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Although the electrical effects in dust storms have been observed for over 100
years, little is known about their fluctuating properties, especially for the dust
concentration and electric fields. Here, using a combined observational and
theoretical approach, we find that wind velocity, PM10 dust concentration, and
electric fields in dust storms exhibit a universal spectrum when particle mass
loading is low. In particular, all measured fields at and above 5 m display a
power-law spectrum with an exponent close to — 5/3 in the intermediate-
wavenumber range, consistent with the phenomenological theory proposed
here. Below 5 m, however, the spectra of the wind velocity and ambient tem-
perature are enhanced, due to the modulation of turbulence by dust particles
at relatively large mass loading. Our findings reveal the electrohydrodynamic
features of dust storms and thus may advance our understanding of the
nonlinear processes in dust storms.

Dust storms are typical atmospheric turbulence that is laden with
massive dust particles. Due to particle electrification'™, electric fields
exceeding 100 kV m™ are frequently produced during dust storms®™,
constituting a new distinct electrohydrodynamic (EHD) turbulence
regime compared to ordinary turbulence*". As such, dust storms
provide an opportunity to expand the knowledge on EHD turbulence
at Reynolds number of up to ©(10%)'®, beyond that attainable through
any laboratory experiment. Since the pioneering work of Rudge in
1913°, considerable effort has been made towards the exploration of
the electrical properties of dust storms®'*7'® especially the mean
electric fields are known to dramatically change the dynamics and
transport of dust particles and wind fields'**. Over the past century,
however, the EHD statistical characteristics of the turbulent fluctuating
fields have not yet been well understood, largely due to the difficulty in
observing randomly occurred dust events and the high complexity of
dust storms*?,

For ordinary turbulent flows, velocity fields exhibit a universal
Kolmogorov spectrum in the inertial range. In classical turbulence the-
ory, energy is externally injected at the larger “outer” scale, and owing to
nonlinear eddy interactions, such energy then successively decays into
the smallest “inner” scale at which it is dissipated through molecular
viscosity”. At sufficiently large Reynolds numbers, energy injection and

dissipation scales are separated, and the scale invariance within the
intermediate scales (i.e., inertial range) leads to a universal Kolmogorov
k™ power-law spectrum?®. For passive scalars in turbulent flows, in
addition to the Reynolds number, there exists a dimensionless number—
Péclet number—which weighs the relative importance of velocity
advection and scalar diffusivity. At high Reynolds and Péclet numbers,
scalar fields exhibit a similar Richardson cascade process toward small
scales, so that a phenomenological argument also results in a k> power-
law scalar spectrum within the inertial-convective range*°. These
phenomenological descriptions are the celebrated Kolmogorov-
Obukhov-Corrsin (KOC) arguments> .

However, the existence of such universal spectra in dust storm
EHD turbulence remains unclear. Furthermore, particle-turbulence
and particle-electrostatics couplings are substantial when particle
mass loading is high'” 2%, These interphase couplings might alter the
scaling properties of the spectrum®**?, but the details are unknown.

In this work, we carried out two months of field measurements
within the atmospheric surface layer (ASL) to acquire high-quality data
of wind velocity, ambient temperature, PM10 dust concentration
(diameters <10 um), and electric fields in dust storms. To reveal the
spectral characteristics, we evaluate the power spectral densities
(PSDs) of the measured fields, which show how the fluctuating
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energies or variances are distributed across various scales® . To
explain the measured PSDs, we further propose a phenomenological
theory that assumes scale invariance and local-in-wavenumber-space
interactions of PM10 dust concentrations and space-charge densities
within the intermediate-wavenumber range.

Results

Overview of the datasets

The measurements were performed at an ASL turbulence observatory
(39112277 N, 103'40’03” E) called the Qingtu lake observation array
(QLOA), which is located between the Badain Jaran desert and the
Tengger desert in China, with a dry, flat, erodible, and sandy surface of
over 20 km?. The QLOA comprises 33 observation towers, allowing us
to perform multipoint measurements. The wind velocities and ambi-
ent temperatures were measured using sonic anemometers (CSAT3B,
Campbell Scientific) at ten heights ranging from 0.5m to 12m. The
PM10 dust concentrations were measured using DustTrak Il Aerosol
Monitors (Model 8530EP, TSI Incorporated) at five heights ranging
from 0.9 m to 12 m. The electric fields were measured using vibrating-
reed electric field mills developed by Lanzhou University (see ref." for
the details) with ten components at eight locations with heights from
5m to 8.5m. The layout of the measurements is detailed in Supple-
mentary Fig. 1. These instruments recorded data at a frequency of
50 Hz for wind velocities and ambient temperatures but 1 Hz for PM10
dust concentrations and electric fields. In addition, two dust collectors
were mounted on 0.9 and 5 m heights to collect airborne dust particles
during dust storms. Then, the number distributions of the collected
dust samples were determined by a laser particle size analyzer (see
Supplementary Fig. 2).

