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Numerical study of the time development of drifting snow
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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
is 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. Aerodynamic 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 s. Vertical profiles of horizontal mass flux near the surface show a similar tendency. In contrast, it takes >50 s 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 estimated length scale at which drifting snow reaches equilibrium is around 400 m. This
result is 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 suspension 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 numerical 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; Sundsb
and Hansen,1997; Taylor and others, 2002). This method enables us to discuss both the saltation and the suspension process. Aerodynamic entrainment, grain/bed collision (splash
process), wind modification, and particle size distribution,
according to the self-regulatory saltation model of sand
(Anderson and Haff,1988,1991; McEwan and Willetts,1991,
1993), are also taken into account. The calculated time-scale
results will be discussed in conjunction with the development of a spatial length scale of drifting snow, and will be
compared with results reported in other studies on the spatial development of drifting snow.

dependent. It calculates each particle trajectory under a
steady wind with turbulent fluctuation over a flat, uniform
snow surface. Although this approach requires large computational 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-processes (aerodynamic entrainment, the trajectory of the
grains, splash process and the wind velocity modification)
which are essential for aeolian sediment transport.
Particle trajectories are calculated within a small domain 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

NUMERICAL MODEL
The model used in this study is one-dimensional and time-
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Fig. 1. Schematic diagram of the calculation configuration. A
periodic boundary condition was applied for the trajectory calculation (dashed line).
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entrained grains is calculated at each time-step.When a particle 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 consideration; 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 distribution of the streamwise mass flux. The wind modification
owing to the momentum exchange between the grains and
the wind is 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 ¼ ðU; w0 Þ,
where U is the mean wind speed and w0 the vertical wind
fluctuation. The mean wind field follows the Reynolds-averaged Navier^Stokes equation for a steady state (@=@t ¼ 0)
and horizontal homogeneity (@=@x ¼ 0). Using Prandtl’s
mixing length theory, we obtain the horizontal momentum
equation for air
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where f is the density of air, and  the von Ka¤rma¤n constant. The coupling force Fx corresponds to the rate of the
time change of particle momentum as
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where n is the total number of particles per unit volume at
height z; m the particle mass, and ðdup ðzÞ=dtÞ the horizontal acceleration of a particle at height z above the surface.
w0 is determined by the random-flight model (e.g. Wilson and Sawford, 1996). For a fluid parcel i, w0i at time
t þ t is expressed as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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where t is a time increment, w is the standard deviation
of the vertical wind,  is a Gaussian random variable with
zero mean and unit variance and TL is the Lagrangian
time-scale. In the surface layer, TL can be expressed in terms
of friction velocity u and height above the surface z as
TL ¼ 0:4z=u (Wilson and Sawford, 1996). Lagrangian
tracking techniques are suitable for turbulent particle dispersion, and a similar method has been applied to the simulation of blowing- and drifting-snow particles emitted from
a fixed point, by Sato and others (1997), Sundsb and Hansen (1997) and Taylor and others (2002).
In the calculation of particle trajectories, we should
obtain the vertical wind fluctuation w0pi at each particle’s
position, which is strictly different from w0i because of the
particle inertia and gravitational settling (crossing-trajectories effect). Hunt and Nalpanis (1985) modeled the vertical
fluid velocity seen by a solid particle using Equation (3), but
with a Lagrangian time-scale,
( ,"
 2=3  1=3 #)
VR
TL

TL ¼ TL 1
1 þ A1
;
ð4Þ
w
t
where A1 is a constant of Oð1Þ. In this study, we use
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Equation (4) as the Lagrangian time-scale. A1 is set to 0.5
according to Anderson (1987).
The grain-borne shear stress g is calculated from the
particle trajectories as
g ¼

n#
X
i¼1

mi upi# 

n"
X

mi upi" ;

ð5Þ

i¼1

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. upi" and upi#
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
dup
3 f C d
¼
VR ðup  uÞ þ g ;
4 p d
dt

ð6Þ

where g is the gravitational acceleration, d the particle diameter, and up and u are particle and wind velocity, respectively. Cd is the drag coefficient, which is determined
according to Morsi and Alexander (1972). VR is the relative
velocity between a particle and the wind, defined as


