The role of a mid-air collision in drifting snow
Shuming Jia™?, Zhengshi Wang™?,Shumin Li*?
! State Key Laboratory of Aerodynamics, China Aerodynamic Research and Development
Center, Mianyang Sichuan 621000, China
2 Computational Aerodynamics Institute, China Aerodynamics Research and Development
Center, Mianyang, Sichuan 621000, China

Correspondence: Zhengshi Wang (wangzs@cardc.cn)



mailto:wangzs@cardc.cn

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Abstract. Drifting snow, a common two-phase flow movement in high and cold areas,
contributes greatly to the mass and energy balance of glacier and ice sheets and
further affects the global climate system. Mid-air collisions occur frequently in
high-concentration snow flows; however, this mechanism is rarely considered in
current models of drifting snow. In this work, a three-dimensional model of drifting
snow with consideration of inter-particle collisions is established; this model enables
the investigation of the role of a mid-air collision mechanism in openly drifting snow.
It is found that the particle collision frequency increases with the particle
concentration and friction velocity, and the blown snow with a mid-air collision effect
produces more realistic transport fluxes since inter-particle collision can enhance the
particle velocity under the same condition. However, the snow saltation mass flux
basically shows a cubic dependency with friction velocity, which distinguishes it from
the quadratic dependence of blown sand movement. Moreover, the snow saltation flux
is found to be largely sensitive to the particle size distribution since the suspension
snow may restrain the saltation movement. This research could improve our

understanding of the role of the mid-air collision mechanism in natural drifting snow.
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1 Introduction

As one of the most important indicators of global climate change, snow cover is
widely distributed over high latitude regions (Mann et al., 2000;Gordon and Taylor,
2009;Huang and Shi, 2017). Drifting snow is an important natural phenomenon in
which air flow carries snow particles traveling near the surface, which not only
profoundly changes the mass and energy balance of polar ice sheets (Déry and Yau,
2002;Gallee et al., 2013;Huang et al., 2016) but also may induce various natural
disasters, such as avalanches, landslides and mudslides (Christen et al.,
2010;Schweizer et al., 2003;Sovilla et al., 2006). In-depth studies of the laws of snow
particle motion and various influencing factors are essential for understanding this
complex phenomenon.

Drifting snow in the turbulent boundary layer contains both saltation particles that
jumps towards downwind at the near surface and suspension particles higher in the air.
Inter-particle collision within aeolian snow/sand cloud changes trajectories of
saltating grains, and further affects the structures and transportation features of the
particle flow. Numerous of investigations have shown that mid-air collision effect
plays an non-neglected role in wind-blown sand movement (Carneiro et al.,
2013;Dong et al., 2005;Huang et al., 2007;Li et al., 2013). However, this mechanism
has been rarely investigated in a drifting snow transport with more suspended grains
and smaller particle response time.

Numerical simulations have become one of the most effective ways of exploring

the blown snow movement, and plenty of drifting snow models have been established
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since the end of last century. Generally, drifting snow models can be divided into
Euler-Euler models (Bintanja, 2000;Déry and Yau, 1999;Lehning et al.,
2008;Schneiderbauer and Prokop, 2011;Uematsu et al., 1991;Vionnet et al.,
2013;Xiao et al., 2000) and Euler-Lagrange models (Huang et al., 2016;Huang and
Shi, 2017;Huang and Wang, 2015, 2016;Nemoto and Nishimura, 2004;Zhang and
Huang, 2008;Zwaaftink et al., 2014), in which snow particles are treated as one kind
of continuous medium and individual particles, respectively. However, mid-air
collisions, an important mechanism that influences the transportation of snow
particles and the development of drifting snow, are hardly considered by current
models. The Lagrange tracking model can capture the inter-particle collision process
more explicitly and directly, and thus is more suitable for establishing the mid-air
collision model.

In this work, a trajectory-based mid-air collision model for drifting snow is
established on the basics of a three-dimensional drifting snow model in the turbulent
boundary layer, and the effects of mid-air collision on the snow transportation and
particle motion are mainly explored. This paper is structured as follows: Sect. 2
briefly introduces the model and method, Sect. 3 presents the model validation and
simulation results, Sect. 4 discusses the results in detail, and Sect. 5 presents the
conclusions.

