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Abstract Strong and inhomogeneous remanent magnetization on Mars results in a complex pattern
of crustal magnetic fields. The geometry and topology of these fields lead to atmospheric electrodynamic
structures that are unique among the bodies of the solar system. In the atmospheric dynamo region
(∼100−250 km altitude), ions depart from the gyropath due to collisions with neutral particles, while
electron motion remains governed by electromagnetic drift. This differential motion of the charge
carriers generates electric currents, which induce a perturbation field. The electromagnetic changes
ultimately alter the behavior of the local ionosphere beyond the dynamo region. Here we use multifluid
modeling to investigate the dynamics around an isolated magnetic cusp and around magnetic loops or
arcades representative of the magnetic topology near, for example, Terra Sirenum. Our results show
consistent, circular patterns in the electric current around regions with high local field strength, with
possible consequences on atmospheric escape of charged particles.

1. Introduction

The Mars Global Surveyor (MGS) mission revealed the lack of global dipole field on Mars and discovered the
presence of inhomogeneous, locally intense crustal remanent magnetic fields [Acuña et al., 1999, 2001], a
remnant of a core dynamo present before∼4 Gyr ago [Lillis et al., 2008, 2013]. These fields are unique to Mars
among solar system bodies and their interactions with the draped interplanetary magnetic field (IMF) result
in a complex magnetic topology, as evidenced by the map of the percent occurrence of open magnetic field
lines (i.e., connecting the IMF to the Martian atmosphere) [Brain et al., 2007]. In particular, strong and weak
magnetic fields exist in close proximity, and magnetic “loops” and “cusps” stand alongside on a length scale
of a few tens of kilometers [Mitchell et al., 2001]. Cusps are regions where the magnetic field lines converge
toward the surface, while loops are produced by the close proximity of sinks and sources of magnetic fields,
e.g., upward and downward dipoles, producing arch-shaped field lines. This unique magnetic configuration
has direct consequences for Martian ionospheric electrodynamics.

For example,Withers et al. [2005] suggested that “anomalies” in some electron profiles of MGS Radio Science
experiment are linked to the orientation of the local magnetic field. Opgenoorth et al. [2010] investigated
the dayside ionospheric conductivity at Mars and concluded on the coexistence of Earth-like conductivity
profiles close to and above the strong crustal magnetic anomaly, as well as Titan-like ionospheric behavior in
regions of strong radial magnetic field. Fillingim et al. [2007] simulated the formation of regions or “patches”
of enhanced ionization in such regions of strong radial magnetic field on the nightside ionosphere. To do
so, they developed an electron transport model and investigated the changes in the electron profiles due
to precipitations of solar wind electrons in “plasma conduits” formed by connection of the Martian crustal
fields to the IMF [Mitchell et al., 2001]. Dubinin et al. [2008] used MGS observations to evidence the intrusion
of solar wind electrons into the magnetic cusps, gaining access to the lower ionosphere down to altitudes
≤400 km.

Fillingim et al. [2010] took a closer look at the electrodynamics of a region of the ionosphere, the dynamo
region, where electrons are guided by gyromotions around the magnetic field lines while ion dynamics are
dominated by collisions. They estimated this region to span between ∼110 and 160 km altitude. They also
showed that nonuniform density profiles and neutral wind at Mars could lead to the formation of electric
currents in the dynamo region, hence starting to address the questions initially raised byWithers et al. [2005]
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about dynamo processes. In parallel,Withers [2008] developed a theoretical model for plasma transport
and found that currents ∼10−8A∕m2 were likely to form in the Martian ionospheric dynamo in a 50 nT field.
Fillingim et al. [2012] further pursued their investigations of the wind-driven electrojets (so-termed by anal-
ogy with the auroral phenomenon on Earth) and showed that the magnetic perturbation resulting from
these currents can be detectable by an orbiter, such as the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft [Jakosky, 2011], which launched 18 November 2013. MAVEN’s main goal is understanding the his-
tory of the Martian volatiles [Jakosky, 2011]. Our research, started in Riousset et al. [2013], revolves around
the possible role of ionospheric electrodynamics in governing ion escape.