V R ¼  up  u
h
i1=2
ð7Þ
¼ ðup  UÞ2 þ ðwp  w0 Þ2
:
Particle trajectories are determined by Equation (6) provided the initial conditions and the wind field are known. To
provide initial conditions for the particles, aerodynamic entrainment 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
Haff (1988,1991). In regard to the splash process, experimentally determined splash functions expressing the probability
distributions of the vertical restitution coefficient, horizontal 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 moderate wind (say 5^10 m s^1 at height 1m). The particle diameters 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 ut and the roughness length over the snow
surface z0 are determined by a wind-tunnel experiment
(Nemoto and Nishimura, 2001). In the simulation, we use
two time-steps, 10^2 s and 10^4 s; the latter is for the grain
trajectory calculation and is two orders of magnitude smaller than the former for wind calculation, in order to adequately 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
Bed area (m2)
Vertical depth (m)
Vertical grid numbers
Size range (m)
Mean grain-size (m)
Size distribution bin
Standard deviation of w0 : w
Time-step (s)
Threshold friction velocity ut (m s^1)
Roughness length z0 (m)

Value
1  0:01
20
23
20^620
200
31
1.3u
0.01 (wind)
0.0001 (particles)
0.21
3 10^5

Note: *ut and z0 are determined by a wind-tunnel equipment (Nemeto and
Nishimura, 2001).

Table 2. Initial and lower boundary conditions for the wind
field
Initial wind profile
Lower boundary conditions

Logarithmic
Wind speed at z0 ¼ 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 ui of 0.32 m s^1. This corresponds to a wind speed
of 8.7 m s^1 at height 1m, which is almost the same as Takeuchi’s (1980) field observation, making intercomparison easier. 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 Q 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-regulatory saltation models (Anderson and Haff, 1991; McEwan
and Willetts,1991,1993).

Fig. 3. Time evolution of the friction velocity (a), roughness
length (b) and the grain-borne shear stress (c). The initial
friction velocity was 0.32 m s^1.
Figure 3 shows the changes in friction velocity, the effective 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 (5 cm). As
the total flux increased, the friction velocity and the effective 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

Fig. 2.Time evolution of the total mass flux.The initial friction velocity was 0.32 m s^1.

Figure 4 shows the time evolution of the horizontal mass
flux. At t ¼ 0:6 s, the mass flux extends only from the surface to the height of z ¼ 0:1 m. The mass flux shows an increase over time. For t > 1:5 s, the mass flux below
z ¼ 0:1 m 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 saltation model of sand (Anderson and Haff,1991; McEwan and
Willetts, 1991, 1993). In contrast, the mass flux above
z ¼ 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 10 m. The shape of the
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Fig. 6. Running mean horizontal mass flux (0.5 s) at five
heights.The initial friction velocity was 0.32 m s^1.

Fig. 4.Time evolution of the horizontal mass-flux profile.The
initial friction velocity was 0.32 m s^1.
calculated vertical profile was compared with the measurements not only in a cold wind tunnel by Nishimura and
others (1998) and Sugiura and others (1998) but also at Mizuho station, Antarctica, and its quantitative accuracy was
verified (e.g. Nemoto, 2002).
Figure 5 shows the time evolution of the horizontal mass
flux over 60 s, at four different heights. Steady state of the
mass flux at each height is defined by @qðt; zÞ=@t ¼ 0, where
q is the mass flux of drifting-snow particles at height z. At
z < 0:2 m, mass flux reaches a maximum value within a

