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Abstract The ionization of the lower Martian atmosphere and the presence of charged species are
fundamental in the understanding of atmospheric electricity phenomena, such as electric discharges,
large-scale electric currents, and Schumann resonances. The present photochemical model of the lower
ionosphere of Mars (0–70 km) is developed to compute the concentration of the most abundant charged
species (cluster ions, electrons, and charged aerosols) and electric conductivity, at the landing site and
epoch of the ExoMars 2016 mission. The main sources of ionization are galactic cosmic rays (during
daytime as well as nighttime) and photoionization of aerosols due to solar UV radiation during daytime.
Ion and electron attachment to aerosols is another major source of aerosol charging. The steady state
concentration of charged species is computed by solving their respective balance equations (also known
as continuity equations), which include the source and sink terms of their photochemical reactions. Since
the amount of suspended dust can vary considerably and it has an important effect on atmospheric
properties, several dust scenarios, in addition to the day-night variations, are considered to characterize
the variability of the concentration of charged species. It has been found that during daytime, aerosols
tend to become positively charged due to electron photoemission and, during nighttime, tend to
charge negatively due to electron attachment. The most dominant day-night variability in ion and
electron concentration occurs when the amount of suspended dust is the largest. The electric
conductivity has been found to vary in the 10−13 –10−7 S∕m range, depending on the altitude, dust
scenario, and local time.

1. Introduction

The ionization of the lower Martian atmosphere and the presence of charged species are fundamental in
the understanding of atmospheric electricity phenomena, such as electric discharges, large-scale electric
currents, and Schumann resonances, as well as electrification processes on landers and rovers. However, the
lower ionosphere of Mars is largely unexplored, due to the challenges associated with acquiring data from
this portion of the atmosphere. Orbiters transit at altitudes which are too high to allow in situ measurements.
Currently, the only possible experiment is radio occultation, but it is not reliable due to the contribution of
neutral species to the refracted signal. So far, no dedicated plasma measurements have been performed in
this portion of the atmosphere with instruments such as ionosondes, Langmuir probes, or relaxation probes,
from balloons or surface platforms.

Measurements of the upper ionosphere of Mars (above 100 km) have been performed by the Mariner, Mars,
Viking, Mars Global Surveyor, Mars Express, Mars Reconnaissance Orbiter, and Mars Atmosphere and Volatile
Evolution missions, mainly with the radio occultation technique [e.g., Savich et al., 1976; Tyler et al., 2001; Peter
et al., 2014; Grandin et al., 2014], but also with radar [e.g., Gurnett et al., 2005] and in situ plasma measurements
[e.g., Jakosky et al., 2015]. In addition, most of the models that have been developed are devoted to this higher
portion of the atmosphere, both for daytime [e.g., Winchester and Rees, 1995; Shinagawa and Cravens, 1989;
Witasse et al., 2002; Sánchez-Cano et al., 2013] and nighttime conditions [e.g., Haider, 1997; Němec et al., 2014].

Few models have addressed the lower ionosphere of Mars. Whitten et al. [1971] were the first to study the
ion and electron densities below 80 km during day and nighttime and concluded that Mars should have a
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D region and a permanent low-lying electron layer that becomes quite distinct at night. Molina-Cuberos et al.
[2001] developed a more sophisticated model with numerous reactions and more accurate reaction rates
and reported that cluster ions are the most abundant charged species. The effect of aerosol charging was
considered by Michael et al. [2007, 2008] and concluded that the resulting ion and electron concentrations, as
well as electric conductivity, are strongly influenced by this process.

ExoMars 2016, which consists of a Trace Gas Orbiter plus an entry, descent and landing demonstrator module,
known as Schiaparelli, is a joint ESA-Roscosmos mission scheduled to arrive at the Red Planet on 19 October
2016 [Vago et al., 2015]. Atmospheric Radiation and Electricity Sensor (ARES), the electric field and conductiv-
ity sensor on board the Schiaparelli lander, will conduct the very first measurement and characterization of
the Martian atmospheric electricity. The instrument, a compact version of the former ARES instrument for the
ExoMars Humboldt payload [Berthelier et al., 2000], is composed of an electronic board, with an amplification
line and a real-time data processing, which handles the electric signal measured between the spherical elec-
trode (located at the top of a 27 cm high antenna) that adjusts itself to the local atmospheric potential, and
the lander structure connected to the ground [Déprez et al., 2014, 2015a]. The proper data analysis and inter-
pretation of micro-ARES depends strongly on reliable modeling of the interaction between the instrument
and the charged species in the surrounding atmosphere [Déprez et al., 2015b; Cardnell et al., 2016].

