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The estimates of the contribution of dust devils (DDs) to the global dust budget have large uncertainties
because the dust emission mechanisms in DDs are not yet well understood. In this study, a large-eddy
simulation model coupled with a dust scheme is used to investigate DD dust entrainment. DDs are iden-
tified from the simulations using various threshold values for pressure drop and vorticity in the DD cen-
ter. A vortex-tracking algorithm is presented, which automatically detects and tracks vortices based on
different pressure drop and vorticity criteria. The results show that DD dust lifting can be largely
explained by convective turbulent dust emission. DD dust entrainment varies strongly between individ-
ual DDs even for similar atmospheric conditions, but the maximum emissions are determined by atmo-
spheric stability. By relating DD emission and counts to the Richardson number, we propose a new and
simple method to estimate regional and global DD dust transport.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Dust devils (DDs) are small dust carrying vortices. They occur
frequently on Earth and Mars, but their contributions to the terres-
trial and martian dust budget are so far not well quantified. DDs
are subgrid systems in global models and it is not clear how DD
dust emission can be parameterized. Renno et al. (1998) developed
a thermodynamic theory for DD occurrence and intensity, and
based on this theory, Koch and Renno (2005) estimated the contri-
bution of DDs to the terrestrial dust budget to be � 26� 18%. In
their estimate, DD dust fluxes are determined from the maximum
dust concentration and vertical wind speed measured in a small
number of strong DDs. The resulting dust fluxes are not necessarily
the surface dust fluxes and may lead to an overestimation of the
DD dust contribution. Jemmett-Smith et al. (2015) used meteoro-
logical criteria to estimate the potential of DD occurrence, and
found a much lower global DD contribution of 3.4% (estimates
range from 0.9 to 31% depending on the criteria used). To obtain
this estimate, Jemmett-Smith et al. (2015) used the same fractional
updraft areas and dust fluxes as Koch and Renno (2005).

Dust emission mechanisms in DDs are subject to ongoing
research. Saltation bombardment, the process in which dust emis-
sion is generated by impacts of hopping sand-sized grains, does not
alone explain dust emission in DDs, as the necessary condition to
initiate saltation (i.e. the friction velocity, u�, must be larger than
the threshold friction velocity for saltation, u�t) is often not
reached. Other mechanisms specific to DD dust emission have been
suggested, such as dust uplift due to a vertical pressure drop at the
surface (suction), but the significance of this process has not yet
been quantitatively determined (Balme and Hagermann, 2006).
Also, the vertical pressure drop may be related to the tangential
vortex speed, thus the consideration of vortex velocity may be suf-
ficient in the study of DDs (Wang, 2016). As pressure drop is easier
to measure than tangential vortex speed, it is often used as a direct
indicator for DD intensity and DD dust load (e.g. Neakrase and
Greeley, 2010; Metzger et al., 2011; Lorenz and Jackson, 2015).

Klose and Shao (2012) and Klose et al. (2014) have developed a
parameterization for the direct aerodynamic dust entrainment by
turbulence. The scheme focuses on convective conditions, the situ-
ation when DDs develop, and takes account of the stochastic nat-
ure of both atmospheric particle lifting forces and surface inter-
particle cohesive forces.

Large-eddy simulation (LES) is a powerful tool to investigate
DDs (e.g. Deardorff, 1970; Kanak, 2005; Zhao et al., 2004; Gu
et al., 2008), but apart from few exceptions (Michaels, 2006; Ito
et al., 2010), DD dust entrainment has not been included in
large-eddy simulation models. In this study, we use the Weather
Research and Forecasting (WRF) model in LES mode coupled with
the dust emission scheme of Klose et al. (2014) (KS14), denoted
as WRF/LES-D (Klose and Shao, 2013). WRF/LES-D contains
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representations of dust emission, transport and deposition. The
model is used to investigate DD occurrence, vortex properties,
and dust emission for various atmospheric background conditions.
By comparing the vortex properties and dust emission fluxes of the
individual DDs detected in the LES runs, a new method is proposed
to estimate large-scale DD dust transport from regional and global
model data.