Fig. 5. Time evolution of the horizontal mass flux at four
heights: (a) 5 m; (b) 1.25 m; (c) 0.16 m; and (d) 0.04 m.
The initial friction velocity was 0.32 m s^1.
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Fig. 7.Time evolution of the horizontal mass-flux profile.The
initial friction velocity was 0.23 m s^1 (a); 0.39 m s^1 (b).
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few seconds, after which it decreases gradually to a saturation value. However, at z > 1 m, the increase in mass flux
is much slower. At z ¼ 1:25 m, a noticeable mass flux was
observed after around 5 s, and it reached a steady state after
approximately 30 s. The time to attain steady mass flux is
much longer, at z ¼ 5 m (approximately 55 s 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 ¼ 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
0.1m, which is also implied by the change in mass-flux
profile in Figure 4. Above 0.1m, small particles 5100 m
in diameter are dominant, and the mass flux is several orders 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 m in diameter 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 0.5 s running mean of horizontal
mass flux over 90 s at five heights. It clearly indicates the vertical profile of the time for the mass flux to achieve a steady
state. Although the highest case (z ¼ 11 m) still shows a
slight increase even at the end of the calculation (90 s), we
can reasonably say @qðt; zÞ=@t ¼ 0 is satisfied. In general,
it takes longer to reach equilibrium with increasing height,
but @q=@t approaches zero at t > 50 s.
The time for the mass flux to reach a steady state depends on the wind speed. Figure 7a and b show the time
evolution of the horizontal mass flux with initial friction
velocities of ui ¼ 0:23 and 0.39 m s^1, respectively. In the
former case, the mass flux achieves equilibrium within 10 s,
while 50^60 s are needed in the latter case. At
ui ¼ 0:23 m s^1, 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
ui ¼ 0:39 m s^1, suspension due to the turbulent diffusion
is significant and the equilibrium time becomes 60 s, which
is around 10 s longer than the time at ui ¼ 0:32 m s^1.
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 60 s 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 explained 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, leading to a deceleration of the wind near the surface. This reduces the ejection rate of grains at the surface, and less

Fig. 8.Time evolution of the wind profile.The initial friction
velocity was 0.32 m s^1.
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 50 s to reach a steady wind profile,
about as long as it takes for the mass flux at z > 1 m (Fig.
5.) However, the change in the wind speed is small for
heights above 1m, in particular for the wind at z ¼ 5 m,
where the mass flux is about four orders of magnitude smaller than it is near the surface.
Figure 10 a and b show the time evolution of the wind
profile for different initial friction velocities. When ui is
0.23 m s^1, the wind-profile modification is fairly small,
because the wind speed is near the threshold (0.21m s^1;
Table 1) and the particle concentration is rather small. The
wind modification is more significant in Figure 10b than it is
at ui ¼ 0:32 m s^1 (Fig. 8), but the time needed for the wind
profile to reach a steady state is approximately the same in
both cases (50 s).

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-regulating saltation model for sand (Anderson and Haff, 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 massflux development within both the saltation layer and the
suspension layer.
In the cases examined (ui ¼ 0:32 and 0.39 m s^1), the
time it takes for the total mass flux to reach a steady state
appears to be 3^5 s. 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 >50 s to reach a steady state. This
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Fig. 9.Time evolution of the wind speed at four heights: (a)
5 m; (b) 1.25 m; (c) 0.16 m; and (d) 0.04 m. The initial
friction velocity was 0.32 m s^1.
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 surface layer, the eddy diffusivity coefficient Km can be expressed in terms of friction velocity and height above the
surface as Km ¼ u z. From this relation, we define a diffusion time-scale T ðsÞ as
T 

z2
z
¼
:
Km u

ð8Þ

If we consider the case u ¼ 0:32 m s^1, the thickness of the
drifting-snow layer z is approximately 10 m as shown in Figure 4. Therefore, from Equation (8), we obtain T  78 s,
which is of the same order as the calculated time. This consistency 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, horizontal mass flux at z >1m 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 surface. Thus, no change is observed in the mass flux near the
surface.
Time-series data of the wind speeds at ui ¼ 0:32 m s^1
(Fig. 9) show that the wind structure also changes noticeably
during approximately 50 s, particularly at high positions.
McEwan and Willetts (1993) reported that in their simulations it took >40 s for the boundary layer to respond to the
development of sand saltation at ui ¼ 0:32 m s^1. They considered that the increase in effective roughness, accompanied by the sand saltation, gave rise to the change in the wind
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Fig. 10.Time evolution of the wind profile.The initial friction
velocity was 0.23 m s^1 (a); 0.39 m s^1 (b).
structure at the surface and propagated upwards from there.
Our results for the response time of the wind structure
(50 s) are similar to theirs, although the transition from
saltation to suspension is included in our model. In the suspension 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 is small. The effect of particle inertia is presumably
negligible in the suspension layer. Therefore, we can conclude 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 suspension 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 ¼ 0:32 and 0:39 m s^1. However, some
numerical models based on continuous theory (De¤ry and
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Table 3. Observed distance for saltation layer to reach equilibrium
Source

Length

Experiment

Grain type

m
Kobayashi (1972)
Kosugi and others (1992)
Shao and Raupach (1992)
Naaim-Bouvet and Naaim (1998)

