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Simulation of Terrestrial Dust Devil Patterns
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ABSTRACT

Introducing the surface properties [initial vortex, ground temperature and surface momentum impact
height (SMIH)] for the boundary conditions, dust-devil-scale large eddy simulations (LES) were carried out.
Given three parameters of initial vortex, ground temperature and the SMIH based on Sinclair’s observation,
the dust devil physical characteristics, such as maximum tangential velocity, updraft velocity, pressure drop
in the inner core region, and even reverse flow at the top of the core region, are predicted, and are found to
be close to the observations, thus demonstrating the ability of the simulation. The physical characteristics of
different modeled dust devils are reproduced and compared to the values predicted by Renno et al.’ theory.
Even for smaller temperature differences or weaker buoyancy, severe dust devils may be formed by strong
incipient vortices. It is also indicated that SMIH substantially affects the near-surface shape of terrestrial
dust devils.
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1. Introduction

Dust is a main component of atmospheric aerosols.
With several special wind systems, such as dust
storms, dust devils etc., the mineral dust particles orig-
inate mainly from the great desert areas of northern
Africa, Southwest America, and Asia. Mineral aerosols
play a key role in atmospheric chemistry, ecology, and
the Earth’s radiative balance (Wang et al., 2004; Shen
et al., 2006).

With a low pressure and a warm core, dust dev-
ils are vertical vortices that occur in the atmosphere’s
convective boundary layer (CBL), usually short in du-
ration. Dust devils can swirl dust, debris and sand
to high levels. They are concentrated vortices, oc-
curring on various surfaces of the Earth (Vatistas et
al., 1991). Their frequent appearance in some areas
suggests that they are significant in the evolution of
dust storms (Greeley et al., 2003). However, this is so
far only speculation, without direct observational evi-
dence (Cantor et al., 2002). Dust devils may arise from

rising plumes in the CBL (e.g., Battan, 1958; Ryan and
Carroll, 1970; Cortese and Balachandar, 1993; Shapiro
and Kogan, 1994; Renno et al., 1998; Michaels and
Rafkin, 2004) called “swirling rising plumes” (SRPs)
(Zhao et al., 2004). There is a super-adiabatic lapse
rate near the ground surface, which is the driving force
for dust devils. Near the surface, warm air parcels spi-
ral toward the centre while absorbing heat from the
surface. The radial inflow of warm air into the rising
plume results in the concentration of ambient vorticity.

Typical observed diameters of dust devils may de-
pend strongly on geography. For Arizona dust dev-
ils, an average diameter is likely to be in the order
of tens of meters (Sinclair, 1973). The heights of dust
columns in dust devils are usually less than 600 m but,
in desert conditions with deep mixed layers, and the
thermal updrafts associated with them have been ob-
served to extend as high as 4500 m (Sinclair, 1966).
Renno et al. (1998) proposed a thermodynamic theory
of dust devils and presented a range of thermodynamic
parameters against Sinclair’s (1966) observations.
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Leovy (2003) pointed out that computer simula-
tions have the potential to be an important tool for
interpreting laboratory and field observations of dust
devils. Computer flow simulations have been per-
formed to gain insight into the dynamics of bound-
ary layer vortices. In a laboratory simulation of tur-
bulent convection, Willis and Deardorff (1979) found
that dust-devil-like vortices were most likely to occur
at the vertices of the cellular convective pattern, where
vertical velocity reached its peak.

Kanak et al. (2000) found the existence of vertical
vortices in the CBL by means of large eddy simula-
tion (LES). Their model used a 35-m horizontal grid
spacing, which is approximately the average diameter
of extra-large dust devils, and may be classified as a
CBL-scale model. Although this model could simulate
the initiation of weak vertical vortices of dust dev-
ils, it cannot be used to study the fine flow structure,
or the influence of surface and atmospheric parame-
ters on dust devils. Therefore, smaller scale models
are needed to solve these problems. In Kanak’s re-
cent work (2005), a high-resolution (2-m grid spacing)
LES of the CBL was performed in order to examine
the physical characteristics of dust-devil-scale vortices.
Although the general features of the simulated dust-
devil-like vortices agreed well with observations, the
model was limited in a number of aspects, such as the
pressure drop inside the simulated vortex core was not
as great as observed, and the simulated vortex wind
speeds were less than 10 m s−1. It was also suggested
that initial conditions of the simulation might have an
important influence on the formation of vertical vor-
tices.

