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ABSTRACT: Several CFD snow drift models were proposed in the literature. These models include 
various assumptions and scaling laws representing the mass exchange, the transport and diffusion of 
particles and the feedback on the air flow. The validations of such existing models were conducted 
over a partial set of data. This is one of the reasons why we carried out a series of experiments using 
the low temperature wind tunnel at Shinjo Branch of Snow and Ice Studies (CES : Cryospheric Envi-
ronment Simulator), NIED in Shinjo, Yamagata Prefecture Japan. The first experiments we undertook 
allowed to characterize the used snow regarding the wind action. We placed an ultra-sonic anemome-
ter and a snow particle counter at the end of the wind tunnel, and by increasing gradually the wind 
velocity until the snow entrainment start and we continued until attaining a significant snow fluxes and 
gradually decreasing the velocity until the transport vanished. We determined the threshold friction 
velocity. This procedure was conducted twice to evaluate the uncertainty of the determination. Sec-
ondly, and for three wind tunnel velocity (5.5 m/s, 7 m/s and 9 m/s) and using a snow depth sensor we 
measured the mass exchange rate at the base along the flow each 0.5 m and afterwards, we con-
ducted the same experiments by measuring the basal wind velocity and mass fluxes each 1 m from 
the ground. Finally and at the end of the wind tunnel, where the steady state is clearly attained and 
using an ultrasonic anemometer and a snow particle counter, we explored the vertical velocity and 
mass flux evolution. These data are analyzed to explore the macroscopic scaling law relating the mass 
exchange to the air flow velocity and the mass fluxes and the relation between the horizontal mass 
flux and the mean velocity. Since these data cover a significant range of flow velocity and include the 
determination of grain characteristics, the threshold velocity, the erosion fluxes, the air flow and snow 
fluxes at the interface between the air and the snow at rest, along the flow in the unsteady phase and 
the vertical snow fluxes and wind velocity profiles in the steady phase, it is a good opportunity to use 
these data to conduct an international benchmark between available snow drift CFD numerical mod-
els.   

KEYWORDS:  Wind, boundary layer, snow, drifting snow, experimental investigations, saltation, 
roughness, erosion rate. 

1. INTRODUCTION 

Since, blowing snow may cause inconven-
iences, disturbances and obstacles to the hu-
man activities, intensive research, using wind 
tunnel (Sato 2001, Nemoto 2001, Okaze 2012) 
and in situ test studies (Takeuchi 1980, Pome-
roy , Naaim-Bouvet et al. 2012) were conducted, 
during the last decades, to understand the phys-
ical processes involved and establish the rela-
tionships governing the initiation and the devel-

opment of this geophysical phenomenon. Sev-
eral numerical models (Sundbo et al. 1997, 
Naaim et al. 1998, Gauer 2001, Durand et al. 
2004, Kok et al. 2009, …) were simultaneously, 
developed. These models use relevant coupling 
between the dynamics of the fluid and the snow 
particles. Among them, several solved the mass 
and momentum conservation equations for solid 
and fluid phases. To close the system of equa-
tions several empirical equations, accounting for 
erosion, for entrainment and for the feedback of 
the solid discharge on air flow, were used. 

 The objective of experimental studies 
reported in this paper, is to obtain a complete 
set of data required to intercompare existing 
models and analyze, the relevance of their 
assumptions. 
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2. WIND TUNNEL AND SNOW 
CHARACTERISTICS 

The wind-tunnel, used in this study, is in-
stalled in a cold room in the Cryospheric Envi-
ronment Simulator at the Shinjo Branch, Snow 
and Ice Research Center. The length of the test 
section is 14 m and its cross-sectional area is 1 
m

2
 (see Figure 2). The walls are made of glass 

plates and metallic frames. More details of the 
wind tunnel can be found in Sato et al. 2001 and 
Nemoto et al. 2001. 

The following notation will be used. The lon-
gitudinal axis is noted Ox. It originates at the 
beginning of the loose snow. The first 0.5 m of 
the test section are systematically filled with a 
layer of hard snow of 2 cm height. Oz is the 
vertical axis. The transversal axis is noted Oy. In 
the Cartesian system of coordinates Oxyz, the 
wind velocity vector is noted  �⃗� = (𝑢, 𝑣, 𝑤). 

During our experiments, the temperature of 
the wind tunnel was maintained at - 10°C. For 
each experiment, a loose snow, made according 
to a specific process of NIED, was sifted and 
spread out on the floor of the entire study sec-
tion, forming a homogeneous snow bed layer of 
2 cm thickness with a flat surface. The size of 
the particles obtained varies from 100 µm for 
grains to 1 mm for clusters of grains (see Figure 
1). The density of the loose snow is about 370 
kg.m

-3
. Before the beginning of each run, the 

snow is removed and sieved to reduce its cohe-
sion allowing to start all the experiments with the 
same loose snow. The duration of experiments, 
varied from 5 to 15 minutes. It was reduced to 
the minimum to avoid sintering. 

