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Abstract Aeolian sand transport near the surface in the field often occurs in the form of sand streamers,
which is very important to understand in‐depth the physics of aeolian transport and accurately predict the
sand transport rate. In this paper, sand streamers were successfully reproduced by combining the
Lagrangian trajectory simulation of particles with large eddy simulation of turbulence. The simulated sand
streamers are hill‐like. Their characteristic scales are extracted by the two‐point correlation of sand
concentration. It is found that sand streamers corresponding to the correlation threshold of Rcpcp ¼ 0:4 are
2.0–4.5 m long and 0.3–0.4 m wide, while 30–100 m long and 1.2–2.4 m wide for Rcpcp ¼ 0:05, which are
substantially consistent with the existing field observation results and increases with particle size.
Conditional averaging method provided an ensemble‐mean visualization of flow structures that are
responsible for the formation of streamers. It is found that sand streamers on a flat and erodible surface
exist in the near‐surface wake area of large/very large scale turbulent motions (LSMs/VLSMs), indicating
that sand streamers are the footprint of LSMs/VLSMs. Moreover, the characteristic scales of sand
streamers will be affected by the splashing process of sand saltation. On a nonerodible surface, sand
streamers trailing from upstream sandy surface become narrow though it can propagate downstream for a
long distance.

1. Introduction

Aeolian sand transport in natural environment usually shows substantial, dynamic, and event‐like patterns,
which are called sand streamers. Also known as sand snakes, ribbons, and saltation pulses (Bauer et al.,
1998), sand streamers are the visual manifestation of transport variability in sand saltation over various time
and space scales. Sand transport is therefore nonuniform even in otherwise uniform surface conditions (Baas
& Sherman, 2005). The propagation of streamers in time and space is often cited as one of the major reasons
for the poor performance of traditional steady sand transport models when compared with empirical field
measurements (Barchyn et al., 2014; Bauer, 2009). Therefore, accurate measurements and quantitative
simulations of sand streamers have been hot topics in the past two decades. Besides, getting the whole pic-
ture of sand streamers, their dynamics and formation mechanisms will contribute significantly to the under-
standing of turbulent transport, as well as the improvement of wind‐blown sand models.

Researches of sand streamers began with field measurements of horizontal transport variability. Gares et al.
(1996) found that meter‐scale transport variability over durations of 600 to 900 s was about ±30%. Then,
Jackson et al. (2006) showed that spatial variation reaching 200% over a 4‐m span can occur even with rela-
tively uniform upwind source characteristics. Baas and Sherman (2006) reported transport variability ran-
ging from 25% over spanwise distance of 0.1 m and period of 120 s to 266% over spanwise distance of 4.0
m and period of 1 s. Recently, Ellis et al. (2012) reported the horizontal variability at meter‐scale of about
50% and the ranges of variation up to about 150%. Since streamers contribute to small‐scale spatiotemporal
transport variability of transport rate (Ellis et al., 2012; Jackson et al., 2006) and therefore influencemass flux
in field measurements, the scale characteristics of streamers (such as length and width scale, lateral spacing,
and timescales) have strongly attracted researchers' attention. Sand traps must be placed within the pathway
of the same propagating streamer and/or collect sand within proper measurement period to obtain approx-
imate and comparable data.

©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RESEARCH ARTICLE
10.1029/2019JD031081

Key Points:
• The large/very large scale turbulent

motions were resolved, and aeolian
sand streamers consistent with field
measurements were retrieved

• LSMs/VLSMs were found to play a
key role in the formation of sand
streamers

• Numerical experiments indicated
that the splashing process of sand
saltation directly influences the
scales of aeolian sand streamers

Correspondence to:
X. J. Zheng,
xjzheng@lzu.edu.cn

Citation:
Wang, P., Feng, S. J., Zheng, X. J., &
Sung, H. J. (2019). The scale
characteristics and formation
mechanism of aeolian sand streamers
based on large eddy simulation. Journal
of Geophysical Research: Atmospheres,

https://doi.org/
10.1029/2019JD031081

Received 3 DEC 2018
Accepted 16 OCT 2019
Accepted article online 26 OCT 2019

WANG ET AL.

124, 11,372–11,388.

Published online 15 NOV 2019

11,372

https://orcid.org/0000-0001-7109-2473
https://orcid.org/0000-0002-6845-2949
http://dx.doi.org/10.1029/2019JD031081
http://dx.doi.org/10.1029/2019JD031081
mailto:xjzheng@lzu.edu.cn
https://doi.org/10.1029/2019JD031081
https://doi.org/10.1029/2019JD031081
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JD031081&domain=pdf&date_stamp=2019-11-15


The first field experiment specially designed to quantify the spatial‐temporal scales of aeolian sand streamers
and their dynamics was conducted in 2001 by Baas and coworkers. Using an instrument array composed of
lateral spaced Safire‐type saltation sensors and hot‐film probes, collocated time‐series of sand transport
intensity and wind velocity at 0.04 m above the sand bed were sampled synchronously. It was found that
the characteristic width of sand streamers was approximately 0.2 m, the average lateral spacing was roughly
1 to 2 m and the timescale (at‐a‐point lifetime) was about 1.0 s (Baas & Sherman, 2005) on top of the large
sand mound where field experiments were carried out. Sherman et al. (2013) tried to characterize streamers
by combining high‐resolution videography with data of saltation sensors. They found that streamers were
center‐to‐center spacing of about 1‐m, length scale of 14–50 m, width scale of 0.4–0.8 m (estimated from
the reported gaps between streamers of ~0.2 m) and timescale (the time streamers shift through a fixed
point) of individual streamer over 50 s. Most recently, Baas and van den Berg (2018) analyzed their field data
measured by large‐scale particle image velocimetry and reported streamer timescale of 0.2–0.4 s and length
scale of 0.8–1.6 m. Except the above studies on horizontal scales, Bauer and Davidson‐Arnott (2014) inves-
tigated time‐varying vertical profile of sandmass flux based on synchronousmeasuring of transport intensity
at several heights above the surface. Space‐time diagram of sand flurry event showed a “ramp‐up” and a
“ramp‐down” phase that respectively lasted a few seconds, a “core” between ramp‐up and ramp‐down that
can last from a few seconds to many tens of seconds. The diagram of sand flurry events also implies that sand
streamers might have analogous ramifications for the particle concentration profile.