Zhao et al. (2004) compared a CBL-scale simula-
tion for convection cells with a dust-devil-scale simu-
lation for the air flow of dust devils and found that,
given appropriate initial conditions, such as heat flux
and initial temperature field, the convection cell could
be initiated, and thus easily allowing the development
of air flow for dust devils. Different states of convec-
tion take different amounts of time to develop dust
devil air flow fields. A three-dimensional, unsteady,
high resolution model is presented to investigate the
air flow evolution of a modeled dust devil, using fine
grids—the radial grid spacing smoothly stretched from
0.1 m at the center to 4 m, and the vertical grid spac-
ing stretched from 0.1 m on the surface to around 10 m
at the top. Smagorinsky’s (1963) scheme was used for
parameterization of the sub-grid viscosity. This model
might be a dust-devil-scale model. The simulation re-
sults show the air flow shape of dust devils, which are
strongly affected by ground surface friction.

Many studies have shown that on a small scale,
the shape and intensity of dust devils are sensitive

to many factors, such as soil cover, physical char-
acteristics, composition, topographical features, and
weather (Renno et al., 2004). Based on the dust-
devil-scale quasi-steady LES mathematical model, the
present study aims to reproduce a variety of observed
dust devil shapes by adjusting three key parameters,
namely the incipient vortex, SMIH (surface momen-
tum impact height), and ground surface temperature.
The quasi-steady LES model and the choice of three
parameters for boundary conditions are described in
section 2. The air flow field of a modeled dust devil is
simulated and analyzed in section 3. Six cases of mod-
eled dust devils are reproduced in section 4 and com-
pared with Renno et al. (1998) thermodynamic theory
of dust devils. A summary is given in section 5.

2. LES model and boundary conditions

Figure 1 shows several kinds of terrestrial dust dev-
ils observed on different surfaces, e.g., bushes, shrub
layers, deserts, and even airfields. The typical upside-
down cone-like dust devil is common in nature. The
dust devil with spray—regular dust cylinder in the in-
ner core with sprays of flat, upside-down cone shapes
near the ground—might have high tangential veloc-
ity and near-bottom momentum roughness. Bowl-like
dust devils occur on smooth ground. The inflow air
layer near the ground is very thin, and the bottom of
the dust devil is relatively flat. If the ground is very
smooth (such as in airports near deserts), no obvious
draught spirals out, and the dust devil has a regular
column shape. With a low pressure inner core and
swirling plume, dust particles might become airborne,
making the dust devil vortex visible if the surface is
composed of loose material.

It follows from the dust devil images in Fig. 1 that
the evolution, shape and intensity of dust devils may
depend on surface properties, which might be present
within the boundary conditions and initial conditions
in the current simulation. In the following paragraphs,
the three parameters (background vorticity, momen-
tum roughness and ground temperature) are justified
as the surface properties.

