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Abstract: Local strong sandstorms (LSSs) in northwestern China often occur suddenly in tens of
minutes during the late afternoon and by dusk. Observations and theoretical studies have shown the
trigger role of cold-air pools over desert areas for the occurrence of LSS. In this study, a numerical heat
convection model was established to simulate an LSS that was induced by a single cold pool with
vertical helicity to study the evolution process. The Reynolds averaged Navier–Stokes (RANS) method
was used for the numerical calculation to illustrate different stages of the evolution process of an LSS.
Results show that after the intrusion of a cold pool into the upper region of the surface convective
mixing layer, descending of the cold air would lead to the downward transport of vorticity, enabling
thermal convection cells in the mixing layer to become swirling convection cells. After LSS is fully
developed, there occurs many subvortices (secondary vortices) in the convection field. The velocity
at different altitudes over selected positions in the calculation domain is consistent with the “lobe”
shape of an LSS. The secondary vortices cause quick and huge energy dissipation and the decay of
the LSS. These results are consistent with observations and indicate the crucial effect of convection
cells structure in the mixing layer and the cold pool in the upper layer on the formation of LSS.

Keywords: sandstorms; local strong sandstorm (LSS); cold pool; thermal convection cells; RANS;
lobes shape

1. Introduction

Local strong sandstorms (LSSs) in China, similar to haboobs in Sudan and America, usually with
a maximum instantaneous wind speed > 25 m/s and visibility < 50 m, are generally characteristic
of a sudden disastrous weather in arid and semiarid regions [1]. In China, this intense sandstorm is
previously called a black storm. A black storm is a frequent occurrence in several deserts in northwestern
China, such as Taklimakan Desert, Badain Jaran Desert and Tengger Desert [2,3]. Haboobs often occur
in or near the desert regions of the western United States and Africa [4–6]. In fact, a Sudan haboob or
American haboob appears mostly in the rainy season, followed by thunderstorms, while local strong
sandstorms in China, with no seasonality, are rarely followed by precipitation, which is related to
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the relative humidity of the squall line formed by the intrusion of cold air [2,3]. The interaction of
dust radiation heating and the local atmosphere instability in the growth process of the dry squall
line could trigger the occurrence of LSS. However, a Sudan haboob or American haboob is always
influenced by the wet squall line, which would result in a strong thunderstorm and precipitation process.
The developing impetus of the dry squall line is mainly from sensible heat under an unstable dry air
adiabatic condition, while the developing impetus of the wet squall line is from the condensation latent
heating [2]. Both LSS and haboob are a complicated weather process, which is generally associated
with the strong wind. Their front edge is the gust front, where a dust wall would be formed, named
as the dust storm front. A density current of relatively cold air entraining the near-surface warm air
appears to be the principal cause for such events. Observations showed that convectively generated
cold pools acting as density currents have typical depths approximately 1 km [7,8]. The leading edge
of the density current consists of several “lobes” and “clefts” that are unsteady and shifting, causing
largely dust uplift [9,10]. Figure 1 shows an LSS event recently occurred in Alar City, Xinjiang Province,
China. The dust wall is up to hundreds of meters, and several “lobes” of lifting dust are formed at the
leading edge [11].
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At present, many researchers have conducted in-depth research and analyses on the climatic
causes for dust storms and haboobs [12–19]. The strong wind caused by the intrusion of severe cold
air mass has been widely accepted as the primary factor for the occurrence of sandstorms. The deep
and intense downdraughts could be generated by the evaporation of convective precipitation in the
deep and dry subcloud layer over deserts regions. A large cool pool could be formed at the surface
with a sinking of the cold air [20]. When the cold air mass is strong enough, a strong pressure gradient
would be formed to promote the atmospheric circulation [21]. The subsequent unstable surface thermal
stratification would then promote the motion of the updraught, which would enhance the disturbance
of airflow to the ground [22,23]. However, in arid regions of northwestern China, strong wind is
a common occurrence in spring and winter, but not every strong wind could result in the occurrence of
dust storm [24]. Statistical results showed that dust storm’s frequency might not match the strong
wind’s frequency completely in some arid regions [25]. Therefore, strong cold air mass is not a sufficient
condition for a severe sandstorm. Due to the unpredictability and destructiveness of dust storms,
their observations are still difficult, leading to a lack of accurate observation data. Through satellite
retrievals, a series of pictures of key processes in the atmosphere associated with dust storm have
been observed [26]. These cover cold pools of mesoscale convective systems, which show pronounced
diurnal and seasonal characteristics. Numerical simulation is certainly the best method to explore the
formation mechanism of an LSS [27].

