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ABSTRACT. Earli er works on numerica l modelling arc analysed. Anderson a nd H a fT 
(1991) proposed a model using the "splas h" function which was defin ed for cohesionless 
sand. The Uematsu and others (1989, 1991) and Liston and others (1993, 1994) approaches 
a re based on fluid-mechanics conservation laws where the snow is transported and di f­
fused by the a ir now. These models consider the salta tion layer as a boundary condition. 

For the now, and for the suspension, we adopt the same model as that ofUemats u a nd 
Liston. For mass exchange be tween the now a nd snow surface, we have developed an ero­
sion- deposition model where mass excha nge is defined in rela tion to fl ow turbul ence, 
threshold-fri cti on velocity and snow concentration. Our snow-erosion model was cali­
brated using Takeuchi 's (1980) fi eld measurements. T he depositi on model was tested by 
comparing numerical results with wind-tunnel ones, for sawdust-acc umulation windward 
and leewa rd of a solid snow fence with a bottom gap. The numerical results obtained a rc 
close to the experimenta l res ul ts. The ma in res ults of the \'ari ous sensitiyity experiments 
a rc: the leewa rd acc umul a ti on is ve r y sensiti\'e to th e rat io (U. /U. l )( it ap pea l's for 
(u./u. t) close to 1 and di sappears for (u. /u.d > 1.2), the global acc umul ation produced 
by the fence increases as (u. /u. t) dec reases a nd the back reaction of pa rticle ' on turbu­
lence extends slightly the windward acc umulation. 

NOTATION Qs 10 ta l mass-transport rate per uni t of latera l dimen-

Us Friction velocity (m s ') 
u. r Real friction velocity, corresponding to the friction 

velocity modified by the presence of snow pa rticles 
(m s ') 

U. t Threshold friction velocity (m s ') 
UF Particle-settling velocity (m s ') 
(u, v) M ean velocity components in the x (m ) (hori zonta l) 

and y (m ) (vertical) di rections (m s ') 
Uj M ean veloci t y component in the O Xj d irection (m s ') 
Zo Aerodynam ic roughness height (m ) 
D p Pa rticle di ameter (m ) 
Vp Par ticle vo lume (m 3

) 

(Js Turbulent Schmidt number 
p Air density (kg m -3) 
(J Particle density (kg m 3

) 

, Bulk densi ty of the snow (kg m -3) 
9 Gravitational acceleration (m s 2) 
K Von K arman's constant 

h Surface level (m ) 
t Time (s) 
p Pressure (N m 2) 
C Particl e concentration (kg m 3) 
Cs Pa rticle concentration in the saltation layer (kg m 3) 
Cmax M aximum particle concentration in the saltati on 

layer (kg m -3) 
VI Turbulent viscosity coefficient (m s ') 
'Pg Erosion or deposition nu x (kg m - 2 s - I) 

'Ps M ass £lux be tween the suspension and the saltati on 
layers (kg m- 2 s - I) 

sion in the saltat ion layer (kg m ' s ') 
Ql Tota l mass-transport rate per uni t of lateral dimen-

sion in the suspension layer (kg m 's ') 
hs H eight of the saltati on layer (m) 
k Turbulent kinetic energy (m2 s -2) 

E Dissipati on of the tu rbulent kinetic energy (m 2 s :1) 

INTRODUCTION 

In high moun tain areas, bl owing snow produces cornices 
creating da ngerous a\'a la nche-sta rting zones. In other 
areas, blowing snow reduces \'i sibili ty and creates snow­
drifts. Dri ft ing snow poses economic problems, especia ll y 
for roads and railways. Taking snowdrift formation into ac­
count is therefore a necessit y both in terms of predicting and 
controlling drift patterns. However, it is time-consuming 
and often un reali stic to study full-scale snowdrifts in the 
field. Physical modelling, carri ed out in wind-tunnels since 
the 1930s, a llows one to study the formation of small-scale 
snowdrifts but raises a difficult problem: all similitude re­
quirements cannot be sa ti sfi ed simultaneously, Therefore, 
wc ha\'e in recent yea rs turned to numerical modell ing. As 
an introduct ion, we give a brief, non-ex haust ive review of 
computer modelling of aeolian transport before introducing 
our own approach, 

THE EXISTING NUMERICAL MODELS 

Two catego ri es of mul tiphase now theori es can be used for 
modelling drifting snow: the Euleri an multi phase now 
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model and the Lagrangian pa rticle model. The Eulerian 
multiphase flow model can be simplified by treating the 
particles as a continuum fi eld and by using a convection­
diffusion equation for particle concentration. We present la­
ter an example of each type of model. 