2 Model and method
2.1 Turbulent boundary layer

The wind field is obtained from a large eddy simulation model of the Advanced
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Regional Prediction System (ARPS, version 5.3.3) (Xue et al., 2001). Considering the
coupling effect between the snow particles and air flow, the fluid governing equations
can be written as (Dupont et al., 2013;Vinkovic et al., 2006):

op O

—+—(p;)=0 1
p +8xi (o) (1)
~ Opu.u. 6" Or,
%+ ,DUIU] :_ai_j+ Si (2)
ot OX. % OX;

]

where £ is the air density, t istime, X and u; are the position coordinate and
instantaneous wind velocity component, respectively, along three directions,
p =p' —av(pu) includes the pressure perturbation and damping term (& is the
damping coefficient), z; is the sub-grid stress that is modeled by the Lagrangain
dynamic closure model of Meneveau et al. (1996), and S; is the source term that
comes from the reaction force of the snow particles (Yamamoto et al., 2001):

Np

L SF, 3)

pvgrid s=1

S, =—

where Vyi and N, are the volume and the number of particles in the grid cell,
respectively. Fo =m,V,f(Re,)/T, is the fluid drag force, where m, is the mass of
snow particle and V, represents the relative speed between the snow particle and
wind field, T,=p,d;/18pv is the particle relaxation time and represents the time of
particle speed changing from one steady state to another, and p, is the density of the
snow particle. Re,=d.\V, /v is the particle Reynolds number, where d, is the particle
diameter and v is the kinematic viscosity of air. f(Re,) is a correction factor of

particle drag coefficient and can be expressed as (Clift et al., 1978):
5
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2.2 Mid-air collision model
The Lagrange particle tracking method is used to calculate the trajectory of each snow
particle. Considering the fluid drag force and gravity, the governing equation of

particle motion can be read as (Anderson and Haff, 1988;Lopes et al., 2013):
dx

d—t‘" =Uu, ®)
du.
upl = FDi + gi(l_i) (6)

dt

P

where X, and U, are the position and velocity of snow particle, respectively, Fj
is the drag force component along the i-th direction, and { is the gravitational
acceleration.

During the process of particle motion, the judgment criterion for a mid-air
collision is |<(d,+dg)/2, in which 1=/3(x,-x,)* is the center distance of
particle A and B. If particles A and B contact each other within a time step (t,t+At),

there must exists aroot ot (0 < ot < At) that satisfies the following relation:

d,+dg

7 = 20 (00~ U0) (U 01)° )

in which the smaller root will be used if two roots exist. Thus, the collision time of
particles A and B is t+ot. Since mid-air particles judge collision event in sequence,
each particle only seeks downstream particles to reduce computation.

To obtain particle information after the collision, the original coordinate system

(X,Y,z) is rotated to a new coordinate system ( X,,Y,,Z,), as shown in Fig. 1, in

6
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which the X, axis points from the center of particle A to that of B. In this condition,

only the particle velocity component along the X, axis is changed after the collision.

."* Xr

Figure 1. Schematic diagram of the rotation of the coordinate system.

Then, the particle velocity components (u,,; and ug_) in the new coordinate
system can be calculated by the coordinate transformation algorithm. Since central

collisions without particle rotation do not generate friction force, the particle velocity

along the X, axis after the collision in the new coordinate system can be expressed
as:

' 3

{uAcl =Upy =705 (Upgy —Uggy) 8)

' 3
Uggy = Uggy + 70, (Upgy —Ug)

where y=(1+e)/(df\+d§) and e is the recovery coefficient of ice. According

toHiga et al. (1998), the recovery coefficient of ice typically has a constant value e,

at the quasi-elastic region and a decrement tendency at the inelastic region, which can

be described by a piecewise function:

€ VvV, <V

ge n c

o= v ~log(vn /ve) 9)
€| = v, <V,
VC

. . ~3\01 ~\0.2 05 A .
in which eqe=0.27(1+d ) (1+d) (d,/0.05) " and d=d,/d; , v, is the
7
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normal relative velocity of particle A and B, and v, is the critical impact velocity for
the transition from the quasi-elastic region to the inelastic region, which can be

expressed as:

A

v =V, (L+d°) (1+d)b exp(%][g_g]% T > 229K (10)
where v, =5.72e-4, a=3/4, b=-7/4 and d,=0.03 are parameters, R is the
gas constant and T is the temperature.