The convective storms are the source of LSS and are characterized by their mesoscale nature [28].
Many researchers have used mesoscale models to simulate the development of an LSS/haboob [28–31].
Solomos et al. [30] used an integrated atmospheric-air quality RAMS/ICLAMS model to study the
formation of a convective pool and the associated dust movement. The model results showed that the
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increased turbulence near the surface could enhance the dust productivity. The area of maximum dust
production was associated with the area of reverse flow behind the leading edge. Besides, the results
showed a large portion of particles could be transferred along the mesoscale flow structures, leading
to their long range transport [30]. Roberts et al. [28] used a forecasting model (WRF) to analyze the
multiscale dynamics to produce a usually large LSS/haboob in their weather research. A regional
coupled atmospheric-dust model NMME-DREAM [29,32] was used to simulate the American haboobs.
This model could produce an accurate shape, duration and magnitude of the dust storm. However,
the small-scale processes in LSS/haboobs were also suggested for further investigation to ascertain the
influence of the convective cold pool on the dust uplift behavior.

To further investigate the development of dust storms, high-resolution numerical models are
required for the accurate simulation of small-scale processes in haboobs. Recently, the effect of
small-scale turbulence and surface heat flux on the evolution of cold pools and dust uplift was
presented for the first time [33], using computational fluid dynamic (CFD) analysis based on large
eddy simulation (LES). Huang et al. [33] simulated the cold pool outflow in a desert region by
adding an idealized cooling in a two-dimension model, considering the local features of haboobs.
Their simulation by considering dust as a passive tracer in their shorten duration of simulation runs,
illustrated the dust uplift would largely occur at the “head” of the density current, and this was
consistent with some existing observations reported in the literature [34]. The increase in the surface
heat flux and the increased mixing, similar to those occur in a desert region could slow the density
current. Thus, the dust uplift rate would be increased by an increase in the downward transport of
momentum to the surface [33]. However, the Huang et al. simulation do not explain clearly the frontier
of the density current that is composed of so-called unsteady and shifting lobes and clefts [9,10].

In fact, in addition to the full development of the convection cell structure in the ground mixed
layer, the cold pool with a vertical helicity appearing in the upper region of the surface convective
mixing layer would be the key factor that triggers LSS. When the movement of the cold pool reaches
a certain value, the convective cell structure would be transformed from a common cell to a swirling
convective cell [35,36]. The meteorological characteristics during sandstorm processes was illustrated
by modeling calculations and analyses of atmospheric dynamics and thermal parameters based on
observation in the variation of surface meteorological factors and near-surface dust concentrations in
a severe sandstorm that occurred in Minqin County, China on 24 April 2010 [37]. The study found that
the intensity of LSS had a good correlation with the helicity of the dust storm. Besides, the report of
the 5 July 2011 dust storm by the US National Weather Service (NWS) forecast office [38] described
a solenoidal circulation that occurred within a cool pool. The solenoidal circulation is a horizontal
vortex and could be visible from the simulated streamlines [31]. The centre of rotation was at about
1 km height. Therefore, the effect of the rotation characteristic in the cooling should be considered in
the high-resolution numerical simulation of severe local dust storms.