Drifting-snow tnodels of U etnatsu and others (1989) 
and Liston and others (1993, 1994) 

This kind of model was fir t developed by Uematsu and 
others (1989) and followed by Liston a nd others (1993). It is 
based on two-dimensional time-averaged Navier-Stokes 
equations and a modifi ed k - E turbulence model proposed 
by Chen and Wood (1985). These equations a llow one to 
obtain the turbulent-flow fi eld, the turbulent kinetic energy 

and the kinetic-energy dissipation. 
Concerning snow transport, Liston and others (1993) 

took the saltation process into account and treated snow­
drifting using the following total mass-transport rate per 
unit oflateral dimension: 

p Up 
Qs(x) = C--u. (x)(u.(x) - u.t) (1) 

gU.t 
where C is a constant. 

Afterwards, Liston and others (1994) introduced the dif­
fusion process using the particle mass-concentration equa­
tion which takes the following form in the turbulent­

diffusion layer: 

ac ac ac -+il-+ (V-[UF[­at ox ay 
a (Vi ac) a (Vi ac) 

= ax O's ax + ay O's ay . (2) 

The concentration at the bottom of the suspension layer 
is the mean concentration in the saltation layer. Changes in 
the snow-surface level are described by the ve rtically inte­
grated m ass-continuity equa ti on: 

ah(x,t) + ~a(Qt(X,t) +Qs(x,t)) = O. (3) 
ot 1 ox 

Snow deposition is computed assuming that snow acc u­
mulates where shear velocity falls below the threshold shear 
velocity. The control volumes a re fill ed one by one. When a 
control volume is filled with snow, the flow fi eld (which de­
pends on the surface topograplry ) is recomputed and the same 
process is repeated until the accumulated snowdrift reaches 
an equilibrium profile. Liston and others (1994) considered 
implicitly that the mass-transport rate Q s reacts instanta­
neously to a change in fri cti on velocity (Equation (I)). So, 
this numerical model does not take the inertia of snow ero­
sion a nd snow deposition into account. In fact, drift-particle 

saturation is not reached immediately when the wind-fric­
tion speed increases, and deposition occurs progressively 
when the wind-friction speed decreases. 

If this model makes it possible to compute snowdrifting 
a t equilibrium, it does not estimate the time required to 
obtain a given snow accumulation and variations in snow­
drift form ation. :For example, the windward a nd leeward 
drift generated by a solid fence a re forming simultaneously. 
This result is opposite to the results obtained by the numer­
ical simula tion of List on and others (1994). 

Drifting-sand tnodel of Anderson and Haff (1991) 

Unlike the previous model, the inertia of sand erosion and 
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sand deposition is taken into acco unt in the model proposed 
by Anderson and H a ff (1991). This numerical model, devel­
oped for the reptation and the saltation in a turbulent bound­
ary layer over a fl at a rea, is based on the "splash" function. 
The "splash" function, generated from physical and numeri­
cal experiments, allows one to formul ate statistica lly g rain­
bed interaction: the "splash" function returns the number of 
ejected particles, the probability distribution of their ejection 
velocities and the velocities of the rebounding grains. 

Encouraging results a re obtained using the "splash" 
function for sand drift (Anderson and H afT, 1991). H owever, 
thi s model is not suitable for snow and turbu lent separated 
flows over obstructions without modification. 

First, it is necessary to introduce suspension. But Andcr­
son and H aff (1991) considered that it is possible to use the 
continuum theory far from the bed. In addition, thi s model 
cannot be applied in the case of a turbulent separated fl ow 
over obstructions: the estima tions of "grain stress" a nd tra­
j ectory times are no longer valid. Lastl y, it has appeared 
that the "splash" function defined fo r sand pa rticles differs 
from that defined for snow particles because of the shape 
and the cohesion of the snow particles (Naaim-Bouvet, 
1997). 

