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Numerical study of the time development of drifting snow
and its relation to the spatial development
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ABSTRACT. The time evolution of drifting snow under a steady wind is estimated
using a new numerical model of drifting snow. In the model, Lagrangian stochastic theory
1s used to incorporate the effect of turbulence on the motion of drifting-snow particles.
This method enables us to discuss both the saltation and the suspension process. Aerody-
namic entrainment, grain/bed collision (splash process), wind modification and particle
size distribution are also taken into account. The calculations show that the time needed
by the total mass flux to reach a steady state appears to be 3—5 . Vertical profiles of hori-
zontal mass flux near the surface show a similar tendency. In contrast, it takes >50s for
the wind speed and the whole mass-flux profile to reach a steady state. This longer time
depends on the time-scale of the turbulent diffusion, which is responsible for the mass flux
extending to an order of a few meters in height. Applying Taylor’s hypothesis, the esti-
mated length scale at which drifting snow reaches equilibrium is around 400 m. This
result 1s comparable with previously reported field observations.

INTRODUCTION

Drifting snow is an important topic in both the engineering
and climatological fields. Although recent research has
revealed many basic properties of drifting snow, the time
needed to reach steady-state conditions, including not only
the saltation but also suspension, remains controversial.
This is due to a lack of observational data, and the difficulty
of expressing the transition between saltation and suspen-
sion using the majority of the current mathematical models.

In this study, the time evolution of drifting snow under a
steady wind with turbulence was estimated using a numeri-
cal model. In the model, Lagrangian stochastic theory is
used to incorporate the effect of turbulence on the motion
of drifting-snow particles (Sato and others, 1997; Sundsbg
and Hansen, 1997; Taylor and others, 2002). This method en-
ables us to discuss both the saltation and the suspension pro-
cess. Aerodynamic entrainment, grain/bed collision (splash
process), wind modification, and particle size distribution,
according to the self-regulatory saltation model of sand
(Anderson and Haft, 1988, 1991; McEwan and Willetts, 1991,
1993), are also taken into account. The calculated time-scale
results will be discussed in conjunction with the develop-
ment of a spatial length scale of drifting snow, and will be
compared with results reported in other studies on the spa-
tial development of drifting snow.

NUMERICAL MODEL

The model used in this study is one-dimensional and time-
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dependent. It calculates each particle trajectory under a
steady wind with turbulent fluctuation over a flat, uniform
snow surface. Although this approach requires large com-
putational loads and cannot be applied to large areas
(Gauer, 2001), it is physically more sound than other
methods and is useful for exploring the basic dynamics of
drifting snow.

Furthermore, the model includes four distinct sub-pro-
cesses (aerodynamic entrainment, the trajectory of the
grains, splash process and the wind velocity modification)
which are essential for acolian sediment transport.

Particle trajectories are calculated within a small do-
main over a flat surface with periodic boundary conditions,
under a horizontally uniform wind (Fig. 1). In the domain,
snow particles start to move from random positions on the
bed, owing to the aerodynamic entrainment. The number of
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Fig. 1. Schematic diagram of the calculation configuration. A
periodic boundary condition was applied for the trajectory cal-
culation (dashed line).
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entrained grains is calculated at each time-step. When a par-
ticle collides with the surface, the number, the velocities and
the size of ejected grains are determined by splash functions.
Thermodynamic effects (sublimation of the snow particles,
humidity, temperature, etc) are not taken into considera-
tion; specific attention is paid to the grain dynamics in this
study. The particles passing the end of the grid at a given
height were counted in order to estimate the vertical distri-
bution of the streamwise mass flux. The wind modification
owing to the momentum exchange between the grains and
the wind 1s also calculated at each vertical grid.