This study, a high-resolution numerical model for the accurate simulation of small-scale processes
in the evolution of LSS was established by considering a cold pool with a vertical helicity (the vorticity),
that could be formed due to the interaction of a mesoscale cold pool with small-scale thermal convective
cells. The relationship between the vorticity of the low-speed cold pool and the turbulence intensity of
the surface of dust sources and their influence on the occurrence of haboobs were analyzed. From our
modeling results, a description of the meso- and small-scale coupling evolution process of LSS has
been introduced to strengthen our understanding of the formation of LSS.

2. Numerical Simulation Model Setup and Algorithms

2.1. Physical Modeling

The three-dimensional cylindrical numerical model that was established to simulate the formation
of LSS is shown in Figure 2a. Due to the complexity of the flow and heat transfer inside the LSS,
some simplifications in the simulation about the actual flow of the LSS were made.
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Figure 2. Initial and boundary conditions in a three-dimensional cylindrical model. (a) A simulated
cold pool with vertical vortex was initially located at the model centre; (b) The initial temperature field
of the cylindrical computational model in its radial direction.

A cold pool, initially located at the centre, was introduced in the simulation. The cold pool was
assumed to not move horizontally, that is, there is no horizontal wind to promote the movement of the
cold vortex. According to the dwelling characteristics of the cold pool, the cold pool was elaborately set
as an axisymmetric vertical vortex, this was used as a power source to induce the occurrence of an LSS.

Based upon some field observations of LSS and simulations in convective boundary layer scale
(CBL) [39], a cylinder domain with radius r = 14.2 km and height z = 8.6 km was used to simulate the
development of an LSS in this study. The whole calculation domain was divided into two functional
parts: the part of r > 6.5 km and z > 4.5 km was set as the peripheral buffer domain, to numerically
prevent the interference from the outer to the inner flow field. The part of r ≤ 6.5 km and z ≤ 4.5 km,
was the main domain of the concerned numerical dust storm.

As shown in Figure 2a, the ground and top boundary surfaces were all set as non-slip boundary
conditions. The velocity of the airflow (U) at the boundary surfaces of the computational domain
was set as zero. The temperature (T) and pressure (P) of airflow were taken to be zero-gradient at
the boundary.

Except in the ground layer, there was no heat flux interaction between the calculation domain
and the surrounding environment. In hot deserts the surface temperature could exceed 60 ◦C in
the early afternoon [40]. A constant heat source of 333 K on the ground was set in our simulation,
with a reference to the average temperature of the ground heat flux that was observed at noon during
spring–summer seasons [34,39]. The initial near-surface layer of an LSS, therefore, could be regarded
as a natural thermal convection.

Figure 2b shows the initial temperature distribution of the calculation domain. In the viewpoint
of CFD, the temperature distribution of the peripheral buffer domain needs to be set as follows: for the
buffer layer at the height from 4500 to 6500 m, a temperature inversion layer was set with a temperature
increment of 1 K km−1 and for the buffer layer at a height from 6500 to 8600 m, the air temperature was
set constant, 274 K. Besides, for the radial peripheral region of 6.5 km ≤ r ≤ 14.2 km, the radial grid
length was set with a 1.2 fold geometric sequence.

Huang et al. [33] used an idealized cooling in their modeling to generate the cold pool, as they
found their model never reached wet saturation and switching off moist processes. In this simulation,
all moist processes were not considered as well. The cold pool with a diameter of 1000 m was located in
the layer at a height of 2600–3500 m at the centre of the domain [2,41]. The cold pool has a temperature
of 253 K and a vorticity of 0.02 rad s−1. The vertical temperature distribution below the cold pool from
the ground surface to 1000 m was set in our study at 290 K. The simulation included a temperature
decline rate of 5 K km−1 from 1000 to 2600 m, and 5.33 K/100 m from 2000 to 2600 m. The vertical
temperature distribution above the cold pool was set with a temperature increment of 2.0 K/100 m
from 3500 to 4500 m. At the outside of the cold pool, the temperature was set to 290 K in the layer 1000
m above the ground level. A temperature decline at a rate of 4.86 K km−1 was set for the 1000–4500 m
height layer. The ground heat flux of 250 W m−2 was evaluated, which corresponds with the given
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ground temperature. A disturbance of the ground temperature was set to induce the heat convection
of the near-surface mixing layer.