In Riousset et al. [2013], we introduced a Martian Multifluid Magnetohydrodynamic (MHD) Model (M4).
We used uniform magnetic field configurations to qualitatively and quantitatively validate the model and
to demonstrate the development of conduction currents in the Martian ionosphere between 100 and
250 km altitudes. Our results also showed the dependence of the dynamo currents on the magnitude of the
remanent crustal field and the neutral wind speeds.

Uniform fields are an oversimplification of Mars’ crustal fields, whose complexity has been successfully
reproduced by several models [Purucker et al., 2000; Arkani-Hamed, 2004; Langlais et al., 2004]. Specifically,
Langlais et al. [2004] demonstrated how an equivalent source dipole technique can be used to model the
vector magnetic field B⃗ due to the remanent magnetism. They used 4840 dipoles, placed 20 km below
the surface, with a mean spacing of 2.92◦ (∼173 km), and effectively reproduced MGS’s observations at
∼400 km. Here we propose to use buried dipoles similar to Langlais et al.’s [2004] to model intense crustal
magnetic field at a regional scale in order to address the question of the Martian electrodynamics in the
dynamo region. We choose to neglect the contribution of the IMF draping field, as it remains ≲1–2 orders of
magnitude smaller than the magnetic fields modeled in this study.

Section 1 has contextualized the present work. Section 2 will briefly summarize the salient features of our
electrodynamic model and the specific parameters pertinent to the cusp and loop topologies discussed in
section 3. The electric currents loop around the regions of intense magnetic field, altering the local field and
the vertical motions of electrons and ions. The end of section 3 discusses the case of a series of parallel loops
(which we refer to as “arcades”) and its influence on the vertical fluxes of ions. These results and the scientific
contributions following from this work are summed up in section 4.

2. Model Formulation

The model is described and validated in Riousset et al. [2013]. It differs from other plasma dynamic models
at Mars in that it simulates the collisional interactions between electrons, ions, and neutrals, thus making
the use of an approximate atmospheric conductivity/resistivity unnecessary. These interactions are the only
ones able to generate currents, electric fields, and magnetic perturbations in the dynamo region but are
not included in most existing models (e.g., Haider et al.’s [1992] photochemical model, Bougher et al.’s [2009]
global circulation model, Brecht and Ledvina’s [2006] and Ledvina et al.’s [2008] semikinetic hybrid models,
and Ma et al.’s [2002, 2004] single-fluid, multispecies MHD model). Najib et al. [2011] introduced ion-ion
and ion-neutral collisions but neglected electron collisions, in a planetary scale, multifluid MHDmodel. This
approximation suppresses the conditions for forming the dynamo region upper boundary and may break
at altitudes ≳250 km for studies of the dynamo region. Our model includes both electron and ion collisions
to simulate the magnetohydrodynamics of atmospheric O+

2 , CO
+
2 , O

+, and electrons in the multifluid frame-
work. Planetary and solar wind H+ have been neglected in this study of the dynamo region due to very low
densities below 300 km [Ma et al., 2004]. In M4, each ion fluid is treated as an individual, yet coupled fluid,
with its own density, momentum, and pressure obtained from the conservation laws and equations of state.
The equation of state for electrons, assumed quasi-neutrality of the plasma, and definition of the current
density are used to characterize the electron flow, which acts as a neutralizing fluid. Finally, the electric field,
magnetic field, and current density are obtained from the classic electromagnetic laws (Maxwell-Faraday’s,
Maxwell-Ampère’s, and generalized Ohm’s laws) described in Riousset et al. [2013]. The collision terms explic-
itly appear in the generalized Ohm’s law and in the momentum equations and are the driving force of the
formation of the dynamo currents in the Martian ionosphere.