The wind velocity at the input center section 
of the wind tunnel is the control parameter. All 
the other parameters, related to the geometry of 
the wind tunnel and to the snow, were main-
tained as constant as possible although the 
uncertainties inherent to measurements and to 
the variability of the snow properties must be 
kept in mind. 

 

Figure 1. Photo of snow grains and clusters. 

 

 

 

Figure 2: Schematic diagram of the wind tunnel (from Kosugi et al. 2008) 

 

3. MEASUREMENTS TECHNIQUES 

We used three different sensors in this ex-
perimental campaign: 

- The first one is SPC (SPC-S7, Niigata 
Electric Co., Ltd.); an optical instrument 
allowing to measure the snow mass flux 
(see Sato et al 1993) (Figure 3). 

- The second sensor in an ultrasonic ane-
mometer that measures the three com-
ponents of the wind velocity. The fre-
quency bandwidth of this sensor is lim-
ited to 20 Hz (Figure 3).  

- The third one is a Keyence distance me-
ter, used here to measure the snow 
depth (Figure 4). 
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Figure 3. Ultra-sonic anemometer and SPC  

 

Figure 4. The Keyence distance meter. 

4. CONDUCTED EXPERIMENTS 

In order to characterize the aerodynamic be-
havior of the wind tunnel and determine the 
relation between the mean speed, at the en-
trance (noted uc), and the velocity profile charac-
teristics at the end of the wind tunnel we con-
ducted the following experiment. We fixed the 
wind tunnel speed at uc=4.8 m.s

-1
. Beyond this 

speed the snow erosion and entrainment occur. 

The bottom of the wind tunnel is uniformly 
covered with loose snow. The wind velocity is 
measured, each 5 mm, from 0.03 m to 0.37 m, 
thanks to the ultrasonic sensor. The SPC is sim-
ultaneously used to check the absence of blow-
ing snow. Due to the size of the anemometer; 
the lowest measurement point is 3 cm from the 
snow surface. The obtained profile is plotted on 
figure 6. To determine the turbulent friction ve-
locity and the roughness length, we fit a loga-
rithmic function on the measurements made 
between 3 cm and 10 cm since beyond 10 cm 
the profile shape change and becomes quasi 
linear. 

𝑢(𝑧) =
0.22

𝑘
𝑙𝑛 [

𝑧

110  10−4]            (1) 

In equation (1) k, equal to 0.41 m.s
-1

, is the 
van Karman constant. The obtained friction ve-
locity is 0.22 m.s

-1
 and the roughness length, 

without blowing snow, is 110 10
-6

 m close to the 
snow grain size. 

 

Figure 6: Velocity profile at the downstream end 
of the wind tunnel - in the absence of blowing 
snow. 

Since the acquisition frequency of the ultra-
sonic anemometer has been is sat to 200 Hz 
and the measurement duration at each height 
was 30 seconds, 6000 measures are performed 
at each height and used to determine the mean 
velocity and the Reynolds turbulent friction ve-
locity. As expected (bandwidth of sensor) , the 
spectrum of the velocity showed that beyond 20 
Hz, the energy is 5 orders lower than in the 
range 0-10 Hz (see figure 5). 

 

Figure 5. Spectrum of the velocity near the bot-
tom at the downstream end the wind tunnel. 

Despite the bandwidth, we calculated close 
to the bottom (3 cm) the Reynolds friction veloci-
ty using the standard formula 2:  

 𝑢∗ = √∑(𝑢𝑖 − 𝑢𝑖)(𝑢𝑗 − 𝑢𝑗)           (2) 

We obtained u*=0.21 m.s
-1

. This value is 
equal to the one determined by the logarithmic 
fit. Despite the bandwidth of the ultrasonic sen-
sor, the two methods gave the same evaluation 
of the turbulent friction velocity. 

The ratio of the friction velocity at the down-
stream end of the wind tunnel, to Uc, is 0.044. 
Since the flow is turbulent and rough, in the 
absence of blowing snow, this ratio will be con-
sidered constant whatever the entrance velocity. 

The erosion of the snow mantle when sub-
mitted to the wind action is determined by the 
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threshold aerodynamic force, beyond which the 
transport starts and under which, the transport 
stops. It is generally determined through the 
corresponding turbulent friction velocity. To de-
termine the threshold friction velocity corre-
sponding to the used loose snow, we conducted, 
twice, the same experiment. A layer of snow is 
uniformly deposited over the whole wind tunnel. 
The snow particle counter is placed at the up-
stream end of the wind tunnel. The wind velocity 
is gradually increased, step by step, until the 
snow entrainment starts and attains a significant 
snow flux. Afterwards we gradually decreased 
the velocity until the transport vanished. 