Although data were collected continuously from April to June,
2017, only a fraction of the data were used because the selected data
had to satisfy two data-selection criteria: (1) long enough and statisti-
cally stationary; (2) near-neutral. Additionally, the synoptic scales that
overlap with large-scale turbulent motions should be excluded (see
Methods section). As a result, the resulting datasets were considered
analogous to a flat-plate turbulent boundary layer®**. In this study,
three one-hour datasets derived from a particle-free windy condition, a
mild dust storm (visibility greater than 0.3km), and a severe dust
storm (visibility less than 0.3 km) were regarded to be of high enough
quality to be used in the PSD analysis.

The main parameters of the three selected datasets are summar-
ized in Table 1. It is shown that the friction velocity, PM10 dust con-
centration, and electric field for the severe dust storm dataset are
as high as 0.64ms™, 1.31mgm>, and 93.72kVm™, respectively,

Table 1| Summary of the main parameters of the selected
three datasets

Parameter Particle-free Mild storm Severe storm
Period 511.0023-0123 420.0930-1030 417.0508-0608
4 -2.56 -0.03 -0.03

RNP 0.08 0.14 0.13

Ug (ms™) 0.25 0.54 0.64

Us (ms™) 5.60 12.65 15.72

(©) (K) 293.55 280.60 292.99

(C) (mgm™®) <0.01 0.22 1.31

(E]) (kV m™ 0.08 46.20 93.72

x (km) 7.42 0.72 0.26

Here, the period, for example, “511.0023-0123"” denotes time interval from 00:23:01 to 01:23:00
(UTC) on 11 May, 2017; { and RNP are the dimensionless Monin-Obukhov stability and relative
stationary parameters, respectively (see Methods section); u. is the friction velocity, U, is the
mean convection velocity, (©) is the mean ambient temperature, (C) is the mean PM10 dust
concentration, (|E|) is the mean magnitude of the electric field, and y denotes the visibility
measured using a Belfort Model 6000 sensor at approximately 1m above the surface. All
parameters are calculated at 5 m above the surface, except for the visibility .

Table 2 | Key particle parameters of the mild and severe dust
storm datasets

Parameter Mild storm Severe storm
®,,at0.9m 0.04+0.02 0.11+0.05

O atsm (1.07£1.02) x10™ (6.38£4.39)x10™
Stat0.9m 0.99+0.28 1.28+0.36
Stat5m 0.16+£0.12 0.21+0.16

Sty at 0.9 m 0.010+£0.006 0.016+0.01

Sty at5m (5.24+5.12)x10°° (1.28 £1.06)x 10
wy/(kuy) at 0.9 m 0.61+0.17 0.52+0.15
we/(kug) at 5 m 0.10+0.07 0.08+0.06

Here, @, is the particle-to-air mass loading ratio, St is the particle Stokes number, St is the
electrostatic Stokes number, and w,/(kuy) is the ratio of the vertical terminal settling velocity of
dust particles w, to the typical Lagrangian vertical air velocity ku, (with k and u, being the Von
Karman constant and friction velocity, respectively). The definition and estimation of these
parameters are provided in the Methods section. Data are mean + standard deviation.

suggesting that the observed dust storm is very intense and electrically
active. Meanwhile, four key particle parameters are presented in
Table 2. Here, particle-to-air mass loading ratio ®,,*>*¢, Stokes number
St¥, electrostatic Stokes number St/ %, and the ratio of the vertical
terminal settling velocity of dust particles to the typical Lagrangian
vertical air velocity w,/(ku,)*, are used to quantify the importance of
particle-turbulence coupling, particle inertia, electrostatic force, and
gravitational settling, respectively.

For particles embedded in turbulent flows, the particle-to-fluid
relative velocity is generally present owing to the finite response time
of dust particles to velocity changes (i.e., inertial effects), electrostatic
effects, and gravitational settling'®. However, as demonstrated in
previous works****, these effects for the dust particles at and above
5m are believed to be negligible herein, because (1) the controlling
parameters St, St.;, and w,/(ku;) are much less than unity at 5m (see
Table 2); (2) the mean diameters and concentrations of the dust par-
ticles decrease with height according to a power or logarithmic law**?,
leading to reductions of the controlling parameters with height (see
Methods section). Even though the controlling parameters St and w,/
(ku;) at 0.9 m are on the order of -0.1-1, they are also found to be very
small for the PM10 particles®, suggesting that the inertia and gravita-
tional settling of the PM10 particles are negligible and thus experience
a long-term suspension. Accordingly, the particle-to-fluid relative
velocity for the PM10 and all-sized dust particles at and above 5m is
nearly zero.

Universality of PSDs
We use the fast Fourier transform (FFT)-based Welch’s method to
compute PSDs* (see Methods section). Figure 1 shows an example of
the resulting PSD in log-log space. It can be seen that the PSD of the
streamwise wind velocity appears to follow a power law, i.e., ¢, ~ k],
in the intermediate-wavenumber range. As done in ref.**, the PSD
index is determined by taking a sliding window of half a decade of
wavenumber k; over the PSD and calculating the best-fit linear gradient
in the log-log space within this window. The inertial wavenumber
range, k; € [0.049, 2.732], is thus identified as an interval that deviates
from the plateau of the PSD index within + 10%. The scaling exponent
a=-157+0.001 (95% confidence interval) is finally determined by
fitting the PSD linearly within the identified inertial range
k; € [0.049, 2.732]. Using this approach, the resulting coefficients of
determination R? are larger than 0.99 for all PSD linear regressions, and
the 95% confidence intervals for the fitted slopes are -~ 0.001 (-~ 0.01)
for 50Hz (1Hz) data, suggesting excellent power-law PSDs in the
inertial wavenumber ranges.