Finally, the new coordinate system is rotated to the original location, and the
particle velocity after the collision u;i can be obtained. The particle position after the
collision can also be updated through x; = x; —u 6t +u’, (At-6t).

2.3 Simulation details

A computational domain of 2 mx1 mx1 m is adopted in this simulation. The grid
number is 100x50x50, and grid stretch technology is used in the vertical direction
(the finest grid scale is 2 mm). Under this grid resolution, the subgrid-scale (SGS)
fluctuating velocity of particles has a negligible impact on particle motions, because
the lifetime of SGS eddies is much smaller than the particle response time-scale
(Dupont et al., 2013). The turbulence inflow boundary is used (Lund et al., 1998), and
the outlet is an open radiation boundary condition. The periodic boundary conditions
are adopted along the spanwise direction. The inlet flow obeys the logarithmic wind
profile with a boundary layer depth of H=0.5 m and a roughness height of z,=
3.0x10° m (Nemoto and Nishimura, 2004, 2001). The bottom boundary is a rigid
wall, and the top boundary obeys a stress-free boundary condition.

It is notable that the combined boundary conditions along streamwise are only
8
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used to generate some initial wind fluctuations, and the periodic boundary conditions
are adopted after that. The evolution time equals to 10 times of the large-eddy
turnover time t. (t.=H/u., where u. is the friction velocity) under periodic
boundary conditions. Drifting snow simulation begins after the turbulent boundary
layer is fully developed, and the lateral boundary conditions for snow particles are the
same as the wind field. Here, the friction velocity is obtained from the time and
spatial averaged wind profile of a fully developed turbulent boundary layer without

drifting snow according to the logarithmic law:

Z+1,
z

U(2) =“—,;In( ) (12)

0

where x =0.4 isthe Karman constant.

The aerodynamic entrainment scheme of (Zwaaftink et al., 2014) is used to
induce a drifting snow in the turbulent boundary layer. In addition, the splash function
for snow (Sugiura and Maeno, 2000) is used to describe the grain-bed interaction.
Detailed formula for the aerodynamic entrainment and splash scheme can be seen in
App. 1. Since the splash function is obtained from wind tunnel observations at low
friction velocities, only the results at lower friction velocities (e.g., smaller than 0.5
ms™) are mainly discussed. Furthermore, the fracturing of the snow particle is not
considered during particle collision, and the rotation of the particle is also neglected
because the duration time of inter-particle collision is very short.

3 Results

3.1 Snow transport flux
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The inter-particle collision within the drifting snow changes the trajectories of
saltating particles, and further affect the structure and transport flux of the snow flow.
Thus, the established drifting snow model is first verified by comparing the predicted

snow transport flux with the measurements and other models.
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Figure 2. Particle size distribution in the simulation.

The particle size distribution of the snow sample is similar to that adopted by
Nemoto and Nishimura (2004), as shown in Fig. 2, which follows the gamma function
with a mean diameter of 250 ,m. The gamma function can be written as:

1 a,—1
P(d,)=———d“ "exp(-
BT (a,) "

dp
B,

(12)
where «,=5 and B, =50 are parameters. This distribution is also basically
consistent with the experimental snow samples of Sugiura et al. (1998).

Before calculating the drifting snow process with mid-air collision, the validity of
the collision model is examined firstly. Since the collision model judges collisions
along the continuous particle trajectories within a particle integral time step, thus, the

time resolution of the particle trajectory determines the accuracy of the model. Fig. 3

10
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shows the predicted collision frequency versus particle concentration under various

particle integral time steps  At,,, which is also compared with theoretical results. Here,

collision frequency is defined as the mean collision times per unit time of a particle.