A number of investigators have proposed or pro-
vided evidence that larger scale convective circula-
tions, that are not initially rotational, can provide ver-
tical and/or tilted horizontal vorticity (e.g., Ryan and
Carroll, 1970; Cortese and Balachandar, 1993; Shapiro
and Kogan, 1994; Shapiro and Kanak, 2002; Michaels
and Rafkin, 2004; Kanak, 2005). The vortex size of
a dust devil is proportional to the value of the back-
ground vorticity (Renno and Bluestein, 2001). Hence,
in dust-devil-scale simulation, the background vortic-
ity, or incipient vortex, could be selected as a param-
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    Fig. 1. Patterns of terrestrial dust devils. Image sources: (a) http://www.aeriane.com/images/; (b)

http://www.inflowimages.com/code/showimage.asp?img=../chasereports/dustdevils/dd3.jpg; (c) http://www.
saweather.net/photographs/vortex/; (d) http://www.weatherpictureoftheday.com/.
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Fig. 2. Computational domain, initial and boundary conditions.

eter, expressed in terms of the tangential velocity on
the boundary of the convection cell. The diameters
of the convection cells are several hundreds of meters
(Zhao et al., 2004).

The profiles of temperature, pressure, and the three
cylindrical components of wind velocity through the
base of a dust devil were measured near Tucson, Ari-
zona (Sinclair, 1973). It follows from the observations
of this study that the ambient air temperature is about
315 K. Furthermore, at different altitudes, h = 5.2 m
and h = 9.4 m (V7 in 7 feet level and V31 in 31 feet
level in the literature), the value of tangential veloc-

ities at r = 50 m, far from the dust devil center, is
different. The tangential velocity at 9.4 m above the
surface, 3.0 m s−1, is obviously greater than that at 5.2
m, 1.5 m s−1. This result could be explained by the
friction of the surface (resulting from grass, sand, bush
etc.) slows down the near-surface angular momentum.
The momentum roughness is sensitive to the effect of
friction, and thus the vertical distribution of the near-
surface tangential velocity on the domain boundary
(Leslie and Smith, 1977).

In light of the recorded profiles of tangential ve-
locity beyond the center of the dust devil (Sinclair,
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1966), a tangential velocity profile depicted by Eq. (1)
is adopted for the background vorticity perturbation
at the lateral boundary of the computational domain.

vt(z) = C1(1− e−z/C2) , (1)

where C1 is the initial tangential velocity (rotating
speed), representative of the background vorticity, and
C2 reflects the vertical distribution of the rotating
speed, accounting for the influence of surface rough-
ness on the near-ground flow. Different from the sur-
face roughness, C2 could be defined as the SMIH. Nev-
ertheless, the SMIH is sensitive and directly propor-
tional to the surface roughness.

Generally, a constant heat flux is specified on the
surface (Kanak, 2005; Zhao et al., 2004) in the sim-
ulation models to allow for the buoyancy, or super-
adiabatic lapse rate, near the ground surface. Since
the temperature difference between the ground sur-
face and near-surface air parcels, causing convection,
is related to the heat flux (Renno et al., 2004), the
ground surface temperature might be considered as a
key parameter that plays a significant role in deter-
mining the intensity of the updraft in the current LES
model, when keeping the constant temperature of the
converging ambient air parcels.

In summary, introducing incipient vortex, SMIH
and surface temperature as the parameters of surface
properties, the boundary conditions are described in
Fig. 2. The diameter of the computational domain is
200 m, the same order of the diameter of heat convec-
tion cells.

Assuming the Boussinesq approximation is valid,
and applying the filter of the Navier-Stokes equations
for an incompressible buoyancy flow, the continuity
Eq. (2), momentum Eq. (3) and energy Eq. (4) equa-
tions become:
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∂xj

=
∂

∂xj

[(
µ

Pr
+

µSGS

PrSGS

)
∂ē
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where the overbar represents spatial filtering; ρ is the
reference air density; ui the velocity component; p the
pressure; µ the viscosity; g the gravitational acceler-
ation; Pr the Prandtl number; e the internal energy;
β the thermal expansion coefficient; Tc the buoyancy

reference temperature; and T the temperature. P is
a modified pressure quantity containing both p and a
kinetic energy term (Gu et al., 2006). δi3 is the sum
sign and is valued 1 when i = 3.

