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Abstract: According to modern concepts, the main natural sources of dust in the atmosphere are dust
storms and associated dust devils—rotating columns of rising dust. The impact of dust and aerosols
on climate change in the past, present and future is one of the poorly understood and, at the same
time, one of the fundamental elements needed for weather and climate forecasting. The purpose
of this review is to describe and summarise the results of the study of dust devils in the Earth’s
atmosphere. Special attention is given to the description of the 3D structures, the external flows and
atmospheric gradients of temperature that lead to the generation and maintenance of the dust devils.

Keywords: dust devils; vortices

1. Introduction

Dust devils DDs) [1,2] are common atmospheric phenomena on the Earth’s surface and are
representative of the class of small-scale concentrated vortices (CVs). Due to the presence of dust, these
vortices can be visible as miniature or small tornadoes. The existence of such structures, that are able
to lift and carry dust over long distances, means that they are an important factor that must be taken
into account when determining weather and climate [1,2]. The influence of dust on the dynamics and
energy of the ocean—atmosphere system has been a little studied aspect of the Earth’s climate system.
Knowledge of these interactions is one of the most important conditions for adequate forecasting of
weather changes and climate variability. Under typical conditions, wind is not able to raise fine dust to
great heights. However, vortex structures such as DDs can carry dust high enough into the atmosphere.
This dust can be picked up by zonal winds and can therefore be transported over long distances,
noticeably effecting the weather and even the climate of vast regions. DDs themselves are not usually
dangerous, although there is evidence that they are responsible for some for reported accidents [3].
Analysis of the incident database of the National transport safety Board (USA), based on 97 incidents,
showed that in some cases, DDs were probably the most likely cause of accidents. The purpose of
this review is to summarise the studies to date of small scale concentrated vortex dynamics and their
structures in the Earth’s atmosphere. Despite the relevance of studying concentrated whirlwinds,
theoretical modelling is still not sufficiently developed to offer a fuller understanding and prediction
of their vortex dynamics. In this regard finding new exact solutions of the hydrodynamic equations
which govern their vortex structure and dynamic evolution is important.
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The second section briefly describes the main features of dust vortices as well as the processes of
sand grain saltation and electrification. The third section is devoted to the description of mechanisms
of generation of vortices in an unstably stratified atmosphere. The fourth section is devoted to the
description of concentrated vortices at the quasi-stationary stage. The fifth section presents the results
of numerical simulations of vortices in a convective unstable atmosphere. The final summary is given
in the conclusions.

2. Main Features

2.1. Dust Devils—Columns of Rising Dust

Dust devils are small-scale and short-lived tornadoes with a low-pressure core which can suck
dust, sand and small debris, dragging them into an upwards spiralling vortex upward movement.
In English-speaking countries they are often called DDs. This nomenclature is well-established in the
literature for describing rotating columns of rising dust, most usually found in arid desert regions
of the Earth [4-10]. In fact, DDs are the most common vortex structures in the Earth’s atmosphere.
Usually they appear during the summer time in an open, well-heated areas during hot, cloudless and
almost windless weather conditions. However, sometimes DDs can occur in winter or spring, when
cold air spreads along the warm ground, hence they even occur in subarctic regions. DDs mostly occur
in the United States, Australia, India and Africa, especially in the Sahara desert. They can cause a grey
column of dust to rise to cloud height. Pilots can sometimes observe these rising air currents and dust
tornadoes at an altitude of several kilometres. However, in poor dust and sand regions DDs are much
less visible and may even be invisible to the naked eye.

Vortices pick up dust from the Earth’s surface as a result of the so-called saltation. Sinclair
(see e.g., [11-14]) suggested that DDs occur due to the existence of dust in the near-surface layer of
the atmosphere in areas with abnormally high soil temperature where there is a sufficient presence of
local wind obstacles which are required to form the necessary shear flows. At sea or on large lakes
observed water devils (or water jets, waterspouts) have a similar origin [15,16] but instead of dust
such tornadoes carry away drops of water. In addition, during a fire, with sufficiently calm conditions
fiery devils can occur unexpectedly.

