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ABSTRACT: The NEMO numerical model of drifting snow, whose general outlines are presented in this 
paper, is based on a physical model for saltation and turbulent diffusion. The model needs a set of input 
parameters including fall velocity, threshold shear velocity, shear velocity, mass concentration and 
roughness, which are obtained from empirical formulae and wind speed measured at a given height. To 
better determine the required field data in an alpine context, our experimental site, Col du Lac Blanc 
(2700 m) in the French Alps, was first equipped with blowing snow acoustic sensors, which proved not to 
be accurate enough for research purposes in the current state of development even though a new 
calibration curve was used. We therefore returned to the traditional, robust mechanical traps and a 10-m 
mast with six anemometers, two temperature sensors and a depth sensor to better determine friction 
velocity and aerodynamic roughness. For the drifting snow events studied, (i) the proportionality of the 
aerodynamic roughness to the square of the friction velocity was confirmed but with a proportionality ratio 
depending on the snow drift event, (ii) values or 

FsUσ  were relatively well approximated by empirical 
formulae obtained from Antarctica data, and (iii) snowdrift concentration profiles obtained by Pomeroy’s 
semi-empirical formulae for saltation layer coupled with theoretical approach for the diffusion layer 
overestimated the concentration profiles for the studied blowing snow event. 
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1. INTRODUCTION 
 

Wind-transported snow is a common 
phenomenon in cold windy areas such as 
mountainous and polar regions. The wind erodes 
snow from high wind speed areas and deposits it 
in low wind speed areas. The resulting snowdrifts 
often cause problems for infrastructure and road 
maintenance and contribute significantly to the 
loading of the avalanche release area. In this 
context, a numerical simulation of drifting snow 
would be very helpful. In the last few decades, 
progress has been made in this field. 
Nevertheless, for practical purposes these models 
need input parameters such as friction velocity, 
aerodynamic roughness, and blowing snow 
concentration profiles, which are often obtained 
from empirical formulae and wind speed measured 
at a given height. Since the topography and type 
of snow could be quite different from one site to 
another, further experimental research is needed 
before using these formulae. To better determine 
the   required  field   data   in   an   alpine   context,  
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blowing snow acoustic instruments, a 10-m mast 
with six anemometers, two temperature sensors 
and a depth sensor were set up on our 
experimental site at Col du Lac Blanc (2700 m) in 
the French Alps. Data obtained during the last 
several winters will be presented and compared 
with semi-empirical formulae used in the NEMO 
numerical model. 
 
2. CONTEXT OF THE STUDY 
 
2.1 Main characteristics of the NEMO numerical 
model  
 

The NEMO numerical model is based on a 
physical model for saltation and turbulent diffusion 
(Naaim et al., 1998). The saltation layer is 
described by its height, concentration and two 
turbulent friction velocities, one for the solid phase 
and one for the gaseous phase. The suspension 
layer is described by mass and momentum 
conservation equations. These equations were 
formulated both for the solid phase and the 
gaseous phase. The interaction between these 
two phases was taken into account by an equation 
based on the drag force of a particle in a turbulent 
flow. Turbulence was modeled by the k-ε model, in 
which a reduction in the turbulence with the 
concentration was introduced. The exchange 
between the saltation layer and the snow cover 
was described by an erosion and deposition 
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model. The mesh was adapted to the temporal 
change of the drift. 
numerical model NEMO 
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Figure 1: Characteristics of the numerical model  
 

This model can briefly be described based 
on the equations below for each layer (saltation, 
suspension and snow cover); additional 
information can be found in (Naaim et al., 1998). 
 
In the suspension layer: 
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Particle momentum conservation: 
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In the saltation layer: 
 
Particle mass conservation:  
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The changes in snow surface level are 
described by the following equation: 

γ
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where 
aρ is air density (kg.m−3), aiu  is the mean air 

velocity component in the Oxi direction (m.s−1), 
siu is the mean particle velocity component in the 

Oxi direction (m.s-1), Cv is volumic particle 
concentration, Cs is particle concentration in the 
saltation layer (kg.m−3), 

tν is the turbulent viscosity 
coefficient (m.s−1), p is the mean pressure (N.m−2), 
g is gravitational acceleration (m.s−2), Fi is the 
mean drag force between the two phases 
(particles and air) (N), hautΨ  is the mass 
exchanged between the suspension and the 
saltation layer (kg.m−2s−1), basΨ  is the mass flux 
exchanged between the flow and the ground 
(kg.m−2s−1), e is surface level (m), and γ is the 
bulk density of snow (kg.m−3). 
  