In the momentum and energy equations, the sub-
grid viscosity requires specification in simulations.
The SGS viscosity µSGS is:

µSGS = ρC∆̄2|S| , (5)

where

|S| = (2SijSij)1/2

is the magnitude of the resolved-scale rate-of-strain
tensor. ∆̄ is the grid size. ∆̄ = V 1/3 is usually em-
ployed. The coefficient C is determined by the dy-
namic sub-grid scale (SGS) model (Lilly, 1992). SGS
Prandtl number PrSGS is taken as 0.33 (Nieuwstadt
et al., 1991).

The air flow evolution of dust devil simulation is a
transient problem; the initial conditions must be set to
get the convection field. The initial radial and vertical
velocities in the domain are set to zero and the initial
field temperature up to 800 m is given, 313 K. The
region above 800 m is preset as the inversion layer, in
order to buffer the violent updraft. The field tempera-
ture Tin of the inversion layer above 800 m is given by
Tin = 313+0.015 (z−800), units: K. At the same time,
a weak vertical vortex (Ossen vortex; Green, 1995) is
given in the initial vertical velocity field of the whole
computational domain as the perturbation to ensure
the flow reaching the quasi-steady state as soon as pos-
sible.

vt =
200C1

r
(1− e−r2/r2

0 )(1− e−z/C2) , (6)

where r is the distance from the centerline, r0 = 60 m.
Details of the LES model, boundary and ini-

tial conditions can be referred to in the literature
(Zhao et al., 2004; Gu et al., 2006). The fine grid
points are adopted in the so-called dust-devil-scale
model. In the computational domain, 200 m (R)×1200
m (H), 1008000, 80(r)×72(θ)×175(z), non-uniformly
distributed grid points are used. The grid spacing is
fixed for the azimuthal angle coordinate, while the ra-
dial grid spacing stretched from 0.1 m at the center
to 5 m on the lateral boundary, and the vertical grid
spacing stretched from 0.1 m on the surface to around
15 m at the domain top. The time step is ∆t=0.02 s.
Thus, a three-dimensional simulation (x, y, z) is per-
formed based on the arrangement of the grid points,
using a Cartesian coordinate system for the cylindrical
computational domain.

Although the velocities are written in two forms,
(u, v, w) referred to a Cartesian coordinate system and
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Fig. 3. Rotating speed (m s−1) contours of the modeled dust devil with Twall=343 K, C1=2.5 m s−1,
C2=4.0 m. (a) The whole field. (b) The enlarged near-surface region. Dashed lines represent negative
values.

(vr, vt, vz) referred to a cylindrical coordinate system,
the simulated results are shown in a Cartesian coordi-
nate system in this work, and then all the analysis is
carried out.

3. Simulation of a modeled dust devil

Although the evolution of dust devils was divided
into three stages (developing, developed and decaying)
by Zhao et al. (2004), the mature phase—transition
from the developed stage to the decaying stage, last-
ing several minutes to tens of minutes—is focused on
in this paper. In the current LES model and algo-
rithm, it takes about 200 s for the atmosphere flow of
dust devil to reach the quasi-steady state. The quasi-
steady state of the air flow field of the modeled dust
devil means that the time-averaged air flow field does
not change; for example, the time-averaged air flow
field within 30 s is similar to the time-averaged air
flow field within 60 s. This quasi-steady state indi-
cates the characteristics of the gas phase field in the
mature phase of modeled dust devils (Gu et al., 2006).
Simulation results averaged every 30 s are shown in
Figs. 3–7 for the present study.

The wind velocity is composed of the velocity in
the vertical plane (denoted as vz, or W ), the radial
velocity (denoted as vr, or U) and the tangential ve-
locity (rotating speed) (denoted as vt, or V ) on the

horizontal plane, among which the tangential velocity
is the key parameter in describing the shape of dust
devils. The maximum rotating speed, the maximum
updraft speed, and the pressure drop in the inner core
of dust devils in the developed stage are, generally,
used to indicate the intensity of dust devils.