Our simulation domain is composed of two Cartesian subdomains: a uniformly discretized, high-resolution
inner domain and a nonuniform outer domain, with progressive decrease in the resolution. The inner
domain has dimensions 200 km × 200 km in the horizontal directions (x and y) and covers the altitude
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Figure 1. Results for a magnetic cusp created by a single dipole with moment 𝜇 = 1016 A ⋅ m2 placed 20 km below the Martian surface. (a) Magnitude of the
vertical magnetic field Bz at t = 0 s (color map) and magnetic field lines (solid magenta lines). (b) Magnitude (color map) and direction (solid black arrows) of the
current density J⃗ in the planes y = 0 km and z = 112 km. The dynamo current is confined in the altitude range 110 ≲ z ≲ 150 km. Magnitude (color map) and
projected direction (solid black arrows) of the electric field E⃗ in three cut planes: (c) at y = 0 km, (d) at z = 112 km, in the dynamo region, and (e) at x = 0 km. In
Figures 1b–1e, dark blue corresponds to zero electric field or current, while values at or above the maximum of the color bar are shown in dark red.

range between 80 and 200 km. It is discretized using 𝛿x = 𝛿y = 10 km and 𝛿z = 4 km space steps. The outer
domain covers a total area of 13◦ × 13◦ (∼800 × 800 km) centered around the inner grid and extends up to
z≈ 400 km altitude. In this subdomain, the lengths of the discretization steps increase by 10% increments.
For a domain of these dimensions, the curvature of the Martian surface is ∼0.03; therefore, the curvatures
effects are negligible in the framework of the current studies.

For initial conditions of all the simulations described in the following section, we use Riousset et al.’s [2013]
horizontally uniform atmospheric profiles extrapolated down to 80 km altitude (see supporting informa-
tion). We apply a uniform neutral wind flowing from x ≪ 0 to x ≫ 0 at 100 m/s, and similar initial flows of
ions moving along the y direction. This choice maximizes the effects of collisions, which depend on the vec-
tor difference between the velocities of the neutral particles and of the charge carriers. Neglecting these
collisions would make it impossible to form a dynamo region, which is the focus of our study. In addition, the
model assumes balance of sources and losses of charge carriers in the continuity, momentum conservation,
and pressure equations. Our combined uses of the balance of sources and losses and Neumann boundary
conditions (see supporting information) reduce the range of applicability of our results to a time follow-
ing the ramp-up and before depletion of the material initially present in the simulation domain. The system
reaches a quasi-steady state after about 𝜏 ≈ 5–10 s (see section 3). Our conclusions are drawn after ∼3𝜏 to
ensure that (1) the system has achieved reasonable stability and (2) it is not significantly perturbed by the
reflection of Alfvén waves on the domain boundaries.

To test the magnetic cusp scenario, the initial magnetic field is produced by an upward directed magnetic
dipole, with a magnetic moment 𝜇 = 1016 A ⋅ m2, placed 20 km beneath the surface, consistent with the
depths of the dipoles in Purucker et al.’s [2000] and Langlais et al.’s [2004] models, and the magnitude of
the magnetic field at 200 km modeled by Purucker et al. [2000] near (15◦N, 15◦E) and (10◦S, 110◦E) where
one expects to see two examples of isolated cusps. The field structure produced by this dipole is shown in
Figure 1a, along with the magnitude of the vertical field Bz at z = 80 km. The quantity Bz corresponds to the
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Figure 2. Results for “magnetic arcades” created by nine dipoles with the same magnetic magnitudes as in Figure 1. The
dipoles are placed in three rows with alternating up/down directions. The six upward directed dipoles are placed at the
coordinates (in kilometers) (−100; −250; −20), (0; −250; −20), (+100; −250; −20), and (−100; +250; −20), (0; +250; −20),
(+100; +250; −20); the three downward directed dipoles are inserted in-between at (−100; 0; −20), (0; 0; −20), and (+100;
0; −20). (a) Magnitude of the vertical magnetic field Bz at t = 0 s (color map) and magnetic field lines (solid magenta
lines). (b) Current density J⃗ in the planes x = 0 km and z = 112 km. The color map shows the current density magnitude
while the solid black arrows indicate the current direction projected in the cut planes. As in Figure 1, the dynamo current
is confined in the altitude range 110 ≲ z ≲ 150 km.