2.2 Input parameters 

 
The model needs a set of input 

parameters including fall velocity, threshold shear 
velocity, shear velocity, mass concentration and 
roughness. NEMO has been tested by comparing 
leeward and windward drift equilibrium obtained in 
a wind tunnel near a small-scale snow fence 
(Naaim et al., 1998) with all these input 
parameters known; moreover these parameters 
remained constant throughout the experiment. 
However, the computation results were often less 
conclusive when compared to the results of field 
experiments (Michaux et al., 2001) conducted at 
Col du Lac Blanc, in the French Alps at 2700 m 
elevation. It is true that the fully coupled wind and 
snowdrift model was not used in this case 
because of the time required for calculation and 
that additional assumptions were made. However, 
it is probable that the most important source of 
uncertainty stems from the lack of accurate 
evaluations of the input parameters needed for the 
numerical model. In fact, on our experimental site, 
where NEMO was tested (Michaux et al., 2001), 
only wind speed and direction as well as a 
snowdrift sensor could be accessed based on an 
acoustic principle, which basically provided 
information on whether or not snowdrift events had 
occurred (see 3.1). 

Thus, some parameters were estimated 
from semi-empirical relationships obtained with 
data probably collected under different conditions 
than those encountered in the Alps in terms of 
topography and snow types. Therefore, the 
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following relationships from Pomeroy and Gray’s 
work (1990) were used. 
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Qs is the total mass-transport rate per unit of 
lateral dimension in the saltation layer (kg.m−1.s−1), 
hs is the height of the saltation layer (m), Csmax is 
maximum particle concentration in the saltation 
layer (kg.m−3), z’0 is the aerodynamic roughness 
(m), 

sσ is the Schmidt number, UF is the particle-
settling velocity (m.s−1), *u is the friction velocity 
(m.s−1), and 

tu*
 is the threshold friction velocity 

(m.s−1). 
The value of 

FsUσ  was estimated based 
on the experimental set of data published by 
Mellor and Fellers (1986), which consisted of 
12000 usable data from Budd et al. (1965) and 
Dingle and Radok (1960) obtained by 
anemometers and aerodynamic snow collectors 
mounted in pairs on vertical masts in Antarctica.  

 

FsUσ

                             u*  
Figure 2: Change in product 

FsUσ  as a function of 

*u .  
7.012.038.0 2

* =+= RuU Fsσ                     (11) 
The artificial increase of 

FsUσ  with *u  is 
caused by the increase in windborne particle 
diameter with *u .  

Indeed, accurate evaluations of the input 
parameters needed for the numerical model 
remain an open question, which is why in the last 

few years, we chose to return to the field to 
improve measurements of drifting snow at Col du 
Lac Blanc pass by testing these empirical 
formulae in an alpine context. 
 
3. IN SITU MEASUREMENTS OF DRIFTING 
SNOW 
 
3.1 Description of the site and the instrumentation 
available in 2000 
 

The experimental site  (Naaim-Bouvet at 
al., 2000) is located at the Alpe d' Huez ski resort 
near Grenoble, France. The large north–south-
oriented pass (Col du Lac Blanc) has been 
dedicated to the study of blowing snow in high 
mountainous regions for approximately 20 years. 
In 2000, several parameters (air temperature, wind 
direction and speed, snow depth, water equivalent 
of precipitation) were recorded every 15 min. This 
standard measurement device was supplemented 
by six acoustic snowdrift sensors, consisting of a 
miniature microphone located at the base of a 2-
m-long aluminium pole and initially designed at 
Cemagref and manufactured by AUTEG. The pole 
was exposed to the snow particle flux, and during 
blowing snow, part of the flux impacts on the pole. 
The sound produced by these impacts is recorded 
as an electrical signal. The sensors were not 
calibrated but reliably recorded the beginning and 
end of blowing snow events. The three-
dimensional spatial distribution was investigated 
using a network of metallic snow poles on erosion 
zones as well as on accumulation zones. 
 