2.2. Governing Equations

There are two CFD methods for high-resolution numerical simulation of turbulence: Large
eddy simulation (LES) and Reynolds average Navier–Stokes (RANS). The RANS simulation adopts
mean flow equations to determine averaged solutions to the Navier–Stokes equations, which can be
approximated using computational techniques [42]. Although LES could better capture the fluctuation
of the flow field in comparison to RANS, it is computationally more expensive [42]. In fact the RANS
method is sufficient for most high-resolution numerical simulations of turbulence, because it can
supply adequate information about the turbulent process [43]. In our study, a standard k–ε model
in RANS was used to enhance the calculation speed and the reliability of the simulation, due to our
requirement to consider a large scale region for our simulation. The governing Equations (1)–(5) are
as follows.
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∂xi

= 0 (1)
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∂
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Equations (1) and (2) are continuity and momentum equations, respectively. Here, Ui and u′i are
the mean and fluctuating velocity in the xi-direction; ρ is the fluid density; ν is the kinematic viscosity;
β is the thermal expansion coefficient; g is gravitational acceleration; Tc is the fluid temperature and T0

is the buoyancy reference temperature. P is the mean pressure.
Equations (3) and (4) are the transport equations for the turbulent kinetic energy k and the

turbulence dissipation rate ε. Equation (5) is the equation of state. R is the gas constant, 287.06 J kg−1 K−1.
The turbulent diffusion of k and ε in Equations (3) and (4), respectively, are represented using a gradient
diffusion hypothesis with the Prandtl numbers σk and σk to connect the eddy diffusivities of k and ε to
the eddy viscosity νT.

The Boussinesq type of eddy viscosity approximation of Equation (6) was applied as a turbulence
closure model, which assumes a linear relationship between turbulent stresses and mean velocity
gradients [44]:

− u′i u
′

j = νT

(
∂Ui
∂x j

+
∂U j

∂xi

)
−

2
3

kδi j (6)

where δij is the Kronecker delta.
The kinematic energy k is defined by Equation (7), as,

k =
1
2

u′i u
′

j (7)

The kinematic eddy viscosity νT is determined by Equation (8) as,

νT = Cu
k2

ε
(8)
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The constant values of the k–ε turbulence model used are shown as below:

Cu = 0.09; σk = 1.00; σε = 1.30; Cε1 = 1.44; Cε2 = 1.92 (9)

Based on the open-source CFD toolbox, OpenFOAM, a PIMPLE algorithm [45] was used to solve
these governing equations. The standard k–ε model in RANS was used to calculate the turbulence.
The convection term was analyzed using the first-order upwind difference scheme. The non-uniform
grid was adopted with a grid number of about 2,600,000. The grids near the ground in the LSS were
refined to capture flow details in the simulation.

The Boussinesq postulation was adopted to formulate the buoyancy effect due to the temperature
difference. For the boundary air flows, non-slip wall conditions were set in simulation.

3. Results and Discussion

A cold pool is generally produced by downdraughts of convective storms. Surface heat fluxes
could impact cold pool dissipation by enhancing turbulence and entrainment of environmental air into
the cold pool. A meso- and small-scale coupling evolution process of LSS was developed in our previous
study [46] by considering the surface radiation in the dust source region, the movement of thermal
convection cells and formation conditions of the swirling thermal convection cells. The evolution
process is associated with the interaction between a mesoscale cold pool and small-scale convective
cells and the microscopic mechanism of wind–sand movement in swirling wind fields. Generally,
due to differences in the surface albedo in the desert area, the near-surface mixing atmosphere layer is
unevenly heated. Thus, there occurs local thermal circulation with small-scale thermal convection cells
structure in the near-surface mixing layer.