radial field (normal to the planet’s surface) in the representation of the Martian crustal field by Purucker et al.
[2000] and Langlais et al. [2004].

Our second scenario (shown in Figure 2a) employs nine dipoles arranged in three rows of three dipoles. Each
dipole has the same magnetic magnitude as the one which produced the cusp of Figure 1a. The central
row (at y = 0 km) is constituted by three downward directed dipoles, 100 km apart, flanked by two rows (at
y = ±250 km) of three upward directed dipoles, also 100 km apart. Altogether, the nine dipoles produce
the magnetic field of Figure 2a, with arcade-shaped field lines spanning over ∼8–10◦ of the Martian surface
and vertical component Bz ranging between −1500 and 1500 nT. Similar fields have been reported above
Terra Sirenum by Brain [2002, p. 66], and consequently, the so-created loops can be thought as resembling a
section of the magnetic topology at this location.

3. Results andDiscussion
In the next paragraphs, we perform a detailed analysis of the electrodynamics around a magnetic cusp
(Figure 1), created by a vertically oriented, buried dipole. This is used as a fundamental scenario, both
because magnetic cusps exist as isolated structures, and also because they can be used as the building
blocks toward complex structures such as the striped magnetic topology of Figure 2.

In order to understand the pattern of the electric field E⃗, we break the generalized Ohm’s law (repeated in
Table 1) into its Hall component E⃗1 = J⃗ × B⃗∕ene, dependence on the ion velocities E⃗2 = −

∑
i niV⃗i × B⃗∕ne,

electron pressure gradient term E⃗3 = −∇Pe∕ene, and the collision term E⃗4 =
∑

t=i,n me𝜈te

(
V⃗t−V⃗e

)
∕e.

Here J⃗, E⃗, and B⃗ represent the current, electric field, and magnetic field, respectively. The quantities n𝛼 ,
V⃗𝛼 , and P𝛼 denote the number density, velocity, and pressure of the species 𝛼, where 𝛼 can refer to elec-
trons (e), ions (i = O+

2 ,CO
+
2 ,O

+), or neutrals (n = CO2,O). The collision frequency between two particles
𝛼 and 𝛽 is described by the parameter 𝜈𝛼−𝛽 . Finally, e and 𝜇0 represent the elementary charge and free
space permeability.
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Table 1. Direction of the Contribution of Each Term E⃗𝛼 to the Electric Field
E⃗ in the Generalized Ohm’s Lawa

E⃗𝛼 Direction of E⃗𝛼

E⃗1 = J⃗ × B⃗
ene

−ẑ and outward directed from the cusp

E⃗2 = −
∑

i
ni V⃗i × B⃗

ne
+ŷ and

{
+ẑ if y ≤ 0

−ẑ if y ≥ 0

E⃗3 = −∇Pe
ene

{
−ẑ if z ≤ 130 km

+ẑ if 130 ≤ z ≤ 160 km

E⃗4 = me
e

∑
t=i,n 𝜈te

(
V⃗t − V⃗e

) {
≃ 0⃗ away from the cusp

horizontal, CCWb elsewhere

aGeneralized Ohm’s law:

E⃗ =

−V⃗e × B⃗
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

J⃗ × B⃗
ene

−
∑
i

niV⃗i × B⃗

ne
−
∇Pe
ene

+
∑
𝛽≠e

me𝜈e−𝛽
e

(
V⃗𝛽 − V⃗e

)

= E⃗1 + E⃗2 + E⃗3 + E⃗4
bCCW: counterclockwise in the x-y horizontal plane.

