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Introduction. Impulsive lightning discharges 
have been detected from the atmosphere of many plan-
ets – obviously Earth - but also Jupiter, Saturn, Uranus, 
and possibly Neptune (see reviews by Farrell et al. [1], 
Aplin et al. [2] and references therein). It has long been 
speculated that Mars’ atmosphere may also generate 
electricity through the vigorous tribo-electric interac-
tion of particulates in dust devils and dust storms like 
that in Figure 1 [3, 4]. However, the exact nature of 
the discharge associated with such features on Mars 
still remains a question of fundamental study, which 
connects directly to both science and exploration.  

In the area of science, new reactive chemistry 
may be created depending upon the nature of the dis-
charge. Under the influence of moderately large E-
fields (> 10 kV/m), the low pressure (~5 Torr) CO2 
dominant Martian atmosphere will breakdown to cre-
ate an enhanced population of energetic (2-20 eV) 
electrons, referred to as an electron avalanche, that 
exponentially grows. These electrons, in turn, are ex-
pected to chemically modify the neutral gas to create 
CO2

+, CO, and O- from CO2 (and create OH and H- 
from any water in the atmosphere) [5]. Recombination 
of these products is also predicted to create new reac-
tive species like hydrogen peroxide [6]. Methane may 
be destroyed [7] and/or created [8] under the influence 
of these E-field-induced energetic electron flows. 
However, the degree of new plasma chemistry being 
formed is a function of the intensity of the discharge-
related electron flow and varies widely depending on 
the yet-to-be-identified saturation mechanisms that 
limits the current generation & chemical production 
[9].  

From an exploration perspective, the nature of 
the discharge is directly associated with environmental 
ESD hazards that any explorer may encounter on the 
dusty surface. Under the MEPAG Goal 4, an outstand-
ing question is lightning generation on Mars, and how 

it might affect take-off and ascent. In 2009, there was a 
provocative report of lightning detected from a Mars 
dust storm as observed from one of the DSN ground-
based radio telescopes in the GHz emission band [10]. 
These emissions were inferred to originate from a dis-
charge with 105 times more current than a nominal 
terrestrial lightning stroke. However, subsequent 
Earth-based observations near the same frequencies 
failed to reproduce the result  [11]. Gurnett et al. [12] 
also reported on the lack of any RF emission from 
lightning in the 4-5.5 MHz band of the MEx/MARSIS 
radio receiver in proximity about Mars. They used data 
collected over a 5-year period that included multiple 
close passes over two major dust storm events.  

From an exploration viewpoint, the primary 
question remains: Can the atmosphere generate, on 
rare occasions, large discharge events that possibly 
pose a threat to human systems?  

System Perspective. From a system perspec-
tive, the rate of E-field generation within a storm gen-
erator, ∂E/∂t, is a direct function of particulate charg-
ing currents, JC, and intensity of the offsetting atmos-
pheric dissipation currents, JD, that acts ‘short-out’ or 
shunt the growth of the E-field [13, 14]: 

 
−εo ∂E/∂t = JC - JD               (1) 
 
For low or moderate E-fields, the dissipation 

current is JD = σE, where σ is the atmospheric conduc-
tivity. Under stronger E-fields, the gas conductivity 
can increase exponentially under the influence of in-
creasing electron impact ionizations. In this case, 
σ varies as no exp(αd)eµ, no being the ambient electron 
density, µ the electron mobility, α= α(E) Townsend’s 
primary ionization coefficient and d the anode/cathode 
distance. Townsend’s primary coefficient represents 
the inverse of the scale length between electron im-
pacts with gas molecules. As E increases, any free 
electrons will undergo increased acceleration along 
their free path and thus have a greater likelihood of 
ionizing an ambient gas molecule upon collision. As 
such, α= α(E) will itself exponentially increase in ca-
dence with the driving E (See Townsend analysis for 
Mars atmosphere by Delory et al. [5]).  

As illustrative examples of Equation (1), con-
sider the very simply case of a continuously charging 
at JC = Jo in an ideal non-dissipating (σ = 0) medium 
between the charging anode and cathode. In this ideal 
case, E would increase as ~ Jo T where T is the time 
over which Jo is applied. If we placed a solid dielectric 
medium between the anode and cathode then E would 

Figure 1. HiRISE image of a 20 km high dust devil 
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rise until it reaches a dielectric breakdown threshold, 
and then the dissipation current would manifest itself 
in the form of a fast (lightning-like) discharge from 
anode to cathode cutting through the dielectric.  