50
| - - Theoretical value p
Simualtions: .
~4F o At=1.0e-6s
' p
Ln/ I = A
> —— Atp—l.Oe-4 S
e 30 o At=1.0e3s
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(] p
= 20t
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Figure 3. Comparison between theoretical collision frequency and simulation results under
various particle integral time steps. The simulation condition is that a certain number of
randomly released particles with uniform grain size moves in an airtight box (0.1 mx0.1
mx0.1 m). The initial velocity is 2.0 ms™ with random directions, and the energy loss during
inter-particle collision is neglected. The mirror reflection conditions without energy loss are
adopted at boundaries. And the predicted collision frequency is the mean value of 10 s
physical time. Besides, the theoretical collision frequency is calculated by the existence
probability of particles in the control volume given by the inset (ﬂdﬁupAtp). Thus, the
theoretical collision frequency equals to 7zd 5upc, where ¢ is the number concentration of
particles.

From Fig. 3, the predicted collision frequency is directly related to the particle
integral time step, and the differences between various particle time steps increase

11
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with particle concentration. A critical value of At =1.0e-4 s is necessary to capture
overall particle collisions. As a matter of fact, this critical value also ensures that most
particle displacement increments are smaller than the mean inter-particle gap (e.g., a
particle concentration of 1.25x10° m™ corresponding a mean inter-particle gap of
1.75x10"® m). However, a larger time step for particle may miss part of collisions,
because the displacement increments of particle are larger than the mean inter-particle
distance. In this simulation, the selected time step ensures that the error between
simulation and theoretical results under extreme condition (maximum particle
concentration and particle velocity) is smaller than 5%.

Snow transport fluxes with and without a mid-air collision mechanism are shown
in Fig. 4. From this figure, it can be seen that without mid-air collisions, the snow
transport flux at various friction velocities are consistent with the simulation results of

Nemoto and Nishimura (2004), mainly because the same splash function is adopted.
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Figure 4. Snow transport flux versus friction velocity.
However, the snow transport flux is obviously enhanced with inter-particle

12
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collisions than without mid-air collisions, and the snow transport flux with mid-air
collisions is obviously closer to the measurements (Okaze et al., 2012;Sugiura et al.,
1998), which indicates that mid-air collisions are not negligible within drifting snow.
At the same time, the enhanced proportion increases with increasing friction velocity.
For example, at approximately the critical friction velocity (the smallest friction
velocity for a drifting snow), the snow transport flux with and without mid-air
collisions is almost equal. However, when the friction velocity reaches 0.489 ms™, the
enhanced proportion by mid-air collisions is up to 38.97%. The reason could be that
frequent collisions between higher and lower particles in the snow flow, on the one
hand, increase the momentum of the impacting particles, and on the other hand, send
the falling particles back to high altitude to obtain more energy. At the same time,
saltating particles reduce the wind at the near surface, however, mid-air collisions
reduce the surface wind speed to a more smaller value, which also implies that the
mass flux is enhanced by mid-air collision effect, detailed discussion can be seen in
Sec. 4.2.

3.2 Collision frequency

The collision frequency under various friction velocities is shown in Fig. 5. Here, the
collision frequency is defined as the collision times per unit time of a saltating particle.
It can be seen that the collision frequency is directly related to the particle
concentration. When the particle concentration is below 1.0e6 m?, inter-particle
collisions rarely occur. However, with the further increment in the particle
concentration, the frequency of the inter-particle collision event increases rapidly, and

13
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one particle may experience over 10 collisions per second when the particle

concentration is 1.0x10° m™,
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Figure 5. Inter-particle collision frequency versus particle concentration under various
friction velocities (inset: mean particle momentum of saltating snow particle in drifting
snow).

In addition, the collision frequency also increases with the friction velocity at the
same particle concentration. The reason could be that the mean particle momentum
increases with friction velocity, and as shown in the inset, the mean particle
momentum tends to increase with friction velocity, which is also consistent with the
experimental measurements (Nishimura et al., 2015;Nishimura and Hunt, 2000).