30^60
1
15
2

Field
Wind-tunnel
Wind-tunnel
Wind-tunnel

Snow
Snow
Sand
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 momentum 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 suspension 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; Takeuchi’s (1980) field
observation may be the only one. The model used in this
study calculates the time development of vertical distribution of the mass flux and the wind; fundamentally, it is a
one-dimensional model. Although the approach is physically more sound than that of other models, it is difficult to
apply a vast multidimensional area of calculation with this
type of model because the number of particles in the calculation is limited, as already mentioned. However, despite
this restriction, applying Taylor’s frozen turbulence approximation we can indirectly estimate the spatial scale of drifting-snow development. Considering a homogeneous field in
a uniform mean wind, spatial changes in a turbulence variable and its temporal changes at a fixed point can be related
to each other as @=@t ¼ U@=@x, 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 development of the horizontal mass-flux profile in the mean
wind direction. Given that the mean wind speed at 1m
height was approximately 8 m s^1, the profiles in Figure 4
(t ¼ 0.6, 1.5, 2.5, 10, 30 and 50 s) can be considered to correspond to x ¼ 4.8,12.0, 20.0, 80.0, 240.0 and 400 m, respectively. 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

indicated that the total mass flux increased rapidly from
the onset to 100^200 m, and reached a steady state after
around 200^400 m for a wind speed at 1m height of 7^
8 m s^1. 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. However, for the larger wind (say u >1m s^1), much improvement of the model will be necessary. In particular, the
splash process, which can be a function not only of the friction velocity but also of the temperature and snow properties, is 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 possible 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 (@=@x) 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 UðxÞ decreases with x from the starting point of saltation, and as far as the saltation layer is concerned, equilibrium saltation is achieved at a distance
around 15 m, which corresponds to t < 1 s. The reduction
of U in the mean wind direction would shorten the equilibrium 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.
ACKNOWLEDGEMENTS
The authors gratefully acknowledge helpful discussions
with T. Ohata, N. Maeno, T. Yamada and T. Sone from the
Institute of LowTemperature Science, Hokkaido University.
Thanks are also due to T. Sato of the Nagaoka Institute of
Snow and Ice Studies, Shinjo Branch for valuable comments
and suggestions. We also gratefully acknowledge the assistance of I. K. McEwan of the University of Aberdeen, Scotland, with the numerical model.
REFERENCES
Anderson, R. S. 1987. Eolian sediment transport as a stochastic process: the
effects of a fluctuating wind on particle trajectories. J. Geol., 95, 497^512.
Anderson, R. S. and P. K. Haff. 1988. Simulation of eolian saltation. Science,
241, 820^823.
Anderson, R. S. and P. K. Haff. 1991. Wind modification and bed response
during saltation of sand in air. Acta Mech., Supplementum 1, Aeolian
GrainTransport. 1: Mechanics, 21^51.
Bintanja, R. 2000. Snowdrift suspension and atmospheric turbulence. Part
I: Theoretical background and model description. Boundary-Layer Meteorol., 95(3), 343^368.
Budd,W. F. 1966. The drifting of non-uniform snow particles. In Rubin, M. J.,
ed. Studies in Antarctic Meteorology.Washington, DC, American Geophysical
Union, 59^70. (Antarctic Research Series 9.)
Butterfield, G. R. 1991. Grain transport rates in steady and unsteady turbulent airflows. Acta Mech., Supplementum 1, Aeolian Grain Transport. 1:
Mechanics, 97^122.
De¤ry, S. J., P. A.Taylor andJ. Xiao.1998.The thermodynamic effects of sublimating, blowing snow in the atmospheric boundary layer. BoundaryLayer Meteorol., 89(2), 251^283.
Gauer, P. 2001. Numerical modeling of blowing and drifting snow in Alpine
terrain. J. Glaciol., 47(156), 97^110.
Hunt, J. C. R. and P. Nalpanis. 1985. Saltating and suspended particles over