2. LES experiments

The numerical experiments are set up as described in Klose and
Shao (2013). The model is run for various conditions of thermal
stability and background wind. Stability is varied by setting differ-
ent surface heat fluxes, H, for stable, neutral, and unstable stratifi-
cations (H ¼ �50;0;200;400;600 Wm�2). The background wind is
initialized with a logarithmic wind profile determined by
u� ¼ 0:15;0:3, and 0:5 m s�1 and a surface roughness length of
z0 ¼ 0:01 m, but the flow is allowed to freely develop during the
model spin-up. A Rayleigh damping is applied to the top 300 m
of the model domain to suppress gravity waves. In total, 15 numer-
ical experiments (Table 1) are conducted for a 2� 2� 1:5 km3

domain (x�y�z) with a horizontal resolution of Dx ¼ Dy ¼ 10 m
and a vertical resolution which decreases with height. Assuming
that the maximum size of large eddies in a convective boundary
layer is comparable to the boundary layer depth, our domain can
cover about four of the largest convective cells. This is at the lower
limit for LES and a limitation for the experiments to allow for suf-
ficient interaction between the strong convective cells (Schmidt
and Schumann, 1989; Moeng and Sullivan, 2015). The simulated
flow patterns show reasonable results, however, and we consider
the domain size large enough for the purpose of this study. With
a horizontal resolution of 10 m, the smallest detectable DDs have
horizontal extents of � 20—40 m (2–4 times Dx). This may lead
to an underestimation of the number of small DDs in our study.
The computational time step used in the simulations is 0.05 s
and the output time step is 10 s. The simulation time for each
experiment is 90 min, of which the first 30 min are used for model
spin-up and are excluded from the analysis. The surface is specified
as a loam soil.

The convective turbulent dust emission (CTDE) scheme of KS14
accounts for the stochastic nature of both atmospheric turbulence
and inter-particle cohesion. In the scheme, the dust emission flux,
FD, for a given lifting force, f, and cohesive force, f i, is given by

FD ¼
aN
2D �wtmp þ Tp f � f i

dp
D

� �n o
for f > f t;

0 else

(
ð1Þ
Table 1
Surface heat flux H [W m�2] and friction velocity u� [m s�1] used to initiate the LES
experiments (Klose and Shao, 2013).

H u�

Exp1 �50 0.15
Exp2 �50 0.3
Exp3 �50 0.5
Exp4 0 0.15
Exp5 0 0.3
Exp6 0 0.5
Exp7 200 0.15
Exp8 200 0.3
Exp9 200 0.5
Exp10 400 0.15
Exp11 400 0.3
Exp12 400 0.5
Exp13 600 0.15
Exp14 600 0.3
Exp15 600 0.5
with particle response time Tp, particle diameter dp, viscous sub-
layer thickness D, particle mass mp, and particle terminal velocity
wt . f t ¼ f i þmpg is the particle retarding force with g being gravita-
tional acceleration. The dust emission flux for a given particle size dj

can be calculated as

FD;j ¼
Z f

0
FD � pj f ið Þdf i ð2Þ

In the scheme’s setup for use in meso- and large-scale models, f is
parameterized to follow a probability distribution. In LES, the lifting
force can be directly calculated from the model-resolved and

subgrid-scale momentum fluxes as f ¼ sfpd
2
=4 with

sf ¼ q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uwþ 1

q
ssg;x

� �2

þ vwþ 1
q
ssg;y

� �2
s

ð3Þ

where q is air density, u; v , and w are the resolved wind speed com-
ponents respectively in x; y, and z direction, and ssg;x and ssg;y the
components of subgrid-scale momentum flux in x and y direction.
The scheme is an upgraded version from that used by Klose and
Shao (2013) and has been calibrated against field observations. To
the best of our knowledge, these are the first LES experiments
including size-resolved DD dust entrainment.
3. Dust devil identification and tracking

DDs exhibit a characteristic pressure drop, Dp, and a maximum
of vorticity, f, in the center (Sinclair, 1973; Renno et al., 1998). Vor-
tex centers can be identified based on three criteria: (1) a local
pressure minimum and vorticity maximum; (2) Dp exceeding a
threshold Dpt; and (3) f exceeding a threshold ft (Ohno and
Takemi, 2010; Raasch and Franke, 2011). Different threshold val-
ues have been proposed in the earlier studies. For example,
Raasch and Franke (2011) defined Dp as the pressure perturbation
from a base state at the lowest model level (�1 m) and set
Dpt ¼ 0:04 hPa and ft ¼ 1 s�1. Ohno and Takemi (2010) used the
pressure deviation from the horizontal domain average at 10 m
height with Dpt ¼ 0:1 hPa and ft ¼0.15 s�1.