2.2. Dust Devils: Typical Parameters

The history of regular observations of DDs spans more than 150 years, starting with general
descriptions [1,2,4,5] and then later more detailed observations and measurements were developed
(see e.g., [6,10-14,17-26]). Let us summarize the currently available data on DDs. Most often DDs
are observed on summer afternoons when the weather is calm, dry and windless, and the soil is
sufficiently heated by solar radiation. Rising warm air creates a vortex with a low pressure center.
The characteristic diameter of DDs is from several meters to several tens of meters, and in height they
reach several hundred and even thousands of meters. These vortices are transferred in space at a speed
close to the speed of the undisturbed wind. Due to the presence of dust, they become visible to an
outside observer in the form of miniature tornadoes. The role of DDs in convection, soil erosion and
sand transport in arid regions of the Earth has been intensively studied for a long time [27-29].

The direction of DDs circulation depends only on local initial conditions. Their spatial scales are
not so large that they are affected by the Coriolis force, as in Rossby wave vortices. Very often, when
a group of DDs is forming nearby you can see vortices that rotate in different directions. Balme [8],
summarising the results of previous studies, presented an overview of the characteristic parameters
of DDs on Earth and Mars. The characteristic toroidal speed in DDs reaches 25 m/s, and the vertical
wind speed 10 m/s. Larger DDs have higher speeds of rotation and higher vertical speeds. In terms of
radial position, DD can be divided into three concentric regions (see e.g., [26]). There is an outer region
with weak vorticity and a constant (or slowly changing) radius; a narrow region where the vorticity
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varies dramatically, and an inner region where the converging flow to the center is transformed into a
vertically ascending flow with large vertical and toroidal velocities.

2.3. Saltation

Saltation from the Latin Salto (which means to dance or jump) is the process of soaring and
transfer of sand along the surface of a planet. This process occurs when wind applies sufficient stress to
temporarily lift sand grains against gravity but due to the transient nature of wind turbulence at some
point the grains eventually return to the surface. This motion is known as reptation. Saltation occurs
when the particles returning to the surface collisionally cause more sand entrainment (during the
so-called splash). Wind-controlled transfer of sand, dust and other objects is an Aeolian process, named
after the Greek god of the winds, Eola. Aeolian processes are observed not only on Earth but also on
Mars, Venus and Saturn’s moon Titan. On Earth, these processes occur mostly in deserts, beaches, and
other areas with sparse vegetation. Sand blown about in these areas helps to change the surface by
forming sand dunes and ripples, eroding rocks and transferring soil particles (see e.g., [27,28,30,31]).

Particle transport by wind depends on the wind speed and particle size. The specific terms, dust
and sand, generally refer to solid inorganic particles that are associated with rock weathering. Sand
is defined as mineral particles with a diameter of 60 to 2000 pm, while dust is defined as particles
with a diameter less than 60 um. As shown by observations [27-35] most DDs with increasing wind
speed from 0.3 m/s to 2.4 m/s first begin to move sand particles with an optimal diameter of ~100
microns. When colliding with a surface, some particles set in motion others (see e.g., [9,28]). The first
comprehensive review of the physics of saltation was given by Bagnold [2].

The process of sand grain saltation can be divided into 4 main stages [9]: (1) excitation of
saltation—jumping of particles under the influence of an aerodynamic force, (2) ballistic movement
of particles, (3) impact on the surface of particles falling under gravity, and (4) modification of the
vertical profile of the wind by bouncing particles. Upon impact, the adhesion forces of the particles on
the surface are reduced and smaller particles are emitted from the surface.Collisions of small salting
particles can also mobilise larger particles. However, the acceleration of particles with a diameter
of ~500 um is strongly limited by their large inertia, so these particles usually do not participate in
saltation [2]. Vertical vortices, which have a lower pressure in the center, can pick up sand and dust
from ground level and carry it to a height of several kilometers (see e.g., [8,23]). Greeley et al. [36] and
Neakrase et al. [37] suggested that vortices are more efficient at dust rise than non-rotating boundary
layer flows due to pressure deficit in vortex centers.

Small-scale dust with a diameter of less than 20 microns can remain in the atmosphere for up to
several weeks, and thus can be transported by zonal winds thousands of kilometres from the source,
thereby affecting the weather and climate of large regions (see e.g., [38,39]).