Based on the observations by Sinclair (1973), the
initial tangential velocity (background vorticity), C1 =
2.5 m s−1, and SMIH, C2 = 4.0 m are selected for the
boundary condition parameters in Eq. (1). The tem-
perature difference is the main driving force for convec-
tion in dust devils. Li (2002) measured the distribu-
tion of air temperature over deserts and reported that
the temperature difference between the ground and
the air at a level of 1 m is over 20–30 K at midday in
deserts. In the present simulation, the average atmo-
spheric temperature at midday in deserts is assumed
to be 313 K. A ground surface temperature of 343 K is
used to provide a case with a large temperature differ-
ence or strong convection. The super-adiabatic lapse
rate near the surface is thus evaluated by the temper-
ature difference. The simulation results in the y = 0
slice are demonstrated in Figs. 3–6.

Figure 3a illustrates the tangential velocity con-
tours in the entire computational domain and Fig. 3b
gives the tangential velocity contours in the near-
surface region. As shown in Fig. 3b, the flow of a
fully developed dust devil vortex is divided into four
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Fig. 4. Radial velocity (m s−1) contours of the modeled dust devil with Twall= 343 K, C1=2.5 m s−1,
C2=4.0 m. (a) The whole field. (b) The enlarged near-surface region. Dashed lines represent negative
values.

regions: the outer flow region, the core region, the cor-
ner, and the near-surface layer (Zhao et al., 2004). The
“core region” is the central core of the vortex. It is the
mainstream of dust devils, where there is low pressure
updraft in the inner core zone of the core region. The
outer flow region is beyond the core region, where the
air flow swirls slowly in response to the background
vorticity and the positive buoyancy force in the con-
vective plume. The inflow spirals into the center in
near-surface or inflow layers, and then deflects upward
into the corner region. The maximum tangential ve-
locity in the corner region is about 12 m s−1. This
maximum tangential velocity contour consists of the
core ring, whose radius is about 10 m in this case.
The swirling velocity at a certain level, about 2.5 m,
in the corner is much greater than in the “core region”
above the corner. The highest swirling velocity and the
strongest turbulence of an actual dust devil are gener-
ally located in the corner region (Sinclair, 1973; Hess
and Spillane, 1990), showing that the present simula-
tion results are acceptable.

Figure 4a demonstrates the radial velocity contours
in the whole domain and Fig. 4b shows the radial ve-
locity contours in the near-surface zone. The maxi-
mum radial velocity is about 10 m s−1, which means
there is a large wind shear in the near-surface layer.
Figure 5a shows the whole field’s vertical velocity con-
tours and Fig. 5b shows the local vertical velocity

contours in the near-surface. The maximum ascending
velocity is about 16 m s−1, occurring in the corner re-
gion near the surface. At the top of the inner core, the
vortex breakdown (Snow, 1982), stagnant air parcels
and even reverse flow, emerges in the mature phase. In
the present simulation, there is a downdraft, occurring
in the inner core over the corner region, with a maxi-
mum velocity of −3 m s−1, as shown in Fig. 5. When
the vortex breakdown reaches the ground surface, the
dust devil overspreads markedly and enters into the
decaying stage, lasting several minutes or longer.

Figure 6a shows the whole field’s pressure drop
contours and Fig. 6b shows the local pressure drop
contours in the near-surface. It is demonstrated that
higher swirling updraft results in higher pressure drops
in the inner core of the dust devil, the maximum reach-
ing 2 hPa. As discussed by Zhao et al. (2004), the pres-
sure drop indicates the cyclostrophic balance between
the centrifugal force and the radial pressure gradient
in the mature stage.