For a 4 km2 domain as used in this study, we consider the hor-
izontal domain average pressure as a preferred reference and
define Dp as the deviation of pressure from this average. Vorticity
at grid point i; jð Þ is calculated as

f i; jð Þ ¼ 2
3

v 0 iþ 1; jð Þ � v 0 i� 1; jð Þ
2Dx

� u0 i; jþ 1ð Þ � u0 i; j� 1ð Þ
2Dy

� �
þ 1
3

v 0 iþ 2; jð Þ � v 0 i� 2; jð Þ
4Dx

� u0 i; jþ 2ð Þ � u0 i; j� 2ð Þ
4Dy

� �
: ð4Þ

where u0 ¼ u� u is the derivation of the wind component in
x-direction from its horizontal domain average, and v 0 that in
y-direction. The use of a weighted centered-difference approach
increases the robustness for the computation of f. Different combi-
nations of Dpt ¼ 0:05;0:1;0:2, and 0:25 hPa with ft ¼ 0:1;0:2; 0:5,
and 1 s�1 are tested for the two meteorological standard heights
2 m and 10 m to investigate the sensitivity of the results to the
choice of the identification criteria.

DD motion is tracked by estimating the expected position of the
DD center at the following output time step, i; jð ÞtþDt , based on
the mean wind. If a DD center is identified within the adjacent
7 grid points (70 m) of i; jð ÞtþDt in any direction, i.e. within
i� 7; j� 7ð ÞtþDt , then both records are assumed to belong to the
same track. The limit of 7 grid points is between about 0.5 and 3
times the DD translation distance per output timestep in the differ-
ent wind settings as estimated from the average and standard
deviation of wind speed at 10 m height and the DD positions.
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Finally, the tracks are post processed to remove gaps arising
from values of Dp and f which intermittently fail to meet the
threshold criteria. If a DD track ends, but a new track begins within
7 grid points around i; jð ÞtþmDt , with 1 < m < 3, and the intermedi-
ate locations exhibit local pressure minima, then the two tracks are
connected. Tracks with durations shorter than 30 s are excluded.

4. Number of dust devils

Fig. 1 shows the number density of DDs

n ¼ N
AT

ð5Þ

for 10 m height, where N is the number of DDs detected in area A
during time period T. DDs are only detected in the experiments with
unstable stratifications (Exp7–15, Table 1), except for one case in
Exp6, which satisfies the weakest threshold requirements (one case
in Exp1 for the 2 m level). These outliers are not included in the
analyses. Most DDs are detected in the situations of strong thermal
instability and weak wind shear (e.g. Exp13). The results for the 2
and 10 m levels are qualitatively consistent, but n is larger at
10 m. For a given height, n decreases with increasing Dpt approxi-
mately exponentially (Kurgansky, 2006; Lorenz, 2012; Lorenz,
2014). Changes in ft affect n only if Dpt is small. For larger Dpt ,
detected DDs have sufficiently large vorticity to exceed even the
Fig. 1. (a) Histogram of DD number density, n [km�2 h�1], at 10 m height for

Fig. 2. (a) DD counts, N, detected with Dpt ¼0.1 hPa and ft ¼0.2 s�1 versus Richardson nu
the different detection criteria and robust average, b, used in Eq. (6).
stricter ft thresholds (see also Fig. 4a). A table listing n for Exp7-
15, obtained using the different identification thresholds, is pro-
vided as Supplementary material.

Richardson number, Ri, is a measure for atmospheric stability
accounting for both buoyancy and wind shear (Richardson, 1920)
and is thus a suitable quantity to use for estimating DD occurrence.
We calculate Ri following Businger et al. (1971). Unless otherwise
noted, figures and equations in the remainder of this paper refer to

Ri calculated for 10 m height. A decrease of n with Ri2 for negative
Ri is found (Fig. 2a):

n ¼ bRi2 with Ri < 0ð Þ: ð6Þ
MATLAB

�
robust regression with a bisquare weight function

was used to fit Eq. (6) to n obtained from the model simulations
with the different identification criteria. This yields proportionality
parameters, bc (Fig. 2b). The values of bc are approximately con-
stant for a range of criteria sets. Robust averaging of bc (average
excluding the maximum and minimum 25% of a data sample)
yields b ¼ 5:8 km�2 h�1.
5. Dust devil properties

DD intensity varies strongly from case to case, but is in general
dependent on the background atmospheric state. Fig. 3a–c shows
Exp 7–15, obtained using the identification criteria listed in the legend.

mber for 10 m height; (b) Proportionality factors, bc , obtained from the fit in (a) for



