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After the passage of a cold front, spring in northern China the outbreak of strong wind is often accompanied by dust emissions. 
Owing to the coherent structure of wind gust, dust particles can effectively overcome the systematic descending air motion and 
penetrate into the middle and upper levels of the atmospheric boundary layer, and then propagate further and diffuse into the 
troposphere where ascending air motion prevails. Here, we consider the coherent structure of wind gust in LS models, and con-
struct a model suitable for the dust entrainment under the dust-storm canopy. With the parameter of gust, we simulate the dust 
entrainment during dust storms, and test that the coherent structures of wind gust make the sand particles to reach the upper of the 
boundary layer. 
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Sand storms and high concentrations of particle matter in 
the atmosphere may have important and sometimes devas-
tating environmental impacts. One of the first researches to 
investigate the transport of sediment by wind was Bagnold 
[1]. His classical perception of the process served as a basis 
for any new developments, and it has been modified and 
sharpened at important points, in recent years. And now, 
there are two ways to simulate the process. One is Euler 
method. It uses two-phase flow model and regards particles 
as passive scalar [2,3]. But if the relaxation time of scalar is 
less than the turbulent flow Lagrangian timescale, which 
leads to the distinction between two speeds obvious such as 
the particle flow near the scalar source, or in the boundary 
layer, this model is not suitable. 

Another is Lagrange method. This method follows every 
particle’s random walk process. This is a Markov process, 
and Brownian motion is one type of this process, which is 
called Wiener type. There are three classical, but actually 
indistinct categories of particle motion determined by the 

diameter of particles (Figure 1). 
Larger (diameter bigger than 500 m) or less exposed 

particles creep along the surface of the bed. They sometimes 
make small hops, and might eventually eject much smaller 
particles, contributing to the splash process. There have 
been few studies of creep and little is known about this type 
of motion. It is clear that the extreme difficulty of direct 
observation of particle movements close to and in the bed is 
the principal cause for this lack of information. 

Aeolian saltation in its simplest manifestation is com-
prised of four linked process: aerodynamic entrainment, 
particle trajectories, particle-bed impacts (the splash prob-
lem) and wind field modification. Trajectories are modified 
parabolas, with initial angles close to 45°, small impacting 
angles, around 10°. The basic concept of such a model was 
developed earlier by Ungar and Haff [5], Werner [6]. An-
derson and Haff [7], McEwan and Willetts [8] developed 
numerical models. Sorensen [9] gave solutions by analytical 
approximations. Recently, researchers continue to study the 
mechanisms of saltation [10,11].  

Dust particles are usually entrained into the air stream by  
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Figure 1  The motion and transport of dust particles [4]. 

the impact of saltating sand particles. Once entrained, dust 
particles enter suspension, and the fine particles are carried 
by turbulent eddies in the air stream and have the potential 
to be transported to great heights and over great distances. 
These particles have random trajectories, strongly influ-
enced by the turbulent fluctuations of the flow. Many ap-
proaches exist for the calculation of dust heavy particle tra-
jectories. The appeal of the random walk method is its di-
rectness, due to which it is relatively free of theoretical ob-
scurity. Perhaps the most common heavy particle random 
walk model is the “eddy interaction model” [12,13]. This 
explicitly resolves particle acceleration, but treats the “driv-
ing” fluid velocity at the location of the particle as constant 
across “patches” of the fluid, and as changing discontinu-
ously from eddy to eddy. So attentions are paid to model the 
stochastic particle velocity itself directly. It is usually by 
means of a Langevin-type equation, which will require to be 
provided the heavy particle velocity variance and the auto-
correlation timescale along the trajectory [14]. Otherwise, 
there are also other methods to simulate the particle trajec-
tory such as by the Ito-type equation [15,16] or by the Monte 
Carlo model [17]. Wilson [18] investigated how well existing 
heavy particle trajectory models perform, relative to obser-
vations, and showed that the Langevin-type model suffices to 
obtain simulations that are about as accurate as we typically 
are accustomed to hope for in atmospheric modeling. 

