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Dust Devils (DDs) prevail near the Martian surface 
during the Southern hemisphere summer. Their 
whirlpool effect give rise to smaller particles in the 
atmosphere, which subsequently affects optical depth 
and decreases ion concentration. Presence of dust  
affects atmospheric conductivity and permittivity, 
which in turn affect electromagnetic wave propaga-
tion. An understanding of the underlying physics of 
electrical discharges due to dust is critical for future 
missions. Low atmospheric pressure and arid, windy 
environment suggest that dust is more susceptible to 
triboelectric charging. This article presents a study of 
Schumann Resonance (SR) on Mars, whose presence 
indicates the possibility of a lightning. We have ex-
tended our previous work for variable dust mixing. A 
random dust mixing is chosen and finally, an inverted 
cone-shaped DD is considered for effective permittivity. 
It is found that SR modes essentially depend on the 
shape of DDs, which consequently determines effective 
permittivity of the medium. Also, SR does not depend 
much on the conductivity. At present, InSight magne-
tometer is searching for the presence of SR on Mars. 
Our results could be useful for future missions to car-
ry out in situ measurements of SR, the most promising 
detection related to electrical activity on Mars. 
 
Keywords: Atmospheric conductivity, devils, dust, 
lightning, permittivity, triboelectric charging. 

Motivation for the study 

MARS is known for its Dust Devils (DDs) occurring dur-
ing the middle of southern hemisphere summer. On Earth, 
DDs are common in semiarid and arid regions1, while 
some DDs have been observed on Mars2–7. They play an 
important role in the background opacity8–10. Particles in-
side DDs get electrically charged by tribo-charging or  
attachment with ions. These charged aerosols reduce  
effective mobilities of ions and cause the loss of ions, 
leading to reduction in conductivity. Background aerosols 
reduce conductivity near the surface of Mars due to ion–
aerosol attachment11. The effect of particles on atmos-
pheric parameters in the presence of DDs is different than 
that under normal conditions. 

 DDs cause erosion of dust layers, leading to lower  
albedo compared to unaltered background12,13, although 
some tracks show higher albedo4,14,15. Horizontal motion 
of Martian DDs was derived from lander, rover and satel-
lite observations3,5–7,16–18. Cantor et al.4 retrieved horizon-
tal motion and tangential speed of a DD using Viking 
images. Better knowledge of physical parameters is ne-
cessary to understand its influence19. Modelling can help 
predict the nature of DDs and their properties. A DDs is a 
concentrated vortex, whose eddy simulations have been 
carried out20. Modelling of DDs using in situ wind, pres-
sure and ultraviolet (UV) radiation measurements has 
been done recently21. 
 Fluid and electrical forces were studied using MATADOR 
project22. Results suggest conversion of thermal-to-
electrostatic energy of 10–5 to 10–6 and a small fraction to 
Ultra Low Frequency (ULF) EM emissions22. Past work 
showed the conductivity of Mars to be 100 times greater 
than that of Earth23. The effect does not reduce overall 
field, but slows down the charge-up process23. Action of 
the electric field on dynamics of processes and trajectories 
of particles can be ignored in the first approximation22. 
However, a factor of 10,000 decrease in tribo-charging 
efficiency on Mars is offset by 10,000 times volume in-
crease in the storm size and hence, global atmospheric elec-
tric contents of both planets are comparable22. The DD 
must consist of detectable, large-scale electric fields 
varying up to >4 kV/m (ref. 22). 
 In the DDs, vertical stratification of grains causes a 
large electric dipole moment3,24,25, which enhances lifting 
of grains26. Since the vortex is dynamic with significant 
fluctuations, the oscillations of charged dust generate radio 
frequency waves, acoustical signals and fluctuating mag-
netic field27. The generated electric fields are governed by 
vertical currents of charged particles and distribution of  
velocity28. The electric field grows exponentially and can 
reach values corresponding to electrical breakdown29,30. 
 In the Martian atmosphere, electric fields generated in 
the DDs can reach values of 5–20 kV/m corresponding to 
electrical breakdown and micro-discharges can generate 
broadband electromagnetic radiation28. This gives an oppor-
tunity to study Schumann Resonance (SR) due to electrical 
discharges. In the present study, we show how the presence 
of dust inside a DD can affect the permittivity of the atmo-
sphere and also, its consequences as the shape-dependent 
SR on Mars. 
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Methodology 