Here we focus our analysis on
the dynamo region. We note that
throughout the simulation, the mag-
netic field perturbations remain
rather small and the field is essentially
that created by the magnetic dipole.
Besides, we recall that by definition of
the dynamo region, ion motions are
driven by collisions, as confirmed by
the simulated ion velocities. Shortly
after the beginning of the simulation
(and independently from the initial
speed given to the ions), O+

2 , CO
+
2 ,

and O+ are entrained by the neu-
trals CO2 and O and get the velocity
V⃗n = 100 m/s x̂.

The other characteristic of the dynamo
region is the plasma dynamics-driven
motion of the electrons. The electron
velocity V⃗e depends on the ion
velocities V⃗i and local current J⃗:

V⃗e =
∑
i

ni
ne

V⃗i −
J⃗

ene
(1)

In the regions where the magnetic field is weak (i.e., away from the cusp axis at x = 0 km and y = 0 km), the
contribution of the electric current to the motion of electrons is limited, and the electrons get their velocities
from the ions via the term

∑
i niV⃗i∕ne in (1). Therefore, the vector difference

(
V⃗i,n−V⃗e

)
is ≈ 0⃗ away from the

cusp axis. Near the cusp axis, the magnetic field is stronger; therefore, the plasma dynamic effects become
prominent. Consequently, the motion of the electrons is given by the E⃗×B⃗ drift. Table 1 shows and details the
directions of E⃗ observed in Figures 1c–1e. Since ions are demagnetized in the dynamo region, the E⃗ × B⃗ drift
motion of electrons near the cusp is a major contributor to the formation of the counterclockwise dynamo
current reported in Figure 1b.

In the half plane y ≥ 0, we note that the contributions from the Hall term E⃗1 and from the ion velocities

E⃗2 (see Table 1) both contribute to a downward electric field
(
E⃗ ∥ −ẑ

)
. In the other half plane (y ≤ 0),

the contributions of E⃗1 and E⃗2 are in opposite directions and overall reduce the magnitude of the vertical
component of the electric field, ultimately resulting in the asymmetry observed in Figures 1d and 1e. If the
model magnetic cusp is produced by a downward oriented, vertical dipole, instead of an upward directed
one, our simulations (not presented here for the sake of brevity) show that the direction of the currents is
reversed and the asymmetry mirrored through the y = 0 plane. In the dynamo region, the collision-driven
ions are unaffected by this reversed orientation of the magnetic field’s source, but the E⃗ × B⃗ drift, which
governs the electron dynamics, is reversed. Therefore, a clockwise current was expected in the horizontal
plane and is indeed produced by our simulations. With the direction reversals of both J⃗ and B⃗, the Hall term
E⃗1 of the generalized Ohm’s law remains mostly outward directed from the cusp in the horizontal plane
z = 112 km, while the contribution from the ions to the electric field E⃗2 sees its orientation reversed and sup-
ports an upward E⃗ in the half plane y ≥ 0 and downward elsewhere, ultimately acting to suppress E⃗1 if y ≥ 0
and increases it otherwise.

Using these conclusions, we analyze the case of the “arched” magnetic geometry in the remainder of this
section. We use the magnetic cusp topology as the building block to model a magnetic arcade region
resembling the configuration in Terra Sirenum, which presents the strongest remanent crustal magnetism
on the planet [Brain et al., 2007]. As a first approximation, we have modeled a striped arcade structure using
nine buried dipoles (see section 2) producing the magnetic field lines displayed in Figure 2a. In the dynamo
region, around z ≈ 110 km, each upward dipole creates a counterclockwise current, while each downward
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Figure 3. Ion flows above the dynamo region (through the 800 × 800 km2

plane at z ≈ 300 km). We plot t (s) versus Fi (#/s). Blue, red, and green lines
distinguish O+

2 , CO
+
2 , and O+ fluxes, respectively. Solid lines correspond to

the magnetic cusp simulation of Figure 1, while dashed lines refer to the
magnetic arcade case of Figure 2.

dipole creates a clockwise current.
The sum of these individual currents
produces parallel dynamo currents
along the x axis, moving alternatively
in the −x̂, + x̂, and −x̂ directions, the
strongest currents being between the
rows of dipoles, at y ≈ ±150 km.