Fig. 3. Mean cross section of pressure deviation from horizontal mean averaged
over all DDs per experiment at 10 m height. Shadings indicate standard deviations.
The top panels show results obtained with different identification criteria: (a)
Dpt ¼0.05 hPa, ft ¼0.1 �1, (b) Dpt ¼0.1 hPa, ft ¼0.2 �1, and (c) Dpt ¼0.2 hPa,
ft ¼0.5 �1; (d) shows an example of pressure deviation at different heights in a
DD detected in Exp13.
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composite cross sections of Dp, averaged over all DDs detected in a
particular experiment for three combinations of identification cri-
teria. For an individual DD, the cross section is obtained as the
mean value of x- and y-cross sections through the DD center. The
average pressure drop, hDpi, increases with Dpt as a larger thresh-
old constrains detections to DDs with large pressure drops. A sim-
ilar observation can be made for increasing ft (Fig. 4a).

A comparison of the cross sections between the experiments
shows that the maximum hDpi occurs at the conditions most favor-
able for DD formation, i.e. strong instability and weak wind shear.
This can be best recognized for small Dpt and ft (Fig. 3a) as the cor-
responding results include the largest number of vortices. The
maximum Dp found is 1.14 hPa for a DD in Exp13. Fig. 3d shows
an example of pressure deviation through an individual DD for 5
vertical levels. In general, Dp typically increases with height in
the lowest levels, but for many cases varies hardly. Consequently,
the average pressure cross sections do not differ significantly
between the lowest levels.

Fig. 4a–c shows vorticity, f, turbulent vertical wind speed,
w0 ¼ w (as w � 0), and DD duration, s, versus Dp at 10 m height.
Shown are the maximum values occurring during the lifetime of
a DD. Vorticity is found to increase with

ffiffiffiffiffiffi
Dp

p
, confirming the cau-

sal relationship between DD rotation and pressure drop, i.e. the
vortex being close to cyclostrophic balance (Greeley et al., 2003.
This suggests that using either Dpt or ft is sufficient as criterium
for DD identification. If both criteria are used, they should be cho-
sen consistently (see also Section 4). Large vorticities are only
found for the most unstable cases (Exp10 and Exp13). Exp14 shows
occasionally large vorticities.

The maximum turbulent vertical wind speeds, w0, vary between
0.5 and 6 m s�1 (Fig. 4b). The maximum turbulent horizontal wind,

u0
h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u02 þ v 02

p
, ranges between 2 and 10 m s�1 and increases with

Dp (not shown). Both w0 and u0
h were calculated within a box of

i� 25; j� 25ð Þ around the DD center i; jð Þ for the height level con-
sidered to allow for the detection of the maximum velocities asso-
ciated with the DD. The box size was chosen such that even the
DDs with the largest diameters found fit into the box. The largest
values of w0 are found for Exp10 and Exp13, followed by Exp11
and Exp14.

DD duration, s, generally increases with Dp, but with large scat-
ter (Fig. 4c). Most DDs have relatively short durations of � 1 min.
Durations longer than � 2 min are found in Exp7, 10, and 13 for
DDs with diameters d � 50 m. This peak may be related to the spa-
tial resolution of 10 m, which constrains the detection of DDs with
diameters smaller than 20–40 m.We define d as the width at 0:5Dp
(see Fig. 3d). This definition is analogous to the concept of full
width at half maximum and is also supported by analytical models,
which often assume that pressure at the vortex wall is half that in
the vortex center (Lorenz et al., 2015). d is obtained through cubic
spline interpolation. We use Dp rather than maximum tangential
wind speed to define d, as the latter is more difficult to determine
through interpolation. No close relationship between s and d is
found, but s is generally shorter for larger d and stronger winds
(Fig. 4d). For the 10 m level, the ensemble means (�standard devi-
ations) are hdi ¼ 86� 33 m and hsi ¼ 1:05� 0:83 min. A table list-
ing more detailed statistics obtained for d; s, and Dp from Exp7-15
is provided as Supplementary material.