The vorticity of the cold pool would spread downwards as a mesoscale cold pool has penetrated
into the upper region of the surface convective mixing layer, causing a vertical instability in the
thermal convection cells and an onset of swirling convection cells. A strong wind shear on the ground
surface was formed with the swirling convection cells, to cause saltation of dust particles to move
along the ground surface [47]. Extensive research has been done based on atmosphere boundary layer
wind tunnels on the lifting effect of the wind shear [48,49]. The larger sand-sized particles would
be lifted by the horizontal wind initially [50]. However, these particles would return to the surface
after dispersion and the cascade effect would impart a kinetic energy to smaller lighter particles,
which would become suspended in the atmosphere due to the imparted momentum. The swirling
convection cells would act as an important transporting media to raise the dust grains up to high
levels [47]. Besides, a stronger LSS would occur due to the larger temperature difference between the
cold pool and thermal convection cells.

The formation mechanism [46] provides a description of the evolution process of LSS. In this
study, a numerical simulation was used to describe different stages of the evolution process of the
atmospheric wind field under conditions of an LSS generation.

The evolution process of LSS was divided into three stages. The initial stage of LSS is characterized
by a decline of the cold pool and the transfer of the thermal convection cell in the ground mixed layer
to swirling convection cells. The developed stage of LSS is characterized by the occurrence of the
secondary vortices generated by the interaction of the downdraught of the central cold vortex with the
severe annular shear flow in the periphery. In the decaying stage of LSS, the energy dissipation of the
secondary vortices is enhanced owing to the moving dust particle, mixing and colliding with the air
flows as the LSS tends to dissipate to extinction.

A numerical simulation of the flow field evolution of LSS was carried out in this study. The whole
calculation time took 2500 s (41 min and 40 s). The simulation results show that the wind velocity
in the whole field would gradually increase with the development of an LSS. The cold pool at the
centre would sink close to the ground, and the sinking velocity of the cold pool would be rapid,
with a maximum vertical descending velocity of up to 34 m s−1. In fact, after the strong descending
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motion appeared, LSS was found to become initialized [51]. After 1500 s (25 min), the kinetic energy of
the whole wind field reaches a peak value, thereafter, the kinetic energy would dissipate and the LSS
would enter into the decay stage.

3.1. The Initial Stage of LSS Development

Figure 3 shows the air temperature field and streamlines in the vertical section of the calculation
domain at different times of the initial stage of LSS development. The downdraught of the cold pool
and the subsequent outflows near the ground surface was shown to play an important role in the
structure of local dust storms on all scales.
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After t = 300 s (Figure 3a), the cold pool would sink to the ground. The cold air mass of the cold
pool would descend and push away the hot air in the near-surface mixing layer and spreads on the
ground surface once it hits the ground surface. Two near-surface main cold vortices would occur at the
centre with a radius of about 2000 m, while two hot vortices in the upper region would occur due to
the divergence of the cold air mass on the ground, which induce the hot air at the cold/hot air junction
to be lifted by the cold air.

After t = 500 s (Figure 3b), the divergence of the cold mass would further expand up to the region
with a radius of about 6000 m. Characteristically, the cold pool is a horizontal spread of a flat layer
of a cold air mass to fully reach the ground, while the upper opposite vortices would become larger.
The entrainment of upper vortices would cause more lateral downdraught. The current cold pool and
the outflows would become unstable and the air in the entire flow field would become convective.
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After t = 1000 s (Figure 3c), the cold pool would be split up, and thermal convection cells would be
formed in the field. Among the thermal convection cells, the upper opposite vortices would descend
to the ground as the alternative convection cells.

