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Abstract. Drifting snow, a common two-phase flow movement in high and cold areas, 8 

contributes greatly to the mass and energy balance of glacier and ice sheets and 9 

further affects the global climate system. Mid-air collisions occur frequently in 10 

high-concentration snow flows; however, this mechanism is rarely considered in 11 

current models of drifting snow. In this work, a three-dimensional model of drifting 12 

snow with consideration of inter-particle collisions is established; this model enables 13 

the investigation of the role of a mid-air collision mechanism in openly drifting snow. 14 

It is found that the particle collision frequency increases with the particle 15 

concentration and friction velocity, and the blown snow with a mid-air collision effect 16 

produces more realistic transport fluxes since inter-particle collision can enhance the 17 

particle activity under the same condition. However, the snow saltation mass flux 18 

basically shows a cubic dependency with friction velocity, which distinguishes it from 19 

the quadratic dependence of blown sand movement. Moreover, the snow saltation flux 20 

is found to be largely sensitive to the particle size distribution since the suspension 21 

snow may restrain the saltation movement. This research could improve our 22 

understanding of the role of the mid-air collision mechanism in natural drifting snow. 23 
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1  Introduction 24 

As one of the most important indicators of global climate change, snow cover is 25 

widely distributed over high latitude regions (Mann et al., 2000;Gordon and Taylor, 26 

2009;Huang and Shi, 2017). Drifting snow is an important natural phenomenon in 27 

which air flow carries snow particles traveling near the surface, which not only 28 

profoundly changes the mass and energy balance of polar ice sheets (Déry and Yau, 29 

2002;Gallée et al., 2013;Huang et al., 2016) but also may induce various natural 30 

disasters, such as avalanches, landslides and mudslides (Christen et al., 31 

2010;Schweizer et al., 2003;Sovilla et al., 2006). In-depth studies of the laws of snow 32 

particle motion and various influencing factors are essential for understanding this 33 

complex phenomenon.  34 

Numerical simulations have become one of the most effective ways of exploring 35 

the blown snow movement, and plenty of drifting snow models have been established 36 

since the end of last century. Generally, drifting snow models can be divided into 37 

Euler-Euler models (Bintanja, 2000;Déry and Yau, 1999;Lehning et al., 38 

2008;Schneiderbauer and Prokop, 2011;Uematsu et al., 1991;Vionnet et al., 39 

2013;Xiao et al., 2000) and Euler-Lagrange models (Huang et al., 2016;Huang and 40 

Shi, 2017;Huang and Wang, 2015, 2016;Nemoto and Nishimura, 2004;Zhang and 41 

Huang, 2008;Zwaaftink et al., 2014), in which snow particles are treated as one kind 42 

of continuous medium and individual particles, respectively. However, mid-air 43 

collisions, an important mechanism that influences the transportation of snow 44 

particles and the development of drifting snow, are hardly considered by current 45 
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models. The Lagrange tracking model can capture the inter-particle collision process 46 

more explicitly and directly, and thus is more suitable for establishing the mid-air 47 

collision model.  48 

In this work, a trajectory-based mid-air collision model for drifting snow is 49 

established on the basics of a three-dimensional drifting snow model in the turbulent 50 

boundary layer, and the effects of mid-air collision on the snow transportation and 51 

particle motion are mainly explored. This paper is structured as follows: Sect. 2 52 

briefly introduces the model and method, Sect. 3 presents the model validation and 53 

simulation results, Sect. 4 discusses the results in detail, and Sect. 5 presents the 54 

conclusions. 55 

2  Model and method 56 

2.1  Turbulent boundary layer 57 

The wind field is obtained from a large eddy simulation model of the Advanced 58 

Regional Prediction System (ARPS, version 5.3.3) (Xue et al., 2001). Considering the 59 

coupling effect between the snow particles and air flow, the fluid governing equations 60 

can be written as (Dupont et al., 2013;Vinkovic et al., 2006): 61 

     ( ) 0i
i

u
t x
ρ ρ∂ ∂

+ =
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                             (1) 62 
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i j iji
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where ρ  is the air density, t  is time, ix  and iu  are the position coordinate and 64 

instantaneous wind velocity component, respectively, along three directions, 65 
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* ( )p p α ρ′= − ∇ u  includes the pressure perturbation and damping term (α  is the 66 

damping coefficient), ijt  is the sub-grid stress that is modeled by the Lagrangain 67 

dynamic closure model of Meneveau et al. (1996), and iS  is the source term that 68 

comes from the reaction force of the snow particles (Yamamoto et al., 2001): 69 

1

1 
pN

i D
sgrid

S F
Vρ =

= − ∑                         (3) 70 

where gridV  and pN  are the volume and the number of particles in the grid cell, 71 

respectively.  ( )D p r p pF m V f Re T=  is the fluid drag force, where pm  is the mass of 72 

snow particle and rV  represents the relative speed between the snow particle and 73 

wind field, 2 18p p pT dρ ρν=  is the particle relaxation time, and pρ  is the density of the 74 

snow particle. /p p rRe d V ν=  is the particle Reynolds number, where pd  is the particle 75 

diameter and ν  is the kinematic viscosity of air. ( )pf Re  can be expressed as (Clift 76 

et al., 1978): 77 
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                      (4) 78 