3.2 New automatic measurements of drifting snow 
using the Flowcapt acoustic sensor set up in 2004 

 
Flowcapt consists of Teflon-coated tubes 

fitted with electroacoustic transducers. During 
snowdrift events, particles impact the tubes, 
inducing acoustical pressure inside the tubes. This 
is picked up by the transducers. The signal is then 
filtered and amplified. The device is delivered with 
complete calibration performed with a controlled 
flux of PVC particles (Chritin et al., 1999). The 
sensor gave an estimation of the mass flux of 
snow (g.m−2s−1). The signal intensity and the 
momentum of snow grains are assumed to be 
related by a physical law, which was supported by 
laboratory experiments performed with PVC balls 
(Chritin et al., 1999). The estimated flux is 
computed using the following equation: 

2* SignalAFd =                         (12) 
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where Fd denotes the flux data displayed by the 
sensor and Signal, the electric tension picked up 
by the data logger (mV). Our experience with the 
acoustic sensor we had developed for this type of 
measurement encouraged us to continue with 
Flowcapt. Moreover, a multisegment sensor with 
up to six independent tubes was available, making 
it possible to determine snowdrift concentration 
profiles automatically throughout the winter. The 
Flowcapt setup at Col du Lac Blanc provided 
profiles of snow fluxes from 0 to 180 cm above the 
ground level.  
 

 
 
Figure 3: Flowcapt sensors and ultrasonic 
anemometer setup at Col du Lac Blanc 
 

Moreover, during some snowdrift events, 
each segment was compared to mechanical snow 
traps whose cross-sections were designed to be 
exactly the same as the Flowcapt cross-sections. 

*u  is estimated from one measurement point 
(ultrasonic anemometer 3.3 m high) using the 
logarithmic profile of the atmospheric boundary 
layer and Pomeroy’s formulae for z0 (equation 10). 
Cierco et al., (2007) established that the poor 
treatment of particle velocity, which is not taken 
into account in the calibration curve, results in 
aberrations in the recorded data. Nevertheless, a 
correction algorithm based on a statistical 
calibration of the sensor for rounded grains was 
proposed, which should make it possible to use 
the recorded data for preliminary approximations. 
The new calibration curve is the following: 

4

2

BU
Signal

Fd =               (13) 

with B=1.49 for rounded grains 

It should be noted that F varies with the inverse of 
the particle velocity to the fourth power, so that the 
acoustic sensor appears to be insufficiently 
accurate whatever the calibration may be (the 
value of B depends on the particle type). 
 

LN(Signal) = 0.0498+1.9429*LN(V)+0.5168*LN(F)
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Figure 4: Multiple linear regression between 
LN(Signal), LN(F) and LN(U) obtained with snow 
(small rounded grains) 
 
Determination of 

FsUσ  
The transport of snow particles is 

governed by a balance between gravitational 
settling and turbulent diffusion leading to the 
following equation for the concentration profile: 
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where Cref is the concentration at a given height 
Zref which gives: 
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Since the value of B does not appear in 
the previous equation, all data from the 2004–
2005 winter season had be reprocessed, giving 
the following curve relating 

FsUσ and *u . The value 
of *u  is determined by the estimation of 
aerodynamic roughness (equation 10).  

It could be concluded from figure 5 that 
the use of the empirical formula obtained from 
Antarctic data seems to underestimate 

FsUσ  in the 
French Alps. 
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Figure 5: Change in product 

FsUσ  as a function of 

*u  at Col du Lac Blanc from Flowcapt and the 
ultrasonic anemometer 
 
Determination of the drifting snow 
concentration profile 
 

The calibration curve was determined for 
rounded grains, so the concentration of drifting 
snow can be estimated by Flowcapt sensors only 
for this type of snow. Therefore, in this case we 
limited our analysis to such events using 
CROCUS (Brun et al., 1992), which simulated the 
different physical and mass processes into the 
snow cover and its complete stratigraphy. The 
concentration profile is estimated using Pomeroy’s 
semi-empirical formulae for the saltation layer 
coupled with a theoretical approach for the 
diffusion layer, giving: 
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Figure 6: Typical snowdrift concentration profiles 
for six storms involving rounded grains without 
snowfall: straight lines for Flowcapt’s 
measurements and dotted lines for simulated 
concentration profiles (equation 16). 