After t = 1100 s (Figure 3d), the thermal convection cells would enhance the heat transfer,
the entrainment of convection cells would cause more downdraught of cold air arriving to the ground
surface. The air temperature in the flow field below 3000 m would be lower than the air temperature
after 1000 s.

3.2. Fully Developed Stage

Figure 4 shows the entire airflow field at the full development stage of an LSS (t = 1500 s),
illustrating the characteristics of an LSS at the full development stage. As shown in Figure 4a, the initial
stratified distribution of temperature would be fully destroyed as a result of the thermal convection
cells. This deep convection is crucial to the formation of LSS [1]. The near-surface temperature would
decline by more than 10 K, which is consistent with previous observations [1,3,30,52–54].
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Figure 4b shows the horizontal velocity contours at a height of 1000 m at a wind speed of about
10–30 m s−1. According to observation data of an LSS, the instantaneous maximum wind speed would
be more than 25 m s−1 and the visibility would be less than 50 m [2], therefore, indicating that our
numerical LSS was in the full development stage.
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Figure 4c shows the vorticity contours at the height of 1000 m. The vorticity was determined by
Equation (10):

ξ =
∂v
∂x
−
∂u
∂y

(10)

The vorticity contours feature lots of vortices with different sizes, and the vortices near the centre
of the calculation domain are dense. The formations of these dense vortices are still closely related to
the initial cold vortex.

The streamlines at a height of 1500 m in Figure 4d show that there are many vortices with different
diameters. However, the number of vortices at a height of 1500 m is less than those at 1000 m height.
In particular, subvortices (secondary vortex) can be observed in the main vortex. The appearance of
these subvortices is caused by the motion of the central cold vortex. This inevitable phenomenon is
generated by a common action of the cyclonic cold pool downdraught in the core of the calculation
domain and the severe annular shear flow in the periphery. The entire domain is dominated by the
centrally swirling downdraught and the peripherally swirling updraught, a stronger shear would
thus occur in the air flow field, which is the principal cause of turbulence. The occurrence of periodic
vortices in the horizontal mixing layer is due to the tangential shearing motion in the annular shear
flow region. When the shearing motion is very strong, the originally stable shear flow would become
very turbulent, and the laminar flow would then transition to become the turbulent flow, producing
secondary vortices, i.e., subvortices. Compared Figure 4b,d, more vortices would appear at a height of
1000 m, indicating that subvortices would mainly concentrate in the near-surface mixing layer.

In fact, the existence of these subvortices is closely related to the decay of an LSS. When an LSS
occurs, many “waves” appear at the front end, and these "waves" would be originated from numerous
subvortices. The LSS vortices in a different intensity are consistent with reported observations [5,55,56].

According to the observation of an LSS event in Baiyin City, Gansu Province, China on 5 May
1993 [57], the dense dust wall of the LSS was about 300 m high and a diameter of about 700–800 m.
Prior to the arrival of the LSS, the air in the near-surface layer was extremely unstable. In an LSS,
the cascade fall of dust from the dust wall would indicate the occurrence of a strong convective air
current [58]. From the observation of an LSS in Alar City, Xinjiang Province, China on 6 April 2019 [11],
the front edge of the sandstorm would have “lobes” pattern.

Usually, the sinking of a cold pool is called a downburst. Sometimes the downburst would cause
a devastating storm on the earth surface. The dust storm could be created by high surface winds
generated from strong downbursts of cold air. A high wind velocity over the bare and dry land would
create favorable conditions for intense dust uptake and transport [31]. The generation of the strong
wind is not due to the large vorticity, but due to the flow of a negative buoyant air, which would
commence decay after it has travelled a few hundred meters away from the earth surface. The vertical
acceleration of a typical microburst is about 0.01 g (g is gravitational acceleration). This acceleration is
generated because the temperature of the downburst is lower than the temperature of the surrounding
air [59]. The lower temperature and higher density of cold air would fall to the ground and would
be replaced by the hot air at a higher temperature and then expand on the ground. The fall of cold
air tends to concentrate on the gust front as the cold front advances, forming a density current head,
as shown in Figure 5a [60].