There are two explanations for the formation of aeolian sand streamers or event‐scale transport variability as
reviewed in Baas (2008): (1) Spatial differences in surface characteristics (Nickling, 1988), such as microre-
lief, random distribution of grain sizes and moisture content, etc. However, Baas (2003), in a field experi-
ment, demonstrated that the surface controls were important but not necessary conditions because their
influences (suppression or amplification) on transport rate variability were ~ 10–25% maximum. (2) Direct
fluid forcing due to some kind of turbulent structures (Baas & Sherman, 2005; Bauer et al., 1998; Leenders
et al., 2005; Sterk et al., 1998), such as hairpin vortices, large‐scale motions (LSMs, 1–3δ in length, where
δ is the boundary layer thickness), very large scale motions (VLSMs, >3δ; Hunt & Morrison, 2000;
Hutchins &Marusic, 2007; Kim&Adrian, 1999) or other types of burst‐sweep events. Yet, the potential asso-
ciation of sand streamers with quasi‐coherent structures and surface conditions has not so far been rigor-
ously examined by experiments or observations except for rough comparison on spatial and temporal scales.

Numerical simulation is the other strategy to reveal the scale characteristics and formation mechanisms of
sand streamers, with controllable parameters. Combining large eddy simulation (LES) of atmospheric turbu-
lent flow and saltation models for sand particle might be the only affordable approach to investigate sand
streamers in consideration of the sophisticated particle‐particle and particle‐surface collision processes. In
LES of turbulence, the small‐scale motions are modeled while LSMs (“large eddy”) are resolved directly
(Pope, 2001). It is therefore capable of discussing the effect of large‐scale, unsteady turbulent wind on salta-
tion transport as long as the contributing turbulence structures can be solved properly. The first successful
attempts coupling LES with saltation models might be Vinkovic et al. (2006), in which the simulated results
within a simulation domain of 6.0 m (length) × 0.4 m (height) × 1.2 m (width) were validated qualitatively
against wind tunnel experiments. However, they did not investigate the structure of saltation transport.
Similar method was used by Dupont et al. (2013) in modeling intermittent aeolian sand on a flat, erodible
surface. They visualized aeolian sand streamers for the first time within a simulation domain of 20.0 m
(length) × 12 m (height) × 15 m (width) and extracted their characteristic scales (length, width, and lateral
spacing) that are comparable with the observations of Baas and Sherman (2005). Although they also dis-
cussed the correlation between the vertically integrated sand concentration and the streamwise wind velo-
city of various height, turbulent eddies larger than the simulation domain could not be simulated as they
stated so that the inner link between turbulent structures and particles could not be clarified. Meanwhile,
Li et al. (2014) simulated sand saltation within a cuboid of 0.2 m (length) × 0.2 m (height) × 0.05 m (width)
on the basis of LES, DEM (Discrete Element Method), and four‐way coupling method and Groot Zwaaftink
et al. (2014) modeled drifting fresh snow within a computational domain similar to Dupont et al. (2013).
Neither of them focused on streamers. Most importantly, the simulation domains of previous numerical
works were too short to retrieve large/very large turbulent motions and sand streamers of maximum tens
of meters long. Nevertheless, the critical challenge to be faced when trying to enlarge the simulation domain
is the exponential increase of computational grid and particle number.
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To sum up, there is a big divergence in the characteristics of sand streamers from in situ field measurements,
which partly owe to the incomparability of observation scale, surface conditions, measuring, and statistical
methods. For example, the instruments were mounted on 4 cm above sandy mound (δ ~ 2.2 m) in Baas and
Sherman (2005), covering a spanwise distance of 1.4 m, while the measurements conducted by Sherman
et al. (2013) were on a moist, nonerodible surface (δ > 10 m; D. J. Sherman, personal communication,
2018) with upwind sand source and the filming range of the deployed video camera was larger than 4 m
in width and tens of meters in length. Although Baas and van den Berg (2018) also performed their measure-
ments on a sandy surface, the filming range of the video camera they used was just 1.29 m × 1.61 m.
Therefore, one can hardly get the entire scale characteristics of streamers from existing experiments. In
aspects of numerical research, the simulation domains were too small to reproduce the reported maximum
streamer scales. The formation mechanisms of sand streamer associated with boundary‐layer dynamics,
coherent structures, and surface conditions have not been rigorously examined.

In the present work, sand saltation within a simulation domain of about 600.0 m (length) × 12 m (height) ×
75 m (width) were modeled based on LES of turbulent wind and Lagrangian frame of sand particles. The
coupledmodels were performed on a flat surface under various wind velocity and surface conditions, aiming
at clarifying the characteristic scales and formation mechanisms of aeolian sand streamers. We retrieved the
VLSMs and, for the first time, revealed the three‐dimensional configuration of sand streamers. The charac-
teristic scales of sand streamers were extracted and compared with field measurements. On this basis, we
confirmed that sand streamers are the footprint of LSMs/VLSMs and showed that the scales of sand strea-
mers will become smaller when propagating across nonerodible surface. The model framework, parameters,
and flow chart are introduced in section 2, followed by model evaluations in section 3. Streamer scales are
then extracted and qualitatively compared with previous observations in section 4. The formation mechan-
isms of streamers are explored in section 5. Finally, the conclusions and limitations of numerical models
are discussed.

2. Numerical Models

In this section, we will introduce the numerical models. It includes equations and models for LES of wind
field, a Lagrangian particle motion equations that allow to track individual particle trajectory, a brief
description of splashing process, and two‐way interaction between the turbulent wind flow and sand
particle motions.