NUMERICAL SIMULATION OF SNOWDRIFTING 

Although the numerical model proposed by Anderson and 
H aff is physically more sound, it is currently difficult to 
adapt it to snow particles because of the lack of knowledge 
about the "splash" function. In the present sta te of our 
knowledge, we do not have any idea of the form taken by 
the "splash" function for different types of snow. We therefore 

propose a numerical simulation based on the continuum 

theory and taking into account inertia of snow erosion and 
snow deposition by means of erosion and deposition flu xes. 
"Ve a lso use the modified k - E model proposed by Chen and 
Wood (1985) to close this system of eq uations. 

Governing equations 

The model is based on the mass-conservation laws for both 
the fluid and the particles, the conservation of momentum 
for the mixture (air + particles), and the modified k-E 
model. 

Air-mass conservation is 

ap + apUj = o. 
at aXi 

(4) 

Particle-m ass conservation in suspension layer is 

ac oC(Uj - UPJ _ 0 (vt ac) ~ ~~ ~dS -+ -- -- +ej 'Psn. 
ot OXi OXj O's OXj 5",\ 

(5) 

Particle-mass conservation in the salta tion layer is 

(6) 

(7) 
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Turbulent kinetic energy conse rvation is 

ak _ ak a [vt ak] - ,- , au; 
- +Ui-=- -- -UiUj --E+5k · 
at aXi aXi U k aXi aXj 

(8) 

Turbul ent kinetic-energy dissipation conservation is 

Of. _ Of. a [vt Of. ] f. -,-, OUi f.2 
-a + u;-a = -a --a - C1' -kui Uj ax' - C2, k + S, 

t X'i xi U, Xi J 

where 

SI.: = - 2k (1 - exp ( - t*f.)) C 
t* 2k' 

D2u 
t ' = -p- and Pm = u+ (1 - C)p . 

18J.L 

(9) 

<Ps is the mass flu x exchanged between the suspension 
and the saltati on layer. It is determined by the difference 
between the difTusion flu x proportiona l to Vt "ic and the set­
tling flu x which is proportional to UFe. 

'Pg is the mass flu x exchanged between the fl ow and the 
ground, determined by using t he erosion or deposition 
flu x. If h, the snow depth, is non-zero, and if the fricti on 
velocity u , a t ground level is greater than the threshold 
fr icti on velocity U ,t, then <Pg is equ al to the erosion flux. If 
the fr iction velocity u, a t ground level is lower than the 
threshold friction velocity U , t, then 'Pg is equa l to the de­
position flu x. If the friction velocity u, a t ground level is 
equa l to the threshold fri ction velocity Uot, then 'Pg is equa l 
to zero. 

C hanges in snow-surface level a re described by the fol­
lowing equation: 

ah 'Pg 

at r 

Numerical resolution 

(10) 

The complete system is solved by a Godunov numerical 
scheme of second-order accuracy in sp ace and time. The re­
solution is obtained from a finite-element mesh. In this way, 
it is possible to adapt the mesh to the tempora l changes of 
the drift. C hanges in snow depth a re slow. In contras t, tur­
bulent-flow fi eld vari ation is fas t. T herefore, the following 
computation process is used : we compute the fl ow field until 
a stationa ry solution is reached; this velocity fi eld allows us 
to compute vari ati ons in snow depth until a significant var­
iati on is observed in the deposit height. In our simulations, 
we cons ider a variation of 2 mm is significant (in the case of 
fence height = 4 cm ). Then the fl ow fi eld is recomputed and 
the proces is repeated along the formation of the drift. 