In the framework of the data interpretation and analysis of micro-ARES, the present photochemical model of
the lower ionosphere of Mars (0–70 km) is developed to compute the concentration of the most abundant
charged species and electric conductivity, at the landing site and epoch of the ExoMars 2016 mission. This
model is based on Michael et al. [2008], which has been improved. The following sections describe the pho-
tochemical reactions that interrelate ions, electrons and charged aerosols, the assumptions adopted in the
model, and the results for different dust scenarios during both day and nighttime.

2. Overview of the Lower Ionosphere of Mars

One of the major sources of ionization in all lower planetary atmospheres is galactic cosmic rays (GCR). The
solar modulation is the dominant source of GCR variability, and the ionization rate of the atmosphere is lower
at higher solar activities [Bazilevskaya et al., 2008]. The interaction between GCR and the neutral atmosphere
produces positive ions and electrons, which quickly react in a complex sequence leading to long-lived cluster
ions [Elrod, 2003].

In the lower atmosphere of Mars, the neutral species are ionized by the flux of GCR forming positive ions, such
as the most abundant CO+

2 , N+
2 and Ar+, and electrons, which are captured by electrophilic molecules, such as

O, O2, and O3, to form negative ions [Sheel and Haider, 2012]. The ionization rate due to GCR can be calculated
using a code of the transport of high-energy radiation [O’Brien, 1978] based on the theory developed in O’Brien
[1970], which has been validated in numerous occasions. The main input to this GCR model is the solar activity,
the composition of the neutral atmosphere, and its density and scale height as a function of altitude. Contrary
to the case of Earth [Rycroft et al., 2008] and Titan [Lorenz et al., 2002], at Mars the ionization of the neutral
lower atmosphere due to radioactive material in the surface is negligible in comparison to that due to GCR
[Hassler et al., 2014].

Subsequently, below 70 km, the positive ions undergo numerous chemical reactions that involve various
species, such as CO+

2 , O+
2 , and H2O, ultimately forming the stable and most abundant cluster ions H3O+ (H2O

)
n

(n varies from 1 to 4). The scheme of negative ion reactions includes CO2, H2O, photodissociation, and
photodetachment, which results in the most abundant cluster ions CO−

3

(
H2O

)
m

(m varies from 1 to 2)
[Molina-Cuberos et al., 2002].

The suspended dust in the atmosphere (also known as aerosols) can become charged due to ion and electron
attachment, both positively and negatively up to several elementary charges. This process is an important
sink of ions and electrons. The probability of ions or electrons becoming attached to aerosols is quanti-
fied with the attachment coefficient 𝛽 . The electron-aerosol attachment coefficient 𝛽 i

e can be calculated as
[Gunn, 1954]

𝛽 i
e =

i𝜇ee
𝜖0 (1 − exp (−2Li))

, (1)
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where L = e2∕8𝜋𝜖0akBT , i is the number of charges on the aerosol, 𝜇e is the electron mobility, e is the ele-
mentary charge, 𝜖0 is the vacuum permittivity, a is aerosol radius, kB is the Boltzmann constant, and T is the
temperature. The more positively charged an aerosol is, the easier it is to capture an electron and vice versa.

Several theories have been developed to quantify the ion-electron attachment coefficient, which are valid
under certain ratios of aerosol size to ionic mean free path. A detailed description of aerosol charging due to
ion attachment in the Martian atmosphere can be found in Michael et al. [2008]. The mean-free path varies
between 10−6 and 10−3 m in the 0–70 km altitude range, and the aerosol size is∼10−6 m. The intricate method
of Hoppel and Frick [1986], which is valid for aerosol sizes comparable to or smaller than the ionic mean free
path, is used in the present study.