2.1. Large Eddy Simulation of Turbulent Wind Flow

The governing equations for LES of neutral, incompressible flow in the atmospheric surface layer are the fil-
tered continuity and Navier‐Stokes equations

∂ui
∂t

þ ∂ uiuj
� �
∂xj

¼ −
1
ρ
∂p
∂xi

þ ν
∂2ui
∂xj∂xj

−
∂τij
∂xj

þ Fi (1)

∂ui
∂xi

¼ 0 (2)

where ⋅ð Þdenotes the filtering operation for LES.p is the pressure and t is the time. The (x1, x2, x3) = (x,y,z) are
the streamwise, wall‐normal, and spanwise coordinates, u1;u2;u3ð Þ ¼ u; v;wð Þ are the corresponding velo-
city components. The air density is taken to be ρ = 1.20 kg/m3 and the kinematic viscosity is ν = 1.5 × 10
−5 m2/s.τij≡uiuj−uiuj is the subgrid stress (SGS) tensor that can be expressed as τij−δijτkk=3 ¼ −2νTSij ,
where δij is the kronecker symbol and Sij ¼ ∂ui=∂xj þ ∂uj=∂xi

� �
=2 is the resolved strain‐rate tensor. In

LES, νT is the eddy viscosity given by νT ¼ CSΔð Þ2 S
�� ��; S

�� �� ¼ 2SijSij
� �1=2

. Here CS is a nondimensional para-
meter and Δ = (ΔxΔyΔz)1/3 is the filter width, where Δx,Δy,Δz are the grid spacings in x,y,z directions,
respectively. The term Fi in equation (1) is the body force acting on the fluid by sand particles

Fi ¼ −N ratio⋅
1

ρV cell
∑
Ncell

n¼1
FDijn (3)

where Vcell = ΔxΔyΔz is the volume of fluid computational cell, Ncell is the number of particles in each
cell and FDi|n is the fluid force from the nth particle in i direction. Nratio is the ratio between the real
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number of particles and the representative number of numerically resolved, which will be explained
later.

The simulation domain is set to be Lx × Ly × Lz = 16πδ × δ × 2πδ, where δ = 12 m. Notice that the height is
the same as Dupont et al. (2013) to compare the simulated results. Such a simulation domain is as long as 600
m in practice, several times of the maximum length of aeolian sand streamers reported in previous litera-
tures. Periodic boundary conditions are applied in both streamwise and spanwise directions. At the upper
boundary, a stress‐free condition, ∂u=∂y ¼ ∂w=∂y ¼ v ¼ 0 is applied. Due to the very high Reynolds num-
bers, wall stress model (Moeng, 1984) was deployed to calculate the wall shear stress τxy,τyz, that is

τxy x; z; tð Þ ¼ −
kU y1; tð Þ
ln y1=y0ð Þ
� �2 u x þ Δx; y1; z; tð Þ

U y1; tð Þ τyz x; z; tð Þ ¼ −
kU y1; tð Þ
ln y1=y0ð Þ
� �2 w x þ Δx; y1; z; tð Þ

U y1; tð Þ (4)

where κ = 0.41 is von Kármán constant. The y0 = Dp/30 is the roughness height of the surface and Dp is the
diameter of sand particles. U y1; tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<u y1; tð Þ>2 þ <w y1; tð Þ>2

p
is the ensemble‐averaged horizontal velo-

city at the wall‐normal height of the first off‐wall grid centery1. To account for the passage of inclined coher-
ent structures, surface shear stress should be correlated to instantaneous velocity some distance downstream
of the point where the surface shear stress is computed (Piomelli et al., 1989). In equation (4), Δx = y1cotθ is
downstream distance and θ = 13∘ is the typical inclination of flow structures with respect to the surface
(Piomelli et al., 1989).

The scale‐dependent dynamic SGS model (Bou‐Zeid et al., 2005; Porté‐Agel et al., 2000) that does not rely on
scale‐invariant model coefficient (a basic hypothesis in the traditional dynamic Smagorinsky model;
Germano et al., 1991) was employed to determine CSdynamically, which is different from Dupont et al.
(2013). This model has already been validated in Stevens et al. (2014) and Fang and Porté‐Agel (2015) based
on one‐point statistics and two‐point correlations of resolved velocities. In our simulations, the dynamic
coefficient was averaged in time, following fluid trajectories of the resolved velocity field (Bou‐Zeid
et al., 2005).

2.2. Particle Motion

In the Lagrangian framework, sand particles are presumed to travel only under the act of drag force and
gravity force (Dupont et al., 2013). The general equation for particle motion is

mp
dupi
dt

¼ FDi þmpgδi2 (5)

The particle diameter Dp is set to be 0.2, 0.35, and 0.5 mm. mp ¼ 1=6πρpD
3
p is the mass of particle,

ρp = 2,650kg/m3 is the density of sand particle,g is the gravitational acceleration, andupi denotes the particle
velocity component in i direction. The drag force FDi is given by

FDi ¼ 1
2
ρCd u x!p

� �
− u!p

��������!j ui
!

x!p
� �

− u!ipÞπ Dp

2

	 
2
 ����� (6)

where the drag coefficient is CD ¼ 24=Rep
� �

⋅ 1þ 0:15Re0:687p

� �
according to Clift et al. (1978) and Rep ¼ Dp

u x!p
� �

− u!p

��������!j=ν
��� is the particle Reynolds number. The parameter u

!
is the fluid velocity at the particle position

x!p. In light of the grid resolution given in section 2.3,Dp/Δ~O(10
−3) < < 1, the above point particle model is

applicable.

The particles exiting computational domain through planes normal to downstream and spanwise direction
are reintroduced into simulation domain from correspondent opposite boundary plane with their exiting
velocities. The reflective boundary condition is used on top of the simulation domain. When a saltation par-
ticle reaches the surface bed again due to gravity force, it rebounds and ejects other particles. The so‐called
splash process typically represents the action of a particle when striking the bed. Although several rebound
and splashing models were proposed on account of experiments and/or collision theories (e.g., Anderson &
Haff, 1991; Lämmel et al., 2017; Zheng et al., 2008), the model deployed in our model is almost the same as
Dupont et al. (2013) for comparison. Briefly, the probability that a particle rebounds is approximated by the
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function of Preb = 0.95(1 − exp(−2Vimp)), where Vimp is the impacting velocity. The velocities of rebounding
particle follow a normal distribution with mean of 0.6Vimp and standard deviation of 0.25Vimp. The ejected
particle number in each impact with velocity Vimp isNej ¼ 0:02V imp=

ffiffiffiffiffiffiffiffi
gDp

p
and the velocities of ejected par-

ticles follow an exponential distribution with mean of 0.08Vimp. The rebound and ejection angles follow nor-
mal distribution with different mean values of 30∘, 60∘ and the same standard deviation of 15∘ in vertical
plane along streamwise direction. They both follow a normal distribution with mean of 0o and standard
deviation of 10∘ in vertical plane perpendicular to streamwise direction.