Boundary conditions 

lv/omentum and turbulence 
T he model needs a se t of bounda ry conditions near the 
g round where the flow is considered to be a turbulent 
boundary layer defined by friction velocity a nd roughness. 
The turbulence parameters near the ground are linked to u, 
by: 

k
- (C, l -C,2) 2 
- U k K 2 U., 

(Cd - cd u~ 
E= U, K 2 K y 

where: Uk = 1, u , = 1.3, Cd = 1.44, C,2 = 1.92, 

(11) 

(12) 
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Erosionflux 

First, we make the assumption that snow particles with 

cohesion a re ma inly ent rained by direct aerodynamic 
forces. T hi s simplification is not applicable to all cases: 
for example, reptation has considerable importance when 
cold loose snow is blown (Naaim-Bouvet, 1997). The num­
ber Na of entra ined g ra ins per bed a rea unit per time unit 

is proportiona l to the excess shea r stress (Anderson and 

H a fT, 1991) : Na = ((pu: - pU: t where ( is a constant 
N - l s-1). 

T he erosion flux 'Pe per area unit may be writ ten 

'Pc = NaVpu , 

'Pe = A(pu: - pu: t) , 

(13) 

(14) 

The coefficient A va ries with the deg ree of interg ranu­
la r bonding in the surface layer, The velocity profile is 

modifi ed by snow transport but we have few experimental 
da ta on changes in shear veloc ity a t the bed as a function of 
parti cle concentration. Numerical res ults obtained by An­
derson a nd H afT (1991) and M cEwan a nd \ Villetts (1991) a re 
conflicting. Anderson and H a fT (1991) predicted that at 
steady state the shear stress a t the bed had fa llen slightly 
below the threshold shear stress for ae rodynamic entrain­
ment. M cEwan and Will etts (1991) predicted that at steady 
sta te the shear stress at the bed is roughly equal to its initia l 
value. Kind (1975) assumed that the shear stress at steady 
sta te must remain a t the threshold va lue in order to main­
ta in the bed "mobile". We reta in Kind's ass umption. At first, 
we suggest that the fri ction velocity is modified. The real 
fri cti on velocity near the ground U ... , which is responsible 
for erosion, is linked to the friction velocity by the follow­
ing formula 

(
Cs )2 

U ... = U . + (u. t - u. ) -C 
ma.x 

(15) 

\ Vhen the pa rticle concentration is zero, the "real" fri ction 
velocity is equal to the fricti on velocity. When the pa rticle 
concentrati on reaches its highest value (steady state), the 
"real" friction velocity is equa l to the th reshold-friction 
veloci ty. 

The erosion flu x (Equation (14)) becomes 

For snow particles, only the experimental data from 

Takeuchi (1980) a re ava il able. We chose to reproduce one of 
hi s experiments numerically in order to validate the erosion 
model. We considered the one referenced No, 3, because in 
thi s case snowfall was limited. The snowdrifting flu x 
reached saturation about 250 m downwind of the sta rting 
point. T he saturated horizontal snow-mass flu x, measured 
up to 30 cm above the snow surface, was approximately 
20 g m 1 s 1. Wind speed at I m height was 7.2 m s- I. We had 
no information on the threshold-fr iction velocity and fri c-
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tion velocity. We estimated these parameters from Pomeroy 
and Gray's (1990) semi-empirical relationships: 

Q _ 0.68pu' l ( 2 _ 2) 
s - u. uot ' 

!Jl.t. 

h _ 1.6u; 
s - 209 

p ( U;t) 
Gmax = 3.29u. 1 - u; , 

I u2 

Zo = 0.1203~ . 
29 

(17) 

(18) 

(19) 

(20) 

We neglected the terminal fall-velocity variations with 
height and propose a mean value of (JsUF estimated from 
the experimental data used by M elior and Fell ers (I986). In 
order to reproduceTakeuchi's experiment No. 3 numericall y, 
we used the following parameters: (JsUF = 0.28 m s \ 
u. = 0.42 m s I, u.t = 0.36 m s 1 and Cmax = 0.248 kg m - 3. 

Figure I shows the numerical results obtained in the salta­
tion layer and in the suspension layer, with a value of 
pA = 7 x 10 ' f. Figure 2 shows the ver tical variations of 
the concentration at different distances from the start of 

snow transport. These numerical results (Figs 1 and 2) are 

close to those ofTakeuchi. 

"er--. 0.3 - CCSaltation) 
E -- CCdiffusion at y=2 cm) 
OJ) 

C 
\:: 0.2 . 2 
~ .... 
<= 0.1 0) 
u 
\:: 
0 
U 

0 

0 100 200 

Distance (m) 

Fig. 1. Change in particle concentration in the saltation and 
suspension layers as a function if ablation length. 