The typical pressure drop observed within dust
devils varies from 2.5 to 4.5 hPa (Sinclair, 1973). The
near-surface vertical velocity reaches peak values of
about 15 m s−1 (Ives, 1947; Sinclair, 1973). Weak
thermal updrafts and small dust devils are frequently
observed in the wake of large dust devils. The low-level
tangential velocity also reaches peak values of about
15 m s−1. The predicted dust devil physical charac-
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Fig. 5. Vertical velocity (m s−1) contours of modeled dust devil with Twall=343 K, C1=2.5 m s−1, C2=4.0 m.
(a) The whole field. (b) The enlarged near-surface region. Dashed lines represent negative values.                x (m)

z(m) -200 -160 -120 -80 -40 0 40 80 120 160 20004080120160200240280320360400 p208-3-15-26-38-49-61-73-84-96-107-119-131-142-154-165-177-188-200
-26-3 -15

-119
-38 -49 -61-73x (m)

z(m)
-200 -100 0 100 2000100200300400500600700800900100011001200 p208-3-15-26-38-49-61-73-84-96-107-119-131-142-154-165-177-188-200

20
-61

8 -3 -15-26-38
(a) (b) 

Fig. 6. Pressure drop (Pa) contours of the modeled dust devil with Twall=343 K, C1=2.5 m s−1, C2=4.0 m. (a)
The whole field. (b) The enlarged near-surface region.
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Table 1. Modeled dust devils and typical parameters.

SMIH Ground temperature Initial vorticity Maximum rotating and updraught speed,
Experiments (m) (K) (m s−1) v and w, and pressure drop, ∆p

A 4.0 343 2.5 v = 12 m s−1, w = 16 m s−1, ∆p=2 hPa
B 4.0 343 5.0 v = 20 m s−1, w=22 m s−1, ∆p=4.2 hPa
C 4.0 323 2.5 v = 10 m s−1, w=10 m s−1, ∆p=1 hPa
D 4.0 323 5.0 v = 18 m s−1, w=17 m s−1, ∆p=3.6 hPa
E 2.0 343 2.5 v = 12 m s−1, w=9.5 m s−1, ∆p=3 hPa
F 6.0 343 2.5 v = 16 m s−1, w=38 m s−1, ∆p=8.5 hPa

teristics, such as the maximum tangential velocity, the
updraft velocity, the pressure drop in the inner core re-
gion, and even the reverse flow at the top of the core
region, are close to the observations and thus demon-
strate the ability of the present simulation.

4. Patterns of modeled terrestrial dust devils

By using different combinations of the incipient
vortex, surface momentum impact height and surface
temperature for different surfaces, a variety of flow
patterns of modeled terrestrial dust devils in the devel-
oped stage have been reproduced to unveil the differ-
ent shapes and intensities of dust devils in nature. The
chosen values for the coefficients in Eq. (1) are given
in Table 1. The rotating speed of the initial perturbed
vertical vortex, C1, is the tangential velocity at the col-
umn boundary. Values of 2.5 m s−1 and 5.0 m s−1 are
used to represent a weak initial vorticity and a strong
initial vorticity, respectively. It is well known that dust
devils can occur on different surfaces, such as bushes,
shrub layers, deserts, and even airfields. Therefore,
different values are selected to simulate three levels of
SMIH.

Temperature difference is the main driving force
for convection in dust devils. A surface temperature
of 323 K is adopted in the cases of small temperature
difference or weak convection.

The rotating velocity contours in the mature phase
of modeled dust devils at different parametric con-
ditions are presented in Figs. 7a–f. For a moder-
ate SMIH, 4.0 m, a weak initial vorticity (initial ro-
tating speed, 2.5 m s−1) and a strong convection
(surface temperature, 343 K), the near-surface shape
of the modeled dust devil resembles an upside-down
cone, which is illustrated schematically in Fig. 8a.
As mentioned in section 3, there is an updraft with
a maximum velocity up to 16 m s−1 in the corner
region, while the maximum rotating velocity in the
core is 12 m s−1 and the maximum radial velocity is
10 m s−1. The pressure drop in the inner core is about
2 hPa (Model A in Table 1).