During the daytime, there is an additional aerosol charging mechanism: aerosol photoionization by solar UV
radiation. Unlike EUV radiation, solar UV radiation is not blocked by the upper atmosphere of Mars [Grard,
1995]. Aerosols emit photoelectrons when they interact with UV photons, becoming more positively charged.
This process is an important source of electrons in the lower atmosphere of Mars, and special attention is
given in section 4.

Aerosols can be characterized by a size distribution function, which quantifies the concentration of aerosols
as a function of their radius. The effective radius r (or area-weighted mean radius) gives an idea over which
size the distribution is centered. For the present study, it is assumed that the whole population of aerosols has
the same radius r at a given altitude, by neglecting the tails of the size distribution function.

The altitude range considered in the present study is 0–70 km, and thus, the photochemical reactions that
occur at higher altitudes, such as photoionization of neutrals by solar EUV radiation and meteoric ablation
[Molina-Cuberos et al., 2003], can be neglected. The charged species taken into account in the photochem-
ical model are positive ions, negative ions, electrons, and aerosols, which can attain multiple charges, both
positive and negative. The considered photochemical reactions are as follows: ionization of the neutral atmo-
sphere by GCR, ion-ion recombination, electron-ion recombination, capture of electrons by electrophilic
molecules (O, O2, and O3), photodetachment of electrons from negative ions, attachment of ions and elec-
trons to aerosols, and photoemission of electrons from aerosols. The charged species and the processes that
interrelate them are presented schematically in Figure 1, and Table 1 lists the chemical reactions and their
reaction rates. It is assumed that the hydrated clusters H3O+ (H2O

)
4

and CO−
3

(
H2O

)
n

are the most abundant
positive and negative ions, respectively. Although the number of water molecules can differ from the ones
shown in Table 1, the possible small variations in the ion-ion and ion-electron recombination rates do not
strongly affect the results of this paper.

During the daytime, the negative cluster ion CO−
3

(
H2O

)
2

undergoes photodissociation forming CO−
3 and

water. Subsequently, via photodetachment of this negative ion, a neutral molecule and an electron are
produced. Since the reaction rate of the second processΓ2 is small compared to that of the firstΓ1 (see Table 1)
and is therefore the limiting reaction, the reaction rate Γ of the combined process

CO−
3

(
H2O

)
2
+ 2h𝝂 → e + CO3 + H2O, (2)

which is a sink of negative cluster ions and a source of electrons, can be taken as Γ=Γ2.

The Mars Climate Database (MCD) is a database of meteorological fields derived from general circulation
model numerical simulations of the Martian atmosphere and validated using available observational data.
It predicts the mean values and statistics of the main meteorological variables [Millour et al., 2015; Forget
et al., 1999]. Since the amount of suspended dust can vary considerably and it has an important effect on the
atmospheric properties, three different dust scenarios, in addition to the day-night variations, are considered
to characterize the variability of the concentration of charged species. The cold, climatology solar average,
and dust storm solar average scenarios defined in the MCD (referred to here as low, standard, and high dust
scenarios, respectively) are taken into consideration. Although the different MCD scenarios have a solar activ-
ity dependence, this effect is only present above 120 km and, thus, irrelevant to the present study. The
atmospheric properties for the three different cases at day and nighttime shown in Figure 2 constitute the
input of the model, which have been obtained from the MCD for the solar longitude Ls= 244∘, at 0 h (night)
and 12 h (day) local time, between 0 and 70 km altitude, at the longitude 6∘ west and latitude 2∘ south
(corresponding to the landing of the ExoMars 2016 Schiaparelli module on Meridiani Planum, 19 October
2016) [Vago et al., 2015].
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Figure 1. Sources (inward arrows) and sinks (outward arrows) of electrons e, positive cluster ion H3O+ (
H2O

)
4, negative

cluster ion CO−
3

(
H2O

)
2, and aerosols Ai with i elementary charges.