Wilson and Sawford [16] reviewed the application of 
Lagrangian stochastic (LS) models for the turbulent flow 
motion during passive tracer dispersion in turbulent atmos-
pheric boundary layer flows. The “zeroth-order” LS model 
for motion along a single axis (the vertical), is a random 
walk in position (the drunkard’s walk, or Random Dis-
placement Model (RDM)). In the RDM, iy


 is treated as 

Markovian, that is, correlation of particle velocity from one 
time step to the next is ignored; thus, the problem that the 
model is invalid for travel times short compared to the typi-
cal velocity correlation timescale. This deficiency is reme-
died in the “first-order” LS model, wherein the Markovian 
state variable is (yi,Vi), and the velocity evolves in time. The 

velocity can be solved using the equilibrium turbulent sto-
chastic distribution [19,20], or by turbulent model such as 
large-eddy simulation model to simulate the flow field [21], 
or by a generalized Langevin equation [22,23]. Thomson 
provided a constraint on the model coefficient, to ensure 
that the LS model has the property that, should it hypothet-
ically be applied to the motion of tracer that is (already) 
well mixed in position-velocity space, the tracer would re-
main well mixed. A first-order LS model correctly predicts 
the rate of dispersion even in the near field of a source, 
where travel time is not larger than fluid-Lagrangian time-
scale, in contradistinction to the RDM and to Eulerian mod-
els. Of course, the trajectories are not valid for travel times 
on the order of the acceleration timescale. To treat such 
exceptionally short-range trajectories, or trajectories in low 
Reynolds number turbulence, one may introduce a se-
cond-order LS model [24]. In this case the Markovian state 
variable is (yi,Vi, Ai), where Ai is the acceleration.  

Despite this, the “first-order” LS model for turbulent dis-
persion in multidimensional flows remains problematic. 
This is because the well mixed condition is not sufficient to 
determine uniquely a model for turbulent dispersion in more 
than one dimension. This nonuniqueness is nontrivial since 
different models produce different predictions for the dis-
persion of tracers. Recently it has been shown that the non-
uniqueness can be exploited to construct a model in “opti-
mal” agreement with the measured dispersion of tracers. It 
is therefore demonstrated that such models are not universal, 
i.e. applicable to a wide range of flows without readjust-
ment of model parameters. For example, predictions for 
scalar dispersion in the model plant canopy are obtained 
using the model of Flesch and Wilson [25], and the model 
of Reynolds [26].  

In this paper, we will construct a model for the particles 
scalar dispersion in the dust-storm canopy with strong wind. 
After the passage of a cold front, spring in northern China 
the outbreak of strong wind is often accompanied by dust 
emissions [27]. During the period of strong winds, the soil 
erosion (sand and dust emission) is due to basic descending 
strong winds and fluctuations, and dust entrainment is 
mainly due to the coherent structure of wind gust [28–31]. 
Here, we will consider the coherent structure of wind gust 
in LS models, and construct a model suitable for the dust 
entrainment under the dust-storm canopy. From the analysis 
of the observation data, we got the parameterization of the 
wind gust. Here, we will use our model with the parameter 
of gust to simulate the process of dust entrainment and give a 
theoretical explanation on the dust entrainment by wind gust. 

1  The governing equation for heavy particle 
motion in a turbulent flows 

1.1  Solid particle equation 

The equation governing the motion of a particle in a sta-
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tionary fluid is generally attributed to Basset (1888), Bous-
sinesq (1903) and Oseen (1927). It is called the BBO equa-
tion. Moreover, the BBO equation was derived by assuming 
that the fluid flow near the particle could be split into two 
parts: the fluid flow without the particle and the flow dis-
turbed by the presence of the particle. The forces acting on 
the particle were found by assuming that the disturbance 
flow can be treated as creeping flow and the inertia terms 
neglected. In a typical gas/particle flow, the ratio of the 
density of the fluid  to the density of the particle p is 
small, and the motion of a heavy particle in an air flow is 
governed by the effects of viscous drag and gravity. Be-

cause the particle Reynolds number p
p 1

d
Re




 
u V

, 

here dp is particle diameter, V is the particle velocity, u is 
the fluid velocity, v is the kinematic viscosity, the viscous 
drag was limited to Stokes drag. Empirical relations can be 
used to account for the drag force on the particle, and we 
can write the equation of motion for a heavy particle as: 
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where y is the particle coordinate, p is the particle relaxa-
tion time, assuming Stokes drag applies and is given by 

 
2
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The factor f is the Stokes drag coefficient. p 1Re  , the 

flow is a Stokes flow and f =1. Rep1, f becomes f = 1 + 

0.15Rep
0.687 [32]. 