If the surface momentum impact height and tem-

perature difference are kept the same as those of Model
A, an increase of C1 to 5.0 m s−1 results in the dra-
matic increase of the maximum rotating speed of the
dust devil, up to 20 m s−1, and the pressure drop in the
inner core, reaching 4.2 hPa (Model B in Table 1). The
cone angle of the upside-down cone is widened and the
near-surface shape of the dust devil becomes flat (Fig.
7b). When the convection becomes weaker, e.g., at a
surface temperature of 323 K, while keeping the same
surface momentum impact height and initial rotating
speed, the predicted near-surface rotating speed and
updraft velocity are the same value, 10 m s−1, which
is accompanied by a reduction in pressure drop in the
inner core, 1 hPa (Model C in Table 1 and Fig. 7c).

A modeled dust devil with a moderate momentum
roughness of 4.0 m, a strong initial vorticity (initial
rotating speed, 5.0 m s−1) and a weak convection (sur-
face temperature, 323 K) is shown in Fig. 7d. An al-
most regular and cylindrical vortex is found in the core
region, whilst there exists a second upside-down cone,
which is low and flat, due to the dust-laden overflow
in the corner region (referring to Fig. 1b). This mod-
eled dust devil looks like a cylindrical vertical vortex
with an upside-down conic airborne dust spout near
the ground (Fig. 8b). This type of dust devil has
a high rotating velocity and is likely to be quite se-
vere. In this case, the maximum updraft velocity and
the maximum rotating velocity in the corner region
are 17 m s−1 and 18 m s−1, respectively, while the
pressure depression in the inner core is up to 3.6 hPa
(Model D in Table 1).

The modeled dust devil shown in Fig. 7e has half
the SMIH as compared to the case in Fig. 7a. The
maximum updraft velocity is low, down to 9.5 m s−1,
while the maximum rotating velocity in the corner re-
gion keeps the same value, 12 m s−1. The pressure
drop in the inner core is 3 hPa (Model E in Table 1).
This type of dust devil is clearly different from those
described above, and has a bowl shape in the near-
surface region, as shown in Fig. 8c. It is likely to
occur in places with a flat and smooth surface, where
the SMIH is very small, so that there is no obvious
spiraling outward overflow. For a smooth surface, the
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Fig. 7. Rotating velocity contours in the mature phase of modeled dust devils, m s−1, in the x− z plane.
The velocity is the time-averaging value. (a) moderate momentum roughness, weak vorticity and strong
convection; (b) moderate momentum roughness, strong vorticity and strong convection; (c) moderate
momentum roughness, weak vorticity and weak convection; (d) moderate momentum roughness, strong
vorticity and weak convection; (e) small momentum roughness, weak vorticity and strong convection; and
(f) large momentum roughness, weak vorticity and strong convection.
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  Fig. 8. Near-surface shapes of dust devils simplified by
the periphery of the rotating velocity contour of their
cores. (A) Upside-down cone-like dust devil. (B) Al-
most cylindrical vortex core surrounded by an upside-
down cone-like dust spray. (C) Upside-down cone-like
dust devil with enlarged cone. (D) Regular cylinder-like
dust devil. (E) Upside-down thin cone-like dust devil
with very small cone.

air parcels in the convergence layer spirals in a lami-
nar way, and the shape of the dust devil resembles a
regular cylinder (Fig. 8d). The shear stress near the
ground surface is small and thus the vertical distribu-
tion of rotating speeds near the ground changes little.
The radial converging speed varies slightly along the
vertical direction.

The modeled dust devil with the largest surface
momentum impact height, 6.0 m, is shown in Fig. 7f.
It has a shape of a thin upside-down cone with a very
small conic angle (Fig. 8e). Almost all the high tem-
perature region lies in the core. There is a strong up-
draft with a maximum velocity up to 38 m s−1 in the
corner region, while the maximum rotating velocity in
the core is 16 m s−1 and the maximum radial veloc-
ity is 9 m s−1 (Model F in Table 1). Owing to high
SMIH, the low vorticity layer near the ground is thick.
The pressure drop in the inner core, approximately 8.5
hPa, is the highest among all the modeled dust devils.