2.3. Numerical Details

First, as the maximum length and height of saltation trajectory are ~O(1.0 m) and ~O(0.1 m; Kok et al., 2012)
and the median length and height are even smaller, the grid resolution of ~O(0.1 m) in streamwise direction
and ~O(0.01 m) in vertical direction are therefore necessary. In our cases, the grid spacing in longitudinal
and transverse direction are Δx ≈ 0.39 m, Δz ≈ 0.21 m, respectively. The vertical grid stretches based on
hyperbolic tangent function to reach Δy,min ≈ 0.015 m at the surface and Δy,max ≈ 0.38 m at the top of
the domain. The total number of grid point is hence Nx × Ny × Nz = 1536 × 65 × 356.

Second, the governing equations of turbulent wind field are integrated in time using the fractional step
method with the implicit velocity decoupling procedure proposed by Kim et al. (2002). On the basis of block
LU decomposition, both the velocity‐pressure decoupling and the additional decoupling of intermediate
velocity components achieve through approximate factorization (Park & Sung, 1995, 2001). The terms are
discretized in time by using Crank–Nicholson method and resolved by using second‐order central difference
scheme in space on staggered mesh. The code was originally programed for direct numerical simulation of
turbulence (Kim et al., 2002) and redeveloped here with SGS model for LES. Equations for particle motion

are then integrated in time by means of four‐order Runge‐Kutta scheme. The fluid velocityu
!

at particle posi-
tion in equation (6) is computed by interpolation of the fluid velocities at the neighboring grid points with
third‐order Lagrange polynomials.

Third, the friction velocities of particle‐free flow are u*,init = 0.4 − 0.7 m/s, giving rise to initial
Reynolds number of Re* = u*,initδ/ν = 3.2~5.6 × 105. Both the turbulence and particle motion are solved
with the time step of ΔtUδ/δ = 0.003 or Δt = 0.001 − 0.002 s, which is small enough to meet the sta-
bility condition of Courant‐Friedrichs‐Lewy condition (Courant et al., 1967) < 1. The theoretical velocity
profiles of laminar flow with random distributions are taken as initial conditions of particle‐free turbu-
lence simulations. After several (>8.0) flow‐through times, meaningful turbulent flow characteristics (the
logarithmic profile of mean streamwise velocity and large‐scale turbulent structures) begin to emerge
inside flow field.

Then, a total of 10,000 particles are randomly released into flow field within the lower 1.0‐m depth layer
above the surface with nonslip velocities at their released positions. From this moment, sand saltation mod-
els are activated and couple with the flow fields through two‐way coupling method (Balachandar & Eaton,
2010). Each simulation runs for 0.2 million time steps, resulting in total simulation time of Tsimu > 600Lx/Uδ.
The calculated results during 0.5 − 1.0Tsimuare sampled to obtain the statistics.

To save computational resources required to explicitly simulate the huge number of particles, each particle
in simulation represents a group of real particles. The ratioNratio(in equation (3)) of the real particle number
to the number of numerically resolved varies from case to case, ranging from 40 to 2,000 and increases with
wind velocity on the premise that the ratios do not remarkably influence the statistics. Actually, it is proved
by numerical experiments that large Nratio will give rise to a little larger streamer. The aerodynamic entrain-
ment of surface particles, proportional to the extra surface shear stress (Anderson & Haff, 1991), is neglected
as Dupont et al. (2013) since we focus on statistically well‐developed saltation. Since the spatial resolution is
coarser than previous researches, especially in horizontal plane, an additional simulation within a simula-
tion domain of Lx × Ly × Lz = 12πδ × δ × 1πδ withNx × Ny × Nz = 2048 × 99 × 356 (Δx ≈ 0.22
m, Δz ≈ 0.106 m) for u*,init = 0.5 m/s and Dp=0.2 mm is therefore performed to roughly examine the grid
convergence. In addition, the original code is paralleled in OpenMP andMPI. All calculations are carried out
on China's Tianhe‐2 supercomputer at China's National Supercomputer Center in Guangzhou.
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3. Model Evaluations

The snapshots of instantaneous spanwise and streamwise velocity component, normalized by u*,init, are
shown in Figure 1a. For the spanwise velocity in the x− y plane, there are distinctive inclined regions of posi-
tive and negative fluctuations, which stretch all the way from the wall to the top of the boundary layer. The
low‐streamwise‐speed regions are elongated in the streamwise direction (x− z plane at y/δ≈ 0.043). The pat-
terns illustrated in Figure 1a are similar to that presented in Kim and Adrian (1999), Hunt and Morrison
(2000), Hutchins and Marusic (2007), Lee and Sung (2011), Hutchins et al. (2012), Fang and Porté‐Agel
(2015), and Jacob and Anderson (2016). Figure 1b shows the spatial correlation coefficient contours of
streamwise velocity fluctuations in x‐y plane. The definition of the correlation coefficient is

Ru0u0 Δx;Δyð Þ ¼ u0 x; y; zð Þu0 x þ Δx; yþ Δy; zð Þ
u02 x; y; zð Þ1=2u02 x þ Δx; yþ Δy; zð Þ1=2

(7)

whereu0 x; yð Þ ¼ u x; yð Þ−u x; yð Þ. For the critical correlation coefficient of Ru ' u' = 0.05, the streamwise length
scale of the detected turbulent structure satisfies |Δx/δ| > 3 in log layer. In addition, the premultiplied power

Figure 1. (a) Instantaneous fluctuations of the spanwise velocity in the x‐y plane and instantaneous streamwise velocity in
x‐z and y‐z planes. (b) Two‐point correlation contours of stream‐wise velocity fluctuations for particle‐free turbulence of
u* = 0.5 m/s at reference height of yref/δ = 0.125. (c) The premultiplied power spectra of streamwise wind velocity at
various heights for u* = 0.5 m/s.
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spectra of streamwise wind velocity at various heights are presented in Figure 1c as a function of the
streamwise wavelength λx. The wavelength corresponding to short wavelength peak indicates the LSMs
with λx of 0.3–3δ. The long wavelength peaks with λx of ~10δ corresponding to VLSMs can also be seen
though the bimodal or plateau distribution is not as clear as that of Fang and Porté‐Agel (2015). These
indicate the existence of VLSMs in the simulated flow field (Balakumar & Adrian, 2007; Hutchins &
Marusic, 2007).