Due to the prevalence of Martian DDs, an understanding 
of the underlying physics of electrical discharges is criti-
cal for future missions. The low atmospheric pressure and 
arid, windy environment on Mars suggest that dust is 
more susceptible to triboelectric charging. On Saturn, 
Uranus and Neptune, the electric activity was recorded at 
very low frequency31. Electrical discharges on Mars 
should occur more frequently with lower intensities than 
those on Earth32. Triboelectric charging occurs when 
small particles rub against large particles (Figure 1). The 
process can sustain under favourable conditions, leading 
to charge separation and possible electrical discharge. 
Electric fields up to 104 V/m have been reported using 
collision frequency, particle density and relative velocity 
of dust particles23. 
 It is expected that dust storms become electrically  
active owing to triboelectricity. An approximate vertical 
dependence of the breakdown field on Mars is33 
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where E0 is the breakdown field at the surface, z the  
altitude, H is the atmospheric scale height and the rela-
tion is valid up to 50 km. The parameters E0 and H are 
~15 kV/m and ~11.1 km respectively33. Using eq. (1), we 
can find the variation of field (Figure 2), which shows 
that requirement of breakdown strength reduces as alti-
tude increases, reaching ~1 kV/m at 40 km. These values 
being much smaller than that for the Earth (~3 MV/m at 
the surface), the chances of electrical discharge are high 
for Mars and SR can be produced due to lightning. 
 Theoretically, surface-ionosphere cavity may be con-
sidered as a homogeneous (lossless) cavity and the nor-
mal SR frequencies of order n can be computed as34 
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Figure 1. Triboelectric charging between rotating particles within the
dust devil. 

where c is the speed of light and R is the inner radius of 
the cavity. The SR modes for a thick, lossy, heterogene-
ous cavity are35,36 
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where f ′ is calculated from eq. (2). Observable SR modes 
for Mars were studied in our earlier work for Martian 
year 25 (ref. 35). The densities of ions, electrons and 
charged aerosols in the atmosphere of Mars are available 
in the literature37,38. The conductivity is 
 
 {  },e n nσ μ μ− − + += ∑ +∑  (4) 
 
where μ± are the positive and negative ion mobilities, and 
n± are the positive and negative ion densities. In DDs, 
particles can stick with ions and change the effective ion 
densities. The charged dust particles can also contribute 
to ion densities and such effects have been reported in the 
past37, while the effect of dust on the D region of Mars 
has also been studied38. Equation (3) reveals that observ-
able SR depends on the conductivity and permittivity of 
heterogeneous medium. The mixing model of permittivity 
near the Martian surface is taken to be linear35 
 
 vacuum vacuum dust dust ,  r p pε ε ε′ = +  (5) 
 
where εvacuum is the relative permittivity of vacuum 
(unity), pvacuum the volume fraction of vacuum in the me-
dium, εdust the real relative permittivity of dust and pdust is 
the volume fraction of dust in the medium. Since, the 
percentage of dust varies with altitude, the real part of 
relative permittivity also varies with altitude. Based on 
eq. (5), we have considered linear and variable amounts 
 
 
 

 
Figure 2. Approximate breakdown strength up to 40 km on Mars.
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of dust mixing as well as random mixing to obtain SR. 
Further, the shape dependence of SR is examined through 
parametric study of permittivity in the inverted cone-
shaped DDs. To avoid repetition, we present only the SR 
results for variable dust mixing as well as the shape-
dependent SR profiles for Mars, and have avoided ran-
dom mixing due to similar results. 

Shape-dependent SR 

To analyse the dependence of SR modes on the medium 
properties, we have carried out a parametric study.  
Initially, we have taken variable amounts of total dust as 
10%, 20% and 30% in the linear mixing (instead of con-
stant amount) for the Martian SR profiles, by considering 
the value of permittivity of dust as 4 (ref. 39), whose re-
sults are shown in Figure 3 (ref. 40). Further, we used 
random dust mixing (for example, by generating a  
random number in MATLAB software between 0 and 0.3 
for 30% dust mixing and running for 1, 100 and 1000 
times) at various altitudes. It was found that SR cannot be 
sustained even if a heavy DD causes large volume of dust 
to be transported in the environment at higher altitudes. 
However, at the lower portion of the knee altitude of 
~18 km, the SR modes are sustained whether the amount 
of dust is small or large. Hence, there is the possibility of 
existence of lightning within the altitudes from the sur-
face to ~18 km, which matches with earlier results35. 
 To understand the shape dependence of SR, we have 
compared various factors governing the SR modes of  
heterogeneous cavity. From eq. (3), the magnitude of SR 
modes is given by 
 

 2 1/42 2| |  ,
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r
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=
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Now, for n = 1, the values of α and β are given by 
 

 19.9185  ×  1 h
R

α = −  and 8.9.0245  × 10β =  (7) 

 

 
Figure 3. Observable SR for Martian year 28, having high dust
(τ = 1.2) and Ls = 280°, based on linear mixing of dust with proportion
10%, 20% and 30% (modified after Sana et al.40). 