Within the atmospheric surface layer over a plane, the
mean wind velocity is typically large with respect to the
horizontal wind fluctuation, and the mean vertical wind is
zero. Therefore, in the two-dimensional case, the wind
velocity vector u can be approximated by u= (U,w'),
where U is the mean wind speed and w' the vertical wind
fluctuation. The mean wind field follows the Reynolds-aver-
aged Navier—Stokes equation for a steady state (9/dt = 0)
and horizontal homogeneity (9/0x = 0). Using Prandtl’s
mixing length theory, we obtain the horizontal momentum

dU|dU
5 | 3 FT: 5 1
dz dz>+ 2 =0 (L)

equation for air

d
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where pr is the density of air, and & the von Karman con-
stant. The coupling force F} corresponds to the rate of the
time change of particle momentum as

F=>om (M) ©)

where n is the total number of particles per unit volume at
height z, m the particle mass, and (du,(2)/dt) the horizon-
tal acceleration of a particle at height z above the surface.

w' is determined by the random-flight model (e.g. Wil-
son and Sawford, 1996). For a fluid parcel 4, w} at time
t 4+ At is expressed as

At
e+ a0 = (1-F w0 + o 06 @)
where At is a time increment, oy, is the standard deviation
of the vertical wind, £ is a Gaussian random variable with
zero mean and unit variance and 77, 1s the Lagrangian
time-scale. In the surface layer, 77, can be expressed in terms
of friction velocity u. and height above the surface z as
Ty, = 0.4z/u, (Wilson and Sawford, 1996). Lagrangian
tracking techniques are suitable for turbulent particle dis-
persion, and a similar method has been applied to the simu-
lation of blowing- and drifting-snow particles emitted from
a fixed point, by Sato and others (1997), Sundsbg and Han-
sen (1997) and Taylor and others (2002).

In the calculation of particle trajectories, we should
obtain the vertical wind fluctuation w;i at each particle’s
position, which is strictly different from w} because of the
particle inertia and gravitational settling (crossing-trajec-
tories effect). Hunt and Nalpanis (1985) modeled the vertical
fluid velocity seen by a solid particle using Equation (3), but
with a Lagrangian time-scale,

TﬁzTL{l/ 1+A1<Z—§)2/3(%>1/3 } (4)

where A; is a constant of O(1). In this study, we use
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Equation (4) as the Lagrangian time-scale. A; is set to 0.5
according to Anderson (1987).

The grain-borne shear stress 7, is calculated from the
particle trajectories as

nl nl

Ty = 21: MiUpi| — Z; mMiUpit (5)
= i=

where n| and n] show the particle number per unit area in
unit time (the vertical number flux density of particles) on
moving upward and downward, respectively. up;t and ;)
are the horizontal speed of the ith particle moving upward
and downward, respectively.

Motion of the particles is mainly determined by two
forces: gravitational force and drag force due to the wind
(Nishimura and Hunt, 2000; Gauer, 2001). Assuming the
particle shape is spherical, the equation of motion for a
snow particle is

du
d—tp: _Zp_pFVR(up_u)_ng (6)
where g is the gravitational acceleration, d the particle dia-
meter, and u;, and u are particle and wind velocity, respect-
ively. Cq is the drag coefficient, which is determined
according to Morsi and Alexander (1972). Vi is the relative
velocity between a particle and the wind, defined as

Vi = ’upfu‘

= [y = U) + (w, — w/)’] " ®

Particle trajectories are determined by Equation (6) pro-
vided the initial conditions and the wind field are known. To
provide initial conditions for the particles, aerodynamic en-
trainment and splash processes are considered. The process
of aerodynamic entrainment is modeled based on the excess
shear stress rule, which was first proposed by Anderson and
Halff (1988,1991). In regard to the splash process, experimen-
tally determined splash functions expressing the probability
distributions of the vertical restitution coefficient, horizon-
tal restitution coefficient and ejection number, formulated
by Sugiura and Maeno (2000), are used. Their experiment
was conducted in a cold wind tunnel (—15°C) with natural
compacted snow. The snow particles on the surface were not
sintered. Hence, our model simulations are also restricted
over the loose snow. In addition, functions are obtained at
relatively low wind speed. Since the splash process can be
drastically modified by the strong turbulence at higher
wind speeds (Nishimura and Hunt, 2000), Sugiura and
Maeno’s splash functions would be applicable only at mod-
erate wind (say 5-10 ms ' at height 1 m). The particle diam-
eters at the lower boundary were given with a gamma
random number distribution, according to the previous
observations (e.g. Budd, 1966).