We plotted on Figures 6, the mass flow rate 
obtained function of the turbulent velocity de-
termined by multiplying this latter by the coeffi-
cient 0.044 deduced from the above experiment. 
The values of the mass flux we used in these 
figures are averaged over 30 seconds. In the 
first experiment (figure 6, test 1, blue), during 
the ascending phase, the mass flow rate passes 
the threshold of 0.01 kg.m

-2
.s

-1
 for a turbulent 

friction velocity of 0.2 m. s
-1

, whereas for the 
descending phase the transport flow rate falls 
below 0.01 kg.m

-2
.s

-1
 for a turbulent friction ve-

locity of 0.21 m. s
-1

. In the second experiment 
(figure 6, test 2, red), during the ascending 
phase, the mass flow rate passes the threshold 
of 0.01 kg.m

-2
.s

-1
 for a turbulent friction velocity 

0.21 m. s
-1

, and for the descending phase the 
mass flow rate falls below 0.01 kg.m

-2
.s

-1
 for a 

turbulent friction velocity of 0.21 m. s
-1

. We 
therefore retained as threshold turbulent friction 
velocity u*t= 0.21 m. s

-1
. 

 

Figure 6: Mass flow rate at the downstream end 
of the wind tunnel function of the turbulent fric-
tion velocity. 

In order to investigate the temporal and spatial 
evolution of the erosion, two types of experi-
ments were conducted. For each of these exper-
iments, loose snow is sifted and spread out ho-
mogeneously on the floor of the working section, 
forming a snow bed of 2 cm thick and the wind 
tunnel is run at fixed velocity (5.5 m.s

-1
, 7 ms

-1
 

and 9 ms
-1

). In the first type of experiment, a 
longitudinal snow surface profile is performed 
before and after the experiment consisting in 
running the wind tunnel during a fixed lapse of 
time at a fixed velocity (4 minutes for 5.5 ms

-1
 

and 7 ms
-1

 and 2 minutes for 9 ms
-1

). The differ-
ence between the two profiles is performed and 
serves to determine the evolution of the erosion 
rate along the wind tunnel. The figure 7, for in-
stance, shows the longitudinal distribution of the 
erosion rate obtained for Uc=7m.s

-1
. The second 

type of experiment consisted in measuring sim-
ultaneously the mass flux at 1 cm and the wind 
velocity at 3 cm each 1m from 0.5 m to 11.5 m. 
The figure 8 shows, for instance, the longitudinal 
distribution of the mass flux as function of the 
longitudinal distance for Uc=7m.s

-1
.  

 

 

Figure 7: Longitudinal distribution of the mass erosion rate for Uc=7m.s
-1

. 
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Figure 8: Longitudinal evolution of mass flow rate at z=1 cm and air flow velocity at z=3 cm for 
Uc=7m.s

-1
 (full line velocity and dashed line mass flux). 

 

Among several other results, these data al-
lowed drawing up the relationships linking the 
mean mass flux to (u*-u*t).The relation is a quasi 
linear function. 

The terminal mass flux measured at 1 cm at 
the upstream end of the wind tunnel, is plotted in 
figure 9, function of the mean mass flux deter-
mined from the topography evolution. A very 
nice linear trend is shown indicating that 60% of 
the mass eroded is transported in the first cen-
timetre where the saltation phenomenon domi-
nates. 

 

 Figure 9: Mass erosion per unit area and per 
second deduced from the snow depth variation 
as a function of the mass flow rate measured at 
z=1 cm and x=11.5 m. 

Finally, we investigated the vertical distribu-
tion of the velocity (figure 10) and the mass flux 
(figure 11) at the downstream end of the wind 
tunnel for the same three entering velocities. 
From these profiles we deduced the friction ve-
locity, the roughness length and the depth aver-
age transported mass. These data are used to 
quantify the effect of the turbulent friction veloci-

ties on the roughness length and the total mass 
flux. 

  

Figure 10: Velocity profile at x=11.5 m for 
Uc=7m.s

-1
. The fits allow determining the turbu-

lent friction velocity and the roughness length. 

 

  

Figure 11: Mass fluxes, recorded by SPC at the 
centre of the wind tunnel at x=11.5 m, function of  
z for for Uc=7m.s

-1
. 
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Figure 14: Massic concentration profile at 
x=11.5 m for for Uc=9m.s

-1
. 

5. OUTCOMES  

Wind tunnel experiments, over loose snow 
surface, were carried out to investigate the 
characteristics of blowing snow phenomena. An 
experimental well-documented data base was 
therefore set up. The snow drift and its conse-
quences in terms mass flux, feedbacks on air 
flow, vertical and horizontal structuration of the 
mass and the consequences on the topography 
modifications are measured for three different 
entering velocities, one which is close to thresh-
old velocity. The snow is characterized by its 
density and hardness but also by its threshold 
turbulent friction velocity for which a specific test 
was devoted.  

These data will be proposed for a common 
benchmarking of existing numerical models. In 
addition, the ongoing analyzes, are very promis-
ing. The scaling laws, relating the mass flux, the 
roughness length, the erosion rate, according to 
the turbulent friction velocity, the threshold tur-
bulent friction velocity and the fall velocity, are 
very interesting. They will be submitted for pub-
lication in the coming months. 
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