349

Nemoto and others:Time development of drifting snow
flat and sloping surfaces. 1. Modelling concepts. In Barndorff-Nielsen,
O.E., ed. International Workshop on the Physics of Blown Sand. Proceedings.Vol. 1.
Aarhus, University of Aarhus. Institute of Mathematics, 9^35. (Mem. 8).
Kobayashi, D. 1972. Studies of snow transport in low-level drifting snow.
Contrib. Inst. LowTemp. Sci., Ser. A 24.
Kosugi, K., K. Nishimura and N. Maeno.1992. Snow ripples and their contribution to the mass transport in drifting snow. Boundary-Layer Meteorol., 59(1^2), 59^66.
Mann, G.W. 1998. Surface heat and water vapour budgets over Antarctica.
(Ph.D. thesis, University of Leeds.)
McEwan, I. K. and B. B. Willetts. 1991. Numerical model of the saltation
cloud. Acta Mech., Supplementum 1, Aeolian Grain Transport. 1: Mechanics, 53^66.
McEwan, I. K. and B. B.Willetts.1993. Adaptation of the near-surface wind
to the development of sand transport. J. Fluid Mech., 252, 99^115.
Morsi, S. A. and A. J. Alexander. 1972. An investigation of particle trajectories in two-phase flow systems. J. Fluid Mech., 55,193^208.
Naaim-Bouvet, F. and M. Naaim. 1998. Snowdrift modelling in a wind tunnel: vertical and horizontal variation of the snow flux. Ann. Glaciol., 26,
212^216.
Nemoto, M. 2002. Dynamics of drifting snow particles in turbulent boundary-layer. (Ph.D. thesis, Hokkaido University, Graduate School of Environmental Earth Science.)
Nemoto, M. and K. Nishimura. 2001. Direct measurement of shear stress
during snow saltation. Boundary-Layer Meteorol., 100(1),149^170.
Nishimura, K. and J. C. R. Hunt. 2000. Saltation and incipient suspension
above a flat particle bed below a turbulent boundary layer. J. Fluid
Mech., 417, 77^102.
Nishimura, K., K. Sugiura, M. Nemoto and N. Maeno. 1998. Measurements and numerical simulations of snow particle saltation. Ann. Glaciol., 26,184^190.

350

Owen, P. R.1964. Saltation of uniform grains in air. J. Fluid Mech., 20, 225^242.

Sato, T., T. Uematsu and Y. Kaneda. 1997. Application of a random walk
model to blowing snow. In Izumi, M., T. Nakamura and R. L. Sack,
eds. Snow engineering: recent advances, Rotterdam, A. A. Balkema,133^138.
Shao, Y. and A. Li. 1999. Numerical modelling of saltation in the atmospheric surface layer. Boundary-Layer Meteorol., 91(2),199^225.
Shao,Y. and M. R. Raupach.1992.The overshoot and equilibration of saltation. J. Geophys. Res., 97(D18), 20,559^20,564.
Sugiura, K. and N. Maeno. 2000. Wind-tunnel measurements of restitution
coefficients and ejection number of snow particles in drifting snow: determination of splash functions. Boundary-Layer Meteorol., 95(1),123^143.
Sugiura, K., K. Nishimura, N. Maeno andT. Kimura.1998. Measurements
of snow mass flux and transport rate at different particle diameters in
drifting snow. Cold Regions Sci.Technol., 27, 83^89.
Sundsb, P. A., and E.W. M. Hansen. 1997. Modelling and numerical simulation of snow drift around snow fences. In Izumi, M.,T. Nakamura and
R. L. Sack, eds. Snow engineering: recent advances, Rotterdam, A. A. Balkema, 353^359.
Takeuchi, M. 1980. Vertical profile and horizontal increase of drift snow
transport. J. Glaciol., 26(94), 481^492.
Taylor, P. A., P.Y. Li and J. D. Wilson, 2002. Lagrangian simulation of suspended particles in the neutrally stratified surface boundary layer. J.
Geophys. Res., 107(D24), 4762.
Wilson, J. D. and B. L. Sawford, 1996. Review of Lagrangian stochastic
models for trajectories in the turbulent atmosphere. Boundary-Layer Meteorol., 78(3-4),191^210.
Xiao, J. and P. A. Taylor, 2002. On equilibrium profiles of suspended particles. Boundary-Layer Meteorol., 105(3), 471^482.
Xiao, J., R. Bintanja, S. J. De¤ry, G.W. Mann and P. A. Taylor, 2000. An intercomparison among four models of blowing snow. Boundary-Layer Meteorol., 97(1),109^135.