High-pressure gases behave somewhat similar 
to solids, although substantial dissipation currents can 
form in response to the driving E-field. Volland [13] 
presented a model of a nominal 16 km x 16 km terres-
trial lightning storm, and derived a total storm-wide 
charging current of JC ~ 5A and a storm-wide dissipa-
tion current of JD ~ 2A. The latter is acting (unsuccess-
fully) to neutralize the charging centers that form at the 
cloud top and bottom. Since JC > JD, the E-field grows. 
In about 1000 seconds, E reaches breakdown levels 
near 1 MV/m (see Curve B in Figure 1). At this break-
down point, the ‘dissipation current’ is temporarily in 
the form of the lightning discharge – which is acting to 
neutralize the cloud dipolar charging centers in a high-
ly impulsive way.  

 
However, we note for the Volland storm 

model that JC is just slightly above JD, and that if JD 
were slightly larger, we might expect ∂E/∂t to become 
0. Figure 2 shows an exercise where we coded the 
Volland electrical storm generator model (Eq. 5.1 to 
5.7, Volland [13]) using the constants applied therein. 
Once coded, we adjusted the atmospheric conductivity 
to 4 cases. For the terrestrial case, Curve B, we repro-
duce the Volland lightning storm charging scenario. 
For atmospheric conductivity a factor of 10 lower, the 
storm charges slightly faster than the terrestrial case. 
However, for atmospheric conductivities of 10 and 100 
times greater than the terrestrial case (Curves C and 
D), the storm electrical system levels off at an equilib-
rium value where JC = JD. In this case, the dissipation 
currents are large enough to shunt the growth rate, 
∂E/∂t, and the storm E-field levels off to an equilibri-
um E-field value. Since dissipation currents now keep 

pace with the charging currents, a lightning discharge 
that normally develops in an attempt to impulsively 
neutralize the ever-growing charge centers is not gen-
erated – it is not necessary since the system is quasi-
stable. The charge centers themselves reach equilibri-
um with charge collected at the storm top and bottom 
being offset by the charge dissipated.  

With this system perspective, we can now 
formulate the question we have for Mars storms: In a 
Mars convective dust feature, do dust tribo-electric 
charging currents, JC, exceed the atmospheric dis-
sipation currents, JD? If they do, the charge centers 
may grow until they impulsively discharge (i.e., light-
ning). However, if JC is comparable to JD, then the dis-
charge may be only in the form of a low-level ‘leaky’ 
dissipation current, in which case the storm would 
have reduced electrical potency – there would be less 
stored electrical energy (which varies as E2) in the ca-
pacitive system.  

Figure 3 shows a model of E-field growth for 
a given (constant) dust devil charging current, JC, and 
range of values of atmospheric conductivity (or range 
of JD) [15]. Note that the system-level charging, as 
manifested by the growth of the E-field in 10 seconds 
(ΔE/Δt) is decreasing with increasing conductivity. For 
an Earth-like conductivity near 10-14 S/m, JC domi-
nates. However, for conductivities above 10-12 S/m, the 
dissipation currents, JD, become comparable to JC, re-
ducing ΔE/Δt. Much like the terrestrial lightning storm 
example in Figure 2, the atmospheric conductivity at 
values > 10-13 S/m gives rise to substantial competing 
dissipation currents that act to stabilize the growth of 
the E-field.  

We now discuss in greater detail the charging 
and dissipation currents.   

Figure 2. The Volland [13] terrestrial storm charg-
ing model with varying atmosphere conductivity.  

Figure 3. ΔE/Δt vs. atmospheric conductivity for a giv-
en charging current (from [15]).  

6020.pdfDust in the Atmosphere of Mars 2017 (LPI Contrib. No. 1966)



Dust Devil Charging Currents, JC: In order 
to create an effective charging current, two elements 
are required: (1) A mass-preferential charging process 
and (2) a mass-preferential spatial separation process 
that acts to spatially displace the various charges.  In 
terrestrial storms, upward-blown light ice collides with 
polarized heavy pellets/graupel to charge positive. Ver-
tical winds then vertically separate light (+) ice from 
the downward-moving heavy (-) material to create the 
charge separation. The result is a continual build-up of 
a negative charge center at a storm base and positive 
charge center at the storm top (see more details in 
Saunders [16]). Thus, an electric dipole forms in the 
cloud, and its image is formed in the ground.  