For the particle-free dataset, the PSDs of the wind velocity and
ambient temperature follow the expected Kolmogorov k;° 53 scaling
(with exponents within -~ 8% variations) in the inertial wavenumber
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Fig. 1| Example of determining the inertial range and the corresponding PSD
scaling exponent. The data is the streamwise wind velocity at 12 m height for the
mild dust storm dataset. The PSD of the streamwise velocity (left axis and blue line)
is smoothed using a 25% bandwidth moving filter®® and divided by the squared
friction velocity. The streamwise wavenumber k; is obtained from the frequency f
using Taylor’s frozen field hypothesis, i.e., k; = 2rf/U,, where U, represents the mean
convection velocity. The PSD index (right axis and orange line) is determined by a
best-fit method described in the main text. The horizontal dashed grey line marks
the plateau of the PSD index, while the horizontal dashed blue lines mark the region
that deviates from the plateau of the PSD index within +10%. The vertical dashed
dark lines mark the corresponding inertial wavenumber range. The oblique dashed
grey line denotes the best-fit line in the identified inertial wavenumber range, which
is slightly shifted for clarity. The coefficient of determination R? is larger than 0.99
and the fitted slope is —1.57 + 0.001 (95% confidence interval).

range at all measured heights (see Fig. 2), but the inertial range
becomes progressively narrower with decreasing height due to surface
limitations®>*>*¢, The particle-free dataset is somewhat unstable, i.e.,
{=-2.56 (see Table 1 and Methods section), but the buoyancy has a
pronounced effect on the PSDs only in the low-wavenumber region
adjacent to the near-neutral range, as confirmed by measurements*
and Claussen’s model**5,

Nonetheless, for both mild and severe dust storm datasets, the
PSDs of the wind velocity and ambient temperature only follow the
k1‘5/3 scaling well at 5-12 m in the inertial wavenumber range ~ 5 x 107
10° m™, except for v-, w-, and 6-PSDs having a relatively narrow range.
This wavenumber range corresponds to a plateau in the compensated
PSDs (denoted by the horizontal dashed lines in Fig. 3), where the
scaling exponents a are within ~10% variations of — 5/3 (see Fig. 3a-d).

By contrast, below 5m, these PSDs are enhanced and deviate from
the kl’5 73 scaling more and more significantly with decreasing heights. As
shown in Table 2, the particle-to-air mass loading ratio ®,, at 0.9 m (5 m)
height are estimated to be on the order of - 0.1 (<10™), suggesting a
strong (weak) two-way particle-turbulence coupling®?%*°, Consequently,
we can reasonably infer that such PSD enhancements in the inertial
range may arise from the modulation of wind velocity due to massive
loads of dust particles below 5 m*. Since the total concentration of the
dust particles decreases rapidly with increasing height®, wind modula-
tion by dust particles becomes negligible at larger heights.

For the PM10 dust concentration and electric fields, the PSDs fol-
low & 5/3 scaling fairly well (within ~ 4% variations) in the wavenumber
range - 10210 m™ (corresponding to the plateaus in Fig. 3e, f) at dif-
ferent locations. Notably, the PSD enhancements were not observed
because the sampling frequency of the PM10 dust concentrations and
electric fields was only 1Hz.

It is worthwhile to note that at the large-wavenumber end of the
spectra, all PSDs seem to exhibit other distinct scalings. However, the

evidence for such distinct scalings is not completely convincing
because the corresponding wavenumber interval is too short and is
very close to the noise level of the measurements.

Phenomenological theory

To interpret the Kolmogorov scaling of the PM10 dust concentrations
and electric fields in the intermediate-wavenumber range, we for-
mulated a phenomenological theory analogous to the KOC
arguments®™°, A detailed description of our theory is offered in Sup-
plementary Information, but we describe it here briefly. Let ¢ be the
transported fluctuating scalar field, such as PM10 dust concentration
and space-charge density. According to the variance budget equation
of the scalar field without considering particle-to-fluid relative velocity,
the mean dissipation rate of the scalar variance, ¢, can be defined as*:

€=2r<a¢azp>, I

0x; 0x;

where I represents the molecular diffusivity of the scalar field, the
brackets (- ) denotes the Reynolds average, and x; (j=1, 2, 3) is the jth
component of the space coordinates. Here and henceforth, the Ein-
stein summation convention is applied for space coordinates.

