
ison between flux measurements stemming from the same sensor.
Therefore, a vertically-integrated blowing snow flux similar to the flux
measured with FlowCapt was computed between 0.2 and 1.2 m from
the measurements of the 4 SPC-S7 as in Trouvilliez et al. (2015). The
SPC-S7, which detects each particle, is a very sensitive sensor. There-
fore, a filter was applied to the raw vertically-integrated blowing snow
flux to only retrieve significant blowing snow occurrence. The same
threshold value of 1 g m-2 s-1 as for the FlowCapt sensors was used. The
10-minute data were then averaged hourly and, similarly to the ISAW
stations, each day was classified as a BSD if at least four consecutive
hours with blowing snow occurrence were found. Wind speed measured
at Col du Lac Blanc was also adjusted to a standard 10-m wind.

Fig. 2. Diagnostic provided to the avalanche forecasters for the Vanoise massif (Fig. 3) on February 9 2016. It represents, for the principal aspects, the evolution of wind for each
elevation step over a 72-h period (3-h time step): 24 h of analysis before the D day and 48 h of forecasting for days D+1 and D+2. The vertical red line indicates the date and time of the
simulation while the vertical black lines separate the days. Blowing snow intensity is represented by a color code. Each graph shows one of the four principal simulation aspects: north,
east, south and west. Four more simulation aspects are available. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Location of the stations used for model evaluation in the central and northern
French Alps. Contours of the SAFRAN massifs (black) are also shown on the map. The
contour of the Vanoise massif is highlighted in red. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 1
List of automatic stations measuring blowing snow fluxes used for model evaluation. FC
stands for FlowCapt acoustic sensors and SPC for Snow Particles Counters.

Station Code Lat. (°) Lon. (°) Elev. (m) Massif Device

La Giettaz FGIE 45.855 6.526 1812 Aravis FC
Le Chevril FCHE 45.513 6.954 2869 Haute

Tarentaise
FC

Bonneval FBON 45.362 7.052 2480 Haute
Maurienne

FC

Celliers FCEL 45.491 6.409 1924 Vanoise FC
St Martin FMON 45.303 6.566 2280 Vanoise FC
Pralognan FPRA 45.383 6.688 2419 Vanoise FC
Huez FHUE 45.102 6.056 2064 Grandes

Rousses
FC

La Morte FMOR 45.030 5.880 2140 Oisans FC
Chambon FCMB 45.017 6.178 2390 Oisans FC
La Bérarde FBER 44.950 6.237 2460 Oisans FC
Col du Lac

Blanc
CLB 45.128 6.111 2720 Grandes

Rousses
SPC
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3.2. Model configuration

The evolution of snowpack conditions and blowing snow occurrence
and intensity were simulated using S2M-Sytron for the 11 automatic
stations described in the previous section. S2M-Sytron was used in its
“station” mode so that, for a given station, the SAFRAN meteorological
forcing of the massif where the station is located is linearly interpolated
at the exact elevation of the station. Eight virtual slopes are then con-
sidered around the station as in Lehning and Fierz (2008) (where only
four slopes were considered) and a topographic correction is applied to
the incoming shortwave radiation. The slope value is set to 20° to be
representative of the typical topography found around the stations.
Similarly to the operational implementation (Section 2.3), S2M-Sytron
simulates wind-induced snow transport between the slopes of opposite
aspect.

Three configurations of S2M-Sytron were evaluated. The first con-
figuration (run R1, Table 2) corresponds to the model version used
operationally during winter 2015/2016. Wind speed and direction are
taken from SAFRAN analysis as described in Section 2.3. A second
configuration (run R2) has been tested with an adjusted version of the
parametrization of Vionnet et al. (2013) for falling snow properties
(referred to as Vi13 adjusted in Table 2) allowing simultaneous occur-
rence of snowfall and ground snow transport above 4 m s-1. Indeed, the
value of 6 m s-1 for simultaneous occurrence of snowfall and ground
snow transport used in run R1 can be considered as relatively high
compared to typical threshold wind speeds (around 4 m s-1) reported
for fresh snow (e.g. Li and Pomeroy, 1997; Guyomarc’h and Mérindol,
1998; Clifton et al., 2006). Finally, a third configuration (run R3) uses
the 10-m wind speed and direction measured at the stations. When
observed wind data are not available, simulated wind speed and di-
rection are used. The rest of the atmospheric forcing is provided by
SAFRAN. As in run R2, properties of falling snow are given by Vi13
adjusted. Run R3 aims at quantifying the impact of errors in the esti-
mation of wind speed by SAFRAN on the occurrence of blowing snow.
Table 2 gives an overview of the different configurations used in the
evaluation of S2M-Sytron. BSDs in the simulations correspond to days
when S2M-Sytron simulates at least 4 consecutive hours of blowing
snow.