Tables 1 and 2 show the list of the model parameters and
the initial and lower boundary conditions for the wind field,
respectively. In Table 1, the threshold friction velocity of
drifting snow 4. and the roughness length over the snow
surface 2y are determined by a wind-tunnel experiment
(Nemoto and Nishimura, 2001). In the simulation, we use
two time-steps, 10 ?s and 10 *s; the latter is for the grain
trajectory calculation and is two orders of magnitude smal-
ler than the former for wind calculation, in order to ade-
quately resolve each grain trajectory. The vertical
dimension is discretized into slices, and within each slice
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Table 1. List of the model parameters

Parameter Value

Bed arca (m?) 1x0.01
Vertical depth (m) 20
Vertical grid numbers 23

Size range (um) 20-620
Mean grain-size (pm) 200

Size distribution bin 31
Standard deviation of w': o 1.3u,
Time-step (s) 0.01 (wind)

Threshold friction velocity t,; (ms )
Roughness length 2y (m)

0.0001 (particles)
0.21
3x 107

0.4

0.35

Friction velocity (m s

0.3

0.0002

0.0001

Nemoto and others: Time development of drifting snow

Note: *u,¢ and 2g are determined by a wind-tunnel equipment (Nemeto and
Nishimura, 2001).

Table 2. Initial and lower boundary conditions for the wind
Sield

Initial wind profile
Lower boundary conditions

Logarithmic
Wind speed at zyp = 0

the wind speed is calculated by the balance of the body force
due to the grains and the wind shear stress (McEwan and
Willetts, 1991, 1993). Detailed descriptions of the model and
calculation procedures have been provided in Nemoto
(2002) and will be published separately.

RESULTS

Overall features of time evolution

First, calculation was conducted for an initial friction
velocity . of 0.32ms . This corresponds to a wind speed
of 87 ms "at height I m, which is almost the same as Takeu-
chis (1980) field observation, making intercomparison eas-
ier. Figure 2 shows the time evolution of the total mass flux
over 10 s from the onset of drifting snow. During the first few
seconds, the total flux ) increases rapidly, then it reaches a
steady state (dQ/dt ~ 0), slightly decaying. These features
were found in the wind-tunnel experiment of sand saltation
by Butterfield (1991) and were also obtained by self-regula-
tory saltation models (Anderson and Haff, 1991; McEwan
and Willetts, 1991, 1993).

Total mass flux (kg m

Time (s)

Fug. 2. Time evolution of the total mass flux. The initial fric-

tion velocity was 0.32m s .
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Fig. 3. Time evolution of the friction velocity (a), roughness
length (b) and the grain-borne shear stress (¢ ). The initial
Sriction velocily was 0.52m s .

Figure 3 shows the changes in friction velocity, the effect-
ive roughness length and the grain-borne shear stress over
time. The friction velocity and the effective roughness
length were calculated by assuming a logarithmic relation
for the wind profile above the saltation layer (~5cm). As
the total flux increased, the friction velocity and the effect-
ive roughness length also increased, reaching a steady state
after around 5 s. The increase in the friction velocity and the
effective roughness length corresponds to a change in the
wind structure. This is caused by the momentum exchange
between the grains and the wind near the surface, and can
also be recognized from the change in the wind profile
above the saltation layer. The grain-borne shear stress also
increases during the first seconds and then reaches a steady
state. Its trend is similar to the change in the total flux in
Figure 2.

Time evolution of mass-flux profile

Figure 4 shows the time evolution of the horizontal mass
flux. At t = 0.6s, the mass flux extends only from the sur-
face to the height of 2 = 0.1 m. The mass flux shows an in-
crease over time. For ¢ > 1.5s, the mass flux below
z=0.1m does not change much. This means that the
mass-flux profile near the surface has reached a steady state,
which is consistent with the results of the steady-state salta-
tion model of sand (Anderson and Haff, 1991; McEwan and
Willetts, 1991, 1993). In contrast, the mass flux above
z = 0.1 m shows a gradual increase during the calculation.
It appears that at a height of several meters, it takes 50 s for
the mass flux to converge into a steady profile; drifting-snow
particles reached a height of 10m. The shape of the
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few seconds, after which it decreases gradually to a satur-
ation value. However, at z >1m, the increase in mass flux
is much slower. At z = 1.25m, a noticeable mass flux was
observed after around 5 s, and it reached a steady state after
approximately 30s. The time to attain steady mass flux is
much longer, at z = 5m (approximately 55s as shown in
Fig. 5). These results indicate that it takes about 50's for the
flux profile of both the saltation and the suspension layer to
reach a steady state in our case.