Assuming that there also exist similar Richardson cascade pro-
cesses for the variances of the PM10 dust concentrations and space-
charge densities, this brings out two assumptions in the intermediate-
wavenumber range’. The first is scale invariance, i.e., the variance flux
is independent of the wavenumber and equal to the mean variance
dissipation rate ¢. The second is the local-in-wavenumber-space
interaction, i.e., the variance flux occurs only between eddies of simi-
lar scales. Meanwhile, because the PM10 dust concentration fluctua-
tions are closely related to velocity fluctuations, the PSD of the PM10
dust concentration ¢(k) is thus determined by the PMI10 dust con-
centration dissipation rate & =/((dc/0x;)(dc/0x;)), the wavenumber k,
and the mean turbulent energy dissipation rate &,=v((0u;/0x;)(0u;/
0x;)), where I'. represents the molecular diffusivity of the PMI10 dust
concentration, and v represents the kinematic viscosity of the air.
Similarly, the PSD of the space-charge density ¢,(k) depends on the
space-charge density dissipation rate &,=1,((0p/0x;)(dp/0x;)), the
wavenumber k, and &, where I, represents the molecular diffusivity of
space-charge density. Therefore, the dimensional analysis gives
(see Supplementary Information for the details):

Do) ~£c, K, (2a)

P, ~ sps;%k%. (2b)

To obtain the PSD of the electric field, we must determine the
scaling relation between the electric field and the space-charge den-
sity. According to the Gauss’s law”, we have

0p(x)

0x;

’p(x) _

0x;0x; &

pX) ;o g(x)= —

€)

where @(x) and e(x) represent the fluctuating electric potential and
electric field at the position vector x, respectively, and &y represents
the permittivity of the vacuum. Based on Eq. (3), Gauss’s law in the
wavenumber space can be written as®*:

. pK)
iki"s

o= —ikyiz

“)

where i=+/—1 represents the imaginary unit, ¢,(k) and p(k) represent
the Fourier modes of e{(x) and p(x) at wavenumber vector k, respec-
tively, and k = |k| represents the magnitude of the wavenumber vector.
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Fig. 2 | Compensated one-dimensional PSDs of the fluctuating fields for the
observed particle-free dataset. a-d The compensated velocity PSDs (streamwise
component k; “¢,,, spanwise component k; “¢,,, and vertical component

k1 “®,.,) and ambient temperature PSDs (k; “@44) are divided by the squared
friction velocity (i.e., u2) and their variances (i.e., (6%), respectively. The PSDs are
smoothed using a 25% bandwidth moving filter®® and shown at ten heights from
0.5m (light blue) to 12 m (dark blue). The scaling exponents of the PSDs, a, are
determined by fitting the PSDs at 12 m height with a power function of the
streamwise wavenumber kq, i.e., ~k‘1" within the ranges of k; denoted by the hor-
izontal dashed lines.

From Eq. (4), the spectrum tensor of the electric field ®, ;,,(k) is related
to that of the space-charge density ®,(k) by:

klkm
kel

Cl)e‘,lm(k) = (Dp(k)r [©)

where the subscripts [ and me{1,2,3} also denote the space
coordinates.

The PSD is obtained from the spectrum tensor by integrating over
all the wavenumbers k of magnitude k. Therefore, we have:

1
Ke2

P(k) = @, (k). (6)

By combining Eq. (2b) and Eq. (6), we obtain the desired Kolmo-
gorov scaling for the PSD of the electric field in the intermediate-
wavenumber range:

Pok)~k 2k, @)

As shown in Eq. (2a) and Eq. (7), we obtain a universal - 5/3 power-
law spectrum for the PM10 dust concentrations and electric fields
within the intermediate-wavenumber range. By using the relation
between the one- and three-dimensional spectra, we find that one-
dimensional spectra also scale with k; 53 (see Supplementary Infor-
mation), which is in line with our measured results.

Discussion

In summary, we discover and describe the spectral features of the
fluctuating fields in dust storms, both experimentally and theoreti-
cally. Based on the experimental results, we demonstrate that under
stationary and near-neutral conditions, all PSDs at and above 5 m show
a universal power-law with an exponent close to-5/3 within the
intermediate-wavenumber range. This conclusion is drawn from two
dust storm datasets, whose reliability would be enhanced with

additional datasets. The multifield spectral features under nonsta-
tionary and non-neutral conditions are unclear and warrant further
investigations. In addition, below 5m, the PSDs of the wind velocity
and ambient temperature are enhanced in the intermediate-
wavenumber range due to turbulence modulation by massive loads
of dust particles, suggesting that the wind velocity and ambient tem-
perature should no longer behave as classic wall turbulence at these
scales.

To elucidate such a universal PSD, we introduce a phenomen-
ological theory based on the Kolmogorov-style analysis of the local-in-
wavenumber-space cascade of the variances of PM10 dust concentra-
tion and space-charge density. The particle-to-fluid relative velocity
were not considered here because particle inertia, electrostatic force,
and gravitational settling are negligible. By holding the assumptions of
scale invariance and local-in-space interactions, the standard dimen-
sional analysis predicts ¢.~k™?, but ¢,-k". Additionally, because
&, - kP, we have ¢ - k. This suggests a fluid-like nonlinear cascade
picture of the PM10 dust concentration and electric field, resulting
from different physical processes.

Note that the inertial ranges of the PM10 dust concentrations and
electric fields are extended to the lower wavenumbers compared to
the velocity fields. Future work is needed to shed light on the spectral
characteristics at high wavenumbers and to explore how the dust
particles modulate atmospheric turbulence at large mass loading.