Two typical results obtained from the simulations, streamwise sand transport rate Qtot (=∫
δ
0q yð Þdy, where q

yð Þ ¼ N ratio⋅∑
Ncell
n¼1 mpup
� �

n= ΔyLxLzð Þ, and mean profile of streamwise wind velocity are compared with pre-

vious results available to evaluate the performance of the numerical model in predicting sand saltation.

The velocity profiles of U yð Þ ¼ u yð Þ for Dp= 0.2 mm are shown in Figure 2 as examples, with regard to the
vertical height y. Due to the absorption of wind momentum by saltating particles, the mean wind velocities
within saltation layer are sharply reduced from their corresponding particle‐free cases, which is consistent
with previous experiments and simulations (e.g., Shao & Li, 1999). After reaching the statistical equilibrium
state of wind‐blown sand flow, the saltation roughness length y0s and correspondent saltation friction velo-
city u*,eff of the mean wind field are derived by fitting the profiles of U(y) with logarithmic functions. The
fittedy0s are presented in the inset of Figure 2a as a function of u*,eff, together with the numerical results
of Dupont et al. (2013) for Dp = 0.2 mm. Both simulations display the same trend that y0sincreases with
u*,eff. Sand transport rates from our simulations are larger than those of Dupont et al. (2013) and the wind
tunnel experiments of Bagnold (1937), Kawamura (1951), and Zhou et al. (2002), but agree well with the field
data of Hsu (1971), as shown in Figure 2b. Most importantly, the results from our simulations of dense grid
agree well with those of coarse grid, indicating the grid convergence.

The volume fractions ϕV of sand particles illustrated in Figure 3a indicate that the mean height of saltation
layer (the height below in which 99.5% of the total mass flux is present) is ~0.3–1.0 m (or 0.025–0.083δ),
depending on particle size and wind velocity. Within the saltation layer, ϕV from all simulations are smaller
than 10−3, demonstrating the applicability of two‐way coupling as suggested by Balachandar and Eaton
(2010). As we refine the grid for particle statistics, ϕV will increase to >10−3 within the thin layer of ~2
mm above the surface for the two highest wind velocities. It means that the particle‐particle collisions are
nonignorable (Balachandar & Eaton, 2010) in this region. However, we still reluctantly ignore the
particle‐particle collisions in our simulations due to the huge number of tracked sand particles.

In order to characterize the effects of subgrid turbulence, the subgrid Stokes number (Balachandar & Eaton,

2010) is calculated based on StSGS = τp/τΔ, where τp ¼ ρpD
2
p=18ρν

� �
is the particle relaxation time, τΔ~(Δ

2/ε)
1/3 is the cut‐off timescale, and ε is energy dissipation (calculated by the formula the same as Dupont et al.,

Figure 2. Statistics of sand saltation (a) mean profiles of streamwise wind velocity obtained from simulations of sand‐free and sand‐laden (Dp = 0.2 mm) wind
field, the saltation roughness heights are depicted in the inset. (b) Sand transport rate Qtot as a function of the saltation friction velocity u*,eff, together with sev-
eral experiments and numerical results.

10.1029/2019JD031081Journal of Geophysical Research: Atmospheres

WANG ET AL. 11,378



2013). According to Balachandar and Eaton (2010) andMarchioli (2017), particles are SGS‐noninertial when
StSGS < < 1 and therefore particle SGS model is necessary to accurately compute their trajectories. In the
opposite limit, StSGS > > 1, particles become SGS‐inertial. Figure 3b shows the profiles of calculated
StSGS. In all cases, 0.5 < StSGS < 5 within the lowest 40% of the saltation layer, where more than 90% of
the sand populations transport. Neglecting of SGS turbulence, therefore, will not severely influence the sta-
tistics of sand streamers, especially considering that sand saltation is dominated by gravity and splash pro-
cess. Accordingly, we strictly restrict the following discussions in the range of parameters given above
(suppose that the interphase coupling takes place preferentially in the resolved scale range).

Also, we found through numerical experiments that the wall stress model has negligible impact on transport
rate and streamers (not shown), partly because the friction velocities in our simulations are well above salta-
tion threshold and thus the impact‐splash process, but not the aerodynamic liftoff, dominates the near‐
wall dynamics.

4. The Characteristics of Sand Streamers

Sand streamers are clearly visualized in Figure 4, in which the representative view of instantaneous distribu-

tion of fluctuating particles concentration c′p (= (cp − < cp>)/ < cp>, where cp is the vertically integrated

particles concentration) and fluctuating wind velocity u′ (normalized by u*,init) at y/δ = 0.11 in the area of
0 < x/δ < 25 and 0 < z/δ < 6.28 are presented. The red contour lines are for the spatially filtered concentra-

tion field of c′p and u′+ (= u′/u*,init) with arbitrary filter scale of 0.2δ and corresponds to the value of zero.

Velocity and concentration fluctuations at scales smaller than the filter width are removed by the filter in
order to show the characteristics of very long structures.

We can find from Figure 4a that there are clearly elongated high sand concentration regions that are sur-
rounded by low concentration regions. Various types of streamer patterns discerned by Baas and Sherman
(2005) single streamer, streamer families, and nested streamers/streamer clouds, coexist at the moment.
The high wind speed regions are roughly responsible to high sand concentration regions; see, for example,
in Figure 3a and in Figure 4b.