2.4. The Electrification of Dust

Dust particles and sand, picked up by the wind in a dry atmosphere, after numerous collisions
acquire an electric charge as a result of the triboelectric effect, which produces electric charge when
one substance rubs against another. Due to gravity small, lighter particles with larger charge-to-mass
ratios than the heavier particles rise to higher altitudes in the vortex structures creating stratified
electric charge distributions. These stratified charge distributions generate large vertical electric fields
E,(r,z,t) as analysed with numerical simulations in Section 4 and are measured in the field data and in
laboratory experiments [40—44]. Pioneer measurements of Schmidt et al. [45] show that under moderate
wind conditions, electric fields of up to 160 kV/m can occur in rising dust fluxes. Strong electric fields
exceeding the value of 100 kV/m were observed (see e.g., [6,25,40,41,43,44]) during sandstorms and in
DDs. Full-scale measurements (see e.g., [46,47]) during the passage of sandstorms and DDs in Western
Sahara indicate even greater changes in electric fields than previously thought. Much attention has
been paid to the study of electric fields in DDs [9,40,43,46-52]. The corresponding charge density can be
10° to 107 electrons per cubic meter. Electrical discharges between dust particles with different charges
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in an electric tornado can create a spectrum of radio interference in the microwave range (1.35-6 cm).
Furthermore, vortex motion of charges generates a weak magnetic field of the order of several nano
Tesla. NASA's research project Martian Atmosphere And Dust in the Optical and Radio (MATADOR)
was devoted to the study of the role of hydrodynamic and electromagnetic forces in the formation of
DDs (see e.g., [53-57]). Similar studies were conducted in laboratories (see e.g., [58-60]). It was found
that influence of the electric field on the dynamic processes and trajectories of dust particles, in the
first approximation, can be disregarded relative to hydrodynamic effects [53]. However, such electric
fields have been seen in both wind tunnel studies and field observations to be capable of significantly
affecting sand transport. The electric field generated in DDs is determined by the vertical currents of
charged particles and the dispersion of particle velocity can be calculated as a function of mass.

The triboelectric effect has been tested and is used in industry, pharmaceuticals in particular, for
the separation of dust particles (powder) by weight and size in vortex motion (see e.g., [61-67]).

2.5. Dust Devils as an Element of the Family of Concentrated Small-Scale Vortices in the Atmosphere

In contrast to planetary-scale vortices (cyclones and anticyclones), DDs and tornadoes are
small-scale vortices (see e.g., [68]). Waterspouts, fire vortices and larger-scale and more intense tornadoes
belong to the extensive class of CVs (see, for example, [69-74]). Despite the fact that CVs generated
in different environments (tornadoes occur in powerful storm clouds), they have much in common.
The spiral-like upward movement of matter in such vortices has the general property: the toroidal
velocity in such vortices attains a maximum value on the characteristic radius and tends to zero when
approaching the center of the vortex or its periphery. The typical radius of concentrated vortices is
from a meter to several tens or even hundreds of meters. The speed of rotation in such vortices reaches
the maximum value at the characteristic radius and tends to zero when approaching the center of
the vortex and on the periphery of the vortex. These observations coincide with the behaviour of the
rotational velocity in the stationary Rankin vortex (see e.g., [8,12,20,21,69]). DDs as the simplest vortex
structures are of interest for the study of the whole class of concentrated atmospheric vortices. Detailed
knowledge of the internal properties of the structure and causes of DD generation can be useful in
the study of tornadoes. Such a wide class of vortices has attracted the attention of many researchers.
For example, the problem of radioactive dust removal by vortices in ground-based nuclear tests in
the 1960s stimulated the study of vortices. Also, the catastrophic destruction caused by large tropical
cyclones motivated further analysis of tornadoes.

2.6. The Dustiness of the Atmosphere and Climate

Despite the large and increasing number of studies on dust transport, its impact on the Earth
system remains very uncertain (see e.g., [39,75-80]). Dust redistributes energy by scattering and
absorbing both solar and terrestrial radiation. In addition, dust aerosols serve as vapour condensation
nuclei in the liquid (as cloud condensation nuclei) and in the solid phase (as ice nuclei) [81]. The process
of interaction between dust and clouds is very complex and insufficiently studied (see e.g., [82,83]).
In addition, dust deposition on glaciers and snow cover reduces albedo, which causes warming and
early spring snowmelt [39,75-78]. Climate change is very sensitive to the global dust cycle, i.e., the
rate of dust deposition during the glacial maximum is several times higher than during the interglacial
era [78,84,85]. Note that global dust deposition has been increasing for at least the last 50 years [86].