Methods
Data qualification
To obtain usable data, the collected raw data should be qualified
through the following data-qualification procedures®. First of all,
the selected dataset had to be statistically stationary, such that the
time-averaged values were equivalent to the corresponding
ensemble-averaged values™. Additionally, the dataset had to be
long enough to obtain converged statistics on the low wavenumber
events in the atmospheric surface layer (ASL). To eliminate the
effects of buoyancy, the dataset was also required to have near-
neutral conditions with negligible heat fluxes to or from the wall.
Importantly, because the large-scale coherent motions in the ASL
overlap with weather-related phenomena, the synoptic scales had
to be filtered out of the raw data*.

First, the stationarity of the time series {¥Y(n):n=0,...,N-1} is
characterised using the relative non-stationarity parameter (RNP), as
follows™**:

IPD Yy g

RNP=|1 MO?) l, (8)
where the time series {¥(n)} is equally divided into M contiguous seg-
ments {Yi(n)=Y(N/M, ...,(j+DN/M-1): j=0,...,M-1} of approxi-
mately 5 min, ( yjz) represents the variance of the jth segment, and ()?)
represents the variance of the entire time series. Clearly, the RNP
represents the variations of the time series over time. If the RNP is less
than 0.3, the time series is considered stationary™*.

Second, the data must fulfil the near-neutral conditions, such that
the influence of thermal stratification is negligible. The stability of the
data can be examined using the dimensionless Monin-Obukhov sta-
bility parameter:

_ X3kg((wO),)
=-ow ®

where x3 represents the height above the surface, L represents the
Obukhov length, k=0.41 represents the von Karman constant,
2=9.81ms? represents the gravitational acceleration, ((w6),) repre-
sents the surface heat flux, (©) represents the mean temperature, and
u,=(<uw)2+(vw)2)l/ represents the friction velocity calculated at
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Fig. 3 | Compensated one-dimensional PSDs of the fluctuating fields for the
observed mild (blue lines) and severe (red lines) dust storm datasets. a-h The
compensated velocity PSDs (streamwise component k; “@,,, spanwise compo-
nent k; “@,,, and vertical component k; “@,,,,) are divided by the squared friction
velocity (u2), whereas the compensated PSDs of the ambient temperatures
(kl'“ngg), PM10 dust concentrations (kf“(])cc), and electric fields (streamwise
component kf”’d)elel, spanwise component kf”’(j)elez, and vertical component

ky ﬂ‘peae}) are divided by their variances, respectively. These results are smoothed
using a 25% bandwidth moving filter®® and shown at ten heights fromxz = 0.5m to
X3 =12 m and three streamwise locations from x; = 0 m to x; =20 m, as well as five
spanwise locations from x, =-10 m to x, =10 m. Here, x3, x,, and x; are the
streamwise, spanwise, and vertical space coordinates, respectively. The scaling
exponents of the PSDs, a, are determined by fitting the PSDs at the maximum x;-,
X,-, and x3-coordinate with a power function of the streamwise wavenumber k;,
i.e., ~k{ within the ranges of k; denoted by the horizontal dashed lines. For
clarity, the compensated PSDs for the severe dust storm dataset are vertically
shifted by 107 in logarithmic scale.

x3=2.5m. Typically, when |{|<0.1, the ASL at height x3 is considered
near-neutral*®>,

Third, the data must be de-trended because the large-scale
coherent structures in ASLs reach 10-20 times the surface-layer
thickness, which overlaps with the synoptic scales. Since the events
covering the entire measurement domain are considered weather
related™, synoptic scales can be removed in the following ways: (1) for
fluctuating fields {y’(n):n=0,...,N-1,j=0,...,Q—1} measured at Q
different locations, the location-averaged time series is defined as

_ Yy

(Ym); = ~a (10)

wheren=0, ..., N-1. (2) the location-averaged time series is then low-
pass filtered with a cut-off wavelength of 1.5 km to extract the synoptic
scale {ys(n):n=0, ..., N—1}; and finally (3) the desired fluctuating data
are de-trended by subtracting this synoptic scale from the raw
fluctuating data, i.e.,

y(n)=y(n) — ys(n), 1o
where n=0, ..., N—1. Note that, at different locations, the same com-

ponents of the electric field may be directed oppositely”. In such cases,
the location-averaged time series should be modified as

Yo sen((Y )y (n)

(y(n)); = a , 12

where n=0, ..., N-1, and sgn(-) represents the sign function. Accord-
ingly, to de-trend correctly, the desired fluctuating data are obtained
using the following;:

Y()=y(n) — sgn((¥(n)y,(n). (13)
where n=0,...,N-1. Apart from the data qualifications mentioned
above, there is no further data processing.

As an example, the extracted fluctuating time series of the severe
dust storm dataset is presented in Supplementary Fig. 3.

Key particle parameters

To assess whether particle inertia, electrostatic forces, and gravita-
tional settling are negligible in the observed dust storm datasets, we
quantified three key particle parameters. First, the Stokes number St,
which is defined as the ratio of the particle relaxation time scale 7, to
the Kolmogorov time scale 7,,

St=

S

, (14)

is a measure of the effects of inertia on particle dynamics.