3 
r--. 
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'0 2.2 ..c 

'" 2 '" 

--x=l50m 

"""""" x= 250 m 
~ 1.8 \:: 
0 

1.6 .;;; 
\:: 
0) lA E 
6 1.2 

1 

0 0.05 0.1 0.15 0.2 

Concentration (kg m-3) 

Fig. 2. Change in particle-concentration /nqfi.le in the susjJen­
sion layer as a Junction if the height at different distances 
from the starting point. 

Deposition flux 
The deposition flux is proportional to the particle-settling 
velocity and to the particle concentration. But it is modified 
by the turbulence of th e flow. At u. = u.'" the deposition is 
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equal to zero. At u. = 0, deposition occurs with its maxi­
mum value (= UFG ). The force exerted by the flow on the 
particle is proportional to u;; therefore, we suggest that the 
deposition flux could be estimated by the following model: 

(21) 

It is essen tial to compare the numerical results with fi eld 
experiments. But, as a first step, it is rcally interesting to 
compare the numerical results with wind-tunnel experi­

ments where all physical processes can be measured and 

controlled. In this way, we can know the terminal fall 
velocity and the threshold friction velocity accurately and 
can control the friction velocity, which remains constant 
during the whole experiment. In our laboratory, a 13 m long 
wind tunnel has a 5 m test area of uniform cross-section 

LOO x 50 cm and it is protected by a filter in order to retain 

the particles. The wind tunnel is equipped with a hot-film 
probe (one- and two-dimensional), installed on a support 
with three-dimensional di splacemcnl. This system allows 
us to measure the flow velocity and turbulence energy. A 
laser diode measures the height of the deposit. The meas­

ured height of the boundary layer is approximately 20 cm. 
Therefore, obstacles placed in the wind tunnel must not be 
higher than 4- 5 cm (height of the logarithm zone). 

In order to test the deposition l1ux, the numerica l simul­
ations were performed for a 4 cm high solid fence with a 
I cm bottom gap. The models of erosion- deposition depend 

on: turbulent-friction velocity, threshold-friction velocity 
and the settling velocity . 

'!\le have therefore tested the inl1ucnce of each of these 
factors . One supplementary test was carried out in ordcr to 
evaluate the influence of the presence of particles on the tur­
bulence model. 

First, using the numerical model, with a mesh 
(200 x 200 cells ), we studied the variation of the leeward 
and windward drifts from the beginning to steady state. We 
noticed that the windward and leeward drifts form simulta­
neously in the wind tunnel. 

Next, using the numerical model, we studied (Fig. 3) the 
influence of U./U'l on snowdrifts at equilibrium. We 
observed that the leeward drift is very sensitive to this para­
meter: it appears for u./u.t close to 1 and it disappears com­
pletely for u./u.t > 1.2. This could explain the difficulti es in 
reproducing leeward drift in a wind tunnel (Naaim-Bouvet, 
1997). The windward drift is less sensitive; the accumulated 

5 ,------- ---------

> -- u,lu't=1 .05 

4 - u,lu't=1 .20 
- uJu't=1 .80 

O~--~~~~------~~~ 

-7.00 3.00 13.00 

Dimensionless ex/h) from the fence 

Fig. 3. Variation qf equilibrium drift shape as function qf 
u*/u.t. 
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volume increases as U*/U*l decreases, as previously 
observed in a wind tunnel for the drift of sawdust generated 
by a solid fence (height H ) with a bottom gap (0.2H) 
(Naaim-Bouvet, 1997) (Fig. 4). 

5 r----------------------------. 

4 

-o-u.= 42.0 em s" 
~u.= 25.5 CTns·1 

-6--U'= 23.3 ems·1 

Dimensionless (x/h) from the fence 

Fig. 4. Experimental results obtained in a wind tunllelfor 
different friction velocities. 

The se ttling velocity does not a ffect the final profil e of 
the drift. But the formation time dep ends on this parameter. 
The snowdrift forms rapidly if the settling velocity is impor­
tant. In Figure 5, we show two snowdrifts formed in 30 min­
utes at two difTerent settling velociti es. 