At altitudes of 2000-4000 m, streams were observed with temperatures several tenths of a degree
above ambient temperature and with vertical wind speeds of 2-4 m/s over an area of 1-5 km?. This
suggests that dust particles are associated with longer fluxes of rising warm air, which extends up to
several kilometres in height and expands to several kilometres in diameter before returning down [38].
DDs effectively transport dust in the form of a suspension upwards, where it is picked up by regional
winds and carried for several hours or days over long distances. Fine African dust can be transported to
the South of Europe and reaches the Caribbean and southeastern United States each summer [27,87-89]
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with concentrations typically in the range of 10 to 100 jtg/m? . This is between one third and one half
of the observed dust particles with a diameter of less than 2.5 um.

3. Generation of Vertical Jets (Plumes) and Vortices in an Unstable Stratified Atmosphere

Sinclair [13], based on long time observations, suggested that the necessary condition for the
existence of DDs is the presence of dust in the near-surface layer of the atmosphere and areas with
abnormally high soil temperature. According to modern concepts [8,88-93], DDs are formed in
an unstable near-surface layer with a super-adiabatic temperature gradient. Observations have
shown that the generation of vortices with the direction of rotation clockwise (anticyclonic) and
counterclockwise (cyclonic) are equally probable. From the observed lack of correlation between the
external vorticity, the generation time and the diameter of the vortex, it follows that only, the external
vorticity, is insufficient for DD generation.

Meteorological observations [12,13,19-22] served as the basis for the creation of the first
thermodynamic model of DD generation [25,94]. Characteristic DDs are interpreted as a heat machine
in which the heat of the surface layer is transformed into DD energy. According to this model,
warm air in a convectively unstable atmosphere rises and cools down. This model is an analogue
of the heat engine, drawing energy from the hot surface layer. The model predicts that DD intensity
depends on the product of vertical and horizontal temperature gradients due to turbulent processes.
Generally speaking, turbulence in the near-surface layer plays an important role for generation
of coherent vortices. Next we will focus on the mechanism of vortex generation in a convectively
unstable atmosphere.

3.1. Convective Instability of the Near-Surface Atmospheric Layer

Solar heating of the Earth’s surface results in the formation of an unstable atmospheric layer of air
where the temperature decreases with altitude. The atmosphere is considered unstably stratified if the
square of the Brunt-Viisédld or buoyancy frequency characterising the internal gravity waves

2 Ye—1  1dT
= _—— , 1
“g =38 ( YoH T T4 @)
is negative. Here g is the gravitational acceleration, -, is the ratio of specific heats, H is the reduced

height of the atmosphere, and T and dT/dz are the fluid temperature and temperature gradient
in the vertical direction, respectively. Owing to solar heating of the soil, the vertical temperature

gradient (the second term in the round brackets) is negative and exceeds the first term. Equation (1)
corresponds to the famous Schwarzschild criterion for convective instability. In this case, internal
gravity waves (IGWs) convert to unstable, exponentially growing plumes. Hence, such conditions
would also generate DDs with an initial exponential growth rate.

3.2. Generation of Vertical Jets (Plumes) in an Unstable Stratified Atmosphere

In this section, which describes the generation of convective jets (plumes) and vortices in a
convectively unstable atmosphere, we will focus on the results obtained in the works [95-98]. Similar
to these models we will consider only the axisymmetric case assuming that 0/0d¢ = 0 in the cylindrical
coordinate system (, ¢, z) with the flow velocity denoted as v = (vr, vy, v;). Given that sand grains in
DDs move at subsonic speeds, the incompressible fluid approximation is valid. According to [95-97]
the radial and vertical velocities of convective incompressible motion in plums of an unstable stratified
atmosphere are equal to

vy = —vogexp ('yt - R2> , (2)

d
- vy = 00% (1 — Rz) exp (’yt — Rz) . 3)
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Here vy is the characteristic velocity, R = r/rg, rg is the vortex radius, f is the time and v = \wg|.
The expressions for the velocity components of convective motion in the plume (2) and (3) are given
under the assumption that the following condition holds