Renno et al. (1998) proposed a thermodynamic
theory of dust devils, based on the heat engine frame-
work. This theory provides a simple physical inter-
pretation for many of the observed characteristics of
dust devils. Using the theory in our modeled dust
devils and assuming T S ≈ TH ≈ T∞ = 320 K,
T0=340 K, pS ≈ p∞ ≈ 1000 hPa, ptop ≈ 860 hPa,
we obtain η ≈ 0.02, ηH ≈ 0.062. For dry air, let
cp=1005 J kg−1 K−1, χ ≈ 0.286, and γ ≈ 0.5 ∼ 1.0,
allowing us to obtain v ≈ 14–20 m s−1, and ∆p ≈2.0–

4.6 hPa. Although the temperature perturbation is
a bit different from the effective temperature pertur-
bation presented by Renno et al. (2004), most values
of the maximum tangential velocity and pressure drop
in our modeled dust devils are close to the range pre-
dicted by Renno et al. (2004), hence supporting the
current simulations.

In addition, these values of maximum tangential
velocity, maximum updraft velocity and pressure drop
in modeled dust devils approach the values observed
by Sinclair (1973). Model F is an exception. The mo-
mentum thickness in the modeled dust devil shown
in Fig. 7f might be too great to achieve simulation
results far from Renno et al. (2004) and the observa-
tions. However, it is interesting to demonstrate the
influence of SMIH.

The interconnection of the surface properties and
the column shape of dust devils are investigated based
on the dust-devil-scale LES model. It is indicated that
the SMIH substantially affects the shape of terrestrial
dust devils, changing from a column on a very smooth
surface (Fig. 8d), an upside-down cone-like dust devil
near the ground, a bowl-like dust devil on the surface
with small SMIH (Fig. 8c), to an upside-down thin
cone-like dust devil with a very small cone angle on
the surface with large SMIH (Fig. 8e), whilst the in-
tensity of dust devils increases with a decrease in conic
angle. Even for a smaller temperature difference, se-
vere dust devils may be formed by strong incipient
vortices (Fig. 4b).

5. Summary

A dust-devil-scale LES model has been briefly de-
scribed in this paper. Introducing the initial vortex,
ground temperature and SMIH as the parameters of
surface properties, the boundary conditions have been
discussed. Although the evolution of dust devils was
divided into three stages (developing, developed and
decaying) by Zhao et al. (2004), the mature phase was
the focus of this work. The wind velocity is composed
of the velocity in the vertical plane, the radial veloc-
ity and the tangential velocity (rotating speed) on the
horizontal plane. The maximum rotating speed, the
maximum updraft speed, and the pressure drop in the
inner core of dust devils in the mature phase could be
employed to indicate the intensity of dust devils.

Given three parameters of initial vortex, ground
temperature and momentum roughness based on Sin-
clair’s (1966) observation, dust devil physical char-
acteristics, such as maximum tangential velocity, up-
draft velocity, pressure drop in the inner core region,
and even reverse flow at the top of the core region,
were predicted, with the results approaching observa-
tions and thus demonstrating the ability of the sim-
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ulation. Although the temperature perturbation was
a bit different from the effective temperature pertur-
bation presented by Renno et al. (1998), most values
of the maximum tangential velocity and pressure drop
in our modeled dust devils were close to their results.
Thus, given the surface properties, the pressure drop
and wind velocity of dust devils could be simulated.

Even for smaller temperature differences—weaker
buoyancy, severe dust devils may be formed by strong
incipient vortices. It is indicated that the SMIH sub-
stantially affects the near-surface shape of terrestrial
dust devils, changing from a column on a very smooth
surface to an upside-down cone-like dust devil near
the ground. Different SMIH results in different conic
angles. The tangential velocity, and hence intensity of
the dust devil, increases with a decrease in conic angle.
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