In field experiments, Lorenz et al. (2015) measured pressure
drops lower than 1.6 hPa using an array of pressure loggers at fixed
locations. Sinclair (1973) recorded larger pressure drops of
� 2:5—4:5 hPa using instruments mounted on a vehicle to measure
the properties inside selected DDs which are typically exception-
ally large and long-lived. Mason et al. (2014) also used a vehicle
encounter approach, but only measured pressure drops smaller
than 0.5 hPa. Observed maximum vertical wind speeds in DDs
were reported to be below 7 m s�1 by Metzger et al. (2011) and
below 10 m s�1 by Sinclair (1973) and Renno et al. (2004). Ryan
and Carroll (1970) measured wind speeds below � 2 m s�1. Most



Fig. 4. Scatter plots showing (a) maximum vorticity f, (b) maximum vertical wind speed w0 , and (c) DD duration s vs. maximum pressure drop Dp; (d) shows DD diameter d
vs. s. Colors denote the LES experiments (Table 1). Results are shown for DDs detected with Dpt ¼ 0:05 hPa and ft ¼ 0:2 s�1 at 10 m height.

M. Klose, Y. Shao / Aeolian Research 22 (2016) 47–58 51
observed DDs are smaller than 30 m (Sinclair, 1969) or 100 m
(Snow and McClelland, 1990) in diameter and typically last only
few minutes (Sinclair, 1969; Snow and McClelland, 1990; Balme
and Greeley, 2006). In our study, pressure drops are below � 1 hPa,
maximum vertical wind speeds in the range of 0.5–6 m s�1, diam-
eters smaller than � 300 m, but mostly below 100 m, and DD dura-
tions are typically shorter than 2 min with a maximum of about
8 min. Although the number of small DDs (d < 20 m) is likely an
underestimation in our study, our LES experiments produced DDs
with properties in good agreement with field observations and
thus provide a basis for quantifying DD dust transport.
Fig. 5. (Top) Vertical cross section of PM20 dust concentration (shaded), pertur-
bation pressure (contour lines), and wind vectors through a DD in Exp10; (Bottom)
linear cross section of PM20 dust emission corresponding to the top plot.
6. Dust devil dust entrainment

Fig. 5 shows an example of PM20 (particulate matter with
diameter < 20 lm) dust concentration and dust emission in a DD
in Exp10. The maximum dust concentration occurs in the DD cen-
ter and coincides with the maximum Dp. Maximum dust emissions
occur around the DD center where the shear stress is strongest.
Previous studies (e.g. Klose et al., 2014; Li et al., 2014) suggested
that CTDE is usually of the order of magnitude 100 � 101 lg m�2 -
s�1, 1–2 orders of magnitude smaller than the typical dust emis-
sion due to saltation bombardment (e.g. Shao et al., 2011). The
analyses here show that in strong DDs, turbulent dust emission
can be as large as 103 lg m�2 s�1 which is comparable to the typ-
ical order of magnitude of dust emission caused by saltation
bombardment.

As dust emission varies across a DD, dust emission in the DD
center is not representative. We thus calculate the average DD dust

emission, F, over an area r ¼ pd2 at a given time. A circle with
diameter 2d is chosen here to make sure that the maximum shear
stresses and associated maximum dust emissions occur within the
averaging area. Fig. 6a shows F at the time of maximum Dp versus
Richardson number, Ri. Ri is not constant for a given experiment,



Fig. 6. (a) Dust emission F [lg m�2 s�1] and (b) emitted dust massMDD (dashed line) together with the flux estimate eF according to Eqs. 10 and 11 (solid line). The plots show
results obtained for individual DDs detected at 10 m height with Dpt ¼ 0:05 hPa and ft ¼ 0:2 s�1 (shaded) and averages over Ri-bins (unshaded) with error bars illustrating
the standard deviations.
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but varies, as u� varies with time. The results show that F varies
strongly for a given atmospheric stability, but the maximum values
are constrained by stability to a limiting envelope, a result consis-
tent with those of Mason et al. (2014) and Lorenz and Jackson
(2015), who measured solar attenuation in DDs as indicator for
dust loading. The variability in F exists even without the variation
in surface dust supply which is a determining factor under natural
conditions. Mean values of F are calculated for Ri bins of varying

width, bFbin, and are shown with the corresponding standard devi-
ations for a bin width of 0.14 in Fig. 6a. A functional relationship

for bFbin is obtained with robust curve fitting using a bisquare
weight function for different bin-widths. The resulting coefficients

are then averaged to obtain a relationship for bF , which is indepen-

dent of bin width. Dust emission bF [lg m�2 s�1] is found to
increase exponentially with Ri as

bF ¼ 133:5� exp 8:4Ri10mð Þ þ 19:5 for Ri10m < 0
0 otherwise:

�
ð7Þ

The inclusion of dust emission in WRF/LES-D offers the possibil-
ity to statistically analyze the dust carried by DDs. The dust mass
emitted by an individual DD during its livetime s is