2 (vo/ 7o) R%exp <7t — Rz) < 1 (4)

For moderate values 2 (v /7o) exp (t) condition (4) can be satisfied in the central part of the vortex,
for r/rg < 1, or far at the periphery of the vortex, for r/ry > 1. From the Equations (2) and (3) it is
seen that the radial velocity in the jet is directed to the center and does not depend on the vertical
coordinate z, and the vertical velocity is directed upwards in the inner region of the jet and downwards
for r > rg in the external region. The vertical and radial velocity components decrease exponentially at
the plume periphery, when r/ry > 1.

3.3. Generation Model of Dust Devils from Vertical Jets

We consider that within the vortex there is a stationary large scale, with characteristic scale a > g
scaling the vertical vortex vorticity term as follows Q. (r) = Q [1 —exp (—r*/a?)]. In the vortex
region when r/a < 1 the vertical vorticity is Q) = Q (r?/a?). Using the expressions for the radial and
vertical velocities of convective motion (2) and (3), one can obtain an initial large scale vertical vorticity
(V xv), = 4vg0/r, where vy = (1/4) Qa (r/ a)? is the initial toroidal velocity. Taking into account
the interaction of the vertical vorticity with an exponentially increasing poloidal motion, one can
obtain [95-98] expression for jet toroidal (or azimuthal) velocity,

Vg = Vpo€XP [é?yexp ('yt — Rz)] . (5)

To apply these results to interpret dust vortices in the Earth’s atmosphere, let us take the
characteristic value of the temperature gradient in the near-surface layer [35] as 2 K/m, which is
usually measured in the near-surface layer during vortex generation. This gradient corresponds to
the convective instability growth rate. Figures 1 and 2 show the dependence of normalised radial
and vertical components of the velocity within the time interval t < 4 s and when vy /79y = 1in the
radial domains r/ry < 0.2 or ¥/rg > 2.0. Note, that according to Equation (4) the vertical velocity
is proportional to z. Figure 2 is plotted for z = 2rj. In the intermediate domain 0.2 < r/ry < 2.0
corresponds to the domain where the condition (5) fails. Further investigation of this nonlinearity
in the region 0.2 < r/ry < 2.0 will be carried out elsewhere. Comparing the left and right panels of
Figures 1 and 2, and using the interpolation behaviour of the velocities in the regions 0.2 < r/ry < 2.0
and r/ry > 2.0 one can assume that for r = r( the absolute value of the radial velocity attains its
maximum value. Then the vertical component of the velocity, for ¥ = ry, vanishes and then changes
the sign. Figure 3 shows a strong increase in the vertical vorticity, i.e., ten times, from ¢t = 5.6 to 6.4 s in
the interior of the vortex.
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Figure 1. The normalised radial velocity v, /vy as a function of /7y and time t = 0.8, 4.0, 5.6 and
6.4 s. The r/ry dependance are shown for two separate radial intervals, i.e. 0 < r/ry < 0.2 (left) and
2 <r/ry < 4(right).
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Figure 2. The normalised vertical velocity v, /v for z = 2rg as a function of r/rg and time t = 0.8, 4.0,
5.6 and 6.4 s. The r/rg intervals are the same as in Figure 1.
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Figure 3. The radial dependence of the normalized vertical vorticity in the inner (left) and the outer
region (right) of the vortex for t = 5.6 and 6.4 s.

4. Quasi-Stationary Models of Concentrated Vortices

4.1. Previous Models

Despite the fact that concentrated vortices such as DDs and tornadoes occur in many different
environments, they actually have much in common. Regarding their radial structure, the toroidal
velocity reaches a maximum value on the characteristic radius and tends to zero at the vortex
centre and on the periphery of the vortex approach. Therefore, modelling DDs is of interest since
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they are the most numerous and regularly observed CVs in the earth atmosphere. The simplest
model of a stationary vortex is the Rankine vortex (see e.g., [99]). The Rankine vortex with piecewise
continuous toroidal velocity is not an exact solution of the Navier-Stokes equations and, therefore, is
not realistic for describing motions in the atmosphere, however, it is often used in the interpretation
of the observations [8,13,36,100] and also in interpreting the results of numerical simulations of CVs
(see e.g., [18,69,100-103]).