It should also be noted that the mass flux at z = 0.16 m
shows a strongly skewed variation compared to other levels
(Fig. 5). Nemoto (2002) revealed that the particle transport
mode changes from saltation to suspension around height
0.Im, which is also implied by the change in mass-flux
profile in Figure 4. Above 0.l m, small particles <100 pm
in diameter are dominant, and the mass flux is several or-
ders of magnitude smaller than it is near the surface. The
height around 0.1m (0.16 m in Fig. 5) corresponds to the
transition zone, and larger particles 250—300 pm in diam-
eter frequently jump into it. These particles are two orders
of magnitude larger in mass and make a large contribution
to the mass flux there. Thus a number of spikes appear in
Figure 5c.

Figure 6 shows the 0.5s running mean of horizontal
mass flux over 90 s at five heights. It clearly indicates the ver-
tical profile of the time for the mass flux to achieve a steady
state. Although the highest case (z = 11m) still shows a
slight increase even at the end of the calculation (90s), we
can reasonably say Jq(t, z)/0t = 0 is satisfied. In general,
it takes longer to reach equilibrium with increasing height,
but 9q/dt approaches zero at t > 50s.

The time for the mass flux to reach a steady state de-
pends on the wind speed. Figure 7a and b show the time
evolution of the horizontal mass flux with initial friction
velocities of u, = 0.23 and 0.39 ms ', respectively. In the
former case, the mass flux achieves equilibrium within 10,
while 50-60s are needed in the latter case. At
Uy = 0.23ms |, the wind strength is near the threshold
and the suspension layer does not develop much. Thus 10 s
is enough to reach equilibrium. On the contrary, at
Usg = 0.39m571, suspension due to the turbulent diffusion
1s significant and the equilibrium time becomes 60 s, which

1s around 10 s longer than the time at u,; = 0.32ms !

Time evolution of wind speed

Figure 8 shows the time evolution of the wind profile. A
characteristic modification for aeolian sediment transport
processes is clearly shown: increase in effective roughness
length, leading to an increase in friction velocity (Owen,
1964). Figure 9 shows the time evolution of the wind speed
over 60s at four different heights. The wind speed below
0.2 m decreases immediately after the onset of drifting snow.
This decrease is caused by the momentum exchange
between the drifting-snow particles and the wind. In Figure
5, the mass flux near the surface shows an overshooting feature
(rapid increase to a maximum value before a decrease to a
steady mass flux). The overshoot phenomenon can be ex-
plained as follows. In the early stage, drifting snow develops
rapidly by the increase of entrained and splashed grains. As
the number of drifting-snow particles increases, part of the
momentum of the wind is transferred to the particles, lead-
ing to a deceleration of the wind near the surface. This re-
duces the ejection rate of grains at the surface, and less
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Fig. 8 Time evolution of the wind profile. The initial friction
velocity was 0.32ms .

momentum is transferred from the wind to the particles.
This feedback mechanism leads finally to a steady state of
the mass flux and the wind speed.

At a higher position, the change in wind speed is slow
and small, as it takes time for the wind profile to adapt to
the change in the apparent roughness length. In our case, it
takes approximately 50s to reach a steady wind profile,
about as long as it takes for the mass flux at z > 1m (Fig.
5) However, the change in the wind speed is small for
heights above 1m, in particular for the wind at z = 5m,
where the mass flux is about four orders of magnitude smal-
ler than it 1s near the surface.

Figure 10 a and b show the time evolution of the wind
profile for different initial friction velocities. When u,; is
023ms ', the wind-profile modification is fairly small,
because the wind speed is near the threshold (0.21ms
Table 1) and the particle concentration is rather small. The
wind modification is more significant in Figure 10b than it is
att,; = 0.32ms ! (Fig. 8), but the time needed for the wind
profile to reach a steady state is approximately the same in
both cases (50s).