The O, O2, and O3 number densities NOx are not directly available from the MCD but can be calculated as

NOx = vmrOx
P

kBT
, (3)

where vmrOx is the volume mixing ratio of Ox , P is the pressure, kB is the Boltzmann constant, and T is the
temperature. The aerosol number density N is obtained from the mass mixing ratio of dust to air Q, the aerosol
effective radius r, and the atmospheric density 𝜌a as

N = 3
4𝜋

Q𝜌a

r3𝜌d
, (4)

assuming a dust density 𝜌d =3000 kgm−3 at all altitudes [Pollack et al., 1979].

The ionization rate due to GCR was calculated for the expected solar activity in October 2016, which corre-
sponds to a heliocentric potential of 640 MV, using the O’Brien [1978] high-energy radiation transport code
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Table 1. Chemical Reactions

Reaction Reaction Ratea Reference

H3O+ (
H2O

)
4 + CO−

3

(
H2O

)
2 → Neutral 𝛼 = 6 ⋅ 10−14

(
300

T

)1∕2
+ 1.25 ⋅ 10−37M

(
300

T

)4
Arijs [1992]

H3O+ (
H2O

)
4 + e → Neutral 𝛼e = 6 ⋅ 10−12 Mitchell [1990]

e + O → O− + h𝝂 kO = 1.3 ⋅ 10−21 Banks and Kockarts [1973]

e + O2 + M → O−
2 + M + h𝝂 kO2

= 2 ⋅ 10−43
(

300
T

)
exp

(
− 600

T

)
Schunk et al. [1996]

e + O3 → O− + O2 kO3
= 9.1 ⋅ 10−18

(
300

T

)−1.46
Schunk et al. [1996]

CO−
3

(
H2O

)
2 + h˚ → CO−

3 + H2O Γ1 = 0.27 Molina-Cuberos et al. [2001]

CO−
3 + h𝝂 → e + CO3 Γ2 = 0.0098 Schunk et al. [1996]

Aerosoli + e → Aerosoli−1 𝛽 i
e Gunn [1954]

Aerosoli + H3O+ (
H2O

)
4 → Aerosoli+1 + Neutral 𝛽 i

+ Hoppel and Frick [1986]

Aerosoli + CO−
3

(
H2O

)
2 → Aerosoli−1 + Neutral 𝛽 i

− Hoppel and Frick [1986]

Aerosoli + h𝝂 → e + Aerosoli+1 𝛾 i Calculated here
aThe units of the reaction rates are given in m6s−1 for termolecular reactions, m3s−1 for bimolecular reactions, and s−1 for reactions with photons. The units of

temperature T and the neutral density M are K and m−3, respectively.

(see Figure 3). The ionization rate is highest at ground level because the relatively low atmospheric depth of
Mars is not sufficient for GCR to deposit all of their energy into the atmosphere.

3. Photochemical Model

The balance equations (also known as continuity equations) of the charged species dictate the time evolution
of the concentration of ions, electrons, and charged aerosols. They account for the different processes and
interactions described in section 2. The positive terms correspond to production rates, while the negative
terms correspond to loss rates. The balance equations of positive ions, negative ions, electrons, and charged
aerosols can be written as follows:

dn+

dt
= qgcr − 𝛼n+n− − 𝛼en+ne −

imax−1∑
i=−imax

𝛽 i
+n+Ni, (5)

dn−

dt
= ne

(
kONO + kO2

NO2 M + kO3
NO3

)
− 𝛼n+n− − Γn− −

imax∑
i=−imax+1

𝛽 i
−n−Ni, (6)

dne

dt
= qgcr +

imax−1∑
i=−imax

𝛾 iNi + Γn− − 𝛼en+ne − ne
(

kONO + kO2
NO2 M + kO3

NO3
)
−

imax∑
i=−imax+1

𝛽 i
eneNi, (7)

dNi

dt
= 𝛽 i−1

+ n+Ni−1 + 𝛽 i+1
− n−Ni+1 + 𝛽 i+1

e neNi+1 − 𝛽 i
+n+Ni − 𝛽 i

−n−Ni − 𝛽 i
eneNi + 𝛾 i−1Ni−1 − 𝛾 iNi, (8)

where n+, n−, and ne are the positive ion, negative ion, and electron number densities, respectively, Ni is the
number density of aerosols with i elementary charges, qgcr is the positive ion and electron production rate due
to GCR, 𝛼 is the ion-ion recombination coefficient, 𝛼e is the electron-ion recombination coefficient, kO, kO2