However, in our simulation, characteristically, the initial stage of an LSS is the dissipation of a cold
pool and a transfer of the thermal convection cell in the surface mixing layer to swirling convection cells.
The developed stage of an LSS is characterized by the occurrence of secondary vortices generated by
the interaction of the severe annular shear flow with the downdraught of the central cold vortex at the
periphery. Figure 5b shows the resultant wind velocity profiles at different altitudes over two positions
at t = 1500 s. Two vertical line positions (x = −5770 m, y = −5770 m; and x = −5011 m, y= −3023 m)
around the cold pool centre were picked up. The remarkable feature of these velocity profiles is their
"lobes" shape and their frontal pressure are very large, that conforms to the shape of the density current
head shown in Figure 5a. The circulation velocity of the airflow would exceed the forward speed of the



Atmosphere 2020, 11, 321 10 of 16

front lobes. An uplift of a significant amount of dust would be formed as the cold air at the lobe of the
frontal area meets the warm air to generate a horizontal vortex [31]. This heating uplift is consistent
with the observation [34] and the convection-permitting model reported [61]. The spread of the dust
ejected in an LSS corresponds with wind velocity, therefore, the higher the resultant wind the farther
away the gust of dust would be carried.
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Figure 5. (a) Schematic diagram of the front lobe of a dust storm. A downdraft of cold air that spreads
out along the ground and moves forward to form a density current, which could pick up loose dust and
sand from the surface. The dense cold air pushes up warmer air, which it meets, thereby reinforcing
the warm updraft (modified after Idso, S.B. 1976, Sci. Am. 235, 108–114). (b) The resultant wind
velocity profiles at different altitude over two positions (x = −5770 m, y = −5770 m; and x = −5011 m,
y= −3023 m) at t = 1500 s in the RANS simulation of LSS.

The environmental conditions would have an impact on the flow direction of the dense dust
current. As the down pouring of the cold air gathering the dust mass around in a cyclical shape,
the propagating front is lobe-shaped rather than linear. The characteristics of resultant velocities at
different altitudes over two positions are in good agreement with the morphological characteristics of
the leading edge of the “93.5” and “18.11” mega-dust storms [11,57].

3.3. The Decay Stage

Figure 6 shows the horizontal velocity field at a height of 1000 m after t = 2500 s. When t = 2500 s,
the entire near-surface wind was below 10 m s−1, that is, the wind was between 2 and 5 levels.
Subsequently, the entire energy of a numerical LSS was exhausted and went into the decay and
extinction stage.

The energy dissipation mechanism of an LSS can be reasonably explained by the development of
many subvortices as shown in Figure 4. The energy of an LSS could be exhausted by the gas–solid
two-phase interaction and the evolution of numerous secondary vortices in different sizes in the
flow field.
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4. Effects of Cold Pool with a Different Temperature Inversion Layer

The evolution of a numerical LSS under a cold pool with a diameter of 2000 m was also simulated.
The physical conditions and boundary conditions were the same as those for the numerical simulation
of an LSS under the action of a cold pool with a diameter of 1000 m. The differences in the initial
condition were as follows: for the buffer layer at the height from 4500 to 6500 m, a temperature
inversion layer was set with a temperature increment of 5 K km−1; and for the buffer layer at a height of
6500–8600 m, the air temperature was set constant, at 280 K. In this case, t = 1000 s, the kinetic energy
of the whole wind field would reach a peak value, thereafter, the kinetic energy would dissipate and
the LSS would advance into the decay stage.