In the case of dust devils, within their salta-
tion layers, micron-sized dust and millimeter-sized 
sand grains come into vigorous contact. There is 
charge exchange via contact electrification between 
these particles, especially in low humidity conditions 
[17, 18]. The contact electrification or ‘tribo-
electrification’ of metal-metal contacts is understood 
[17], with surface charge developing to bring the Fermi 
energy of each grain to a common potential.  Ironical-
ly, the situation is not as clear for insulator-insulator 
contacts, or contacts between grains of similar semi-
conductor material [17, 19].  

The model presented in Forward et al. [19] 
involves the exchange of electrons trapped on defect-
created energy levels between the semi-conductor va-
lence and conductive bands. These trapped electrons 
do not have the energy to jump up to the conductive 
band or cannot lose energy to drop to the filled valence 
band. However, they can jump to the low energy de-
fect-created levels on other grains that are brought into 
contact. Over many contacts between large and small 
grains, the heavily collided larger grains will tend to 
transfer electrons to the smaller grains making smaller 
grains tending in a statistical sense to charge negative 
and larger grains tending to charge positive.  

Vertical winds from a vertical pressure gradi-
ent will the separate the small negative dust grains 
from the heavy positive sand grains and positive sur-
face, creating an electric dipole in the dust feature. In 
terrestrial dust devils, such dipole fields were initially 
reported by Freier [20], Crozier, [21], and examined 
more recently via a large number of desert field studies 
by numerous investigators (see review by Harrison 
[18]). The formation of a dipole dust storm electrical 
system has also been modeled by numerous authors 
(see most recent discussion in Barth et al., [22] and 
references therein). The tribo-charging vertical cur-
rents in moderate sized terrestrial dust devils are esti-
mated to be as large as ~ - 5 µA/m2 [23] which is larg-
er than the current density generated within the Vol-
land-class terrestrial storm.  
 

Atmosphere-Responsive Dissipation Cur-
rents, JD: Given the above-described charging current 
and associated increasing E-field, the low pressure 
atmosphere at Mars will respond under the influence of 
this increasing electrostatic stress. Previous laboratory 
studies have found that mixing dust and sand under 
low-pressure Mars-like atmospheres will create small 
sparks, glows, and detectable RF discharges in the gas 
[3, 4, 24, 25] suggesting the development of intense 
dissipation currents. Farrell et al. [23] recently exam-
ined in detail the response of a 5 Torr CO2 gas under 
increasing electrical stress via lab study. 

Figure 4. Lab experiments on the pre-breakdown re-
gime of a 5 Torr, CO2 gas. The current vs. driving E 
curves are shown for anode-cathode separations of 60, 
40, 20 and 8 mm (from [23]).  
 

Figure 4 from these lab studies clearly shows 
that the gas has three electrical regimes for E-fields 
below about 200 kV/m. Specifically, for low E-fields, 
the gas conductivity is quasi-constant, and the dissipa-
tion current, JD, varies as σE (nominal case). However, 
as E grows, there is an increase in electron impact ion-
izations, and the conductivity effectively grows expo-
nentially as exp(αd). This pre-spark regime is called 
the Townsend ‘dark’ discharge (TDD) because there is 
not an obvious visual manifestation - no obvious glow 
- but yet there is exponentially increasing atmospheric 
current in the direction of E under the stress of E. The 
TDD and associated electron avalanche was modeled 
previously by Delory et al. [5]. Finally, at a threshold 
E-field, the gas will have a more intense discharge- the 
dissipation current will jump by a factor of 103 - into 
the ‘spark’ regime. We note that the spark regime is 
not a 100% ionized lightning-like discharge. The 
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measured spark currents, at milliAmpere levels, indi-
cate that the ‘spark’ is still a very weakly ionized gas 
with electron densities below 1 part per 100 billion of 
the neutral gas. Once initiated, the spark will remain 
‘on’ for the period the E-field is above the threshold 
(unlike an impulsive lightning discharge). We consider 
both the TDD and spark discharge low energy dissipa-
tion currents.  