, and
kO3

are the rate coefficients of the reactions of O, O2, and O3 with electrons, respectively, NO, NO2 , and NO3 are
the number densities of O, O2 and O3, respectively, M is the neutral density, Γ is the photodetachment coeffi-
cient of electrons from negative ions, 𝛽 i

+, 𝛽 i
−, and 𝛽 i

e are the attachment coefficients of positive ions, negative
ions, and electrons to aerosols with i elementary charges, respectively, and 𝛾 i is the electron photoemission
rate from aerosols with i elementary charges. The terms corresponding to reactions that involve photons are
only present during daytime, i.e., Γ = 𝛾 i = 0 during nighttime. The novelties of this model with respect to
Michael et al. [2008] are as follows: GCR ionize the neutral atmosphere producing electrons and positive ions
(instead of positive and negative ions), negative ions are produced through the reaction of electrons with
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Figure 2. Atmospheric properties obtained from the Mars Climate Database [Millour et al., 2015; Forget et al., 1999]
for different dust scenarios and local time, in the altitude range 0–70 km. (first row) The atmospheric pressure and
temperature. These two parameters are necessary to compute the mobility (equations (12) and (13)) and some chemical
reaction rates (see Table 1). (second row, left) The neutral density, used to compute the three-body recombination
involving O2 and e (see Table 1). (second row, right) The aerosol radius is used in the electron-aerosol attachment
coefficient and in the work function of aerosols (equations (1) and (16)). (third row, left) The aerosol density is necessary
to compute the balance equation for the charged aerosols (equation (10)). (third row right and fourth row) The O, O2,
and O3 densities, used to compute chemical reaction rates (see Table 1). The green, blue, and red lines correspond
to low, standard, and high dust scenarios, and the solid and dashed lines correspond to day and night conditions,
respectively. These altitude profiles constitute the input of the photochemical model.
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Figure 3. Electron and positive ion production rate due to galactic
cosmic rays calculated with the O’Brien [1978] high-energy
radiation transport code.

electrophilic species, electron photodetach-
ment is considered, and the aerosol balance
equations include a production and loss term
due to photoionization of charged aerosols.

Transport effects have been neglected in the
balance equations because the characteris-
tic transport time is several orders of mag-
nitude greater than the chemical lifetime in
the lower atmosphere of Mars [Haider et al.,
2010]. The aerosols are allowed to become
charged up to ±imax elementary charges,
which gives rise to 2imax + 1 aerosol balance
equations. Note that in equation (5) and the
first summation of equation (7), the upper
limit in the summation is i= imax − 1 in order
to avoid aerosols being charged to values
beyond imax, due to positive ion attachment

and photoionization, respectively. Likewise, in equation (6) and the second summation of equation (7), the
lower limit of summation is i=−imax + 1 in order to avoid aerosols being charged to values below −imax, due
to negative ion and electron attachment, respectively.

The condition of charge neutrality requires that

imax∑
i=−imax

iNi + n+ − n− − ne = 0. (9)

The aerosol charging processes do not alter the total aerosol number density N:

N =
imax∑

i=−imax

Ni. (10)

This condition was not explicitly imposed in Michael et al. [2008].

Once the number densities of the charged species has reached their equilibrium values, the time derivatives in
the balance equations (5)–(8) are 0 (steady state condition). The concentration of ions, electrons, and charged
aerosols is obtained by solving the system of algebraic equations (5)–(10) after iteratively minimizing the sum
of squares of the components from an initial guess.

The atmospheric electric conductivity 𝜎 depends on the concentration of charged species and can then be
calculated as

𝜎 = e
(
𝜇+n+ + 𝜇−n− + 𝜇ene

)
, (11)

where e is the elementary charge and 𝜇+, 𝜇−, and 𝜇e are the positive ion, negative ion, and electron
mobilities, respectively. Since the mobility of aerosols is very small compared to that of electrons and ions,
their contribution to the electric conductivity can be neglected [Michael et al., 2008].