Still, even in the simplest form of the grain movement 
equation, the biggest difficulty resides in the determination 
of the instantaneous fluid velocity along the particle trajec-
tory u(y(t),t). This is the velocity of the surrounding air at 
each position of the grain; it is the velocity of the fluid 
“seen” by the solid particle. Even though initially both the 
fluid and the solid particle are at the same position, because 
of the grain’s inertia and the effects of gravity the two tra-
jectories will be decorrelated, the velocities will be different 
and a relative velocity will appear. The solid particle will 
not remain within a single air parcel, but rather slips from 
one air parcel to another throughout the trajectory, probably 
moving out of the initial turbulent structure. 

Next, we will estimate the fluid velocity “seen” by the 
solid particle by using a stochastic approach. 

1.2  Equation of fluid particle: the theory of Thomson 

The Lagrangian approach is a natural way of treating dis-
persion problems. Here, we will be interested in the case of 
a model with one particle and one time scale and we will 
consider that particles move independently from each other 

within the flow.  
For large Reynolds numbers, ReL=UL/v (which is the 

case in the atmosphere) and for time intervals greater than 

the Kolmogorov time scale (
1/2

Kt



     
 

) the lagran-

gian autocorrelation timescale of acceleration, T is smaller 
than the lagrangian autocorrelation timescale of velocity, TL, 
as given by Monin and Yaglom [33]: 

 
L L

1
 1
T

T Re

   . (3) 

Therefore, the velocity variations of a particle between 2 
successive instants separated from t are nearly independ-
ent. The velocity at t+t depends only on the velocity u(t) 
and on the acceleration (t), it does not depend on other 
mechanisms acting on the acceleration for times smaller 
than t. With these considerations, the acceleration (t) can 
be modeled as a white noise and the couple of the position 
and velocity of the fluid element, (x,u) by a markovian pro-
cess. It is of importance that the position alone is not a 
markovian process, since the autocorrelation timescale as-
sociated to the turbulent velocity is not negligible. Only the 
couple (x,u) is markovian. 

If we chose randomly a fluid element, from all the fluid 
elements in the ensemble of flows, for Kt   , (x,u) will 

be a Markov process. The evolution of (x,u) can be de-
scribed by the following, stochastic differential equations: 

 
   

 d d ,

 d d d ,, , , ,
i i

i i ij j

x u t

u a t bt t 


   x u x u
 (4) 

where the vector a and the tensor b are functions of x, u and 
t, and d are random increments of a Wiener process with 
independent components. The increments must be Gaussian 
with zero mean and variance dt, and they have the following 
correlation property: 

 d ( )d ( ) ( ) ( )d d .i j ijt t t t          (5) 

If we consider the two-dimensional case of dispersion in 
a non-homogeneous turbulence the position and velocity of 
a fluid element are 

 0 and ( , ) 0

( , )

x U

t

z w z t

 
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 
 

x u x . (6) 

The general form of a two-dimensional differential sto-
chastic equation is: 

 

 d d ,  

 d ( , , )d ( , , )d ,

 d d .

x U t
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z w t


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 (7) 

In two-dimensional homogeneous isotropic turbulence, 
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the stochastic system becomes 
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where  is the ensemble average rate of dissipation of tur-
bulent energy and C0 is the Kolmogorov constant [34], ex-
perimentally estimated to be 2.1, w is the standard devia-
tion of the vertical velocity distribution. 

1.3  Modeling of the dispersion of heavy particles in a 
turbulent boundary layer flow 

Originally, the solid particle and the fluid particle are at the 
same location A in the same turbulent eddy (Figure 2). At 
the next time step t, the fluid particle moves to B and the 
solid particle to C, due to gravity and inertia. The solid par-
ticle is now surrounded by a new fluid particle. A decorrela-
tion occurs at every time step and we will note r the sepa-
ration between the particle and the fluid element which at 
previous time was the driving fluid element. Provided the 
separation between the fluid and the solid particles does not 
exceed the fluid integral length scale L, we could consider 
the driving fluid velocity in C to be correlated with its pre-
vious value. Otherwise, the solid particle has moved into 
another turbulent structure. 