MDD ¼
Z s

0
F tð Þr tð Þdt ð8Þ

and the ensemble average of emitted dust mass is

hMDDi ¼ 1
N

XN
i¼1

MDD: ð9Þ

The average DD dust emission per unit area and unit time, eF , is then
eF ¼ N

AT
hMDDi ¼ nhMDDi: ð10Þ

Robust curve fitting for different bin widths yields on average

hMDDi ¼
0:17� exp 8:15Rið Þ þ 0:015 for Ri < 0
0 otherwise:

�
ð11Þ

with hMDDi in [kg] (Fig. 6b). The DD dust flux as obtained with Eq.
(10) together with Eq. (11) is shown in Fig. 6b. Using these relation-

ships, eF can now be readily estimated from large-scale model data
(Section 7).

7. Regional estimate of dust devil occurrence and dust transport

Eqs. (6), (10), and (11) were applied to regional modeling results
to estimate DD occurrence and dust transport on a larger scale.
Klose (2014) conducted model simulations for Australia using the
Advanced Research WRF Version 3.51 with coupled chemistry
(WRF-Chem) in regional mode for a time period of one year (July
2007–June 2008). The model was run at a 30 km horizontal resolu-
tion and used 39 vertical layers up to the 50 hPa pressure level.
Consecutive model runs of 3.5 days length were conducted, which
were set up to overlap by 12 h so that the first half day of each sim-
ulation could be used for model spin up and is not used for analy-
sis. The length of the last simulation in each month depended on
the number of days in that month and thus varied from 2.5 to
4.5 days. This procedure has been chosen to achieve a good accu-
racy of the meteorological parameters with at the same time a rel-
atively small number of simulations. Six-hourly NCEP (National
Centers for Environmental Prediction) Final Analysis (FNL) data
at 1� horizontal resolution were used as model initial and bound-
ary conditions. Model results were output every hour. For more
details on the model settings, see Klose (2014).

Richardson number, Ri, was calculated from the simulations
based on Businger et al. (1971) for 10 m height. Vegetation cover,
r, was not included in the LES described earlier and is thus not
accounted for in Eq. (6). In general, DD occurrence is inversely pro-
portional to vegetation cover, although small cover fractions do not
preclude and may even enhance DD development (Balme and
Greeley, 2006; Oke et al., 2007; Neakrase and Greeley, 2010). We
thus apply a correction to Eq. (6) and calculate the number of
DDs by including the effect of vegetation cover, Nr, as

Nr ¼ N 1� rð Þ: ð12Þ
Additionally, areas with large cover fractions are assumed to have
no dust emissions, so Nr is only computed for areas with r < 50%.

Fig. 7 shows monthly DD number density in Australia from July
2007 to June 2008. Without vegetation correction, 100–200 DDs
km�2 mon�1 are predicted for wide parts of central Australia from
October to March. Up to 500 km�2 mon�1 are predicted for western
Western Australia (WA; Pilbara, Carnarvon, and Great Sandy
Desert), for an area stretching from eastern South Australia (SA)
to western New South Wales (NSW), and for southern Northern
Territory (NT) in May. After accounting for vegetation cover, Eq.
(12) generates smaller numbers of up to 200 km�2 mon�1 in cen-
tral Australia and up to 300 km�2 mon�1 at few locations in the
aforementioned areas. Particular points in eastern SA (Broken Hill
Complex), southern NT (Simpson Strzelecki Dunefields) and west-
ern WA (Great Sandy Desert) show occasional values of more than
500 DDs km�2 mon�1. During the whole year of simulation the cal-
culated DD numbers with vegetation correction sum up to about
900–1000 DDs per year in the areas of predicted high occurrence
frequency (western WA, eastern SA, and western NSW) and reach



Fig. 7. Predicted monthly number of DDs per km�2 in Australia from July 2007 – June 2008 based on Eqs. (6) and (12).
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a maximum of � 4000 km�2 yr�1 at Broken Hill Complex (Klose
et al., 2016).

In other studies, DD frequency was related to near-surface lapse
rate (e.g. Ryan, 1972; Oke et al., 2007; Ansmann et al., 2009;
Jemmett-Smith et al., 2015). For example, Oke et al. (2007) observed
that DD activity began at a minimum lapse rate of �1 K m�1.
Ansmann et al. (2009) found that lapse rates of 8.5–10 K m�1

between the surface and 2 m height were required before convec-
tive plumes developed. If we calculate Nr only if a minimum lapse
rate of 1 K m�1 is exceeded, we find negligible difference in our
results. When applying a minimum lapse rate of 8.5 K m�1, the
number of DDswith lapse rate criterion,NL, is smaller (Appendix A).