In the cases considered herein, because particle Reynolds number
is less than unity (i.e., the Stokes regime) and particles are much denser
than the fluid (see refs.3** for the details), particle relaxation time
scale 7, can be computed as”

as)

where p, and p, are mass densities of the dust particles and air,
respectively; d, is particle diameter; v is the kinematic viscosity of
the air.

The Kolmogorov time scale 7, can be estimated as follows in the
log-law region®*

6)
# =),

where 7 is the Kolmogorov microscale, xk=0.41 is the Von Karman
constant, 6, = v/u, is the viscous lengthscale, u, is the friction velocity,
and x; =x3/6, is the dimensionless height measured in viscous
lengthscale.

It is well recognized that particles are expected to be quasi-
ballistic when St > 1, while they are expected to strictly follow the fluid
when St <17,

Second, the effects of electrostatic force on the dust particles
can be quantified by the electrostatic Stokes number St.;, which is
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defined as®®

T
Sty = _p
Tel

17)
Here, the characteristic time scale of electrostatic interactions 7.,
is defined as

_1 /3m,

Tt = Q,\/2n,’ (18)
with Q, and m,, being the electric charge and mass of the particle,
respectively, n, being the mean particle number density, A=1/(41meo),
and €, =8.854 x 102 F m™ being the vacuum permittivity.

As reported in Ref.?®, the electrostatic effects on particle
dynamics are negligible when St,;<1, while they are dominant
when St > 1.

Third and finally, in the Stokes regime the vertical terminal velo-
city w, due to gravitational settling is given as***°

W =1,8. (19)

When the vertical terminal settling velocity of the particles is
comparable to or less than the mean Lagrangian vertical velocity of the
air parcel containing the particles (Lagrangian velocity is the velocity at
which air parcels are dispersed upward by turbulence), the particles
would remain suspended. In a neutral ASL, the typical Lagrangian
vertical velocity is approximately ku,”. Therefore, the effects of the
gravitational settling is believed to be negligible when w,/(ku,) «1%°.

Besides the mass-loading ratio ®,,, the parameters St, St.;, and w,/
(ku;) are estimated based on the synchronous measurements of the
wind velocities, PM10 dust concentrations, and particle size distribu-
tions (see Supplementary Fig. 2). In this study, particle mass density is
assumed to be 1000 kg m™; the density and kinematic viscosity of the
air are taken as 1.20kg m™ and 1.57x10°m? s, respectively; the
electric charge on dust particle, Qp, is calculated by the product of
the particle’s charge-to-mass ratio and mass. Here, the magnitude of
the charge-to-mass ratio of the particle is taken as 60 uC kg™, which is
consistent with the measurements™,

Power spectrum estimation

We use the FFT-based Welch’s method to estimate the PSD and cross-
PSD*’. Here, the fluctuating time series {y(n) :n=0, ..., N—1} is divided
into M disjoint segments {y{n)=y(n+,D),n=0,..,L-1j=
0, ...,M-1} with L - D overlaps between two adjacent segments, after
which each segment is windowed using a Hamming window
{W(n)=0.54 — 0.46 cos(2mn/(L — 1)) : n=0,...,L — 1}, and finally, the
modified periodograms for these segments are averaged to obtain the
PSD estimator. The modified periodogram of segment {y{(n)} at fre-
quency f'is calculated as:

1 -
93,(N)= prg VLT (20)
with
~ L71 P
V(f)=6. " Wnyme 2, (21a)
n=0

1 L-1
P=7> WP, (21b)

n=0

where 6, represents the sampling interval of the time series {y(n)}. The
Welch’s estimator of PSD is then determined by averaging the

modified periodograms:

1 M-1
D= 372 Py - 22)
j=0
Here, the time series {y(n)} is divided into eight segments with 50%
overlap, and the Welch’s estimators are efficiently calculated using
the FFT.

Data availability

All spectral data presented in this study have been deposited in the
figshare repository and are available at https://doi.org/10.6084/m9.
figshare.20655255.v1.

Code availability
The code that support the findings of this study is available upon
request to the corresponding author.

References

1. Shinbrot, T. & Herrmann, H. J. Granular matter: static in motion.
Nature 451, 773-774 (2008).

2. Forward, K. M., Lacks, D. J. & Sankaran, R. M. Charge segregation
depends on particle size in triboelectrically charged granular
materials. Phys. Rev. Lett. 102, 028001 (2009).

3. Pahtz, T., Herrmann, H. J. & Shinbrot, T. Why do particle clouds
generate electric charges? Nat. Phys. 6, 364-368 (2010).

4. Lacks, D. J. & Sankaran, R. M. Contact electrification of insulating
materials. J. Phys. D-Appl. Phys. 44, 453001 (2011).

5. Houghton, I. M. P., Aplin, K. L. & Nicoll, K. A. Triboelectric charging
of volcanic ash from the 2011 Grimsvétn eruption. Phys. Rev. Lett.
111, 118501 (2013).

6. Rudge, W. A. D. Atmospheric electrification during South African
dust storms. Nature 91, 31-32 (1913).

7. Harris, D. J. Electrical effects of the Harmattan dust storms. Nature
214, 585-585 (1967).

8. Stow, C. D. Dust and sand storm electrification. Weather 24,
134-144 (1969).

9. Kamra, A. K. Measurements of the electrical properties of dust
storms. J. Geophys. Res. 77, 5856-5869 (1972).

10. Williams, E. et al. The electrification of dust-lofting gust fronts
(haboobs) in the sahel. Atmos. Res. 91, 292-298 (2009).