Current estimates suggest that up
to 90% of Mars’ atmosphere was lost
during the Noachian period [Jakosky
and Phillips, 2001]. Nowadays, the
atmospheric pressure at the surface is
<1% of that on Earth ( pM ≈ 0.6 mbar)
[Jakosky and Jones, 1997]. Obser-
vations indicate that the Martian
atmosphere is still being lost to space,
but to what extent and via which
processes are questions central to
NASA, as illustrated by the MAVEN
program [e.g., Folta, 2010; Jakosky,
2011]. Jedrich [2012] summarized the

processes suspected to contribute to the Martian atmospheric escape. Among these, we note that several of
them are directly pertinent to ion motions (e.g., pickup ionization and ionospheric outflows due to the IMF
or the crustal fields). The truly multifluid nature of our model allows us to simulate the plasma dynamics of
mass-differentiated ions.

Specifically, resolving the momentum conservation equation for each ion i lets us calculate the flux,
Fi = ∫∫ niV⃗i ⋅ ẑ dx dy, from the dynamo region to the upper ionosphere (namely, through the 800 × 800 km2

plane at z ≈ 300 km). Figure 3 compares the evolution of Fi versus time t during the first ∼30 s of
the simulation.

After the initial transient stage (∼5–10 s), the fluxes through the z ≈ 300 km plane reach a plateau
(t≳ 20–25 s). At this point, the fluxes produced in the arcade case (shown by dashed lines) remain con-
sistently smaller than those obtained in the cusp cases (displayed using solid lines) for O+

2 and CO+
2 (by

10–20%), and FO+ in the cusp case passes that of the arcade case at t ≥30 s. This observation can be
explained as follows: a cusp connects the crustal field to the IMF via open magnetic field lines diverging at
higher altitudes, and therefore exposing the ionosphere to ion escape and allowing flows of ions to upper
regions of the Martian atmosphere and possibly to space (see Figure 1a). On the other hand, these flows
are likely to be prevented when the surface and lower atmosphere are shielded by closed field lines (i.e.,
attached to the atmosphere at both ends) due to the presence of magnetic loops and arcades. Figure 2a
shows this shielding. Such shielding ultimately reduces the fluxes of ions from the dynamo region to the
upper ionosphere although the presence of multiple sources for the arcade case produces an overall more
intense magnetic field than in the case of an isolated cusp.

These effects are likely to be nuanced and refined by the addition of atmospheric dynamic chemistry,
which we plan to address in detail in future work. Yet the above results represent one piece of the
puzzle of the Martian atmospheric escape and a first step toward understanding the role of ions in
this escape.

4. Conclusions

The principal results and contributions following from this work can be summarized as follows:

1. The dynamo current forms in a torus shape around the base of an isolated magnetic cusp due to the E⃗ × B⃗
drift of electrons;

2. The asymmetry in the horizontal component of the electric field is explained by the dependence of E⃗ on
the collision-driven ion dynamics;
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3. The organized pattern of the dynamo current produced by a striped magnetic field topology can be
straightforwardly explained using the results from isolated vertically oriented, upward and downward
magnetic dipoles, and the principle of superposition;

4. Strongly magnetized regions of Mars (e.g., Terra Sirenum) are likely to shield the local atmosphere and
alter the motion of charged particles from the lower to the upper atmosphere.
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