The characteristic scales of sand streamers can be quantitatively analyzed on the basis of the simulated
results. First of all, note that the definition and extraction method of sand streamers were quite different
in previous studies. For instance, Baas and Sherman (2005) defined outlining streamers with μ+σ (where
μ,σ are the spanwise mean and standard deviation of transport intensity) and streamer clouds with σ < μ/
2, among other criteria. Sherman et al. (2013) extracted the horizontal variability of sand flux from the
images as standard deviation of the pixel brightness intensities without distinguishing individual streamer
from streamer clouds. Dupont et al. (2013) estimated the length and width of sand streamers from the

Figure 3. The profiles of (a) particle volume fraction and (b) Subgrid Stokes number StSGS. Dash‐dotted lines are for Dp = 200 um, dash lines are for Dp = 350 um,
and solid lines are forDp= 500 um. Red, blue, and gray lines indicate the results of u*,init = 0.4, 0.5, and 0.7 m/s, respectively. The scatter lines are for the simulation
results of u*,init = 0.5 m/s and Dp = 200 um with refined grid.
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time‐averaged spatial autocorrelation of cp in horizontal plane and extracted the mean lateral spacing from
the two‐dimensional Fourier transform of cp averaged in time and over longitudinal wavelengths. To avoid
the effect of statistical approach and threshold value on the estimation of streamer scales, we do not
distinguish transport patterns and collectively name the extracted event‐like structures as sand streamers.
The methods used in Dupont et al. (2013) are deployed here in which the correlation coefficient of cp is
calculated by

Rcpcp Δx;Δzð Þ ¼ c′p x; zð Þc′p x þ Δx; z þ Δzð Þ
c′2p x; zð Þ (8)

Figure 5a depicts the contours of Rcpcp for u*,init = 0.5 m/s andDp= 0.2 mm as an example. Apparently, the
correlation threshold will influence the characteristic scales of sand streamers. Figure 5b shows that as the
threshold value increases, the scales will markedly decrease. The compact or core regions corresponding to
Rcpcp ¼ 0:4 are about 2.0–4.5 m long and 0.3–0.4 m wide, which are substantially consistent with those of

Dupont et al. (2013) and the measured results of Baas and Sherman (2005) and Baas and van den Berg
(2018). Nonetheless, one should keep in mind that the length of such a core is comparable to that of a typical
saltating trajectory (Kok et al., 2012).

To discuss the relation between sand streamers and turbulent structures, the length λx and width λz scale of
sand streamers are extracted from the region where Rcpcp ¼ 0:05, the same threshold as that for the length

estimation of VLSMs (Liu et al., 2017). It can be found from Figure 6 that both scales increase with particle
diameter. Sand streamers are about 27–30 m long and ~3.0 m wide for Dp = 0.2 mm, while they are as long
as 30–90 m and as wide as 6.0–12.0 m for Dp = 0.5 mm . The length scales agree with the observations of
Sherman et al. (2013) in the order of magnitude. However, the width scales are much larger than their field
observations due to the difference in surface condition (sandy in our simulations and moisture in field mea-
surements), which will be discussed in section 5.2. Although the characteristic scales increase with particle
diameter and the length scales decrease with wind velocity, the variation of width scale of sand streamer
with wind velocity is Dp‐dependent. For Dp = 0.2 mm, sand streamers become wider as wind velocity
increases, while for the other two diameters, λz first decreases and then increases with u*,eff. Two reasons,

Figure 4. Snapshots of instantaneous simulated results for u*,init = 0.5 m/s andDp= 0.2 mm (a) fluctuating particles con-
centration c′p and (b) fluctuating streamwise velocity u′+ at y = 0.11δ. The red contour lines are for the spatially filtered
field with filter scale of 0.2δ.
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among others, should be taken into account when explaining the simulated results, (1) under high wind
conditions, more and more high‐concentration regions appear randomly, so that the increasingly crowded
space limits their growth. (2) The ignorance of SGS diffusion in the simulations might weaken the
preferential concentration phenomenon for particles with StSGS below a certain threshold (Marchioli,
2017), giving rise to larger correlated region.

Figure 5. (a) Two ‐oint correlation contours of particle concentration fluctuations for u*,init = 0.5 m/s and Dp = 0.2 mm. (b) The extracted length scale of sand
streamers with regard to Rcc‐threshold. (c) The extracted width scale of sand streamers with regard to Rcc‐threshold

Figure 6. The length (a) and width (b) scales of streamers for various particle diameter extracted from our simulations for Rcpcp = 0.05, as a function of saltation
friction velocity.
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The premultiplied power spectra of c′p for several representative friction velocities and particle diameters are

illustrated in Figure 7a, together with those of Dupont et al. (2013) for Dp = 0.2 mm. Obviously, the well‐
defined peaks, indicating mean center‐to‐center spacing of streamers, >0.7 m, are larger than those of
Dupont et al. (2013) due to the differences in the retrieved turbulent structures. The spanwise spacing,
δz = 1/kz, tends to increase with particle size and decrease with wind velocity, as shown in Figure 7b. For
the cases of Dp = 0.5 mm, a second peak at about half width of the computational domain arises, which
is comparable or higher than the short wavelength peak. This perhaps indicates that sand transport is driven
by turbulence of integral timescale (or mean flow). The values of spanwise spacing from these cases are
therefore not presented in Figure 7b. It deserves further researches.

Further, three‐dimensional spatial correlation of sand concentration is calculated by

R3D
cc Δx; y;Δz; yrefð Þ ¼ c′ x; yref ; zð Þc′ x þ Δx; y; z þ Δzð Þ

c′2 x; yref ; zð Þ1=2c′2 x þ Δx; y; z þ Δzð Þ1=2
(9)

where yref = y1 and c′(x,y,z) = c(x,y,z) − < c(x,y,z)> is the fluctuating concentration within each calculat-
ing cell. Figure 8 shows the isosurfaces of R3D

cc ¼ 0:4 for u*,init = 0.4 m/s and Dp = 0.2 mm, colored by
local height. On average, high correlation region is highly elongated and inclined upward in streamwise
direction, revealing an asymmetric, hill‐like configuration. The cross section at Δz = 0 is projected onto
the x − y plane in which the red line corresponding to correlation peak at each height reveals an inclined
angle of ~28∘.

It is worth mentioning here that the spatial resolution of the LES grid is
quite coarse for the extraction of streamer scales with higher threshold
of concentration correlation. In Figures 5 and 8, the contours and isosur-
face corresponding to Rcc > 0.4 can actually encompass only a few grid
cells. Thus, the characteristic scales are indeed results of spatial interpola-
tion and smooth. Of particular concern is the spanwise resolution.
However, the spatial resolution is fine enough for streamers scales with
lower threshold of concentration correlation, for example, Rcc = 0.05,
since the ratios of streamers size to the grid spacing are already >50 in
streamwise direction and >15 in spanwise direction.