In a DD census conducted at Fowlers Gap Arid Zone research sta-
tion in western NSW (31�S 142�E), Oke et al. (2007) counted 557
DDs during 20 observation days in a 35 km2 area, equivalent to
about 25 km�2 mon�1. The census was conducted in January 2001.
For January 2008, our approach suggests Nr � 32 km�2 mon�1 in
the corresponding area without or NL � 5 km�2 mon�1 with lapse
rate criterion, so our estimates are plausible. Both Nr and NL are lar-
ger in the surrounding of the grid cell corresponding to the Fowlers
Gap research station. A case-based comparisonwould be required to
further validate our estimates. No size estimate for the observed
DDs is given by Oke et al. (2007).

When using Nr as the number of DDs, Eqs. (10) and (11) pro-
duce DD dust emissions of 1–3 kg km�2 mon�1 in most regions in
central Australia and up to 6 kg km�2 mon�1 in parts of WA and
the SA/NSW belt identified earlier, with only few points exceeding
6 kg km�2 mon�1 (Fig. 8). The largest values of more than
10 kg km�2 mon�1 are found in the Great Sandy Desert in January
2008 and at Broken Hill Complex in March 2008. Using NL instead
of Nr as the basis for calculating dust transport reduces DD dust
emissions due to smaller DD numbers (Appendix A).

During the whole year, a total of 0.11, 0.07, or 0.02 Tg yr�1 of
dust (PM20) was emitted by DDs when using respectively N;Nr,



Fig. 8. Predicted monthly DD dust flux in Australia from July 2007 – June 2008. The DD number density is based on Eqs. (6) and (12) and the corresponding DD dust flux is
obtained with Eqs. (10) and (11).
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or NL. The estimates of total annual dust emissions for Australia
vary significantly (Huneeus et al., 2011; Shao et al., 2011, and ref-
erences therein). For example, estimates in the PM10 size range
vary from 35.4 to 132 Tg yr�1 (average 71 Tg yr�1, standard devia-
tion 36 Tg yr�1) (Luo et al., 2003; Zender et al., 2003; Huneeus
et al., 2011). In the PM20 size range, models predictions range from
14.9 to 106 Tg yr�1 (average 59 Tg yr�1, standard deviation
37 Tg yr�1) (Tanaka and Chiba, 2006; Huneeus et al., 2011). Assum-
ing annual dust emissions of 59 Tg yr�1, the contribution of DDs to
the total dust emission would be 0.19, 0.12, and 0.03% for N;Nr,
and NL. The contribution of DDs with diameters too small to be
detected in our study may increase the overall DD dust emission
due to their higher occurrence frequency compared to large DDs.
However, it is unlikely that the inclusion of small DDs would
increase the overall DD dust emission to more than few percent.
The dust emissions for individual DDs obtained in our study are
smaller or on the lower end of those obtained in the field as only
aerodynamic entrainment is considered in our model and also
because dust emissions were calculated for a loam soil. Using a
clay soil in our model would produce larger dust fluxes. However,
if dust emissions were increased by one or two orders of magni-
tude, then the DD contribution would still be in the range of
�0.3–19%. On the other hand, the abundance of dust particles
available for lifting is often limited due to crusting or stone cover,
which is not accounted for in the model. This would again decrease
the DD contribution to the total dust budget.
8. Discussion and conclusions

In this paper, dust devil (DD) dust transport was investigated
using LES. Our results show that the DD number density, n,

decreases with Ri2 for negative Ri. n is smaller in our study than
in the studies of Ohno and Takemi (2010) and Raasch and Franke



Fig. A.9. Monthly number of DDs occurring in Australia from July 2007 – June 2008 calculated based on Eqs. (6) and (12), but only if the lapse rate between surface and 2 m
temperature exceeded 8.5 K m�1.
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(2011). The reason is likely the higher horizontal resolution used in
the latter studies. For example, Raasch and Franke (2011) identi-
fied twice as many DDs when using a 1 m horizontal resolution
in their simulations rather than a 2 m grid resolution. Additionally,
we excluded short tracks and connected tracks if pressure minima
were found in the intermediate locations, thereby reducing our n.