As a matter of fact, the particle volume fraction of snow cloud reflects the gaps
among solid particles, and determines the collision frequency more directly.
Elghobashi [1994] reported that the inter-particle collision effect is not negligible
when the particle volume fraction exceeds 107-3, which corresponds to a particle

14
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concentration of ~10° m™ in our simulation. For a drifting snow process, only the
near surface transport particle cloud achieves this condition, and our simulation
results also show that the structures of near surface snow cloud are largely reshaped
by mid-air collisions. From Fig. 5, it can be seen that the collision frequency is about
10 per second, which implies that almost each saltation process is affected by mid-air
collisions (the time scale of a saltation process is approximately 0.1s).

From the above analysis, drifting snow generally exists at a critical height, i.e.,
mid-air collisions frequently occur below this height, while there are few collision
events above this height. As shown in Fig. 6, the critical height h, basically
increases linearly with the friction velocity when the critical particle concentration of

1.0e6 m™ is adopted, and the function of h. =1.42+20.8u. properly describes the

tendency.
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Figure 6. Critical height for the mid-air collision in drifting snow.
4 Discussions
4.1 Effect of mid-air collision on the structure of drifting snow
Mid-air collision changes trajectories of saltating grains, and further affects the
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structure of transport snow cloud. Fig. 7 shows snow transport flux profiles with and
without mid-air collisions. Generally, drifting snow models without mid-air collision
always tends to overestimate the mass flux at the near surface, as shown in Fig. 7 and
predictions by Nemoto and Nishimura (2004). However, with the mid-air collision
effect into consideration, it can be seen that the mass flux at the near surface is largely
reduced, while the snow transport flux higher in the air is largely enhanced, and the
modified transport flux profile is closer to the tendency of observations. The main
reason could be that numbers of particles are extruded out from the high concentration

snow cloud at the near surface by frequent mid-air collisions.

0.10 A\ : - <
u,=0.4 ms
| . .
N with collision
0.08 [ "~ _ - =~ -no collision
R .
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000 k... e . DE .OTE..?H?H
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Transport flux (kgm?s™)
Figure 7. Mass flux profiles with and without mid-air collisions.

Since mid-air collisions plays an important role in conveying particles to high
altitude, the enhanced total transport flux under mid-air collision should be mainly
contributed by the increased transport flux higher in the air. This is substantially
accord with the findings of Carneiro et al. (2013). In this way, the particle
concentration profile is also modified by mid-air collisions. As shown in Fig. 8, part

of the near surface particles are transported to higher altitude by inter-particle
16
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collision, and the particle concentration profiles is largely changed by mid-air

collision effect. The inset shows the particle concentration profile at the near surface.
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Figure 8. Profiles of particle number concentration with and without mid-air collisions under
various friction velocities (Solid lines: with mid-air collisions; dashed lines: without
mid-air collisions).

Seen from Fig. 8, the thickness of the drifting snow layer is increased by mid-air
collision effect under the same friction velocity, which is also a positive contribution
to the increment of the total mass flux. Mid-air collisions also increase the particle
concentration higher in the air but reduce that at the near surface, agree well with the

mass flux profiles.
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Figure 9. Profiles of particle mean diameter under various friction velocities.

At the same time, the thickness of the drifting snow layer with atmospheric
turbulence is much larger than that without turbulence, which also increases with
friction velocity. The reason could be that turbulent vortex brings particles to higher in
the air when the local vertical wind speed exceeds the particle’s terminal velocity, and
turbulent intensity also increases with friction velocity. Generally, smaller particles
are easier to be transported to higher altitude, thus, the mean particle diameter
decreases with height, as shown in Fig. 9. However, with mid-air collision effect into
consideration, more larger snow particles are transported to higher in the air, thus, the
mean particle diameter at higher altitude becomes larger. This tendency is closer to
the observations by Nemoto and Nishimura (2005).

4.2 Surface shear stress with and without collision
In steady-state drifting snow, part of the downward horizontal momentum flux in the
saltation layer is carried by saltating snow particles, and thus the total downward

momentum flux t equals the sum of the horizontal momentum fluxes due to particles

r, and the fluid 7, that is, =7, +7, (Kok et al., 2012;Raupach, 1991). The

p
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residual fluid shear stress 7, , also called the impact threshold, represents the
threshold of the fluid shear stress that retains the particle splash process and is
commonly treated as a constant in the steady-state saltation (Bagnold, 1941;0wen,
1964).