The value of 
FsUσ  comes from the linear 

regression of the data obtained with Flowcapt and 
the value of *u  is calculated from a single wind 
measurement point at 3.3 m, using a semi-
empirical formulae for z0. 

First, Figure 6 shows that the order of 
magnitude between the measurements and the 
semi-empirical formulation proposed by Pomeroy 
and Gray (1990) are quite similar. However, given 
that the scale is logarithmic, a closer look shows 
that the proposed formulation describes the 
concentration profiles of December 25th and 
January 21st relatively well but substantially 
overestimates the profile on January 20th and, on 
the contrary, underestimates it on January 19th. 

However, it must be pointed out that a 
critical point when applying the semi-empirical 
formulation is the determination of the threshold 
friction speed and, more generally, the 
determination of the friction velocity from a single 
measurement point of wind velocity. Actually, 
characterizing the near-surface distribution of the 
wind speed is highly important because it 
represents how much wind momentum is available 
to move the snow particles. For this reason, we 
added a mast equipped with six anemometers to 
determine friction velocity and aerodynamic 
roughness accurately. 
 
3.3 Mast with six anemometers set up in 2007 
 

The field experiment in which values of z0 
and *u  were measured was conducted during the 
2007–2008 winter. Six cup anemometers were 
mounted on a 10-m vertical mast with logarithm 
vertical spacing (8.6 m / 6.64 m / 4.67 m / 2.61 m / 
1.9 m / 1.14 m). Unfortunately, the anemometer 
set up at 2.61 m did not work properly and the 
data could not be used. Temperature was 
monitored by platinum resistance thermometers at 
2.61 m and 8.6 m and the experimental setup was 
completed by a snow depth sensor.  
 
Determination of aerodynamic roughness 
 

Under thermally neutral conditions, the 
near-surface distribution of time-averaged wind 
speed with height generally varies logarithmically.  

)ln()(
0

*

z
z

k
u

zU =                                               (16) 

with U the wind speed (m.s−1), z (m) the height 
above the snow cover, k the Von Karman constant 
(usually taken to be 0.4), *u  the friction velocity 
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and zo the surface roughness (m), which is 
independent of the wind speed. 

According to Owen (1964), the saltation 
layer acts as a solid roughness on the flow and 
leads to a roughness height proportional to the 
square of the friction velocity. 

g
uCz
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Pomeroy proposed a value of 0.1203 for 
C0 (equation 10) and therefore for land-based 
snow cover. This is an order of magnitude greater 
than Tabler’s (1980) and Schmidt’s (1990) values 
for lake ice-based snow covers. 

The present study explores how z0 
measured correlates with values of *u  during a 
drifting snow event at Col du Lac Blanc. 

In a semi-log space, the friction velocity *u  
is proportional to the inverse of the slope of the 
straight line and the aerodynamic roughness z0 
represents the intercept. Thermal non-neutrality 
alters the log-law wind profile by imposing a 
positive or negative vertical velocity gradient. 
There is a limited number of velocity data periods 
that occur during thermally neutral periods and no 
statistical approach is possible. Consequently, in 
the following study, we only treat velocity profiles 
with a potential temperature difference lower than 
1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: A 10-m tower with six anemometers 
including snow depth and temperature 
measurements 
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Figure 8: Roughness height plotted against the 
friction velocity for the 19–22 February 2008 
period  
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Figure 9: Aerodynamic roughness height plotted 
against gu 2/2

*  for the 15–16 February 2008 
period  
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Figure 10: Aerodynamic roughness height plotted 
against gu 2/2

*
 for the 21–25 January 2008 period   
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Figure 11: Aerodynamic roughness height plotted 
against gu 2/2