The ionic mobilities 𝜇± are given in m2 s−1 V−1 by [Meyerott et al., 1980]

𝜇± = T
273

101325
P

[(850
m±

)1∕3
− 0.3

]
⋅ 10−4, (12)

where T is the temperature in K, P the pressure in Pa, and m± the ionic mass in atomic mass unit. The electron
mobility 𝜇e can be calculated in m2 s−1 V−1 as [Schunk and Nagy, 2004]

𝜇e = e

3.68 ⋅ 10−14M
(

1 + 4.1 ⋅ 10−11 |4500 − T|2.93)me

, (13)

where M is the neutral density in m−3 and me the electron mass in kilogram.
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Figure 4. Photoionization cross section of aerosols charged to −100,
0, and +100 elementary charges at ground level for the standard
dust scenario.

4. Production of Photoelectrons

In order to calculate the photoelectron pro-
duction rate from aerosols, the attenuation
of the solar flux through the atmosphere
due to absorption and scattering of aero-
sols is evaluated, following the procedure
described in Michael et al. [2008]. The unat-
tenuated solar flux is taken from Kuhn and
Atreya [1979].

According to Grard [1995], the work func-
tion (or ionization threshold) of the mate-
rials that makes up the Martian surface is
4 eV, which limits the minimum energy
of the incoming photons needed to gen-
erate photoelectrons. On the other hand,
photons with energies above 6 eV are
absorbed by molecules present in higher

parts of the atmosphere. Since the suspended dust is made up of the same material as the surface, the
energy range considered for the photoionization of aerosols is 4–6 eV, which corresponds to the wave-
lengths 206–310 nm. The photoemission rate of aerosols with i elementary charges 𝛾 i is calculated as [Turco
et al., 1982]

𝛾 i = ∫
𝜆max

𝜆min

S𝜎absYid𝜆, (14)

where 𝜆min and 𝜆max are the limiting wavelengths, S is the attenuated solar flux, 𝜎abs is the aerosol absorp-
tion cross section, and Yi is the photoelectric yield of aerosols with i elementary charges. The photoelectric
yield Yi quantifies the number of electrons released per incident photon and is given by [Feuerbacher and
Fitton, 1972]

Yi = C
(

h𝜈 − Φi
)2

, (15)

where C is a material-dependent constant, Φi is the work function of aerosols with i elementary charges, and
h𝜈 is the energy of the incident photon. Photoemission can only occur if the energy of the incident photon
is larger than the work function of the aerosol. Typical values of the constant C are 10−2(eV)−2 to 10−4(eV)−2

[Schmidt-Ott et al., 1980], and an average value of C=10−3(eV)−2 is taken in the present study.

As aerosols are photoionized and get progressively charged to more positive values, it is less likely for pho-
toionization to keep occurring. This is taken into account by the following expression of the work function of
aerosols [Wood, 1981]:

Φi = Φ0 +
e2 (i + 1)

4𝜋𝜖0r
− 5

8
e2

4𝜋𝜖0r
, (16)

where Φ0 is the work function of a plane surface of the same material (4 eV), i is the charge of the aerosol, e is
the elementary charge, 𝜖0 is the vacuum permittivity, and r is the radius of the aerosol.

Figure 4 shows the photoionization cross section 𝜎ion =𝜎absYi of aerosols with different charges, which quan-
tifies the effectiveness of photons to photoionize aerosols as a function of their energy. Unlike in Michael et al.
[2008], this cross section tends to 0 for energies close to the work function and is smaller the more positively
charged the aerosols are.

5. Results and Discussion

The previously described photochemical model has been applied to both day and nighttime conditions for
the three different dust scenarios selected in this study using the input data shown in Figure 2. For each case,
the densities of the charged species have been obtained from 0 to 70 km with a grid spacing of 2.5 km. The
maximum positive and negative charge the aerosols are allowed to attain is set at imax =200, which has been
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Figure 5. Resulting ion and electron densities for different dust scenarios during day and nighttime. The green, blue,
and red lines correspond to positive ions, negative ions, and electrons, and the solid and dashed lines correspond to day
and night conditions, respectively.

found to be the minimum value required to adequately represent the aerosol charge distribution in all cases.
The results are shown in Figures 5–7.