At present, only a small number of exact solutions of the Navier-Stokes equations describing the
structure of vortices are known. These include the Burgers or Burgers—Rott (see e.g., [104,105]) and
Sullivan [106] vortices. The Burgers and Sullivan models describe three-dimensional axisymmetric
flows of viscous incompressible fluids. In the Burgers model, the radial and vertical velocities grow
unbounded, respectively, with increasing distance from the center of the vortex and with increasing
altitude. For these reasons, this model is not realistic at high altitude and at long radial distances.
Unlike the Burgers vortex, the Sullivan vortex has a two-cell structure. In the central part of the
vortex (in the central cell), the vertical velocity is directed downward, and the radial velocity is
directed outward. In the outer region of the vortex (in the outer cell), the vertical velocity is directed
upwards, and the radial velocity is directed to the centre of the vortex. The Sullivan vortex is a simple
two-cell dissipative vortex that is used to interpret powerful DDs and tornadoes (see e.g., [88,107,108]).
It is, certainly, recognised that a tornado is too complex a phenomenon to be completely described
by a simple explicit stationary solution of the hydrodynamic equations. However, explicit solutions
provide important foundation knowledge about the possible structure of vortex flows. As in the
Burgers vortex, the vertical velocity in the Sullivan vortex grows infinitely with height. The principal
mechanism underlying the maintenance of dissipative Burgers and Sullivan vortices is the balance
of the viscous diffusion and the radial flow. As the viscosity of the fluid decreases, the vortex itself
disappears. The question arises: can stationary vortices exist in a non-dissipative medium? As well as
understanding DDs, detailed knowledge of the internal properties of the structure of CVs can also
be applied to the study of tornadoes and tropical cyclones. In this regard, there is much motivation
to search for new accurate solutions of the hydrodynamics equations describing CV fluid flow.
A new low-parametric model of an exponentially localised vortex in space is described in [109]. This
corresponds to an exact solution of the Euler equations for an incompressible fluid (the Navier-Stokes
equations for inviscid fluid) [110]. Similar to the Burgers and Sullivan vortex there is an inwards
radial flow concentrating vorticity in a narrow column around the axis of symmetry. But unlike the
Burgers model, the dissipation of vertical vorticity is determined not by a viscosity, but by the vertical
advection of vorticity in an ascending stream which has a decreasing toroidal velocity with altitude.
This special type of stationary vortex arises when these two effects balance each other. Below we
present the main results obtained in this work.

4.2. Model of Concentrated Vortices in a Non-Dissipative Medium

In this model of CVs in a non-dissipative medium, the radial, vertical and toroidal components of
the velocity are [109,110]

2

vy r z z

o1z s
% L( L)eXp< L rg)’ ©)

2 2

v, z r z
92 o2 (1-T 2 7
Vo L( r(2)>exp< L r%)' @

and
v _rz [z 7

U¢0 o ro LEXp ( L }’%) ’ (8)

Here L is the characteristic height of the vortex, vy is the initial (seed) toroidal velocity. Using the
expression for azimuthal velocity (8), one can obtain an equation for toroidal vorticity.
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10 z r2 z 72
wz:;gﬂj(p:wwz (1_1%> exp (—L—2>, 9)

o

where w;o = 2v40/70. The Equations (7) and (9) show that the vertical velocity and the vertical vorticity
change the sign at the boundary of the vortex. Using Equation (9) it can be shown that according
to Thompson’s theorem in hydrodynamics of an ideal fluid the total (integral) vertical vorticity is

zero, i.e., 00 00
27r/ wzrdr/ dz = 0.
0 0

Unlike the Rankine and the Burgers vortices, the structures studied here have finite horizontal
vorticity, where (see e.g., [109,110])

2 2
— = 40y _zr
wp = (V X V), = o 7oL (2 r%>exp< I r%>‘ (10)