*  for the 29 February to 2 March 
2008 period  
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The following observations can be made: 
- Without drifting snow, the surface 
roughness could depend on the wind direction 
because the topography of the two fetches are 
different (Figure 8).  
- The proportionality of z’0 to the square of 
the friction velocity is confirmed but the 
coefficient of determination is rather low. 
- Given the formation of aeolian features 
such as sastruggi, the roughness height could 
be greater after the storm (Figure 10). The 
change in the surface roughness during the 
snowstorm could perhaps explain the rather 
low coefficient of determination.  
- The value of C0 depends on the snowdrift 
events (Figures 9, 10 and 11) for the same 
site. There is one order of magnitude between 
the different values (since the value of R² is 
very low for C0=0.0012, we do not take it into 
account until it is confirmed for another drifting 
snow event). However, the range corresponds 
to values observed by Pomeroy andd Gray 
(1990) and Tabler (1980). 
In conclusion, for an accurate estimation of the 

input parameters for NEMO, a semi-empirical 
model is not sufficient because the coefficient C0 
depends on the drifting snow event and varies by 
at least a factor of 1 to 10. It is important to note 
that an error in estimating z0 leads to an error in 
estimating *u  when using only one wind 
measurement point.  
 
Determination of 

FsUσ  
 
Since the Flowcapt sensor in the current 

state of development was not deemed suitable for 
research applications, we returned to using to the 
traditional robust mechanical traps (Figure 12). 
The value of *u  was estimated from the wind 
profile. Friction velocity and snow mass flux profile 
measurements were used to determine FsUσ  
accurately.  

The empirical formula obtained from 
Antarctic data for 

FsUσ  can be used at Col du Lac 
Blanc (figure 13), contrary to what we concluded 
previously from Flowcapt data processing. 
Nevertheless, mechanical measurements for 
higher friction velocity must be conducted to 
confirm this trend. 

 
Determination of drifting snow concentration 
profile 
 

The concentration profiles were simulated 
in the same manner as described above (equation 
16). In this case, the value of 

FsUσ  used comes 
from the linear regression of the data obtained 
with snow traps. 

Figure 14 shows that the simulation leads 
to a strong overestimation of the concentration 
profiles (on average by a factor 3 or 4) for this 
snowdrift event. 

 

 
Figure 12: Mechanical snow traps (measurements 
taken in March 2008 – 75 data available – 
rounded grains ) 
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Figure 13: Change in product 

FsUσ  as a function 
of *u  at Col du Lac Blanc. New data from 
mechanical snow traps and 10-m mast 
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Figure 14: Snowdrift concentration profiles on 4 
March 2008 : straight lines for snow traps  
measurements and dotted lines for simulated 
concentration profiles (equation 16) 

 
 
4. CONCLUSION AND FURTHER 
DEVELOPMENTS 
 

Accurate input parameters are necessary 
when studying the ability of a numerical model to 
reproduce field experiments. With the NEMO 
model, the use of empirical formulae is insufficient 
and their validity has been tested by improving 
instrumentation dedicated to blowing snow set up 
at Col du Lac Blanc. 

For the drifting snow events studied, it was 
shown that (i) the proportionality of the 
aerodynamic roughness to the square of the 
friction velocity is confirmed but with a 
proportionality ratio depending on the snow drift 
event, (ii) values or 

FsUσ  are relatively well 
approximated by empirical formulae obtained from 
Antarctica data, and (iii) snowdrift concentration 
profiles obtained by Pomeroy’s semi-empirical 
formulae for the saltation layer coupled with 
theoretical approach for the diffusion layer leads to 
an overestimation of the concentration profiles. 

Nevertheless, only a few accurate 
concentration profiles were obtained because 
these data require the presence of an 
experimenter: at the present time, Flowcapt data 
are not accurate enough for research purposes.  

The snow particle counter, whose 
principles are based on an optical method, can 
determine the number and the size of particles 
passing though a beam. Installing this device at 
Col du Lac Blanc in the winter of 2008–2009 will 
increase the data set so that the relation between 
aerodynamic roughness and the type of blowing 
snow events can be better investigated.   
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