The order of magnitude of pressure drop, turbulent wind speed,
and duration of the detected DDs are in agreement with those
observed in the field (e.g. Sinclair, 1969; Metzger et al., 2011;
Lorenz et al., 2015). With a mean value of hdi ¼ 86 m, the diame-
ters in our study are somewhat larger than that of observed DDs
(Balme and Greeley, 2006; Lorenz, 2011), with one reason likely
being the different definition used to determine DD diameter.
Another reason is probably an underestimation of the number of
small DDs in our study.

Our results show that instantaneous shear stresses in DDs are
sufficiently large to aerodynamically lift dust particles as has been
observed by Balme et al. (2003). Surface dust fluxes of about
100 � 103 lg m�2 s�1 and 2 m PM20 dust concentrations of
100 � 103 lg m�3 have been obtained in our study, smaller or on
the lower end of those observed in laboratory experiments and
in the field. Neakrase and Greeley (2010) measured total mass
removals of 105 � 1011 lg m�2 s�1 for 2 lm clay in their laboratory
vortex generator experiments, much larger than the fluxes
obtained here. In the field, Metzger et al. (2011) measured PM10
concentrations of 103 � 104 lg m�3 at 2 m height, close to those
obtained in our study for the more intensive DDs. Renno et al.
(2004) report concentrations of about 105 lg m�3 in strong dust
plumes and DDs. Dust emission fluxes in our study are surface
fluxes and are thus not directly comparable with the fluxes esti-
mated by Renno et al. (2004) and Metzger et al. (2011). Fluxes at
a height above the surface are likely larger due to convergence
toward the DD center. Also, strong DDs are probably more often



Fig. A.10. Monthly DDs dust flux occurring in Australia from July 2007 – June 2008. The DD number density is based on Eqs. (6) and (12), but only if the lapse rate between
surface and 2 m temperature exceeded 8.5 K m�1, and the corresponding DD dust flux is obtained with Eqs. (10) and (11).
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sampled in the field than less intensive ones. Furthermore, lower
dust fluxes in our study are not surprising as only aerodynamic
entrainment is accounted for in our parameterization. In a natural
environment, intermittent saltation leads to additional dust emis-
sion (e.g. Metzger et al., 2011), which is not yet included in our
model. Pressure effects might further enhance dust entrainment
(Balme and Hagermann, 2006), but are partly considered in our
model assuming a relationship between vertical and horizontal
pressure drop in DDs. This again is directly related to vortex veloc-
ity and thus included in the lifting force in our model. The LES
experiments have shown that large parts of DD dust lifting can
be explained by turbulent dust emission, even if a moderately
emitting loam soil is used as the surface condition.

The inclusion of a turbulent dust emission scheme in the LES
model allows for the first time to investigate of DD dust transport
based on surface dust emission fluxes. The statistical analysis of
the simulated DD dust emission yielded a new method to estimate
DD dust transport from global model data, thereby allowing to
assess the relevance of DDs in the global dust cycle and to study
their impact on climate and environment. Applying the new
method to results of regional model simulations for Australia sug-
gests that DDs are unlikely to contribute largely to the total dust
budget on continental or global scale. However, DDs can be impor-
tant in areas that show above-average DD numbers. Due to their
frequent occurrence especially in summer, DDs can become a
major dust event type in such regions.
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Appendix A. Regional estimate of dust devil occurrence and
transport with additional lapse rate criterion

Fig. A.9 shows the number of DDs when using NL, i.e. calculating
Nr (Eq. 12) only if the lapse rate between surface and 2 m temper-
ature exceeds 8.5 K m�1. Compared to Nr;NL reduces the number
of DDs to 30–50 km�2 mon�1 in most regions from September to
March (Fig. A.9). About 100 DDs km�2 mon�1 are predicted for
the high-occurrence regions in WA and SA/NSW during December
to March. Maximum values of � 400 km�2 mon�1 are still found in
the Great Sandy Desert and Broken Hill Complex areas. Based on
NL, barely any DDs occurred in winter (July–August 2007 and
April–June 2008). For the whole year of simulation, NL is mostly
below 400 km�2 yr�1 and reaches maxima of about 1000 km�2 -
yr�1 in the high-occurrence regions in WA and Broken Hill
Complex.

Fig. A.10 shows the DD dust flux obtained with Eqs. (10) and
(11) in combination with NL. Dust emissions are mostly below
2 kg km�2 mon�1 and are smaller than those predicted using Nr.
DD numbers and dust fluxes for the whole year of simulation are
shown in Klose et al. (2016).
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.aeolia.2016.05.
003.
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