Equations (9) and (10) show that both the vertical and horizontal vortices are exponentially
localized in radial direction. Substituting expressions for the components of the velocity (6)—(8) into
the equation of momentum conservation, we obtain an equation for pressure, (see e.g., [109,110])

2 2
o vr+vz_/r%_
p(r,z) = po P( 5 ) P J, V=g, dr
2
z avz rU¢

Equations (6)—(8) and (11) describe an exact solution of the Euler equations for incompressible
flows in disregard of the viscosity effect. In this model, the vortex flow is exponentially localised not

only in the radial direction, but also exponentially localised in the vertical direction with a characteristic
scale L. The structure of the vortex in the vertical direction can be decomposed into three areas: the
base (or skirt), the central part and the upper part. In the radial direction, the structure is divided into
the inner and outer parts of the vortex, r < rg and r > rg, respectively. In the inner region the flow is
directed to the center, and in the outer—to the outside. At the base of the vortex z < L, the vertical and
toroidal velocity components are small. As the height increases in the inner region, the vertical and
toroidal components of the velocity increase. The main movement in the central area is concentrated
inside the cylinder r = r,, where 7. < ry. At the height of the vertical and toroidal speed, as well as
vertical vorticity, reach maximum values. In the upper part of the vortex, the ascending and directed
to the center flow is transformed into a descending spreading flow. The normalised three-dimensional
field of the velocities of the fluid motion and the particle trajectory in the vortex and pressure values
across the vortex at different heights are shown in Figures 4 and 5, respectively.

Figure 4. The normalised three-dimensional field of the velocities of the fluid motion and the particle

trajectory in the vortex are shown for vyy/vg = 1, vgo/v9 = 2 and vgo/vp = 5. The vortex height
L = 2.475 and characteristic radius rp = 2.0 in the respective units.
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Figure 5. Pressure values across the vortex at different heights for vgo/v9 = 1, vgo/v9 = 2 and
vg0/vp = 5 from top to bottom, correspondingly.

5. Numerical Simulations of Vortex Dynamics

The first attempts of analytical research, as well as numerical and laboratory modelling of vortices
taking into account the effects associated with the self-consistent dynamics of the movement of charged
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dust particles of different masses and different electric charge, picked up by a hydrodynamic flow,
in the presence of electrostatic field were made in [46,47,49-60,111-113]. In a recently published review

Spiga et al. [114] discussed numerical modelling of DDs using the Large-Eddy Simulation
(LES) approach. However, the study of the dynamics of vortices in realistic multi-component dust,
incorporating the influence of electrostatic fields, is still very much at the initial stage of development.

The influence of the vertical temperature gradient and friction in the near-surface layer on the
vortex dynamics was studied in [54,60,88,107,115-124]. By varying the values of the parameters
determining the initial vorticity, surface temperature and friction in the near-surface layer, their
influence on the maximum toroidal velocity, pressure drop and vortex structure was numerically
investigated. In [125] the main attention was paid to studying of topology of DDs. The influence of
charged dust particles and emerging electric fields on the dynamics of vortices was studied. Two
problems, in particular, were to be investigated by numerical simulations: (1) to show if vortex motion
in the horizontal plane is generated as a result of the development of convective instability, and (2) to
study the motion of individual sand grains picked up by the vortex structures. Despite the fact that the
dynamics of three-dimensional vortex motion has been studied intensively, the occurrence of vortices
in an unstable poloidal (axial) flow remains poorly studied. The motion of test particles in a complex
axial vortex also remained unexplored.

Using MUTSY/cNS 3 D (Multi Theoretical Subjects Utility /incompressible Navier-Stokes 3D)
code, numerical simulation of vortex generation in a convectively unstable atmosphere was performed.
The developed numerical code can be used to construct a general circulation model in a dusty
atmosphere. At the upper boundary, absorption at constant pressure and gradually increasing with
high viscosity was prescribed. The calculations used the condition of no slippage of matter at the
lower boundary (planetary surface) for a given temperature distribution. In the initial state, the flow
of matter was set in the form of weak perturbations. The vertical velocity of matter in the calculations
was significantly less than the velocity of sound.