DISCUSSION AND CONCLUSIONS

In this study, we have shown results of time-series data
obtained by a new numerical model of drifting snow. The
basic concept of the model is the same as that of the self-reg-
ulating saltation model for sand (Anderson and Halff, 1988,
1991; McEwan and Willetts, 1991, 1993). In addition, the
effect of vertical turbulent wind on the particle trajectories
is incorporated. Hence, the model can represent the mass-
flux development within both the saltation layer and the
suspension layer.

In the cases examined (u,; = 0.32 and 0.39 ms "), the
time it takes for the total mass flux to reach a steady state
appears to be 3-5s. Vertical profiles of horizontal mass flux
near the surface (i.e. in the saltation layer) show a similar
tendency. In contrast, for the wind structure and the whole
mass-flux profile, it takes >50s to reach a steady state. This
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Fig. 9. Time evolution of the wind speed at four heights: (a)
am; (b) 1.25m; (¢) 0.16m; and (d) 0.04 m. The initial
Sriction velocity was 0.32m s,

longer duration is due to the relatively long time needed to
reach the final mass-flux profile, which extends to an order
of a few meters high due to turbulent diffusion. In the sur-
face layer, the eddy diffusivity coefficient Ky, can be ex-
pressed in terms of friction velocity and height above the
surface as Ky, = ku,z. From this relation, we define a diffu-
sion time-scale T'(s) as

2’2 z

= 8)

Ky RUx

T

If we consider the case u, = 0.32ms 1, the thickness of the
drifting-snow layer zis approximately 10 m as shown in Fig-
ure 4. Therefore, from Equation (8), we obtain T ~ 78s,
which is of the same order as the calculated time. This con-
sistency indicates that the turbulence has a significant effect
on the dispersion and development of drifting snow.

Although the horizontal mass flux near the surface
reaches saturation in the early stages of drifting snow, hori-
zontal mass flux at z > 1 m continues to increase at this stage
and takes much longer to reach saturation. This result seems
to contradict the fact that the total mass flux attains a steady
state in a relatively short time. However, as shown in Figure
4, the mass flux in the suspension layer is more than three
orders of magnitude smaller than the mass flux near the sur-
face. Thus, no change is observed in the mass flux near the
surface.

Time-series data of the wind speeds at u, = 0.32ms
(Fig. 9) show that the wind structure also changes noticeably
during approximately 50s, particularly at high positions.
McEwan and Willetts (1993) reported that in their simula-
tions it took >40s for the boundary layer to respond to the
development of sand saltation at u,; = 0.32ms . They con-

1

sidered that the increase in effective roughness, accompan-
ied by the sand saltation, gave rise to the change in the wind
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Fig. 10. Tume evolution of the wind profile. The initial friction
velocity was 0.23m s "(a):039ms ' (b).

structure at the surface and propagated upwards from there.
Our results for the response time of the wind structure
(~50s) are similar to theirs, although the transition from
saltation to suspension is included in our model. In the sus-
pension layer, the momentum exchange between grains and
the wind is small because the particle number flux is much
smaller than it is in the saltation layer, and the particles
have small mass (i.e. small diameter) and the relative
velocity 1s small. The effect of particle inertia is presumably
negligible in the suspension layer. Therefore, we can con-
clude that the wind modification obtained in our model is
mainly induced by the saltating particles near the surface,
which have large diameter and more inertia.

In this study, the time taken for the saltation and suspen-
sion layer of drifting and blowing snow to reach a steady
state is found to be several tens of seconds, when the initial
friction velocity u, = 0.32 and 0.39ms . However, some
numerical models based on continuous theory (Déry and
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Table 3. Observed distance for saltation layer to reach equilibrium