2.2  Mid-air collision model 79 

The Lagrange particle tracking method is used to calculate the trajectory of each snow 80 

particle. Considering the fluid drag force and gravity, the governing equation of 81 

particle motion can be read as (Anderson and Haff, 1988;Lopes et al., 2013): 82 

pi
pi

dx
u

dt
=                          (5) 83 

(1 )pi
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F g

dt
ρ
ρ

= + −                       (6) 84 
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where px  and pu  are the position and velocity of snow particle, respectively, and g  85 

is the gravitational acceleration. 86 

During the process of particle motion, the judgment criterion for a mid-air 87 

collision is ( ) / 2A Bl d d< + , in which 2( )Ai Bil x x= −∑  is the center distance of 88 

particle A and B. If particles A and B contact each other within a time step ( t , t t+ ∆ ), 89 

there must exists a root tδ  ( 0 t tδ< < ∆ ) that satisfies the following relation: 90 

2(( ) ( ))
2

A B
Ai Ai Bi Bi

d d x u t x u tδ δ+
= − − −∑                 (7) 91 

in which the smaller root will be used if two roots exist. Thus, the collision time of 92 

particles A and B is t tδ+ . To avoid repetition, there is the limitation condition of 93 

1 1A Bx x< .  94 

To obtain particle information after the collision, the original coordinate system 95 

( X ,Y , Z ) is rotated to a new coordinate system ( rX , rY , rZ ), as shown in Fig. 1, in 96 

which the rX  axis points from the center of particle A to that of B. In this condition, 97 

only the particle velocity component along the rX  axis is changed after the collision. 98 
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Yr

Zr

A
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 99 

Figure 1. Schematic diagram of the rotation of the coordinate system.  100 
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Then, the particle velocity components ( Aciu  and Bciu ) in the new coordinate 101 

system can be calculated by the coordinate transformation algorithm. In addition, the 102 

particle velocity along the rX  axis after the collision in the new coordinate system 103 

can be expressed as: 104 

' 3
1 1 1 1

' 3
1 1 1 1

( )
( )

Ac Ac B Ac Bc

Bc Bc A Ac Bc

u u d u u
u u d u u

γ
γ

 = − −


= + −
                     (8) 105 

where ( )3 3(1 ) A Be d dλ = + +  and 1.40.51 ne v−=  is the recovery coefficient of ice 106 

(Supulver et al., 1995), in which nv  is the normal relative velocity of particle A and 107 

B.  108 

Finally, the new coordinate system is rotated to the original location, and the 109 

particle velocity after the collision piu′  can be obtained. The particle position after the 110 

collision can also be updated through ( )pi pi pi pix x u t u t tδ δ′ ′= − + ∆ − .  111 

2.3  Simulation details 112 

A computational domain of 2 m×1 m×1 m is adopted in this simulation. The grid 113 

number is 100×50×50, and grid stretch technology is used in the vertical direction 114 

(the finest grid scale is 2 mm). The turbulence inflow boundary is used (Lund et al., 115 

1998), and the outlet is an open radiation boundary condition. The periodic boundary 116 

conditions are adopted along the spanwise direction. The inlet flow obeys the 117 

logarithmic wind profile with a boundary layer depth of 0.5 m and a roughness height 118 

of -53.0 10×  m (Nemoto and Nishimura, 2004, 2001).  119 

The aerodynamic entrainment scheme of (Zwaaftink et al., 2014) is used to 120 

induce a drifting snow in the turbulent boundary layer. In addition, the splash function 121 

for snow (Sugiura and Maeno, 2000) is used to describe the grain-bed interaction. 122 
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Furthermore, the fracturing of the snow particle is not considered during particle 123 

collision, and the rotation of the particle is also neglected because the duration time of 124 

inter-particle collision is very short.  125 

3  Results 126 

3.1  Snow transport flux 127 

The inter-particle collision within the drifting snow changes the trajectories of 128 

saltating particles, and further affect the structure and transport flux of the snow flow. 129 

Thus, the established drifting snow model is first verified by comparing the predicted 130 

snow transport flux with the measurements and other models.    131 
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Figure 2. Particle size distribution in the simulation. 133 

The particle size distribution of the snow sample is similar to that adopted by 134 