5,-----------------------. 

4 . 
--U(,,0.45 m s-I 
---Ur O.30 msl 

o +-----~----~------~~~ 

-3 2 7 12 

Dimensionless (x/h) from the fence 

Fig. 5. Drift obtained Jor two diffe rent settling velocities in 
30 minutes. 

We have tested two turbul ence models, the classical k-f. 
model and the modiGed k-f. model proposed by C hen and 
Wood (1985), taking into acco unt the influence of the p a rti­
cles (Fig. 6). 

The difTerence between results obtained using the two 
models is very small. For the same initial conditions, the 
snowdrift generated by the modiGed k-f. model is slightly 
more extended than that generated by the k-f. model. In­
deed, in the modi Ged k- f. model, the presence of pa rticles 
produces a diminution in the fri ction velocity near the 
g round. The zone covered by the deposit (u* < U*l) is there­
fore la rger than that obtained by the classic k- f. model. 

Fina ll y (Figs 7 and 8), we have reproduced numeri cally 
some experiments obtained using a wind tunnel. In the two 
cases presented , the shapes of the numerical snowdrifts and 
the experimenta l snowdrifts a re relatively simila r. In the 
case of numerical simulation, the leeward snowdrift is less 
important. Near the fence, the experimenta l leeward and 
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5 ~---------------------------, 

4 _ ---7 

%3 ......., 

.l: 
OIl 

' 03 2 
::r: 

-Chen and others 

---- standard model 

O-tU'--+-------+-----j---+---~ 

-8 -3 2 7 12 17 
Dimensionless (x/h) from the fen ce 

Fig. 6. Test q/the two turbulence modelsJor (u. /u.t) = 1.05. 

windward snowdrifts a re steeper than those obta ined 
numericall y. \Ve can attribute this phenomenon to numeri­
ca l diffusion and also to the inadequate mesh in the high­
slope zones. The mesh is very deformed in these zones. The 
solution should be using a me h orthogona l to the drift in 
order to reduce the numerical diffusion. 

» --- N um 
4 

E 
~ 
1: 
00 

' 0; 2 
:r: 

-4 6 11 

Dimensionless (xIh) from the fence 

Fig. 7. Comparison betweell Ilumerical and eX/JeTimental 
results (u. = 0. 25 m s' and u.t = 0.21 m s ') . 

The windwa rd snowdrift localization is well reproduced 
by the model. In the case of u. = 0.25 m s 1 and U.t = 
0.21 m s 1, th e numerical snowdrift begins at the same place. 
In the case or u. = 0.23 m s 1 and 'U.t = 0.21 m s - \ it begins 
slightly upstream. Numeri ca l and experimenta l snowdrift 
leng ths a re \'ery close. In the case of u. = 0.25 m s 1 and 

Uor = 0.21 m s \ the numerica l snowdrift is longer than the 

4 o Exp 

-4 -2 0 2 4 6 8 10 12 

Dimensionlcss (x/h) from the fence 

Fig. 8. Comparison between numerical and eX/JeTimental 
results (u. = 0.23 ms' and U'l = 0.21 m s '). 
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experimental one but in the case of u. = 0.23 m s I and 
U.t = 0.21 m s I it is shorter. 

CONCLUDING REMARKS 

In this paper, ass umptions and preliminary results of a nu­
merical model of snowdrift are presented. This model is 
based on continuum theory and erosion and deposition 
fluxes. It provides numerical results that are in good agree­
ment with observed data taken a round a snow fence. Varia­
tions in snowdrift formation are correctly simulated. We 
tested the model in the case of a 4 cm high fence with a 
I cm high gap. Unlike the windward accumulation, the lee­

ward accumulation is very sensitive to the ratio (u./u.t). It 
appears for (u./u.t) close to I and disappears for 
(u./Uot) > 1.2). The global accumulation produced by the 
fence increases as (U./UH) decreases. The back reaction o[ 
particles on turbulence slightly extends the windward accu­
mulation. In spite of these good results, expression of the 

erosion nux must be re-examined in order to improve it. It 
will be necessary to carry on with experiments similar to 
those undertaken by Takeuchi (1980) or lO determine the 
splash function [or different snow qualitie . 
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