The particles are lifted up in different ways depending on 
the diameter, density ratio, trajectories of the fluid and par-
ticles, kinetic energies and inertia of the particles and the 
fluid. The vortices sweep along the ground, pushing parti-
cles out of the way. In doing so, they create conditions 
where particles may be entrained and lifted up if they are 
light enough. For example, one option is that the particle 
may be simply lifted up with the burst all the way to the 
outer region. Another option is that the particle is tossed 
sideways and/or upward, away from the vortex. Also, a third 
possibility is that the particle is lifted up and comes back 
towards the ground and then lifted up again. In these cases, 
the turbulent structures are the primary entrainment mecha-
nism and that the ejection depends on the characteristics of  

 

Figure 2  The different velocities between the solid particle and the air 
parcel initially surrounded the particle. 

the particles. But according to recent analysis of observation 
data during strong wind period after the passage of cold 
wave in spring in northern China, the soil erosion (sand and 
dust emission) is due to basic descending strong winds and 
fluctuations, and dust entrainment is mainly due to wind 
gust. When considering a strong wind with descending air 
flow over the ground surface, the particles are injected into 
the flow by the turbulent structures and basic flow [27,28]. 
The transport of particles consists of the computations of 
the following equations: (1) Lagrangian equation of the mo-
tion of the solid particle; (2) Stochastic equations for the 
fluid velocity along the fluid particle trajectory; and (3) 
Modified stochastic equations for the fluid velocity along 
the solid particle trajectory. 

2  The effect of wind gust in the sand-dust  
entrainment in the real atmosphere 

In East Asia, especially in northern China and Mongolia, 
the large scale sand blowing and dust-storm weather events 
almost occur in spring and all are accompanied with strong 
wind after the passage of cold front. By analyzing the data 
of atmospheric boundary layer during every such weather, it 
shows that the characteristics of wind gust and other quanti-
ties such as turbulent energy, friction velocity and many 
others can be very well expressed by parameterization for-
mulas [28,29,31]. Here, we use these formulas to give the 
initial and boundary conditions to calculate the sand-dust 
entrainment in the real atmospheric boundary layer. 

Because there are strong wind shears and pulses of wind 
and temperature in the atmospheric boundary during the 
strong wind period, the strong vertical mixes make the strati-
fication of the boundary layer nearly neutral. The air flow is 
approximately considered as the quasi-two dimensional 
incompressible flow. 

The wind profile characteristics and the turbulent char-
acteristics of the flow are get from the observation data 
[28,29,31], they are 
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where 
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controlling factor for the turbulent characteristics, *_120  mtu  

is the turbulent friction velocity at 120 m height, h* is taken 
as the thickness of descending sub layer ( 0)w  in our case 
[31]. 

The following relations for the turbulent characteristics 
of the flow were used: 

Turbulent kinetic energy dissipation: 
2
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The Lagrangian correlation timescale: 
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Co=2.1. 
The time step t=min(p, 0.05TL). The density of particle 

is: p=1500 kg/m3 (dust), p=1700 kg/m3 (dust and sand) 
and p=2650 kg/m3 (sand). The particle source position lies 
in the first 100 m length of the entire ground, and the posi-
tion is Gaussian with mean of 50 m and variance of 50 m, 
and near the groud z=0.002 m. Particles are injected into the 
flow randomly over the entire ground. The injection angle 
and vertical velocity are random variables with Gaussian 
Probability Density Functions. The mean and the standard 
deviation are [27]: 
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where ut*_sur is the turbulence friction velocity near the sur-
face. 

The particles are transported in suspension and they do 
not have enough energy to eject new particles when they 
impact the bed. Therefore no ejection is considered here. 
And when the particles impact the ground, their rebound is 
not considered. In order to test the capabilities of dispersion, 
the trajectories of particles were computed over 5000 m. 
The particles’ diameter are 5, 20 and 40 m, respectively. 

First, we simulated the sand-dust entrainment with hori-
zontal basic flow. In the Figure 3, there are 50 particles in 
each suspension. It is indicated by the theoretical analysis 
that the thickness of sand/dust two phase flows in the 
boundary layer of the air is only about 1.5 m. And very few 
of them can reach 150 m height, i.e. 100 times of the thick-
ness of the two phase sand/dust fluid flow [28,29]. The 
simulation results show that there are 34% dust particles,  

 

Figure 3  Simulation of dust entrainment process without wind gust and 
descending flow. (a) Dust (p=1500 kg/m3, dp=5 m); (b) dust and sand 
(p=1700 kg/m3, dp=20 m); (c) sand (p=2650 kg/m3, dp=40 m). 