The concentration of ions and electrons obtained in this study is shown in Figure 5. Previous models of
the lower ionosphere of Mars which include numerous chemical species and reactions but do not take into
consideration the effect of aerosols, such as Molina-Cuberos et al. [2001], predict a peak in electron den-
sity at around 35 km during the daytime. Below this altitude, the dominant negatively charged species are

CARDNELL ET AL. LOWER MARTIAN IONOSPHERE 2343



Journal of Geophysical Research: Planets 10.1002/2016JE005077

Figure 6. Resulting charged aerosol density distributions at various altitudes for different dust scenarios during day
and nighttime. In each panel, the different curves correspond to different altitudes (for example, green corresponds to
10 km). The maximum of each curve corresponds to the mean charge at a given altitude (for example, for the low dust
scenario during daytime at ground level, the mean charge on aerosols is approximately +160 elementary charges). Note
that the scale of the x axis is different for each panel.

ion clusters, whereas above this altitude electrons are more abundant. This is due to the decreasing efficiency
of electron capture by electrophilic species with altitude. In the present study, the low dust scenario during
daytime is the most similar case to the aerosol-free models, and the results show this same tendency in the
density of negatively charged species. As the dust content in the atmosphere increases, the density of elec-
trons is also increased and peaks at ground level, since the amount of photoelectrons emitted from aerosols
is proportional to their density.

During nighttime, the concentration of electrons is at least 1 order of magnitude smaller than that of ions for
all dust scenarios. The reason behind this is that there are no photoelectrons emitted from aerosols and the
electron-aerosol attachment coefficient is greater than the ion-aerosol one, because of the larger mobility of
electrons, resulting in more electrons than ions attaching on aerosols. As can be seen in Figure 6, which shows
the distribution of charged aerosols, these tend to become negatively charged during nighttime due to the
attachment of electrons. As the altitude increases, the average charge initially decreases and then increases
above ∼45 km.
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Figure 7. Resulting polar and total atmospheric conductivity for different dust scenarios during day and nighttime.
The green, blue, and red lines correspond to low, standard, and high dust scenarios, and the solid and dashed lines
correspond to day and night conditions, respectively.

Table 2. Resulting Total Electron Content (m−2)

Case Low Dust Standard Dust High Dust

Day 9.67 ⋅ 1012 9.96 ⋅ 1012 1.13 ⋅ 1013

Night 5.55 ⋅ 1011 3.87 ⋅ 1011 1.31 ⋅ 109
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Table 3. Resulting Total Atmospheric Electric Conductivity (S∕m)

Altitude Case Low Dust Standard Dust High Dust

70 km Day 4.16 ⋅ 10−8 3.09 ⋅ 10−8 2.72 ⋅ 10−9

Night 1.26 ⋅ 10−8 1.39 ⋅ 10−8 5.43 ⋅ 10−12

40 km Day 5.55 ⋅ 10−9 4.04 ⋅ 10−9 2.35 ⋅ 10−9

Night 1.26 ⋅ 10−10 1.65 ⋅ 10−11 1.48 ⋅ 10−12

0 km Day 3.53 ⋅ 10−10 4.47 ⋅ 10−10 7.65 ⋅ 10−10

Night 3.53 ⋅ 10−12 1.44 ⋅ 10−12 2.42 ⋅ 10−13

During daytime, however, aerosols tend to become more positively charged than during nighttime because
of the solar UV photoemission process. The lower the dust content is, the more positively charged the aerosols
become at low altitudes, with an average charge of approximately +160 elementary charges for the low dust
scenario at ground level. As the altitude increases, the average charge on the aerosols decreases, mainly
because the work function of the aerosols is more sensitive to increasing charge for smaller sized aerosols,
and thus, smaller aerosols are more difficult to photoionize. Above ∼45 km, the average charge on aerosols
increases, like in the nighttime cases.