At the first stage of numerical simulation, the possibility of generating toroidal motion in an
unstable poloidal flow under convective instability was shown. The left column on Figure 6 shows
the velocity field at the initial time at different heights (with increasing height from top to bottom).
The middle and right columns correspond to the speed at these heights at time t = 3.8 and t = 4.8.
Figure 6 clearly indicates the existence of a nonlinear phase of convective instability. This figure also
shows that at the nonlinear stage (time ¢ = 4.8) multi-vortex motion prevails. Thus, the numerical
simulation shows the nonlinear stage of development of convective instability associated with the
growth of energy of toroidal motion.

At the second stage of numerical modelling a more detailed study of the motion of the central
region of DD was conducted by implementing periodic vertical conditions. For simplicity at this
stage the condition of constant temperature in height was used. To study the evolution of the vortex
structure, a pseudo spectral code was used in the calculations. The dust component was considered as
a passive component (dust particles) denoted by black dots.

In Figure 7 three fragments of the evolution of the vortex structure are presented (time increases
from left to right). As the initial flow in the calculations, a constant flow in the vertical direction (the left
fragment) was adopted. The calculations showed the formation of small-scale spiral formations from
the left (initial) to the middle fragment over time. At later times, the attenuation of small-scale spiral
structures and the formation of a more symmetrical central part in the transition from the middle to
the right fragment. The time interval corresponds to about four rotations of the DDs.

Three fragments shown in Figure 3 indicate intermittency in the evolution of the spiral structure.
The left fragment has a weak spiral structure, the middle has a strong helicity, and the right fragment,
corresponding to the great times, again has a weak helicity.
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Figure 6. The results of numerical simulation of the evolution of a single vortex in different vertical
sections of the vortex (from top to bottom) and at different times t = 0.0, = 3.8 and t = 4.8 (from left
to right).

Figure 7. Three fragments of vortex structure evolution; time grows from left to right.

6. Conclusions

According to modern concepts, the basic natural sources of dust in the atmosphere are dust storms
and are also possibly associated with DDs. The effects of dust on climate change in the past, present
and future are poorly understood. Knowledge of these interactions is fundamental to weather and
climate forecasting. The formation of the ecological system of the near-Earth environment is extremely
complex and includes many physical, chemical and biological processes, and also climatic changes.
Furthermore, these processes interact with each other in a nonlinear way. Each interaction is important
and has its own thresholds. For example, one of the most notable components of this system is the
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iron cycle, in which iron-containing dust is transported from the soil through the atmosphere and then
into the ocean, and due to biogeochemistry has the opposite effect on the climate and dust content of
the atmosphere.

This review summarised the results of observations and studies of DDs. Special attention was
paid to the mechanism of their generation. It has been established from observations that one of the
main conditions for the occurrence of DDs is the convective instability of the atmosphere associated
with the super adiabatic temperature gradient in the near-surface layer. Such an instability occurs as a
result of abnormally strong heating of the Earth’s surface by solar radiation. In the boundary layer
with a seed large-scale vorticity there is a spiralling movement to the central region with reduced
pressure. This causes the concentration of vortex motion to smaller scales.

A nonlinear hydrodynamic model of the generation of convective motions and dust vortices in an
unstably stratified atmosphere was also discussed. This particular model for generating convective
plume cells assumed an axially symmetric flow field and nonlinear equations governing internal
gravitational waves. It was shown that in a convectively unstable atmosphere with a large-scale seed
vorticity, small-scale intense vertical vortices are formed extremely rapidly from jets. The structure of
radial, vertical and toroidal velocity components in such vortices was studied. It was found that these
vortices have a low pressure inner region with a strong toroidal motion which can suck up dust from
the Earth’s surface. The structure of vertical vorticity and toroidal velocity in the radius-restricted
areas of the vortex was also investigated.

Further studies of DDs, including numerical modelling, will allow us to study: (a) generation
and structure of generated vortices at arbitrary radial distances, (b) the study of the vortex structure
without the restriction of axial symmetry, (c) incorporation the effect of charged dust in the dynamics
of vortices and dust content of the atmosphere. Such modelling can help in the study and prediction
of more powerful tornadoes and hurricanes, as well as verification of the role of DDs and dust storms
in the dynamics of dust in the atmosphere.
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