However, several recent physically based numerical saltation models and
measurements indicate that z; in fact decreases with the friction velocity mainly
because the larger wind speed higher in the saltation layer should be compensated by
a decrease in the wind speed lower in the saltation layer (Kok et al., 2012;Walter et al.,
2015). This is also true for drifting snow, as shown in Fig. 6(a). In this simulation,
coarse snow particles are adopted since pure saltation with least suspended snow is
wanted, the particle size distribution is shown in Fig. 6(b). It can be seen that the
particle size is larger than 100 um because the diameter of the suspension snow is
basically smaller than 100 um (Gordon and Taylor, 2009;Huang and Wang,

2015;Nemoto and Nishimura, 2004;Nishimura and Hunt, 2000).
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Figure 6. (a) Variation in the fluid stress versus friction velocity, and (b) particle size
distribution for the pure saltation simulation.

Additionally, the presence of mid-air collisions further decreases the impact
19
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threshold to a great extent. As shown in Fig. 6(a), under the same friction velocity
condition, the residual fluid shear stress 7, with the mid-air collision effect is
smaller than that without mid-air collisions, mainly because frequent inter-particle
collisions convey part of particles to higher in the air where the wind speed is larger,
the overall particle energy and thus the saltation is enhanced.

It is known that the saltation mass flux can be derived from the momentum
balance in the saltation layer as(Kok et al., 2012;Sgrensen, 2004):

Q:p(uf—uff)L/AV (13)
where u,, is the critical impact friction velocity, L is the mean saltation length, and
AV is the mean velocity difference of the impact and lift-off particles. Many
numerical and experimental investigations present the scaling of the saltation mass
flux Q with u? (Bagnold, 1941;Clifton et al., 2006;Nishimura and Hunt, 2000;0wen,
1964;Vionnet et al., 2013) by assuming that the particle speeds can be linearly scaled
with the friction velocity u., and U, is commonly approximate with the critical
fluid friction velocity u.,. Whereas the critical impact friction velocity u, may be
larger or smaller than the critical fluid friction velocity u., as a matter of fact, as
shown in Fig. 6(a).

For wind-blown sand movement, recent studies have proved that the saltation
mass flux actually shows a quadratic dependency with the friction velocity since the
mean particle speed in the saltation layer is independent of the friction velocity
(Durén et al., 2011;Ho et al., 2011;Kok et al., 2012). For drifting snow, however, the
mean particle speed at the near surface is essentially proportional to the friction
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velocity (Nishimura and Hunt, 2000;Nishimura et al., 2015) probably due to the
smaller response time of the snow particle, which supports the fact that the snow
saltation flux typically shows a cubic dependency.

Interestingly, Nemoto and Nishimura (2004) reported an increasing tendency of
the fluid stress 7, with the friction velocity when suspension snow is included, as
shown in Fig. 6(a). This increase may be because suspended snow reduces the wind
speed higher in the air, which in turn need a larger wind speed lower in the saltation
layer to replenish the particle momentum. Thus, the suspension snow may restrain the
saltation movement. The measurements of Nishimura and Hunt (2000) with various
snow grain sizes also support this point.

In this way, the saltation mass flux (or residual fluid stress) of drifting snow
largely depends on the particle size. For pure saltation movement as in above
simulation (e.g., coarse grain size), 7, decreases with the friction velocity and
results in a larger saltation flux. Whereas for drifting snow with considerable
suspended snow particles, 7, may increase with friction velocity, and thus reduce
the saltation mass flux. That is, snow samples with different grain sizes may have
different saltation mass fluxes under the same wind condition. The particle borne
stress 7, from the above simulation is approximately 4.5 times that predicted by the
model of Nemoto and Nishimura (2004) when the friction velocity is 0.39 ms™, and
thus, the snow saltation flux may be considerably different.