3.3. Evaluation metrics

A correct estimation of wind speed is a key point to correctly si-
mulate blowing snow occurrence. Therefore, prior to the evaluation of
blowing snow simulations, the distributions of SAFRAN and observed
10-m wind speed were compared at each station. Two error metrics
were used: the Bias and the Root Mean Square Error (RMSE). They are
computed as follows:

∑= −
=N

F OBias 1 ( )
i

N

i i
1 (1)

∑ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

− ⎞
⎠

⎤

⎦
⎥

=

F O
N

RMSE ( )

i

N
i i

1

2 1/2

(2)

where Fi is the simulated wind speed and Oi is the observed value for
each i of N observations.

The correspondence of predicted and observed BSD was then

investigated using dichotomous contingency tables (Table 3), where
both the observations and the simulations can indicate either a BSD or a
non-BSD. A set of three evaluation metrics was selected to evaluate
model performance. The Heidke skill score (HSS) is a commonly used
metric for summarizing a dichotomous contingency table (e.g. Nurmi,
2003). Amodei and Stein (2009) used it for example to assess the skill of
different Numerical Weather Prediction models in forecasting pre-
cipitation exceedance thresholds. Although HSS can be sensitive to the
threshold value (i.e. definition of the blowing snow event in our case), it
is particularly suitable to evaluate forecasts of rare events (Doswell
et al., 1990) or more generally when arguments exists to prefer binary
evaluations of the occurrence of an event. Using the cell counts defined
in Table 3, it can be written in the form

= −
+ + + + +

ad bc
a c c d a b b d

HSS 2( )
( )( ) ( )( ) (3)

HSS ranges between −1 and 1, with 1 for a perfect forecast, 0 for a
random forecast and negative values for a forecast worse than random
forecast. We also calculated the probability of detection (POD) and the
false alarm ratio (FAR) written as

=
+
a

a c
POD

(4)

=
+
b

a b
FAR

(5)

Range of POD and FAR are 1 to 0 with 1 a perfect score for POD and
0 a perfect score for FAR. POD and FAR were also computed for the
prediction of BSDs with and without concurrent snowfall. As in Vionnet
et al. (2013), these days are defined using the total SAFRAN snowfall at
the stations during the blowing snow event: if the total amount is lower
(higher) than 5 mmSWE, the day is defined as a BSD without (with)
snowfall.

4. Evaluation results

4.1. Wind speed

Fig. 4 shows the distributions of hourly observed and simulated 10-
m wind speed at the 11 stations used for model evaluation. Errors
statistics (Bias and RMSE) are also indicated for each station as well as
the proportion of observed and simulated wind speed higher than 6 m s-
1. This comparison reveals that SAFRAN reproduces well (low bias and
RMSE) the wind speed distribution for the two high-altitude stations
used in our study (CLB and FCHE). Results are more contrasted for
stations below 2500 m. In particular, SAFRAN strongly underestimates
wind speed (negative bias of 2.6 m s-1) at station FMOR located along
an east-west ridge where the wind field is associated with a strong crest
speed-up. Similar results are found at stations FCMB and FHUE located
near crests. On the contrary, SAFRAN overestimates wind speed at
stations FBER and FBON (positive bias of 1.3 and 1.0 m s-1 respectively)
where the surrounding topography shelters the station from wind
blowing from certain direction: north/north-west at FBER and south/
south-east at FBON.

Table 2
Main characteristics of each simulation. Vi13 refers to the study of Vionnet et al. (2013).
Vi13 adjusted is described in Section 3.2.

Experiment Wind input Effect of wind on snow grains

Run R1 SAFRAN Vi13
Run R2 SAFRAN Vi13 adjusted
Run R3 Stations Vi13 adjusted

Table 3
Contingency table for the occurrence of blowing snow days (BSDs) and corresponding
indexes used for the computation of evaluation metrics.