JC & JD Current Comparisons: Given the 
relatively mild charging current and the atmospheric 
response in the low pressure gas, we conclude that, on 
the large scale, that charging and dissipation currents 
in Mars dust features are able to come into equilibrium 
in the low pressure gas. The dashed line in Figure 4A 
shows the charge current for a dust devil having a large 
value of JC ~ 5 µA/m2 [23]. In our laboratory gas 
breakdown environment, this driving charging current 
is expected to be offset by a mild Townsend dark dis-
charge (and not a more-intense spark discharge).  

If we make the assumption that the dissipation 
currents, at least on the large scale, keep pace with the 
charging currents, we can express Eq. (1) in terms of 
the current density balance between the fluid lifting of 
the negatively charged dust (ndust qdust vdust) and dissi-
pating Townsend dark discharge as 

  
−εo∂E/∂t  = - ndust qdust vdust + ne(E)eµE  ~ 0 (2) 

with ne (E) = no exp(α(E)d) where α is the Townsend’s 
primary coefficient defining the number of electron 
impact ionizations per unit length and d is an assumed 
length between charge centers in the system. The ex-
ponential growth of electrons in the second term de-
scribes the Townsend regime observed in lab experi-
ments (Figure 4A). Townsend’s primary coefficient is 
found to be a function of the E-field, varying as 
α =  αο exp(-Eo/E) where αο =  C1 p  and Εο = C2 p, with 
p being pressure (in Torr), and C1 & C2 having unique 
values depending upon the gas species [26]. Rearrang-
ing the terms and assuming operation in the Townsend 
regime, exp(αd) > 1, we then have: 
 
ln(ndust qdust vdust/noeµ) ∼ αοd exp(-Eo/E)         (3) 
 
Rearranging, we thus can arrive at an expression for 
the equilibrium (JC ~ JD) large scale E-field in the con-
vective dust feature as 
 

E = -Eo/ln (A)   (4) 
 
where A = (αod)-1 ln(JC/σο), the conduction current is JC 
= ndust qdust vdust and the intrinsic atmospheric conduc-
tivity is σο = neoeµ (∼ 10-12 S/m from Figure 4B). From 
past CO2 breakdown studies, the values of C1 = 
2000/m-Torr and C2 = 46.6 kV/m-Torr [26]. For a 5 

Torr atmosphere, this corresponds to αo = 10000 ioni-
zations/m and Eo = 233 kV/m.  

As an illustrative example, consider a tribo-
charged dust devil vertical current density of JC = 1 
µA/m2. For a dust devil of height d = 0.01, 0.1, and 1 
km, the equilibrium E-field from Eq. (4) is then E = 
26.2, 20.8 and 17.2 kV/m, respectively. The reduction 
in equilibrium E-field with increasing d is consistent 
with a greater path length for ionization (greater elec-
tron avalanche) corresponding to increased system-
level TDD dissipation currents.   

The Inhomogeneous Townsend Dark Dis-
charge. While Eq. (4) represented a system-level con-
dition, typically the TDD and other corona-type phe-
nomena are characteristically inhomogeneous, with 
local regions in disequilibrium (where ∂E/∂t is locally 
not zero). In this case, there may be the initiation of a 
visible local spark discharge (and a factor of 1000 
times current increase) to achieve equilibrium.  

One of the most studied phenomena is the 
electron corona that forms around high voltage power 
lines [27, 28]. The phenomena include the creation of 
an electron-rich avalanche region about the line and 
the generation of RF and audible crackles or noise [28] 
where steady-state equilibrium has failed locally. The 
RF and audible impulsive events represent very local 
imbalances that lead to faster breakdown than that at 
the overall equilibrium level.  

Analyzing dust and sand mixing in a low-
pressure Martian-like atmosphere,  Eden and Vonnegut 
[3] reported on the presence of a steady glow, which is 
likely the ‘spark’ discharge.  However, they also report 
on impulsive filamentary type discharges to the system 
wall, consistent with the influence of secondary elec-
tron phenomena that created local disequilibrium.  