As a matter of fact, measurements of Sugiura et al. (1998) have shown that the
total mass flux (including saltation and suspension) is rather sensitive to the particle
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size, because the suspension mass flux varies significantly. From this study, the
suspension and saltation snows also influence each other. Most previous drifting snow
models adopted by the mass balance studies of glaciers of ice caps consider the
saltation and suspension processes independently (Gallée et al., 2001;Lehning et al.,
2008;Vionnet et al., 2013). From above analysis, this may increase the uncertainty of
prediction with varying grain sizes. A coupling model that includes the interactions
between saltation and suspension snows is necessary to model the drifting snow
process more exactly.

5 Conclusions

In this work, a three-dimensional drifting snow model in the turbulent boundary layer
with consideration of a mid-air collision mechanism is established based on tracking
the trajectory of each snow particle; this model enables the exploration of the mid-air
collision mechanism on the drifting snow process exactly.

In the traveling snow flow, mid-air collisions play an important role in enhancing
the snow transport flux. The enhanced total transport flux is mainly contributed by the
increased mass flux higher in the air, since mid-air collisions change the structure of
drifting snow layer by reducing the mass flux at the near surface but increasing that
higher in the air. In addition, there exists a critical particle concentration in which
inter-particle collisions rarely occur below this value. However, above the critical
concentration, the collision frequency as well as the role of inter-particle collisions is
found to increase with the friction velocity.

Furthermore, mid-air collisions also enhances the particle velocity by conveying
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more particles to higher in the air, and thus further reduces the residual fluid stress
during drifting snow conditions. The snow saltation flux is also found to be sensitive
to particle size distribution of the snow samples because suspension snow may
restrain saltation movement to a great extent, and the snow saltation flux may vary
several times for different particle size distribution.
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Appendix 1
The aerodynamic entrainment scheme describes the information of fluid entrained
particles from the bed surface. According to , the number of entrained particles per
unit area per unit time can be written as (Anderson and Haff, 1991):

N, =n(r—7,) (A1)
where n=C/(8zd?) (Doorschot and Lehning, 2002) and 7, = Azgd_p (P, —p)

(Clifton et al., 2006), in which C=15 and A=0.2 are constants, and d_ is the

p
mean diameter of snow particles.
The grain-bed interactions are described by the ejecta number, horizental and

vertical restituation coefficients, respectively. The ejecta number n, follows the
binomial distribution (Sugiura and Maeno, 2000):

S.(n)=Cl g™ (1-a)"" (A2)
where g and p are functions of impact velocity v,, and incident angle &, :

in -

" 0.50v°56° _0.18v 0700 (A3)

q=1-0.35v, %9 " (Ad)
At the same time, the horizontal restitution coefficient e, and the vertical

restitution coefficient e, can be described by a normal and gamma distribution,

respectively:

_ 1 . (eh - ,U)z
P(e,) = Taro exp( Ton? ) (A5)
1 a-1 _e_v
P(e,) = 5 T() ey exp( ﬂ) (AB)

where u, o?, o and B areall expressions of v,, and 6, ,as shown in Tab. Al.

in?
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Fresh snow

Parameters Compact snow

1.220% v, >0.84ms™
o 1.22(v,, / 0.84)'"n/089 go47 0.84<v, <1.23ms™
1.22(v,, /0.84)90/08 (v [1,23) 78l 12%) 047 v, >1.23ms™
12.850. " v, >0.84ms™
B 12.85(v, / 0.84)oot/08 g-141 0.84<v, <1.23ms™
12.85(v, / 0.84)790/084 (y_1,23)90=129) g-141 v, >1.23ms™

u 0.480"* v, <1.27ms™

0.48(v, /1.27) 20 0% y 5127 ms™

0.179°% v, <127 ms™ B
0.17(v, /1.27) 8012 9025 o 97 -t (U =019MMST)

0.076,°% v, <0.52ms™
0.07(v, /0.52)7°9=/0% 9-0% y 5 052 ms™

(o2
0.086;™ v, <1.34ms™ )
0.08(v /1.34)flog(vc/1.34) 0% v >1.34ms (u.=0.25ms™)

558 Table R1. Parameters of splash function.
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