1. Yair, Y., Katz, S., Yaniv, R., Ziv, B. & Price, C. An electrified dust storm
over the Negev desert, Israel. Atmos. Res. 181, 62-71 (2016).

12. Zhang, H., Bo, T. L. & Zheng, X. Evaluation of the electrical prop-
erties of dust storms by multi-parameter observations and theore-
tical calculations. Earth Planet. Sci. Lett. 461, 141-150 (2017).

13. Zhang, H. & Zheng, X. Quantifying the large-scale electrification
equilibrium effects in dust storms using field observations at Qingtu
Lake Observatory. Atmos. Chem. Phys. 18, 17087-17097 (2018).

14. Castellanos, A. Electrohydrodynamics (Springer Science & Busi-
ness Media, 1998).

15. Kikuchi, H. Electrohydrodynamics in dusty and dirty plasmas:
gravito-electrodynamics and EHD (Springer Science & Business
Media, 2013).

16. Zheng, X., Zhang, J., Wang, G., Liu, H. & Zhu, W. Investigation on
very large scale motions (VLSMs) and their influence in a dust
storm. Sci. China-Phys. Mech. Astron. 56, 306-314 (2013).

17. Zhang, H. & Zhou, Y. H. Reconstructing the electrical structure of
dust storms from locally observed electric field data. Nat. Commun.
11, 5072 (2020).

18. Rahman, M. M., Cheng, W. & Samtaney, R. Generation and suste-
nance of electric fields in sandstorms. Phys. Rev. Res. 3,

L012008 (2021).

19. Zheng, X. J., Huang, N. & Zhou, Y. H. Laboratory measurement of

electrification of wind-blown sands and simulation of its effect on

Nature Communications | (2023)14:408


https://doi.org/10.6084/m9.figshare.20655255.v1
https://doi.org/10.6084/m9.figshare.20655255.v1

Article

https://doi.org/10.1038/s41467-023-36041-x

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

sand saltation movement. J. Geophys. Res.-Atmos. 108,

4322 (2003).

Kok, J. F. & Renno, N. O. Electrostatics in wind-blown sand. Phys.
Rev. Lett. 100, 014501 (2008).

Zheng, X. J. Electrification of wind-blown sand: recent advances
and key issues. Eur. Phys. J. E 36, 138 (2013).

Harrison, R. G. et al. Applications of electrified dust and dust devil
electrodynamics to martian atmospheric electricity. Space Sci. Rev.
203, 299-345 (2016).

Richardson, L. Weather Prediction by Numerical Process. (Cam-
bridge Univ. Press, Cambridge, 1922).

Pope, S. B. Turbulent Flows. (Cambridge Univ. Press, Cam-

bridge, 2000).

Kolmogorov, A. N. The local structure of turbulence in incompres-
sible viscous fluid for very large Reynolds numbers. Dokl. Akad.
Nauk SSSR 30, 9-13 (1941).

Obukhov, A. M. Structure of the temperature field in turbulent
flows. Izv. Akad. Nauk. SSSR, Geogr. Geofiz. 13, 58-69 (1949).
Corrsin, S. On the spectrum of isotropic temperature fluctuations in
isotropic turbulence. J. Appl. Phys. 22, 469-473 (1951).

Batchelor, G. K. Small-scale variation of convected quantities like
temperature in a turbulent field. Part 1. General discussion and the
case of small conductivity. J. Fluid Mech. 5, 113-133 (1959).
Warhaft, Z. Passive scalars in turbulent flows. Annu. Rev. Fluid
Mech. 32, 203-240 (2000).

Alexakis, A. & Biferale, L. Cascades and transitions in turbulent
flows. Phys. Rep. 767-769, 1-101 (2018).

Renzo, M. D. & Urzay, J. Aerodynamic generation of electric fields in
turbulence laden with charged inertial particles. Nat. Commun. 9,
1676 (2018).

Celani, A., Cencini, M., Mazzino, A. & Vergassola, M. Active and
passive fields face to face. New J. Phys. 6, 72 (2004).

Hutchins, N. & Marusic, I. Evidence of very long meandering fea-
tures in the logarithmic region of turbulent boundary layers. J. Fluid
Mech. 579, 1-28 (2007).

Hutchins, N., Chauhan, K., Marusic, ., Monty, J. & Klewicki, J.
Towards reconciling the large-scale structure of turbulent bound-
ary layers in the atmosphere and laboratory. Bound.-Layer Meteor.
145, 273-306 (2012).

Li, Y., McLaughlin, J. B., Kontomaris, K. & Portela, L. Numerical
simulation of particle-laden turbulent channel flow. Phys. Fluids 13,
2957-2967 (2001).

Li, J., Wang, H., Liu, Z., Chen, S. & Zheng, C. An experimental study
on turbulence modification in the near-wall boundary layer of a
dilute gas-particle channel flow. Exp. Fluids 53, 1385-1403 (2012).
Eaton, J. K. & Fessler, J. Preferential concentration of particles by
turbulence. Int. J. Multiph. Flow 20, 169-209 (1994).