48% dust and sand particles and 88% sand particles in the 
1.5 m height layer. The most height where the dust or dust 
and sand particles can reach is about 250 m, and 180 m for 
sand, where is still the lower layer of the atmospheric 
boundary.  

Next, considering a strong wind with descending air flow 
over the ground surface, the particles are injected into the 
flow by the turbulent structures and basic flow [27–29]. 
Then we simulated the sand-dust entrainment with horizon-
tal basic flow and descending basic flow. The horizontal 
wind profile is the same with eq. (9), and the vertical wind 
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profile is 

 5 20.0033 1.34 10 .w z     (13) 

The friction velocity, the standard deviation of vertical 
velocity, the turbulent kinetic energy dissipation and the 
Lagrangian correlation timescale are all same with first 
example. And the particles are also the same. 

In Figure 4, there are 50 particles in each suspension. 
The simulation results show that, in this situation, there are 
92% dust particles, 72% dust and sand particles and 98% 
sand particles in the 1.5 m height layer. The most height 
where the dust particles can reach is about 20 m, only one 
dust/sand particle can reach 50 m height and others are be-
low 30 m, and also one sand particle reach 50 m height, 
others can reach no more than 1 m.  

Third, the wind gust is introduced. For the equivalent 
horizontal amplitude Agh and the equivalent vertical ampli-
tude Agw of the wind gust change with height [31],  
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Figure 4  Simulation of dust entrainment process with descending flow. 
(a) Dust (p=1500 kg/m3, dp=5 m); (b) dust and sand (p=1700 kg/m3, 
dp=20 m), (c) sand (p=2650 kg/m3, dp=40 m). 
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where G is the controlling factor for the gusty wind charac-
teristics whose dimension is energy, *_120  m .tG u S   

The wind gust disturbances (ug,wg) are given as  
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where gh and gw are the initial horizontal and vertical 
phase angle of wind gust, here are zero. Tg is the equivalent 
period of gusty train, 

0.25 0.25
g 0 1e 34.2 56.4eS SgT c c      , 

whose unit is min m/s2. And 1 m/sc   is the downward 

speed of gust wind. 
And Figure 5 is the particle trajectories under the wind 

gust. For the coherent structures of wind gust, the particles  

 

Figure 5  Simulation of dust entrainment process with wind gust. (a) Dust 
(p=1500 kg/m3, dp=5 m); (b) dust and sand (p=1700 kg/m3, dp=20 m); 
(c) sand (p=2650 kg/m3, dp=40 m). 
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can reach the top of the atmospheric boundary layer. But as 
the particle is heavier, the numbers which can entrain into 
higher level are less.  

Figure 6 is the particle trajectories under the real wind 
condition, comparing to Figure 5, the particle trajectories 
look alike. It tests that the parameterizations of wind gust 
are reasonable. And in the model, we need consider the 
wind gust and can use the parameterizations of them to cal-
culate the dust flux. 

Figure 7 is the numbers of different particles reaching  

 

Figure 6  The dust entrainment process with real wind speed. (a) Dust 
(p=1500 kg/m3, dp=5 m); (b) dust and sand (p=1700 kg/m3, dp=20 m); 
(c) sand (p=2650 kg/m3, dp=40 m). 

 

Figure 7  The particle numbers on various heights. 

various heights. From the picture, we can see that expect the 
heaviest particles, about 37%–43% particles can reach the 
200 m height. 

3  Conclusion 

There is often an outbreak of strong winds following the 
passage of a spring cold front in East Asia. The winds burst 
very suddenly, and with gustiness. The wind gust is charac-
terized by a coherent structure. During the strong basic 
winds, there is systematic downward motion at the lower 
levels of the atmospheric boundary layer, the analysis in this 
paper has shown, that during strong winds, the systematic 
strong descending air motion suppresses the sand/dust par-
ticles and they cannot move up into the middle and upper 
levels of the atmospheric boundary layer, instead accumu-
lating in the very low levels near the ground surface. Only 
due to the coherent structure of the wind gust, the sand/dust 
particles have d ≈5–40 m, can entrainment into the middle 
and upper levels of the atmospheric boundary layer and the 
troposphere occur. So, dust particles entrainment is in an 
impulsive form one group after another. This is the typical 
picture of soil erosion and sand/dust emission, as well as 
dust entrainment processes during spring in eastern Asia. 
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