Source Length Experiment Grain type
m

Kobayashi (1972) 30-60 Field Snow

Kosugi and others (1992) ~1 Wind-tunnel Snow

Shao and Raupach (1992) 15 Wind-tunnel Sand

Naaim-Bouvet and Naaim (1998) 2 Wind-tunnel Snow

others, 1998; Mann, 1998; Bintanja, 2000; Xiao and Taylor,
2002) suggest a much longer time is needed, such as several
tens of minutes (Xiao and others, 2000). The discrepancy
can be explained as follows. Our model incorporates the
effect of turbulence on the motion of drifting-snow particles
and describes both saltation and suspension processes. Thus
the wind-speed modification (reduction) due to the mo-
mentum exchange between grains and the wind near the
bed is also taken into account. It is important because it
causes a sudden decrease in the wind near the surface (Fig.
9) and leads to the reduction of the ejection rate on the bed.
On the other hand, much attention has been paid to suspen-
sion in other models; the saltation layer was given as a lower
boundary condition. The wind modification above the
saltation layer can be slower than it is in the saltation layer,
which leads to a slow evolution of the system. The grain/bed
collision process (splash function), which is omitted from
other models, may affect the time-scale. It is also possible
that the thermodynamic effect, which is not considered in
our model (e.g. sublimation of the drifting-snow particles),
lengthens the time required to achieve a steady state. As a
next step, we will include the thermodynamics in our model
to see how it affects the time-scale concerned.

The spatial scale of the development of the saltation and
suspension layer has remained a controversial issue because
there are few examples of observation; Takeuchr’s (1980) field
observation may be the only one. The model used in this
study calculates the time development of vertical distribu-
tion of the mass flux and the wind; fundamentally, it is a
one-dimensional model. Although the approach is physi-
cally more sound than that of other models, it 1s difficult to
apply a vast multidimensional area of calculation with this
type of model because the number of particles in the calcu-
lation is limited, as already mentioned. However, despite
this restriction, applying Taylor’s frozen turbulence approx-
imation we can indirectly estimate the spatial scale of drift-
ing-snow development. Considering a homogeneous field in
a uniform mean wind, spatial changes in a turbulence vari-
able and its temporal changes at a fixed point can be related
to each other as 9/0t = —UJ/ Oz, where U is the mean wind
velocity. The time development of the horizontal mass-flux
profile is shown in Figure 4. Applying Taylor’s hypothesis,
we can closely relate the time development to the spatial de-
velopment of the horizontal mass-flux profile in the mean
wind direction. Given that the mean wind speed at Im
height was approximately 8 ms ', the profiles in Figure 4
(t =06, 1.5, 2.5,10, 30 and 50's) can be considered to corres-
pond to z = 4.8,12.0, 20.0, 80.0, 240.0 and 400 m, respective-
ly. Thus, we can reasonably say that the streamwise distance
reaching the drifting-snow steady state is approximately
400 m. Takeuchi (1980) observed the horizontal distribution
of the total mass flux in drifting snow. His observation
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indicated that the total mass flux increased rapidly from
the onset to 100200 m, and reached a steady state after
around 200—400m for a wind speed at Im height of 7—
8ms " The estimated length scale from Taylor’s hypothesis
shows good agreement. The length scale obviously depends
on the wind speed. In fact, several observations have
showed that drifting snow achieves a steady state within a
shorter length scale when saltation is dominant (Table 3).
This feature is successfully reproduced by our model. How-
ever, for the larger wind (say u, >1ms "), much improve-
ment of the model will be necessary. In particular, the
splash process, which can be a function not only of the fric-
tion velocity but also of the temperature and snow proper-
ties, 1s important for the development of drifting snow (see
Naaim-Bouvet and Naaim, 1998). More investigation and
model improvement will increase our understanding of the
drifting- and blowing-snow process and will make it possi-
ble to estimate the transport rate under different conditions.

In this study, the horizontal wind U changes in time but
is assumed to be uniform within a small domain. In reality,
however, drifting snow develops in the mean wind direction,
and the horizontal advection term (9/0x) would not be
zero; U is a function of both time and space. Shao and Li
(1999) reported a two-dimensional saltation model for sand.
Their results indicate U(x) decreases with « from the start-
ing point of saltation, and as far as the saltation layer is con-
cerned, equilibrium saltation is achieved at a distance
around 15 m, which corresponds to ¢ < 1s. The reduction
of U in the mean wind direction would shorten the equilib-
rium time. The extension of our model to two dimensions is
the logical next step to investigate precisely the time and
length scale of drifting snow.
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