5. The Formation Mechanisms of Sand Streamers

As discussed above, there are two kinds of speculations for the formation
of aeolian sand streamers. We will discuss the effect of turbulent

Figure 7. The premultiplied power spectrums of the vertically integrated particle concentration for various particle sizes and wind shear velocities, averaged in time
and over longitudinal wavelengths (a) several representative power spectrums (b) the spanwise spacing δz= 1/kz corresponding to the spectral peak as a function of
u*,eff for Dp = 0.2 and 0.35 mm.

Figure 8. Isosurfaces of R3D
cc ¼ 0:4 for u*,init = 0.4 m/s and Dp = 0.2 mm,

colored by local height.
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structures and surface conditions on streamer formation through condi-
tional sampling technique and numerical experiment.

5.1. Sand Streamers and Large‐Scale Turbulent Structures

Basing on the analysis of the characteristic scales, Baas and Sherman
(2005) originally suggested that aeolian streamers moving over a dry sand
bed should be understood as the visual footprints of individual eddies that
travel down the IBL (Inner Boundary Layer), skim the surface, and excite
transitory saltation as they scrape across the bed. To further this discus-
sion, the fluctuating streamwise wind velocities and particle velocities
around mean sand streamer are conditionally sampled via

ui 0

Ub
¼ ui 0 x; yð Þ

Ub

����c0 x; yrefð Þ>0i ¼ 1; 2; 3

u′pi
Ub

¼ u′pi x; yð Þ
Ub

�����c0 x; yrefð Þ>0i ¼ 1; 2

(10)

where yref = y1 and Ub is the bulk mean velocity.

Figure 9a shows the contours of conditionally averaged streamwise velo-
city fluctuations (u′/Ub) in x‐y plane around high‐concentration event
(or mean sand streamer) for Dp = 200 μmand u*,init = 0.7 m/s as an
example. Apparently, there is an inclined streamwise momentum excess
region about 1.5δ downstream of the high‐concentration event (Δx/
δ = 0), sweeping down to the ground. In other words, sand streamers,
on average, present at the end of the near wall tail of the high fluid
momentum region. We therefore conclude that sand streamers can be
seen as the visual footprint of LSMs/VLSMs.

The flow field shown in Figure 9b, the enlarged view of the dashed box in
Figure 9(a), presents the details of the streamwise‐vertical wind velocity
vector (u′/Ub,v′/Ub) and reveals the dynamic of sand streamers.
Visually, there is a local low streamwise momentum region around Δx/
δ = 0 due to the momentum extraction of sand particles from the mean
flow. The heterogeneity of particle concentration in the vertical direction,
probably combined with the recirculation region upstream of the over-
whelming sweep region, results in a local ejection within and above the
mean streamer which partially destroys the integrity of LSMs/VLSMs.
The height of the ejection region is 1–2 times of the saltation layer in
the present case and will vary with wind velocity and particle size.

Since the flow characteristics within and outside the core of sand streamer
in Figure 9b are different, we further conditionally sample the particle

velocities (u′p=Ub; v′p=Ub) in x− y plane, as shown in Figure 9c. It indicates

that sand particles lift off from the surface at Δx/δ = 0and fall back onto
the surface within downstream distances of 0.1–0.2δ (1.2–2.4 m) that are
comparable to the length of typical saltation trajectory. Therefore, the core
of sand streamers is closely correlated with splash process.

5.2. Sand Streamers and Surface Conditions

Although the surface variability was rejected as necessary condition for streamer formation in Baas and
Sherman (2005) and Baas (2008), the differences in the characteristic scales of sand streamers reported in
field experiments suggest that surface conditions still play a role. Usually, spatial differentiation of surface
conditions include heterogeneity of moisture content, grain size, microtopography, etc. Here, we will per-
form numerical experiment of sand transport on moisture, nonerodible surface and qualitatively discuss
the characteristic scales of sand streamers.

Figure 9. Conditionally averaged results for u*,init = 0.7 m/s,Dp = 0.2 mm
(a) Conditionally sampled wind velocities around high particle concentra-
tion region. The contour lines are for the particle concentration of c ' /c1 > 0,
where c1 = < c(x, y1, z)> is the averaged particle concentration at y1. The
flow field in the range of−0.2 <Δx/δ< 0.4,y/δ< 0.04 is enlarged to show the
details of the high‐concentration region and the (u′/Ub,v′/Ub) velocity
vectors (denoted by arrows) in (b). (c) The particle velocity vector of (u′p=Ub

; v′p=Ub), denoted by arrows with blank circle and superimposed on the
background contours of conditionally averaged streamwise wind velocity
fluctuations.
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Increasing of moisture content means higher local threshold shear velocity. Sand particles are therefore less
prone to be ejected from the surface. In the limit of nonerodible surface, sand particles can only rebound
incompletely (with energy loss) as they impact the surface, without any resting particles being ejected. To
compare the dynamics of sand transport over different surfaces, part of the surface is virtually soaked.
The length of the nonerodible surface is taken to be 24 m on account of the mean streamer length of ~30
m given in Figure 6. The inlet and outlet erodible parts ensure the applicability of periodical boundary con-
ditions in streamwise direction. The roughness height of nonerodible surface is Dp/30. Notice that qualita-
tive, but not quantitative influences of the surface conditions on streamer dynamic are investigated;
therefore, the probability distribution function of rebound angle and velocity for sand saltation on erodible
surface are followed.

Instantaneous visualization of particle concentration cp for the case simulation of u*,init = 0.4 m/s and
Dp = 200 μm is illustrated in Figure 10a, in which also presents the spatially filtered concentration fields
(the red contour lines) with filter width of 0.04 δ. Note that the filter operation are conducted only along
spanwise direction since sand transport is statistically nonuniform in streamwise direction. The visualiza-
tion range is 48.0 m (length) × 30 m (width) with readjusted x coordinate to show the transition zone more
clearly. It is clear that large‐scale streaky structures are still visible on nonerodible surface where particle
ejection is absent (), indicating that streamers trailing from upwind erodible surface could propagate