Observed BSD

Yes No

Simulated BSD Yes a b
No c d

V. Vionnet et al. Cold Regions Science and Technology 147 (2018) 1–10
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4.2. Blowing snow occurrence

4.2.1. Point-scale evaluation at Col du Lac Blanc
The experimental site of Col du Lac Blanc can be considered as a

reference site for blowing snow measurements in the French Alps since
the site is well maintained, equipped with Snow Particle Counters and
regularly visited in wintertime. Therefore, this site was used to compare
the erosion fluxes simulated by the three configurations of S2M-Sytron
with blowing snow fluxes measured with SPC as shown in Fig. 5.
Averaged daily fluxes are presented. It should be noted that simulated
erosion fluxes, Fero correspond to vertical mass fluxes from the snow-
pack whereas observed blowing snow fluxes, FSPC, correspond to hor-
izontal mass fluxes vertically averaged between 0.2 and 1.2 m above

the snow surface. This horizontal mass flux represents a part of the total
blowing snow transport rate Ftot (kg m-1 day-1) which is the sum of the
vertically-integrated snow transport in the saltation and the suspension
layers. In particular, FSPC does not include the contribution of the
saltation layer. Conceptually, if Ftot represents the output transport rate
of a windward slope of length L where snow erosion occurs, the average
erosion flux (Eqs. 6 and 7 in Durand et al. (2001)), Fero, can be ap-
proximated as Fero=Ftot/L. The larger Fero, the larger Ftot will be. As-
suming a typical alpine slope length of L=70 m as in (Lehning and
Fierz, 2008), gives a difference of approximately two orders of mag-
nitude between Fero and Ftot (and FSPC)

Fig. 5 shows that the model captures well the occurrence of the
main blowing snow events observed during winter 2015/2016 at Col du

Fig. 4. Distribution of observed and simulated (SAFRAN) hourly 10-m wind speed between December 1st 2015 and April 1st 2016 at each station used for model evaluation. PMod and
PObs represent the fraction of wind speed higher than 6 m s-1 over this period in SAFRAN and in the observations respectively. Nobs refers to the number of observation available for model
evaluation at each station.
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Lac Blanc. POD, FAR and HSS for each version of S2M-Sytron are given
in Table 4. The modification of the properties of falling snow in run R2
(parameterization Vi13 adjusted, see Section 3.2) leads to lower
threshold values for snow transport and larger erosion fluxes compared
to run R1. This improves the prediction of BSDs in run R2 resulting in
higher POD and HSS than run R1. Using observed wind speed instead of
SAFRAN wind speed in run R3 modifies the intensity of erosion fluxes in
S2M-Sytron compared to run R2. It only leads to small improvements of
POD, FAR and HSS. This can be associated with the good agreement
between observed and SAFRAN wind speed found at Col du Lac Blanc
(Fig. 4). Overall, S2M-Sytron using the parameterization Vi13 adjusted
and observed wind speed fully captures the daily occurrence of blowing
snow at Col du Lac Blanc (Table 4).

4.2.2. Evaluation over the French Alps
Fig. 6 shows POD, FAR and HSS for the prediction of BSDs with

different versions of S2M-Sytron (Table 2) for 11 stations in the French
Alps. Using observed wind speed, run R3 results in the highest HSS for
all the sites (averaged HSS of 0.90), as well as the highest POD, except
for FBER. When using SAFRAN wind speed, run R2 performed better
than run R1 at every site (averaged HSS of 0.77 and 0.61, respectively).
Run R2 significantly improves POD at all stations compared to R1 and
only slightly increases FAR at some stations, leading to the overall
improvement of HSS at all stations.

The performance of S2M-Sytron is sensitive to the wind speed input
as illustrated by the comparison of runs R2 and R3. At high-altitude
stations (CLB and FCHE) where SAFRAN provides good estimates of
wind speed (Fig. 4), runs R2 and R3 perform similarly in terms of
blowing snow occurrence (similar POD and slightly lower FAR). At
stations where SAFRAN tends to underestimate wind speed (FMOR,

FHUE and FCMB), run R3 significantly improves performance due to
increases in POD. At the station FCEL, SAFRAN reproduces the average
distribution of the wind speed well but misses the occurrence of wind
speeds higher than 6 m s-1. This has direct consequences on the pre-
diction of BSDs at this station so that using observed wind speed sig-
nificantly improved POD. Finally, at stations where SAFRAN tends to
overestimate wind speed (namely FGIE, FBON and FBER), POD remains
unchanged whereas FAR tends to decrease, leading to improved HSS for
run R3.