Comparing the aerosol charge distributions for the day and nighttime conditions, it can be said that aerosols
tend to become charged over wider values during daytime for all dust scenarios, independently of the amount
of suspended dust.

The total electron content (TEC) is a fundamental atmospheric property for satellite communications and a
key parameter in describing the plasma environment and is defined as the electron columnar density between
two points: TEC = ∫ hmax

0 nedz. Table 2 shows the resulting TEC for the 0–70 km altitude range, obtained by
integrating the electron density profiles of Figure 5 over altitude. These values are relatively small, since the
TEC of the full atmosphere is due to the electron density in the ionosphere above 70 km, which during
daytime can be up to 1.4 ⋅ 1016m−2 and during nighttime 8 ⋅ 1014 m−2 [Withers et al., 2012; Sánchez-Cano
et al., 2015, 2016].

The resulting electric conductivity, as well as its polar components 𝜎+= e𝜇+n+ and 𝜎− = e (𝜇−n− + 𝜇ene), is
shown in Figure 7. It has been found to vary in the 10−13 –10−7 S∕m range, depending on the altitude, dust
scenario, and local time. The electric conductivity is most sensitive to the concentration of electrons because
their mobility is 2 orders of magnitude greater than that of ions, which outweighs their lower concentration.
The conductivity is reduced by the attachment of ions and electrons to aerosols and increased by the pho-
toionization of aerosols. Therefore, the day-night variability is largest for the high dust scenario and smallest
for the low dust scenario.

The conductivity tends to increase with altitude for low and standard dust scenarios during day and
nighttime, but in the high dust scenario it remains rather constant in the 20–50 km range. During daytime,
the conductivity tends to be larger than at nighttime.

The resulting total atmospheric conductivity is summarized in Table 3, which lists the values at 0 and 70 km
for the different dust scenarios during day and nighttime. Michael et al. [2008], which study a case which is
most similar to the standard dust case defined in the present study, suggest a value of 10−11 S∕m and 4 ⋅10−12

S∕m at ground level and a value of 4 ⋅ 10−9 S∕m and 3 ⋅ 10−9 S∕m at 70 km, for day and nighttime condi-
tions, respectively. Haider et al. [2010] studied the case of a dust storm during daytime and report a value of
8 ⋅ 10−13 S∕m and 6 ⋅ 10−12 S∕m, at ground level and 40 km, respectively. Because photoelectron emission
from aerosols due to solar UV photons was not considered by Haider et al. [2010], these values are in best
agreement with the results for the high dust scenario during nighttime of the present study.

Michael et al. [2008] used a single dust profile for day and night, which is almost equivalent to the low dust
scenario in the present study. According to Michael et al. [2008], the presence of dust decreases the atmo-
spheric electric conductivity, but the present study shows that it is greater for the high dust scenario below
20 km during daytime, mainly due to the photoemission efficiency from aerosols. The results from both studies
agree between 20 and 70 km. Such a comparative study shows the improvement of the present model over
the previous one.
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6. Conclusions

The concentration of ions, electrons and charged aerosols has been obtained in the lower ionosphere of Mars
(0–70 km) with a new photochemical model that takes into account the effect of suspended dust for different
dust scenarios during day and nighttime, at the landing site and epoch of the ExoMars 2016 mission. It has
been found that during daytime, aerosols tend to become positively charged due to electron photoemission
and, during nighttime, tend to charge negatively due to electron attachment. The most dominant day-night
variability in ion and electron concentration occurs for the high dust scenario. The atmospheric electric con-
ductivity has been found to vary in the 10−13 –10−7 S∕m range, depending on the altitude, dust scenario, and
local time. These results are of fundamental importance for atmospheric electricity problems, as well as elec-
trification processes on landers and rovers. The study of the Schumann resonances of Mars with the computed
conductivity profiles is a planned future work. The TEC corresponding to the lower ionosphere of Mars has
been found to be 3 orders of magnitude smaller than that corresponding to the atmosphere above 100 km.
The concentration of ions and electrons at ground level has been found to vary between 6 ⋅ 104 m−3 and
3 ⋅ 109 m−3. These values characterize the electric environment in which micro-ARES will operate, which is
essential to its data analysis and interpretation.
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