Figure 7 shows the entire airflow field at the full development stage of a numerical LSS (t = 1000 s).
From the temperature distribution (Figure 7a), there is an obvious temperature difference between the
central region and surrounding atmosphere. Compared with the simulation result under the action
of a cold pool with a diameter of 1000 m, the flow in the wide central region would be more intense.
Figure 7b shows the horizontal velocity contours at a height of 1000 m and the maximum wind speed
is greater than 25 m s−1. The vorticity contours (Figure 7c) show different size dense vortices at the
centre of the calculation domain. These dense vortex formations were closely related to the initial
swirling of the cold pool. The streamlines in Figure 7d illustrate that there were many vortices of
unequal diameter at 1500 m height. Compared with the numerical simulation of an LSS caused by the
cold pool with a diameter of 1000 m, the vorticity intensity was stronger and many more subvortices
would be generated in this case.

Figure 8 shows the resultant wind velocity profiles at a different altitude over two positions at
t = 1000 s. Two vertical line positions (x = 657 m, y = 3688 m, and x = −5398 m, y = 751 m) around the
cold pool centre were picked up. The maximum wind velocity and locations at a height were both
greater than the action of the cold pool with a diameter of 1000 m. The velocity profiles were also
similar to the shape of the density current head shown in Figure 5a, which contributes to dust uplift
from the surface.
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y = 3688 m, and x = −5398 m, y = 751 m) at t = 1000 s.

5. Summary and Conclusions

This study used the RANS method to simulate the small-scale process of an LSS, and explained
the formation of “lobes” at the leading edge of an LSS. The microscopic mechanism of wind–sand
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movement in swirling wind fields is responsible for the evolution process of an LSS, which is formed by
the interaction of a mesoscale cold pool with small-scale convective cells. The differences in the surface
albedo in the desert area would cause an unevenly heating in the near-surface mixing atmosphere
layer. Once a mesoscale cold pool enters into the upper region at the surface of the convective mixing
layer, the vorticity of the cold pool would spread downwards and cause thermal convection cells to
become vertically unstable, leading to an onset of swirling convection cells. For the swirling convection
cells, there is a strong wind shear on the ground surface to cause a saltation of dust particles and
spread along the ground surface. These smaller particles would then enter into suspension due to the
imparted momentum. The evolution process of LSS was investigated in this study using the RANS
method. The simulation of a numerical LSS, having a cold pool with a diameter of 1000 m and 2000 m,
respectively, were carried out to analyze numerically the evolution process in three stages during
an LSS.

During the initial stage of an LSS, the cold pool would first sink close to the ground.
The downdraught of the cold pool and the outflow near the ground surface would have an important
role in the structure of a local dust storm in all scales. After the cold pool fully reaches the ground,
the flat layer of the cold air mass would spread horizontally, while the upper opposite vortices would
become larger, and more lateral downdraught would be formed by the entrainment. The cold pool
current and the outflows would become unstable and the air in the entire flow field would become
convective. In the end of the initial stage of an LSS, the cold pool would be split up, and thermal
convection cells would occur in the field. Among the thermal convection cells, the upper opposite
vortices would descend to the ground as alternative convection cells. The initial stratified distribution
of temperature would become fully destroyed due to these thermal convection cells.

The fully developed stage of an LSS was characteristically linked to the occurrence of numerous
subvortices (secondary vortices). These subvortices would be generated by the sinking airflow of the
cold pool and the violent annular shear flow in the periphery. These numerous subvortices would
cause occurrence of many “lobes” that propagate at the front of an LSS.

During the decay stage of an LSS, the quick dissipation of LSS energy would occur due to
interactions of dust-air two-phase flows with the action of secondary vortices. The vorticity that
is transmitted through the thermal convection cell, would cause the thermal convection cell in the
near-surface mixing layer to transform into swirling convective cells.

For a further understanding of the evolution of an LSS, further numerical simulations would be
needed with a presence of multiple cold pools, with a variation in the intensity and height of a cold
pool. The relationship between the movement of the cold pool with the occurrence of an LSS should
also be analyzed. In addition, further simulations would be needed to investigate the effect of larger
volume more dust particles in the simulation model to predict the occurrence of LSS according to
dust quantities.
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