Typically, the value of conductivity σ is ~10–12 S/m (ref. 
35). This provides β 2σ 2 to be ~10–6, which is much 
smaller compared to the additive term in the denominator 
of eq. (6) varying from 1 to 3.61 (corresponding to the 
maximum dust mixing of 30%). Further, for breakdown 
of the medium, sufficient amount of dust should be pre-
sent. This is because low dust will have sparse density 
and reduce the probability of triboelectrification. Thus, 
we consider standard as well as high dust scenarios41, 
which give the maximum change in conductivity from 
10–13 to 2 × 10–10 S/m (refs 35, 41). When we incorporate 
this change, we find β 2σ 2 to be 8.14 × 10–9 and 0.032 re-
spectively. These values are much less than the smallest 
value of the additive term in the denominator of eq. (6). 
In summary, the presence of dust affects conductivity less 
than permittivity. In other words, SR modes of hetero-
geneous cavity highly depend on the permittivity of a 
medium. 
 From observations and modelling, it is known that DD 
is inverted cone-shaped20,21. We therefore consider the 
shape of a DD as an inverted cone in our analysis (Figure 4). 
We have considered a slice of the cone of thickness δ l at 
the height of h and radius r. Such slices consist of dust in 
some proportion to the surrounding medium. 
 Let us consider the dust per unit volume to be constant. 
Dust at height ℎ can be taken as percentage of dust in a 
cylinder of radius r and small height δ l. We have consi-
dered maximum dust accumulated at the top35. So, in 
πR2δ l volume, there is n% of dust, which is at the top of 
the DD. Now, for πr2δ l volume, the percentage of dust is 
n(r2/R2)%. 
 
 Further, r = h tanθ and R = l tan θ. Hence, 
 

 
2
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Figure 4. Inverse cone-shaped DD with slices in the vertical direc-
tion.
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Figure 5. Real part of relative permittivity within DD versus percentage of dust and altitude. 
 
 

 
 

Figure 6. Fundamental, observable SR during Martian year 28 for conical (shape-dependent) dust distribution. 
 
 
From this, we obtain the permittivity within a DD as a 
function of the percentage of dust and altitude (Figure 5). 
It is observed that permittivity varies linearly with the 
amount of dust; however, it varies exponentially with  
altitude. Further, the largest value of relative permittivity 
of the mixture is within 2, when the permittivity of dust 
alone is taken as 4. Moreover, the effective permittivity is 
independent of cone angle, and hence the width of the  
inverse cone does not contribute to the SR modes. Based 
on the results, the SR modes are mainly governed by the 
maximum height of the DD (Figure 5). Figure 6 depicts 
the fundamental, observable SR for the Martian year 28 
using the shape-dependent permittivity in Figure 5. The 
results in Figures 3 and 6 are similar for the fundamental 
mode (and also for higher modes). This implies that the 
Martian SR is dependent on the shape of the DD and does 
not depend much on the conductivity. Such SR modes 

should be measured by a future lander to study electrical 
activity on the Martian surface. 

Search for Martian SR and its implications 

A future Mars lander may target observations of SR, 
which could be present after a DD occurs. At present,  
InSight lander on Mars provides an opportunity to deter-
mine SR. Even if the fundamental mode is above 10 Hz, 
the 20 Hz sampling rate of the InSight magnetometer will  
allow detection of an aliased signal42. Dusty environment 
was found after the landing, however, it revealed no 
clearly identifiable SR modes42. Measurement of Martian 
SR was attempted43; however, it was later refuted44. An 
inter-digitated transducer-based dust sensor can detect 
charged dust in the DDs using a future lander on Mars45. 
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Thus, a search for the Martian SR modes may be conti-
nued for future DDs. 
 Recurring DDs and low breakdown strength on Mars 
are conducive for the electrical discharge to occur, which 
excites SR. Till date, there is no direct measurement of 
electrical environment on Mars. However, indirect evi-
dence of electrification exists from the Mars Pathfinder as 
well as Sojourner rovers46,47, and from laboratory meas-
urements48. Atmospheric electricity on Mars may have an 
influence on many other processes such as dust transport 
as well as physics and chemistry of materials49. Dissocia-
tion of H2O into OH/H– provides a key ingredient for the 
generation of oxidants and this significantly impacts the 
habitability of Mars50. A promising approach for detect-
ing electrical activity appears to be through in situ in-
strumentation51. A lightning might even have implications 
for the origin of life52. The reaction mechanism for me-
thane has the same effect as an electrical discharge53. The 
presence of lightning can lead to revisiting the Martian  
atmospheric chemistry and suggest better preparation for 
future missions. 

Conclusion 

Recurring DDs on Mars and their low breakdown 
strength are conducive for the electrical discharge to  
occur, giving rise to SR in the cavity. In this article, vari-
able linear mixing and random mixing of dust are consi-
dered initially for Martian year 28, whose results match 
with those existing in the literature. Analysis of inverted 
cone-shaped DDs has been carried out. The results show 
no effect of the inverse cone angle and radius on the SR 
profiles. The Martian SR modes are governed by the 
maximum height of the DD and they are less dependent 
on the conductivity for standard and high-dust scenarios 
on Mars. It is found that the observable SR on Mars is 
primarily dependent on the shape of the DDs. 
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