Blowing snow events occur either with or without concurrent
snowfall (e.g. Vionnet et al., 2013). Therefore, the ability of the three
versions of S2M-Sytron to simulate BSD with and without snowfall has
been evaluated separately (Fig. 7). It shows that the default version of
S2M-Sytron (run R1) captures the occurrence of 70% of BSDs without
concurrent snowfall with a FAR reaching 18%. Improved predictions
are achieved with runs R2 and R3 (POD of 0.75 and 0.88, respectively).
With snowfall, FAR values below 10% are achieved with all three runs.
They mainly differ in terms of POD. Run R1 captures 51% of BSDs with
snowfall. Run R2 brings substantial improvements (POD of 0.78) sug-
gesting that the events missed by run R1 occur at moderate wind
speeds. Again, run R3 provides the highest POD and reaches a similar
performance as for the prediction of BSDs without snowfall. Overall,
this evaluation reveals that S2M-Sytron brings valuable daily informa-
tion for avalanche forecasters on the occurrence of both types of
blowing snow events.

5. Discussion

This paper has examined the performances of several versions of
S2M-Sytron in simulating the occurrence of blowing snow days. The
first configuration of the model (run R1) corresponds to the operational
configuration running daily since winter 2015/2016. When evaluated
at 11 stations measuring blowing snow fluxes, we found that the system
detects 55% of BSDs on average with a false alarm ratio below 10%.
Two additional configurations were tested to identify model sensitivity
and sources of improvements.

The first sensitivity test (run R2) concerned the wind-dependence of
snow crystal shape during snowfall (dendricity and sphericity in Crocus
formalism). As mentioned in Guyomarc’h and Mérindol (1998) and
Vionnet et al. (2013), this parameterization aims at representing the
fact that, under strong wind conditions, snowflakes break upon

Fig. 5. (Top) Daily erosion fluxes simulated with the 3 versions
of S2M-Sytron at Col du Lac Blanc and (Bottom) daily horizontal
snow flux (0.2–1.2 m above the snow surface) derived from SPC
at the same site (log scale). See Section 4.2.1 for more explana-
tions on the meaning of each flux.

Table 4
Probability of detection (POD), false alarm ratio (FAR) and Heidke skill score (HSS) for
predicting blowing snow days at Col du Lac Blanc for the three simulations during winter
2015/2016 (131 days).

Experiment POD FAR HSS

Run R1 0.83 0.03 0.85
Run R2 0.97 0.02 0.96
Run R3 1.00 0.00 1.00
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collision with the snow surface (Sato et al., 2008; Comola et al., 2017)
so that their properties differ from purely fresh snow. Dendricity tends
to decrease while sphericity increases. The grain characteristics of
falling snow are of prime importance to reproduce the occurrence of
ground snow transport during snowfall in the model. Indeed, in Sytron,
blowing snow comes only from previously deposited snow and the
model does not accoung for preferential deposition (Lehning et al.,
2008). In run R2, the updated parameterization for the properties of
falling snow allows simultaneous occurrence of snowfall and ground
snow transport above 4 m s-1 compared to 6 m s-1 for run R1. This
change mainly improves the detection of blowing snow days with
concurrent snowfall (Fig. 7) with a limited increase in the number of
false alarms. This modification has also an impact on the intensity of
blowing snow event and requires further evaluation.

The second sensitivity test (run R3) concerned the input wind speed.
Observed wind speed was used instead of SAFRAN wind speed. This
configuration achieved the best performances in terms of POD, FAR and

Fig. 6. Probability of detection (POD, top), false alarm ratio (FAR,
middle) and Heidke skill score (HSS, bottom) for predicting blowing
snow days at 11 locations for the three simulations. ALL refers to the
average score for all stations. Note that no histogram is plotted when
FAR (Middle) is equal to zero.