Figure 10. (a) Snapshots of instantaneous sand concentration on a manually set hybrid surface. The red contour lines on
x‐z plane are for the spatially filtered field with filter width of 0.04δ and correspond to threshold of zero. (b) The
width of sand streamer extracted fromRcpcp ;Δz ¼ 0:05 as a function of downstream distance x. (c) The time scale corre-
sponding toRcpcp ;Δt ¼ 0:05 of sand streamers.
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downstream for a long distance. However, sand particles gradually become sparse and will finally disappear
somewhere downstream if the nonerodible surface is long enough. The spanwise correlation of sand concen-

tration,Rcpcp;Δz xð Þ ¼ c′p x; zð Þc′p x; z þ Δzð Þ
.
c′
2
p xð Þ, is calculated and averaged over time to obtain the width of

sand streamers λz. Figure 10b shows that λz (corresponding to Rcpcp;Δz ¼ 0:05) dramatically decreases from

~7.0 m on erodible surface to 0.8 m on downstream nonerodible surface, implying that the characteristic
scales of sand streamers on nonerodible surface will depend on downstream position. This also qualitatively
explains why the scale of sand streamers reported by Sherman et al. (2013) is much narrower than our results
shown in Figure 6b. Moreover, the temporal correlations of the vertical integrated particle concentration are

calculated through Rcpcp;Δt xð Þ ¼ c′p x; tð Þc′p x; t þ Δtð Þ
.
c′
2
p xð Þ to obtain the timescale λT (corresponding to

Rcpcp ;Δt ¼ 0:05) of sand streamers. It can be seen from Figure 10c that λT is 10–15 s, indicating that the life-

times of individual sand streamer shifting through a fixed point are similar on both surfaces.

It should be pointed out that the rebound models deployed come from wind tunnel experiments and colli-
sion theories on sandy surface. While in natural environment, sand creeping, ripples, random roughness
height, and particle‐particle collision in air all might influence the probability distribution functions of
rebound velocity and angle. Unfortunately, quantitative comparison is scarcely possible to be carried out
since field experiments with strictly controlled surface conditions and comprehensively experimental para-
meters are rare so far.

6. Conclusions

Sand particles in natural atmospheric environments are usually transported in complicated patterns of sand
streamers, along with unambiguous spatial and temporal variations of transport rate. However, little is
known about the scale characteristics of sand streamers and their formation mechanisms. In this work, sand
saltation is simulated in a calculation domain of 600 m long and 12 m high basing on LES of turbulent wind,
point particle model of sand trajectory, splash models of particle‐surface collision, and controlled surface
conditions. Three dimensional configuration and characteristic scales of sand streamers are estimated from
the spatial correlation and spectral analysis of particle concentration. The underlying formation mechan-
isms of streamers related to turbulent structures and surface conditions are preliminarily identified. We con-
clude the following:

1. The LSMs/VLSMs in turbulent wind flow and aeolian sand streamers are reproduced in our simulations.
Two‐dimensional correlation of sand particle concentration shows that sand streamers are 2.0–4.5 m
long and 0.3–0.4 m wide corresponding to the concentration correlation threshold of Rcpcp ¼ 0:4, while
>30 m long and >2 m wide forRcpcp ¼ 0:05, which are substantially consistent with previous numerical
simulation and in situ measurements. Spectral analysis indicates that streamers are center‐to‐center spa-
cing of 0.7–7.0 m. All the characteristic scales vary with particle diameter and wind velocity. Three‐
dimensional spatial correlation analysis of particle concentration reveals an asymmetric, hill‐like, 3‐D
configuration of sand streamers for the first time.

2. The conditionally sampled flow fields around streamers (high‐concentration regions) show that sand
streamers on average exist at the near‐surface tail of LSMs/VLSMs. The vertical inhomogeneity of
turbulence modification inside streamers gives rise to the local fluid ejection. The conditional‐
sampling particle velocities show that sand particles fall back onto the surface within 0.1 − 0.2δ
downstream from where they are lifted, indicating that the core of sand streamers is closely related
to splash process.

3. Over nonerodible surface, sand streamers formed from upwind sand source can propagate over quite a
long distance. However, without the replenishment of ejected particles, the width of sand streamers will
gradually decrease downstream since sand particles will slowly migrate to the bottom surface due to the
dominance of gravity though the timescale of streamers is 10–15 s on both surfaces. On the basis of simu-
lated results, it is inferred that the features of sand streamers on such a surface probably depend on down-
stream distance among others.

The characteristics and formation mechanisms of aeolian sand streamers revealed in this study are poten-
tially important to sand/dust transport prediction. On the one hand, the field measurements of sand
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transport rate should run for a long enough time (say, tens of streamer timescale) to avoid data scatter as sta-
ted in section 1. On the other hand, the prediction of the dust emission, which is parameterized on account of
sand saltation in many sand/dust modeling system (e.g., Tanaka et al., 2003; Zender et al., 2003;Shao et al.,
2003; Tegen et al., 2004), should involve the effect of large‐scale turbulent structures since the passage of
large‐scale motions corresponds with high sand concentrations and therefore strong local dust emission.
Further, dust particles, once suspended, might then be transported through complex pathways associated
with dynamics of the large‐scale motions. It is thus of further interest to investigate sand saltation and dust
transport in a unified framework.

Finally, it is important to note again that SGS turbulence, the aerodynamic entrainment of sand particles
from bed surface and the particle‐particle collision are negelected in the present simulations. The height
of the simulation domain is much lower than that of the surface atmospheric boundary layer. The grid reso-
lution in spanwise direction is quite coarse for high Rcpcp and Rcc since expected streamers of 0.2–0.6 m wide

would only encompass 1–3 grid boxes. The streamwise and vertical resolution are also insufficient since the
majority of sand particles (>95%) transports within a thin layer of ~0.05 m high with typical trajectory length
of 0.1–0.5 m. Obviously, the insufficient resolution may lead to an overestimation of the length scale of sand
streamers by influencing Rcpcp and Rcc. Experiential splash models were deployed to be the lower boundary

condition of sand particle motions. Models for particle‐free turbulence were adopted to resolve particle‐
laden turbulence. They all might quantitatively, or even qualitively, influence the results and should be
examined one by one in the future. As sand streamers can be organized at different scales (see Figure 4),
it will be interesting to see how turbulent structure of various scales influence streamer dynamics of various
scales. In addition, the features and propagatation of sand streamers on nonerodible surface are not very
clear due to the arbitrary parameters. Whatever, it is hoped that in situ experiments with strictly controlled
surface conditions and comprehensively measured parameters will help improve simulations and resolve
the ambiguities outlined above.
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