Boutsikakis, A., Fede, P. & Simonin, O. Effect of electrostatic forces
on the dispersion of like-charged solid particles transported by
homogeneous isotropic turbulence. J. Fluid Mech. 938, A33 (2022).
Shao, Y. Physics and Modelling of Wind Erosion. (Springer, Dor-
drecht, 2008).

Maxey, M. R. The gravitational settling of aerosol particles in
homogeneous turbulence and random flow fields. J. Fluid Mech.
174, 441-465 (1987).

Brandt, L. & Coletti, F. Particle-laden turbulence: progress and
perspectives. Annu. Rev. Fluid Mech. 54, 159-189 (2022).

Ahmed, A. S., Ali, A. A. & Alhaider, M. A. Measurement of atmo-
spheric particle size distribution during sand/duststorm in Riyadh,
Saudi Arabia. Atmos. Environ. 21, 2723-2725 (1987).

43. Welch, P. The use of fast Fourier transform for the estimation of
power spectra: a method based on time averaging over short,
modified periodograms. IEEE Trans. Audio Electroacoust. 15,
70-73 (1967).

44. Kasper, J. C. et al. Parker Solar Probe enters the magnetically
dominated solar corona. Phys. Rev. Lett. 127, 255101 (2021).

45. Kaimal, J. C., Wyngaard, J. C., Izumi, Y. & Coté, O. R. Spectral
characteristics of surface-layer turbulence. Quart. J. R. Met. Soc. 98,
563-589 (1972).

46. Kunkel, G. J. & Marusic, I. Study of the near-wall-turbulent region of
the high-Reynolds-number boundary layer using an atmospheric
flow. J. Fluid Mech. 548, 375-402 (2006).

47. Claussen, M. A model of turbulence spectra in the atmospheric
surface layer. Bound.-Layer Meteor. 33, 151-172 (1985).

48. Salesky, S. T. & Chamecki, M. A similarity model of subfilter-scale
energy for large-eddy simulations of the atmospheric boundary
layer. Bound.-Layer Meteor. 145, 69-91 (2012).

49. Elghobashi, S. On predicting particle-laden turbulent flows. Appl.
Sci. Res. 52, 309-329 (1994).

50. Stull, R. B. An introduction to boundary layer meteorology.
(Springer, Dordrecht, 1988).

51.  Frisch, U. Turbulence: The Legacy of A. N. Kolmogorov. (Cambridge
University Press, Cambridge, 1995).

52. Landau, L. D. & Lifshitz, E. M. The classical theory of fields. (Elsevier,
Oxford, 1975).

53. Bendat, J. S. & Piersol, A. G. Random data: analysis and measure-
ment procedures. (John Wiley & Sons, Hoboken, 2011).

54. Foken, T. & Wichura, B. Tools for quality assessment of surface-
based flux measurements. Agric. For. Meteorol. 78,

83-105 (1996).

55. Hogstrom, U., Hunt, J. C. R. & Smedman, A. S. Theory and
measurements for turbulence spectra and variances in the
atmospheric neutral surface layer. Bound.-Layer Meteor. 103,
101-124 (2002).

56. Malcolm, L. P. & Raupach, M. R. Measurements in an air settling tube
of the terminal velocity distribution of soil material. J. Geophys.
Res.-Atmos. 96, 15275-15286 (1991).

57. Hunt, J. C. R. & Weber, A. H. A Lagrangian statistical analysis of
diffusion from a ground-level source in a turbulent boundary layer.
Q. J. R. Meteorol. Soc. 105, 423-443 (1979).

58. Bo, T.L., Zhang, H. & Zheng, X. J. Charge-to-mass ratio of saltating
particles in wind-blown sand. Sci. Rep. 4, 5590 (2014).

59. Schmidt, D. S., Schmidt, R. A. & Dent, J. D. Electrostatic force on
saltating sand. J. Geophys. Res. 103, 8997-9001 (1998).

60. Baars, W. J., Hutchins, N. & Marusic, |. Spectral stochastic
estimation of high-Reynolds-number wall-bounded turbulence
for a refined inner-outer interaction model. Phys. Rev. Fluids 1,
054406 (2016).

Acknowledgements

This study was supported by the National Natural Science Foundation of
China (Grants Nos. 92052202 and 11802109 to H.Z.) and the Funda-
mental Research Funds for the Central Universities (Grant No. lzujbky-
2021-ey19 to H.Z.).

Author contributions

Y.H.Z. conceived and supervised the project. H.Z. carried out the
experiment and performed the data and theoretical analyses. All authors
contributed to the manuscript.

Nature Communications | (2023)14:408



Article

https://doi.org/10.1038/s41467-023-36041-x

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36041-x.

Correspondence and requests for materials should be addressed to
You-He Zhou.

Peer review information Nature Communications thanks Gabriele
Franzese and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:408


https://doi.org/10.1038/s41467-023-36041-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unveiling the spectrum of electrohydrodynamic turbulence in dust storms
	Results
	Overview of the datasets
	Universality of PSDs
	Phenomenological theory

	Discussion
	Methods
	Data qualification
	Key particle parameters
	Power spectrum estimation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