Consequently, the macroscopic E-field value 
from Eq. (4) has large variations about the mean, de-
pending upon proximity to surrounding met-
al/capacitive structures, secondary electron sources 
(UV light on surrounding materials), and the influx of 
external charged particles like cosmic rays. As sug-
gested in Figure 4, small variations in E in the Town-
send regime can give rise to triggered spark discharges, 
given the steep slope of  dI/dE in this regime. We thus 
expect local disequilibria creating temporary sparks 
and glows.  

Undercharged Dust and Enhanced Electro-
static Energy. We have so far treated the driving dust 
charging current, JC, as independent of the atmospheric 
responding Townsend discharge current, JD. We have 
implicitly assumed the Townsend discharge is occur-
ring in a clean, uncontaminated gas. However, JD also 
has a dependence on dust density, ndust [29, 30]. Specif-
ically, the population of lofted dust has a statistical 
distribution of charged states, with some fraction being 
undercharged or charge-neutral. These initially under-
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charged dust grains will start to charge negative as they 
come into equilibrium with the TDD’s electron ava-
lanche current [23]. These undercharged dust grains 
will gain electrons by absorbing those flowing in the 
TDD - reducing the effectiveness of the dissipating 
currents. The undercharged grains are  ‘moderators’ 
suppressing the avalanche process.  

We can incorporate this effect by applying a 
modified Townsend’s primary ionizing coefficient, 
α'  = α − η, with η = η(ndust) representing the loss of 
electrons from the avalanche via dust absorption [29]. 
Examining Equation (4), this effect would act to re-
duce αo from its ‘unobstructed’ value at 104 ioniza-
tions/m to a lower value depending upon the electron-
obstructing undercharged dust density.  

For example, if we use Eq. (4) with d = 1 km, 
JC = 1 µA/m2, σ = 10-12 S/m for values of αo = 104 (un-
obstructed), 102 , and 1 ionizations/m, then the equilib-
rium E-field increases as E = 17, 26, and 54 kV/m re-
spectively. The system-level electrostatic energy (~ E2) 
increases as the TDD is systematically suppressed. In 
essence, the same population of charged dust, having a 
statistical spread in charged states, both creates the 
charging currents, JC, responsible for the growth of E 
but also suppresses dissipation current, JD, thereby self-
fortifying the charging centers and increasing the re-
tention of system-level electrostatic energy.  

A remaining question: Could a strongly self-
fortified dusty system (like the E ~ 54 kV/m case) 
give rise to another form of impulsive dissipation, 
like a lightning event, in an attempt to reduce the 
anomalous charge buildup? If dissipation currents 
become too suppressed, equilibrium could even be lost. 
In this case, JC > JD, leading to the development of 
anomalously large E-fields and an impulsive discharge.  

Preliminary Recommendations. (1) Obtain 
in-situ (landed) measurements of the Martian DC E-
field, RF activity, and atmospheric conductivity. Such 
a package has been proposed (and even awarded) for 
US missions [31]. The ill-fated Schiaparelli lander had 
such a package as well [18]. This measurement needs 
to be made at least once to assess the discharge hazard.  

(2) Make the outer skin of space suits conduc-
tive. The surface conductivity is < 2 nS/cm [32] and 
may be comparable to or lower than the atmospheric 
conductivity. An astronaut may be ‘electrically 
grounded’ to the atmosphere as opposed to the rego-
lith. As an astronaut roves, they will accumulate tribo-
charge from the boot-regolith interaction, and a con-
ductive space suit will increase the area of dissipating 
return currents from the atmosphere, driven by σE, 
where E is now the E-field from the tribo-charged as-
tronaut. If the boot-regolith interaction is vigorous, one 
can imagine the return currents moving into a TDD or 
occasional ‘spark’ discharge. A conducting space suit 

ensures a large return current collecting area to offset 
charge build-up and limit the growth of the astronaut E 
field.  

(3) Obtain atmospheric and near-surface 
chemical measurements in dust storms to determine if 
new reactive species are created. This includes a de-
termination on if the species are harmful to humans.  

(4) Continuously measure the E-field in the 
first 2-3 centimeters above the surface. Schmidt et al 
[33] reported that E ~160 kV/m can be generated in 
near-surface windblown sand. As such, new electro-
chemical species may not be limited strictly to dust 
devils and storms but may also include any windblown 
saltation event. In effect, any time the wind blows, new 
harsh species may be created near the surface.   
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