Fig. 7. Averaged probability of detection (POD) and false alarm ratio (FAR) for pre-
dicting blowing snow days without (Left) and with (Right) concurrent snowfall with the 3
different versions of S2M-Sytron.
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HSS at each station, expect FBER (Fig. 6) and for both categories of
blowing snow days (Fig. 7). The largest improvements are found at
stations where the SAFRAN wind speed differs from the observation due
to local topographic features. This shows the crucial impact of input
wind speed on the simulation of blowing snow occurrence and in-
tensity. The evaluation of SAFRAN wind speed (Fig. 4) has illustrated
the inherent limitations of this system in alpine terrain. Indeed, due to
its conceptual representation of the topography (elevation bands within
massif), SAFRAN does not fully capture the local features of the wind
field in alpine terrain. For example, large deviations were found at
stations located along ridges where the atmospheric flow is character-
ized by a strong crest speed-up (stations FMOR, FHUE and FCMB).
SAFRAN cannot also capture the sheltering effect of the surrounding
topography for certain wind directions at stations such as FBER and
FBON. Therefore, due to limitations in the wind forcing, S2M-Sytron is
not a tool that can be used for the prediction of the local spatial dis-
tribution of blowing snow quantities. It is essentially relevant at the
massif scale to help avalanche forecasters when they are preparing their
daily avalanche bulletin for a given mountainous region.

Future improvements in operational forecasting of local wind field
and resulting blowing snow quantities will require a change in the re-
presentation of the topography. The future system will rely on a dis-
tributed representation of the snowpack at sufficiently high resolution
(100–250 m, Revuelto et al., in review, 2017) combined with improved
wind input at this resolution. These improvements could be obtained
from the numerical weather prediction (NWP) system AROME (Seity
et al., 2011; Brousseau et al., 2016) operating at 1.3-km grid spacing
over France. Further downscaling down to 100–250 m could be
achieved using dynamical downscaling with sub-kilometer NWP sys-
tems (e.g. Vionnet et al., 2015) or statistical downscaling relying on
terrain-based parameters (Helbig et al., 2017; Winstral et al., 2017).
NWP systems do not only provide information on mean wind speed but
also include parameterizations of wind gust (e.g. Schreur and
Geertsema, 2008) to derive maximum wind speed. This information
could be used to determine more accurately the occurrence of blowing
snow under gusty atmospheric conditions (Naaim-Bouvet et al., 2011).

Finally, the stations used for the model evaluation in our study are
only located across the northern and central French Alps and cover the
altitude range 1800–2850 m. No station is located in the Pyrenees or in
Corsica where S2M-Sytron runs daily. These regions are characterized
by different wind and precipitation regimes compared to the French
Alps due the proximity of the Atlantic ocean and the Mediterranean sea
(Esteban et al., 2005; Scheffknecht et al., 2017). Additional evaluation
of the model in these mountain ranges would be welcome. Results
concerning the influence of fresh snow properties and wind speed input
are expected to be similar in these regions since the model sensitivity
mainly comes from the model structure and conceptual representation
of the topography.

6. Conclusion

Blowing snow events in alpine terrain need to be accounted for by
avalanche forecasters when preparing their avalanche bulletin. This
paper describes the implementation of the blowing snow scheme Sytron
into supplementary runs of the operational chain for avalanche hazard
forecasting S2M used in the main French mountain ranges. For each
massif, S2M-Sytron provides information on blowing snow occurrence
and intensity for eight aspects by elevation steps of 300 m, including
regions with neither AWS nor human observations. This information is
available daily for the previous day and the next two days since winter
2015/2016. A specific visualization has been developed to help fore-
casters analyze model output and synthesize relevant information for
their bulletin.

S2M-Sytron was evaluated for winter 2015/2016 at 11 automatic
stations located in the French Alps and measuring simultaneously wind
and blowing snow fluxes. The default version of S2M-Sytron detects

55% of BSDs on average with a false alarm ratio below 10%.
Improvements are obtained when considering an updated para-
meterization for the properties of falling snow that influence the value
of the threshold wind speed of fresh snow. Finally, a higher prediction
skill is achieved when using observed wind speed instead of SAFRAN
wind speed to drive the model. In this case, 89% of BSDs are detected
with a FAR of only 5%. S2M-Sytron produces a regional blowing snow
assessment but cannot fully reproduce the high local variability of
blowing snow.

Progress towards the prediction of blowing snow quantities at the
local scale will rely on distributed blowing snow models (e.g. Liston
et al., 2007; Lehning et al., 2008; Vionnet et al., 2014) using a high-
resolution input wind field and a fine scale representation of snowpack
properties. So far, these models have only been used for research pur-
poses over high-resolution grids (10–250 m). Their operational im-
plementation over large mountainous regions to produce daily analysis
and forecast is still a challenge due to the very high computational cost
of the simulations and due to the difficulty of obtaining reliable high-
resolution wind fields. Therefore, systems such as S2M-Sytron will still
be useful in the coming years in support of avalanche hazard fore-
casting.
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