Nemoto and Nishimura (2004), as shown in Fig. 2, which follows the gamma function 135 

with a mean diameter of 250 mm . This distribution is also basically consistent with 136 

the experimental snow samples of Sugiura et al. (1998). Snow transport fluxes with 137 

and without a mid-air collision mechanism are shown in Fig. 3. From this figure, it 138 
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can be seen that without mid-air collisions, the snow transport flux at various friction 139 

velocities are consistent with the simulation results of Nemoto and Nishimura (2004), 140 

mainly because the same splash function is adopted.  141 
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Figure 3. Snow transport flux versus friction velocity. 143 

However, the snow transport flux is obviously enhanced with inter-particle 144 

collisions than without mid-air collisions, and the snow transport flux with mid-air 145 

collisions is obviously closer to the measurements (Okaze et al., 2012;Sugiura et al., 146 

1998), which indicates that mid-air collisions are not negligible within drifting snow. 147 

At the same time, the enhanced proportion increases with increasing friction velocity. 148 

For example, at approximately the critical friction velocity, the snow transport flux 149 

with and without mid-air collisions is almost equal. However, when the friction 150 

velocity reaches 0.489 ms-1, the enhanced proportion by mid-air collisions is up to 151 

38.97%. The reason could be that frequent collisions between higher and lower 152 

particles in the snow flow, on the one hand, increase the momentum of the impacting 153 

particles, and on the other hand, send the falling particles back to high altitude to 154 
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obtain more energy.  155 

3.2  Collision frequency 156 

The collision frequency under various friction velocities is shown in Fig. 4. It can be 157 

seen that the collision frequency is directly related to the particle concentration. When 158 

the particle concentration is below 1.0e6 m-3, inter-particle collisions rarely occur. 159 

However, with the further increment in the particle concentration, the frequency of the 160 

inter-particle collision event increases rapidly, and one particle may experience over 161 

10 collisions per second when the particle concentration is 81.0 10×  m-3.  162 
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Figure 4. Inter-particle collision frequency versus particle concentration under 164 

various friction velocities (inset: mean particle momentum of saltating snow particle 165 

in drifting snow). 166 

In addition, the collision frequency also increases with the friction velocity at the 167 

same particle concentration. The reason could be that particles are more active with 168 
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larger friction velocity, and as shown in the inset, the mean particle momentum tends 169 

to increase with friction velocity, which is also consistent with the experimental 170 

measurements (Nishimura et al., 2015;Nishimura and Hunt, 2000). 171 

From the above analysis, drifting snow generally exists at a critical height, i.e., 172 

mid-air collisions frequently occur below this height, while there are few collision 173 

events above this height. As shown in Fig. 5, the critical height ch  basically 174 

increases linearly with the friction velocity when the critical particle concentration of 175 

1.0e6 m-3 is adopted, and the function of *1.42 20.8ch u= +  properly describes the 176 

tendency. 177 
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Figure 5. Critical height for the mid-air collision in drifting snow. 179 

4  Discussions 180 

In steady-state drifting snow, part of the downward horizontal momentum flux in the 181 

saltation layer is carried by saltating snow particles, and thus the total downward 182 

momentum flux τ equals the sum of the horizontal momentum fluxes due to particles 183 
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pt  and the fluid ft , that is, p ft t t= +  (Kok et al., 2012;Raupach, 1991). The 184 

residual fluid shear stress ft , also called the impact threshold, represents the 185 

threshold of the fluid shear stress that retains the particle splash process and is 186 

commonly treated as a constant in the steady-state saltation (Bagnold, 1941;Owen, 187 

1964).  188 

However, several recent physically based numerical saltation models indicate 189 

that ft  in fact decreases with the friction velocity mainly because the larger wind 190 

speed higher in the saltation layer should be compensated by a decrease in the wind 191 

speed lower in the saltation layer (Kok et al., 2012). This is also true for drifting snow, 192 

as shown in Fig. 6(a). In this simulation, coarse snow particles are adopted since pure 193 

saltation with least suspended snow is wanted, the particle size distribution is shown 194 

in Fig. 6(b). It can be seen that the particle size is larger than 100 mm because the 195 

diameter of the suspension snow is basically smaller than 100 mm (Gordon and Taylor, 196 

2009;Huang and Wang, 2015;Nemoto and Nishimura, 2004;Nishimura and Hunt, 197 

2000). 198 

0.2 0.3 0.4 0.5 0.6
0.10

0.15

0.20

0.25

0.30

0.35

0.40
 u*f prediction by 

         Nemoto and Nishimura (2004)

 u*t

 u*f with collision
 u*f without collision

 

 

u *
f (

m
s-1

)

Friction velocity u* (ms-1)

(a)

100 200 300 400 500 600
0

2

4

6

8

10

 

 

Pr
ob

ab
ili

ty
 (%

)

Diameter (mm)

(b)

 199 

Figure 6. (a) Variation in the fluid stress versus friction velocity, and (b) particle size 200 

distribution for the pure saltation simulation. 201 
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Additionally, the presence of mid-air collisions further decreases the impact 202 

threshold to a great extent. As shown in Fig. 6(a), under the same friction velocity 203 

condition, the residual fluid shear stress ft  with the mid-air collision effect is 204 

smaller than that without mid-air collisions, mainly because frequent inter-particle 205 

collisions can produce many high energy particles under the actions of momentum 206 

transfer among the particles and thus enhances saltation.  207 

It is known that the saltation mass flux can be derived from the momentum 208 

balance in the saltation layer as (Kok et al., 2012;Sørensen, 2004): 209 

( )2 2
* /*fQ u u L Vρ= − ∆                        (9) 210 

where *fu  is the critical impact friction velocity, L is the mean saltation length, and 211 

V∆  is the mean velocity difference of the impact and lift-off particles. Many 212 

numerical and experimental investigations present the scaling of the saltation mass 213 

flux Q with  (Bagnold, 1941;Clifton et al., 2006;Nishimura and Hunt, 2000;Owen, 214 

1964;Vionnet et al., 2013) by assuming that the particle speeds can be linearly scaled 215 

with the friction velocity *u , and *fu  is commonly approximate with the critical 216 

fluid friction velocity *tu . Whereas the critical impact friction velocity *fu  may be 217 

larger or smaller than the critical fluid friction velocity *tu  as a matter of fact, as 218 

shown in Fig. 6(a). 219 

For wind-blown sand movement, recent studies have proved that the saltation 220 

mass flux actually shows a quadratic dependency with the friction velocity since the 221 

mean particle speed in the saltation layer is independent of the friction velocity 222 

(Durán et al., 2011;Ho et al., 2011;Kok et al., 2012). For drifting snow, however, the 223 

3
*u
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mean particle speed at the near surface is essentially proportional to the friction 224 

velocity (Nishimura and Hunt, 2000;Nishimura et al., 2015) probably due to the 225 

smaller response time of the snow particle, which supports the fact that the snow 226 

saltation flux typically shows a cubic dependency.  227 

Interestingly, Nemoto and Nishimura (2004) reported an increasing tendency of 228 

the fluid stress  with the friction velocity when suspension snow is included, as 229 

shown in Fig. 6(a). This increase may be because suspended snow reduces the wind 230 

speed higher in the air, which in turn need a larger wind speed lower in the saltation 231 

layer to replenish the particle momentum. Thus, the suspension snow may restrain the 232 

saltation movement. The measurements of Nishimura and Hunt (2000) with various 233 

snow grain sizes also support this point. 234 

In this way, the saltation mass flux (or residual fluid stress) of drifting snow 235 

largely depends on the particle size. For pure saltation movement as in above 236 

simulation (e.g., coarse grain size),  decreases with the friction velocity and 237 

results in a larger saltation flux. Whereas for drifting snow with considerable 238 

suspended snow particles,  may increase with friction velocity, and thus reduce 239 

the saltation mass flux. That is, snow samples with different grain sizes may have 240 

different saltation mass fluxes under the same wind condition. The particle borne 241 

stress pt  from the above simulation is approximately 4.5 times that predicted by the 242 

model of Nemoto and Nishimura (2004) when the friction velocity is 0.39 ms-1, and 243 

thus, the snow saltation flux may be considerably different. 244 

Most previous drifting snow models adopted by the mass balance studies of 245 

ft

ft

ft
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glaciers of ice caps consider the saltation and suspension processes independently 246 

(Gallée et al., 2001;Lehning et al., 2008;Vionnet et al., 2013). From above analysis, 247 

this may increase the uncertainty of prediction with varying grain sizes. A coupling 248 

model that includes the interactions between saltation and suspension snows is 249 

necessary to model the drifting snow process more exactly. 250 

5  Conclusions 251 

In this work, a three-dimensional drifting snow model in the turbulent boundary layer 252 

with consideration of a mid-air collision mechanism is established based on tracking 253 

the trajectory of each snow particle; this model enables the exploration of the mid-air 254 

collision mechanism on the drifting snow process exactly.  255 

In the traveling snow flow, mid-air collisions play an important role in enhancing 256 

the snow transport flux. In addition, there exists a critical particle concentration in 257 

which inter-particle collisions rarely occur below this value. However, above the 258 

critical concentration, the collision frequency as well as the role of inter-particle 259 

collisions is found to increase with the friction velocity.  260 

Furthermore, mid-air collisions also enhances the particle activity, and thus 261 

further reduces the residual fluid stress during drifting snow conditions. The snow 262 

saltation flux is also found to be sensitive to particle size distribution of the snow 263 

samples because suspension snow may restrain saltation movement to a great extent, 264 

and the snow saltation flux may vary several times for different particle size 265 

distribution.  266 
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